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Abstract 

Background 

Record linkage combines data from multiple sources relating to the same person. As 

increasingly complex datasets are accessed through record linkage, validation of data 

quality and capture become more critical. Laboratory data are an example of such data 

that are invaluable for public health research, particularly in infectious diseases.  

Acute lower respiratory infections (ALRI) are a significant cause of hospitalisation with a 

higher burden among young children and disadvantaged populations. Common ALRI-

associated pathogens include Bordetella pertussis, influenza and respiratory syncytial 

virus (RSV). A person may be simultaneously infected with multiple pathogens, known 

as co-infection. Current evidence on the impact of viral co-infection in children with ALRI 

are inconclusive.  

Aims 

The aims of this thesis revolve around three themes:  

1. Validation – To verify the completeness of data capture of linked laboratory and 

notification data relating to ALRI;  

2. Burden – To examine changes in laboratory testing patterns to contextualise 

estimates of the pathogen-specific burden of ALRI among Western Australian 

(WA) children and;  

3. Impact – To assess the impact of viral co-infection among children with ALRI. 

Methods 

Theme 1 

Data on the frequency of laboratory testing recorded in medical charts were collected 

and compared to that reported in a previously linked dataset (1996-2005). Additionally, 

a new birth cohort of WA-born children (1996-2012) was created and their linked 

hospital, laboratory and notification data were then extracted. To validate the utility and 

accuracy of linked data, laboratory data on three key respiratory infections in the new 

birth cohort were identified and compared to notification data.  
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Theme 2 

Using laboratory data, we calculated the frequency of respiratory virus testing over time. 

Rates were calculated using person-time-at-risk as the denominator. Laboratory and 

notification data were combined and merged with hospital data to identify 

hospitalisations where testing for respiratory viruses occurred. Logistic regression was 

used to ascertain demographic and admission-specific factors that predict virus testing. 

Theme 3 

Published studies on the impact of viral co-infection were pooled to calculate risk ratios 

for clinical outcomes comparing children with co-infection to those without. Similar 

analyses were repeated using data from a prospective, single site study as well as 

retrospective linked data.  

Results 

Theme 1 

Approximately 77% of medical charts reviewed indicated tests were performed 

compared to 45% captured through a previous linked dataset of a 1996-2005 birth 

cohort. This suggested some records were missed when laboratory records were first 

extracted for linkage. Once extraction protocols were revised, a second birth cohort of 

469,589 WA-born children was formed; this cohort formed the basis for subsequent 

analyses in Themes 1 and 2.  

Overall, 5500 influenza, 4434 pertussis and 513 invasive pneumococcal disease (IPD) 

cases were identified in the second birth cohort. While the majority of IPD and pertussis 

cases from laboratory data were captured in notification data, 7% of influenza cases 

were solely recorded in laboratory data (i.e. missed from notification data).  

Theme 2 

Respiratory virus testing and detection rates gradually increased from 32 to 34 per 1000 

child-years, albeit with considerable yearly fluctuations. A corresponding increase in 

testing using molecular methods was noted. Of the hospital records that linked to 

respiratory virus tests, 38% (n=16,734) were not diagnosed as respiratory infections. 



v 
 

Failure to test for respiratory viruses varied greatly by hospital type. Overall incidence 

rates were highest for RSV (247 per 100,000 child-years; 95% CI=241-252).  

Theme 3 

Meta-analyses of existing studies showed no difference in the risk of intensive care 

admission between children with viral co-infection and those with single viral infection. 

Similarly, there were no differences in either the odds of antibiotic use or hospitalisation 

between those with and without co-infection using prospective data. When using 

retrospective data, those with co-infections had higher odds of ICU admission and 

shorter times to subsequent admission. Odds of ICU admission in children with specific 

virus pairs involving RSV may be higher compared to those infected with RSV alone.  

Conclusions 

ALRI remains a significant cause of childhood morbidity. This thesis demonstrates the 

potential of record linkage to identify areas for population-level interventions. It also 

highlights the importance of validation studies and limitations of relying on a single data 

source when assessing disease burden. Provision of real-time data would facilitate more 

rapid responses to the constantly changing landscape of ALRI and infectious diseases. 
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Chapter 1 Introduction 

Acute lower respiratory infections, such as pneumonia, influenza and whooping cough, 

represent a significant cause of mortality and morbidity in children worldwide. These 

infections are associated with a range of pathogens including Streptococcus pneumoniae, 

influenza virus, respiratory syncytial virus and Bordetella pertussis. A person may be 

infected with more than one pathogen simultaneously, usually termed co-infection.  

At the time of commencing my candidature, there was no consensus on whether co-

infection had an impact on clinical outcomes. Moreover, the composition of pathogens 

involved in co-infection, as well as in acute lower respiratory infections more broadly, is 

ever changing. As vaccines are available to prevent some respiratory pathogens, up-to-

date information on the epidemiology of acute lower respiratory infections can help 

inform public health policy and reduce the burden of these infections.  

This thesis links multiple sources of administrative data (including laboratory data) to 

more accurately describe the epidemiology of pathogens associated with respiratory 

infections, particularly viral pathogens, in Western Australian children and assess the 

impact of viral co-infection.  

This thesis is presented as a series of papers with each result chapter corresponding to 

a paper. Chapters are prefaced with how each chapter contributes to the overall aims 

of the thesis and how it relates to other chapters. Chapters conclude with a brief 

summary of the findings thus far and describes how the preceding chapter fits into the 

thesis as a whole. Copies of published papers, co-author contributions and author 

declarations are included as Appendices.  
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1.1 Overview of chapters 

Following from this introductory chapter, Chapter 2 will cover the background to the 

three broad areas covered by this thesis. These are the epidemiology of acute lower 

respiratory infections, respiratory virus co-infections and record linkage. I will identify 

the current gaps in the literature which I hope to address in my thesis. This will culminate 

as a list of my aims in Chapter 3. Chapter 4 provides an overview of the datasets used in 

this thesis and common methods used to produce the results chapters.  

Before using any existing administrative datasets for research, it is important to verify 

that the data are complete and suited to answering the intended research question. 

Therefore, Chapter 5 and Chapter 6 will focus on the validity of the datasets, some of 

which are used in subsequent chapters. Chapter 5 describes a study that uses medical 

chart reviews to verify the completeness of laboratory data previously extracted using 

the record linkage system in Western Australia. These data were used to guide 

extraction of the larger datasets that are utilised in the later part of this thesis. Findings 

from this study have been published in the Journal of Clinical Epidemiology. Chapter 6 

then assesses how well notification data captures cases of notifiable infectious diseases 

compared to laboratory data. This chapter is currently under review with BMC Medical 

Informatics and Decision Making.  

One of the reasons attributed to observed changes in the epidemiology of disease is a 

change in laboratory testing. Without an understanding of how the frequency and 

sensitivity of testing has changed, it can be difficult to interpret changes in disease 

burden. A description of the changes in testing for respiratory viruses in Western 

Australia is the central aim of Chapter 7. This chapter has been published in 
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Epidemiology and Infection. Following this, the datasets verified in Chapter 6 were then 

used to describe the virus-specific burden of acute lower respiratory infections in a 

cohort of children born in Western Australia in Chapter 8. This has been submitted for 

publication to the Journal of Pediatrics and is currently under review. 

A subset of these children would have been co-infected with two or more viruses. 

Although there have been many studies investigating viral co-infection, there was no 

consensus on its effects at the time of commencing my candidature. Therefore, I 

conducted a systematic review on this topic, which is presented in Chapter 9 and has 

been published in Respirology. Using a prospective cohort of children with influenza-like 

illness, Chapter 10 describes the effects of viral co-infections and how these may differ 

depending on virus pairs. This chapter is currently in press with the Journal of the 

Pediatric Infectious Diseases Society. I then replicated the analyses conducted in 

Chapter 9 and Chapter 10 using the retrospective, population-based datasets as used in 

Chapter 8. Preliminary results from these analyses are presented in Chapter 11 and have 

not yet been submitted for publication. 

Finally, Chapter 12 summarises the findings of this thesis, discuss its implications for the 

field and concludes with future directions for research and linked data. 
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Chapter 2 Literature review 

2.1 Preamble 

This purpose of this chapter is to provide an overview of the literature in the three broad 

areas that are the subject of this thesis, namely the epidemiology of acute lower 

respiratory infections, respiratory co-infections and record linkage.  

2.2 Acute lower respiratory infections (ALRI) 

Respiratory infections are a major cause of mortality and morbidity in infants and 

children around the world. Acute lower respiratory infections (ALRI) are a subset of 

these and refer to infections that occur in the lower airways and alveoli. Common 

diseases associated with ALRI include bronchiolitis, pneumonia, influenza and whooping 

cough. These diseases can vary greatly in severity; from mild illness with minimal 

medical intervention required to very severe cases that require hospitalisation and 

intensive care. For the purposes of this thesis, I will focus primarily on the burden of 

severe ALRI. That is, those that require hospitalisation rather than presentations at 

emergency department (ED) or general practice (GP) clinics.  

In 2010, lower respiratory infections accounted for 20.1% of global childhood mortality 

in under one year olds1 as well as an estimated 11.9 million episodes of hospitalisation 

among children aged less than five years worldwide.2 While children in developing 

countries accounted for the majority of these hospitalisations, approximately 2000 of 

every 100,000 children in developed countries are hospitalised for ALRI every year.2 In 

Australia, ALRI-associated morbidity represents a substantial economic cost to the 

country’s publically-funded healthcare system. For instance, rates of pneumonia-related 
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hospitalisations range from 300 to 500 per 100,000 among children up to 15 years of 

age, costing approximately AUD$3788 per admission.3–5 In addition, rates of 

pneumonia-related visits to GP clinics were estimated at 2943 per 100,000 per year in 

children aged 1-4 years with an estimated cost of AUD$113 per visit.5,6  

In Western Australia (WA), very young children and Aboriginal and Torres Strait Islander 

(hereafter referred to as Aboriginal) children are among those at highest risk of being 

hospitalised with ALRI. Between 1990 and 2000, 34% of all hospital admissions among 

children less than two years were due to infections, with gastroenteritis and respiratory 

infections representing the bulk of these admissions.7 Rates of hospital admissions for 

ALRI in this age group were 7.5 times higher in Aboriginal children compared to their 

non-Aboriginal peers.8 Although the rates of infection are declining for some diseases, 

there is still considerable scope for further reductions in the rates of ALRI in children.8,9  

2.2.1 Aetiology of ALRI 

In order to devise or modify existing preventative strategies, a contemporary and 

comprehensive understanding of aetiology of ALRI is needed. A list of common viral and 

bacterial pathogens associated with ALRI is provided in Table 2-1. As the sensitivity and 

specificity of current diagnostic tests for bacterial pathogens is relatively poor and may 

be more difficult to interpret, this thesis, with the exception of Chapter 5 and Chapter 6, 

focuses primarily on the viral pathogens associated with ALRI.  
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Table 2-1. Common viral and bacterial pathogens associated with ALRI 

Viral pathogens Bacterial pathogens 

Adenovirus Streptococcus pneumoniae 

Human coronavirus Mycoplasma pneumoniae 

Human metapneumovirus Haemophilus influenza 

Influenza virus (types A, B) Staphylococcus aureus 

Parainfluenza virus (types 1-3) Bordetella pertussis 

Respiratory syncytial virus Moraxella catarrhalis 

Rhinovirus  

 

A recent systematic review on the viral aetiology of ALRI found that 70-90% of (severe) 

ALRI in children aged under five years can be attributable to respiratory syncytial virus, 

influenza, parainfluenza and human metapneumovirus.10 An overview of these viruses 

are presented below.  

2.2.1.1 Respiratory syncytial virus (RSV) 

RSV is an enveloped, single-stranded, RNA virus and is a member of the Paramyxoviridae 

family.11 RSV is commonly associated with bronchiolitis and can be broadly divided into 

subgroups RSV-A and RSV-B, with specific strains within subgroup RSV-A associated with 

greater clinical severity.11 The global incidence of RSV-related ALRI among infants under 

a year old was estimated by Nair et. al. to be 2400 per 100,000 children every year in 

developed countries.12 In Australia, the incidence of RSV-related ALRI hospitalisations 

was estimated at 490 to 2040 per 100,000 child-years (Table 2-2). 
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Table 2-2. Hospitalisation rates for viruses associated with ALRI in Australia  

Virus Author (year) Years Age State Rate* 

Influenza Beard (2006)13  1994-2001 <1 year New South Wales 96 

Influenza D’Onise (2008)14  1996-2006 <5 years South Australia 62.5 

RSV Ranmuthugala (2011)15  1991-2000 <5 years Australia-wide 280 

RSV Whitehall (2001)16  1997-1999 <1 year Queensland 1800 

RSV Dede (2009)17  2000-2004 <2 years South Australia 2040 

RSV Homaira (2015)18  2001-2010 <5 years New South Wales 490 

*Rate per 100,000 child-years 

2.2.1.2 Influenza 

Influenza is a RNA virus that belongs to the Orthomyxoviridae family and may be 

subtyped into influenza A, B or C.19 Of these, influenza A and B are most commonly 

detected among those with ALRI19 and a subtype of influenza A (type H1N1) was 

responsible for the “swine flu” pandemic in 2009-2010.20 Globally, the incidence of 

influenza-related ALRI among children under two years of age was estimated at 1500 

per 100,000 children every year.21 Compared to RSV, the incidence of influenza-related 

hospitalisations in Australia is lower at 62.5 to 95 per 100,000 child-years, depending on 

the age group (Table 2-2). 

2.2.1.3 Other respiratory viruses 

Other common respiratory viruses include parainfluenza virus, human 

metapneumovirus and rhinovirus. Like RSV, parainfluenza virus (PIV) belongs to the 

Paramyxoviridae family and can be subtyped into PIV 1-4. Of these, PIV3 is most 

commonly detected among children with ALRI.22 Discovered in 2001, human 

metapneumovirus (hMPV) is a member of the Pneumoviridae family23 and has been 

strongly associated with ALRI since its discovery.19,24 Rhinovirus (RV), belonging to the 
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Picornaviridae family, was first described in the 1950s but has only recently been 

associated with more severe respiratory diseases, particularly asthma.25,26  

Some of the less commonly detected viruses associated with respiratory infections 

include coronavirus, bocavirus and polyomavirus. Coronavirus belongs to the 

Coronaviridae family while bocavirus is a member of the Parvoviridae family. Of the two, 

coronavirus is associated with more severe respiratory symptoms. Two subtypes (type 

NL63 and type HKU1) are often implicated in ALRI.27 Other subtypes of coronaviruses 

were linked to the “severe acute respiratory syndrome” (SARS) outbreak in 200328 and 

more recently, the Middle East respiratory syndrome outbreak (MERS) in 2012.29 Two 

types of polyomaviruses (KI and WU), belonging to the Polyomaviridae family, were first 

described in 2007.30,31 Since then, both have been documented in children presenting 

with ALRI32 as well as asymptomatic controls27 and as such, their pathogenicity is unclear.  

2.2.2 Current gaps in knowledge of the aetiology of ALRI 

Despite their contribution to ALRI-related hospitalisations, there are limited data on the 

hospitalisation rates attributable to respiratory viruses other than RSV and influenza. 

Moreover, all except two studies on this topic using Australian data do not include data 

after 2005 (Table 2-2). Since 2005, events such as the influenza A/H1N1(09) pandemic20 

and the discovery of new respiratory viruses33 are likely to have changed the viral 

landscape of ALRI. Population-based studies are one of the methods available to assess 

these changes as, with the exception of influenza, these viruses are not routinely under 

surveillance.  

One of the key tools in preventing ALRI is vaccination. Unfortunately, while vaccines are 

currently available for some of the bacterial pathogens associated with ALRI, influenza 
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is currently the only viral pathogen that is vaccine-preventable. However, recent years 

has seen many advances in the development of a RSV vaccine and multiple vaccine 

candidates are at various stages of clinical trials.34 Given this, an update on the 

epidemiology of RSV and other respiratory viruses is timely and could form baseline data 

by which to assess the impact of a future vaccine as well as identify key groups for 

targeted vaccination programs.  

2.3 Respiratory co-infections  

2.3.1 Defining co-infection 

A person may be infected with multiple pathogens simultaneously, known as co-

infection. The term “co-infection” is a contentious one with ongoing debate about its 

use. Firstly, some pathogens may be detected but not cause disease, in which case the 

term “commensal” is often used. However, if multiple pathogens are detected in 

symptomatic patients, there is no straightforward way of identifying the causative 

pathogen. Attempts to delineate this through comparing viral loads have found limited 

differences between samples with single and multiple pathogens detected,35,36 although 

some studies have continued to use viral load as a proxy for identifying a ‘primary’ 

pathogen.37 

As such, some researchers have used the term “co-detection” to acknowledge that 

detection of potential pathogens does not necessarily denote pathogenicity in a 

particular episode of ALRI.38 Other researchers following similar lines of thought, have 

argued that infection is a necessary precursor to causing disease, which has given rise to 

the term “co-infection”.39 While both terms are commonly found in the literature and 

used interchangeably, the lack of agreement in terminology has resulted in a multitude 
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of additional words such as “superinfection” and “co-isolation” to refer to the same 

phenomena.40,41 

Secondly, the mechanisms of pathogen-pathogen interactions are still not well 

understood.42,43 The resolution of this issue is likely to play an important role in deciding 

the appropriate nomenclature for this phenomenon. As unravelling these mechanisms 

and the linguistic merits of each term falls outside the scope of this thesis, the term “co-

infection” shall be used throughout to refer to the detection of multiple potential 

pathogens within the same specimen, while the term “viral co-infection” refers to the 

detection of multiple viruses.  

2.3.2 Prevalence of co-infections 

Worldwide prevalence of viral co-infections in children with ALRI varies greatly and is 

dependent on a number of factors including study population; methods of detection; 

pathogens tested for and age range of the cohort. The frequency of viral co-infections 

in children ranged from less than 1% to over 40% in some studies.41,44–46 In Australia, 

approximately 3% of children admitted to intensive care for severe influenza had viral 

co-infections.47 Thus far, studies on the prevalence of co-infections have been limited to 

specific hospitals or the study catchment area with few studies investigating the 

prevalence of viral co-infections at a population level.  

2.3.3 Clinical impact of co-infections 

Results from studies on the clinical impact of viral co-infections have been conflicting. 

Some have found an association between co-infections and increased disease severity 

while others have found no differences, even when investigating similar pairs of 

viruses.48,49 One possible reason for these discrepancies in study findings is the range of 
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sample sizes; some studies had fewer than 50 cases while others had nearly 900 

patients.50,51  

Considering co-infection usually accounts for less than a third of cases, even the largest 

study reported may not have sufficient cases to give rise to adequate statistical power 

to detect differences between those with single and multiple infections, let alone 

between different virus pairs. Moreover, differences in study designs, detection 

methods and the panel of respiratory viruses tested for meant that studies were not 

comparable to one another. Also, there has been limited data published on the long 

term impacts of viral co-infections – the longest period of follow-up was 27 months.52  

At the time of commencing my candidature, there was one review that used studies 

from a single hospital between 1991 and 1995 to investigate the impact of viral co-

infections.53 This review found that those with co-infections were hospitalised more 

often than those with single virus infections.53 Two later reviews published during my 

candidature used studies published up until 2013 and concluded that there was 

insufficient evidence for increased disease severity in those with viral co-infections 

compared to those with single infections.54,55 Both reviews called for larger, more 

rigorous studies using stratified analyses for specific virus pairs in order to better 

determine the effects of viral co-infections.54,55 In addition, all three reviews included 

studies of children and adults with respiratory infections and noted that children bore a 

higher burden of co-infection.53–55 
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2.4 Record linkage 

2.4.1 Development of record linkage systems 

Record linkage (also known as data linkage or data integration) is the process of the 

bringing together information from separate datasets that relate to the same person, 

place or event.56 These datasets may include data from individual studies but more 

commonly consists of routinely-collected administrative data such as Birth and Death 

Registries. Record linkage can be a useful tool for epidemiological research as it allows 

us to collate large quantities of data, particularly longitudinal data, in a cost-effective 

manner.57 It also adds value to pre-collected administrative datasets and allows these 

data to be used for research while still protecting individuals’ privacy.57 

The idea of record linkage is not new; some of the first examples of record linkage 

studies were established more than half a century ago.58,59 Since then, advances in 

computing power and associated technologies has seen the establishment of record 

linkage centres around the world including in Australia, Canada and the United Kingdom 

(UK). Use of record linkage systems has also expanded from focussing almost entirely on 

health issues to including other areas of research such as social science, education and 

justice.60,61 

2.4.2 Record linkage in Western Australia (WA) 

The Western Australian Data Linkage System (WADLS) was first established in 1995 and 

is managed by the WA Data Linkage Branch (WADLB), governed by the Department of 

Health WA.57,62 In the absence of a unique identifier of each individual in Australia, the 

WADLS uses a probabilistic matching algorithm to identify individuals across datasets 

using known identifiers (e.g. name, address and date of birth).57 These links are manually 
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reviewed if the identifiers differ between datasets, with an estimated false negative rate 

of 2-3% for most routine linkages.63 Linkages are regularly updated as new information 

becomes available further minimising the likelihood of linkage errors. Further details on 

the WADLS linkage process can be found on their website (http://www.datalinkage-

wa.org.au/dlb-linkage-extraction-process).  

The process of extracting data via the WADLS is presented in Figure 2-1. Upon receiving 

a research application for linked data, the WADLB assigns a project-specific code that is 

unique to each person whose data were requested. They then send these project 

specific codes and a list of identifiers (e.g. name and date of birth) to data custodians of 

each requested dataset. Data custodians then apply these project-specific identifiers to 

the relevant clinical information for delivery to the researcher.  

 

Figure 2-1. Data extraction process used by the WADLS 

http://www.datalinkage-wa.org.au/dlb-linkage-extraction-process
http://www.datalinkage-wa.org.au/dlb-linkage-extraction-process
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This process is key to maintaining the separation principle, whereby individuals who 

perform the linkage have no access to clinical data and those who perform research 

using clinical data have no access to identifying data.64 The separation principal 

preserves the privacy of the individual while still enabling research to be conducted 

using rich data sources and is a key element of the best practice guidelines for linked 

data.65 

At present, WA is one of the few jurisdictions in the world that is able to link population-

level laboratory data, with a similar capacity reported by researchers in the UK66 and 

Canada.67 While linked hospital data were used extensively in public health research in 

WA, linked laboratory data have not. The latter was first used in a proof-of-concept 

study to investigate the aetiology of ALRI in WA children born between 1996 and 2005.22 

This was the first time hospital and laboratory datasets have been linked at a population 

level in WA. Due to the success of this first linkage and the realisation of the ability to 

conduct further record linkage projects with these data, it is crucial that these linked 

laboratory data are validated to ensure future projects use complete and accurate data.  

Previous studies have used medical charts to validate the completeness of case capture 

using linked data and as a whole, these data have been shown to be a robust data source 

for health research.68,69 However, there have been some studies that have identified 

gaps in data captured through record linkage systems. For example, a Canadian research 

team identified discrepancies in recorded dates for changes in dialysis treatments 

among patients with renal disease,70 while in Australia, comorbidity data was shown to 

be poorly recorded on hospital databases prior to 1996.71 To date, similar validation 

studies have not been conducted for the linked laboratory data in WA.  
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2.5 Conclusion 

ALRI causes a significant disease burden in children, particularly in young children and 

Aboriginal children. While ALRI-associated mortality is relatively low in Australia, ALRI-

associated morbidity still represents a large burden on families and the nation. As 

vaccines are available to prevent some pathogens associated with ALRI, research in this 

area has the capacity to reduce the disease burden of ALRI in children. Given the ever-

changing landscape of respiratory pathogens, up-to-date data are needed to help 

develop appropriate public health policies.  

While there have been many studies on viral co-infections in children with ALRI, few 

have investigated the prevalence of co-infections at a population level. Moreover, 

reviews investigating the impact of viral co-infections on disease severity have 

concluded that evidence is inconclusive and called for further research into this issue. 

WA is well-placed to answer this call as it is one of the few jurisdictions worldwide that 

is able to link hospital and laboratory data at the population level using record linkage. 

Information on the epidemiology of ALRI and respiratory co-infections can be used to 

inform vaccination policy in WA with public health ramifications for Australia as well as 

other similar populations around the world. 
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Chapter 3 Study aims 

Chapter 2 provided an overview of current knowledge on the epidemiology of ALRI, 

particularly viral co-infections, and the record linkage system in WA. It also highlighted 

some of the gaps at the juncture between these areas. Therefore, the purpose of this 

thesis is to explore combinations of linked laboratory data to enable more accurate 

assessments of the pathogen-specific epidemiology of ALRI.  

To that end, this thesis has three themes encompassing six aims which can be visualised 

as intersecting circles comprising of validation, burden and impact (Figure 3-1). Specific 

aims related to each of these themes are described below.  

 

Figure 3-1. Visual representation of study aims 

3.1 Theme 1 – Validation 

This theme encompasses study aims that verify the completeness of data capture in 

linked datasets related to paediatric respiratory infections. These aims are to: 

1. Validate the completeness of case capture using linked laboratory data and 

identify factors contributing to a successful linkage with hospital data 

Validation

BurdenImpact
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2. Describe the differences, if any, in the number of notifiable infectious diseases 

cases captured using notification data compared to using routine laboratory 

data for three key paediatric respiratory infections 

3.2 Theme 2 – Virus-specific burden of ALRI 

This theme encompasses study aims that provide a descriptive overview of the burden 

of respiratory viruses associated with ALRI. Specific aims are to: 

3. Describe the changes over time for respiratory virus testing in a total 

population-based cohort of WA-born children 

4. Describe the pathogen-specific burden of respiratory viruses in the same cohort 

3.3 Theme 3 – Clinical impact of viral co-infection 

This theme encompasses study aims that assess the impact of viral co-infection in 

children with ALRI, which are to: 

5. Systematically review and pool results of the literature comparing the impact of 

viral co-infection and single viral infection in children with ALRI 

6. Determine the impact of co-infection with specific viral pairs in children with ALRI 

using both prospective and retrospective data sources 
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Chapter 4 Methods 

4.1 Preamble 

This thesis uses multiple epidemiological methods to address the study aims. Choice of 

methods were primarily driven by the type of data accessible. As such, the majority of 

this thesis is based on retrospective data accessed through record linkage. Chapter 5 

uses a combination of linked data and prospectively collected data. In contrast, 

Chapter 10 uses prospectively collected data while Chapter 9 uses data from published 

literature.  

 

This chapter provides an overview of the study setting, study population and the 

datasets that were used in subsequent chapters. This thesis primarily uses data from 

three projects – the validation project, the Triple I project and the Children’s WA 

Influenza Vaccine Effectiveness (WAIVE) project. These datasets are described in order 

of use in this thesis.  

 

All three projects were established prior to commencement of my candidature and so, 

data for the validation and WAIVE projects were collected by others. I collated and 

cleaned all data used from the validation and WAIVE projects and cleaned two of the 

datasets from the Triple I project (details provided in Section 4.4). Work attributed to 

other parties are listed in the relevant chapters and associated appendices.  

 

Data from the validation project was used in Chapter 5 while data from the WAIVE 

project was used in Chapter 10. All other chapters except Chapter 9 uses data from the 
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Triple I project. Chapter 9 is a systematic review that does not utilise any of the datasets 

described here and as such, will be described in full in the relevant chapter.  

4.2 Study setting and population 

WA spans 2.6 million square kilometres which equates to a third of Australia’s land mass. 

As of June 2015, WA had a population of 2.6 million people72 of whom approximately 3% 

identify as Aboriginal.73 An estimated 19% of WA’s population is comprised of children 

aged less than 15 years.72 While 80% of the non-Aboriginal population reside in the Perth 

metropolitan area, over 60% of the Aboriginal population reside in the rural and remote 

regions of the state.74  

WA may be divided into eight geographical regions – Kimberley, Pilbara-Gascoyne, 

Midwest-Murchison, Goldfields-South East, Wheatbelt, Great Southern, South West and 

Perth metropolitan regions (Figure 4-1). Of these, the Perth metropolitan area is 

classified as metropolitan (area in black); the Kimberley, Pilbara-Gascoyne and 

Goldfields-South East regions are classified as remote (area in grey); and the remainder 

as rural (area in white).  
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Figure 4-1. Map of regions within WA (modified and reproduced with permission)75 

Australia has a publicly-funded, universal healthcare system that co-exists with an 

optional private healthcare system. Patients are able to access healthcare at EDs or in-

patient wards through public hospitals free of charge. Similarly the costs of all pathology 

and diagnostic testing that occurs in these settings are borne by the Commonwealth and 

individual states and territories. Private health insurance covers for some costs 

associated with elective procedures, admission to private hospitals and other non-

government funded services (e.g. allied health).76 Located in metropolitan Perth, 

Princess Margaret Hospital for Children (PMH) is the only public, tertiary paediatric 

hospital in the state.  
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4.3 Project 1 – Validation 

This project consists of two cohorts. Data on Cohort 1 comes from a prior record linkage 

study of a cohort of children born in WA between 1996 and 2005. Relevant data for this 

group are described in more detail in Chapter 5 and elsewhere.4,9,22 Data on Cohort 2 

comes from a medical chart review of children admitted to selected hospitals in WA for 

ALRI between 2000 and 2012.  

Routine hospital and laboratory data were linked for the first time in the prior record 

linkage study involving Cohort 1. However, only 45% of all hospital records for ALRI in 

Cohort 1 had a corresponding laboratory record, despite a recommendation for all 

children presenting to hospital for ALRI to undergo testing to identify the causative 

pathogen.22 To determine the reason for the low proportion of linked hospital and 

laboratory records, a retrospective medical chart review was undertaken in seven 

hospitals throughout WA.  

These hospitals were chosen as they collectively represented 57% of all paediatric 

hospital admissions for ALRI in 2000-2005. The chart review was designed to collect data 

on respiratory testing among children presenting to hospital for ALRI, which resulted in 

Cohort 2. Data from Cohort 2 was then compared to data from Cohort 1. Further details 

of this dataset are described in Chapter 5.   

4.4 Project 2 – Triple I  

The majority of the results presented in this thesis uses data from the Triple I project, 

abbreviated from the full title of “Integrate, Identify, Intervene: Identifying 

opportunities for preventing respiratory infections in children through integrating 

population-based health, laboratory and immunisation data”. This project, funded by 



23 
 

the National Health and Medical Research Council (NHMRC) of Australia, aims to 

investigate the pathogen-specific burden of ALRI in WA children.  

To do this, data relating to a birth cohort of children born in WA between 1 January 1996 

and 31 December 2012 were requested from the WADLB. They identified the birth 

cohort using data from the Midwives Notifications System and the Birth Registry. All 

children who were born alive were included in the final birth cohort and contributed 

person-time in calculations of rates (see Section 4.8 for further details on calculations of 

person-time). The final birth cohort comprised of 469,589 children, of whom 

approximately half (51.2%, n=240,237) were male and 6.7% (n=31,348) were Aboriginal. 

Singleton births accounted for 97.0% (n=455,675) of the cohort and the majority of 

these children (74.7%, n=349,804) were born in metropolitan Perth.  

 

Figure 4-2. Diagram of datasets from the Triple I project 

Note: Solid arrow denote the source datasets that were combined to form the final 

birth cohort. Dashed lines denote datasets containing information pertaining to the 

final birth cohort.  
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Data pertaining to the birth cohort were then extracted from the Hospital Morbidity 

Data Collection, the PathWest Laboratory Database (PathWest) and the Western 

Australian Notifiable Infectious Diseases Database (WANIDD). Further information on 

the process of obtaining data can be found on the WADLB website 

(http://www.datalinkage-wa.org/). A schematic of the datasets used in this thesis and 

how they fit together is presented in Figure 4-2. A summary of the time periods and 

variables requested for each dataset is presented below. I was responsible for 

preliminary data cleaning of the Hospital Morbidity Data Collection and for all data 

cleaning of PathWest. Additional data cleaning performed by others on the Hospital 

Morbidity Data Collection and on other datasets are listed in the appendices of relevant 

chapters. 

4.4.1 Midwives Notifications System 

The Midwives Notification System records information on all births in WA attended by 

a midwife since 1980.77 Data from this System are believed to be of high quality, due to 

its accuracy, comparability of different variables within the System across time and 

different jurisdictions as well as the ease of data interpretation.78 Moreover, validation 

studies on these data have been conducted intermittently since its establishment.79 

However, births that were not attended by a midwife, nurse or doctor will not be 

captured using this System.  

Data requested from this dataset include child’s gender, all pregnancy complications, 

maternal age, residential postcode of the mother at the time of her child’s birth, labour 

and birth details such as gestation, maternal smoking during pregnancy and mode of 

delivery.  

http://www.datalinkage-wa.org/
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4.4.2 Birth and Death Registry  

The Birth and Death Registries were established in the early 1970s and records 

information on all births and deaths registered in WA.77 Data requested from this 

dataset include Aboriginal status of the mother and father, child’s date of birth, birth 

weight, gestation period, date and cause of death.  

4.4.3 Hospital Morbidity Data Collection 

This dataset was established in 1970 and contains information on all admissions to all 

public and private hospitals in WA.77 Data requested included dates of admission and 

separation, principal and co-diagnosis codes, all procedure codes and whether the child 

was admitted to an intensive care unit (ICU). Only hospital stays that include both an 

admission and a separation during the study period (January 1996 to December 2012) 

were included. These are hereafter referred to as hospital admissions. Records with an 

admission date on or after the date of death were considered post-mortem admissions 

and excluded from analyses.  

Each admission will be given at least one principal diagnosis code and up to 20 co-

diagnosis codes. A principal and up to 10 additional procedures codes may also be 

allocated to admissions that required clinical interventions or treatments. The 

Australian Modification of the 10th edition of the International Classification of Disease 

(ICD-10-AM) was in use in all WA hospitals from 2000 onwards. Validation of the 

sensitivity and specificity of ICD codes used in WA hospitals are provided elsewhere.80  

4.4.4 PathWest Laboratory Database (PathWest) 

PathWest Laboratory Medicine is the only state-wide public laboratory in WA. It 

provides pathology testing services to all public hospitals in WA, many GP clinics, and 
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referred samples from private pathology providers.22,81 It services all except three 

hospitals in WA that admit paediatric patients. PathWest Laboratory Medicine also 

serves as a reference laboratory for virology tests performed in other laboratories in the 

state. All data regarding laboratory testing conducted at PathWest Laboratory Medicine 

are stored within a dedicated laboratory information system. Data requested from the 

PathWest Laboratory Database (PathWest) include date, time and type of specimen 

collected, test requested, pathogen(s) identified, pathogen(s) not identified and method 

of identification. Data were restricted to those relating to respiratory specimens, the 

definition for which is presented in Section 4.6.4.  

When upper and lower respiratory specimens are submitted for viral testing, they are 

routinely tested for common respiratory viruses including RSV, influenza virus A and B, 

PIV (types 1-3), and human adenovirus. From 2008 onwards, testing for hMPV was 

included in the routine panel of viruses tested for. Testing for other viruses, such as 

picornaviruses, was performed on request only. Picornaviruses may be further 

characterised as RV or enterovirus but this was not routinely done. Multiple methods 

including antigen detection (using immunofluorescent antibodies [IF]), polymerase 

chain reaction (PCR) and viral culture were used to detect respiratory viruses in 

submitted samples over the study period. In addition, serological testing, most 

frequently by complement fixation testing (CFT), was used to test for evidence of recent 

respiratory viral infection. A summary of testing patterns for common respiratory 

viruses at PathWest is presented in Table 4-1.  
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Table 4-1. Summary of testing frequency and detection methods for respiratory 

viruses as recorded on PathWest 

Respiratory 

virus 

Testing 

frequency 

Detection method Notes 

  Antigen 

detection 

Culture PCR Serology  

Adenovirus Routine 9 9 9 9  

Bocaviruses On request   9   

Coronavirus On request   9   

hMPV Routine 9 

(from 

2008) 

 9 

(from 

2003) 

  

Influenza virus 

(A and B) 

Routine 9 9 9 9  

Picornavirus On request  9 9  Speciated 

into RV and 

enterovirus 

on request 

PIV 1-3 Routine 9 9 9 9  

RSV Routine 9 9 9 9  

 

4.4.5 Western Australian Notifiable Infectious Diseases Database (WANIDD) 

WANIDD is managed by the Department of Health WA and collects data on over 64 

notifiable diseases. Upon detection of a notifiable disease, a notification must be 

submitted by the attending clinician as well as the diagnostic laboratory. Both groups 

are encouraged to complete a disease notification regardless of whether the case has 

been reported previously by another party, with duplicates managed by the Department 

of Health WA.82 Notifiable respiratory infections in WA include influenza, pertussis 

(whooping cough), Severe Acute Respiratory Syndrome.82 Other diseases commonly 

associated with respiratory pathogens that are also notifiable include invasive 
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pneumococcal disease (IPD) and legionella.82 Data requested from this dataset include 

date of notification, date of onset, disease notified, organism serotype (as appropriate), 

diagnosis confirmation, whether the child was hospitalised and immunisation status.  

4.5 Project 3 – Children’s WA Influenza Vaccine Effectiveness (WAIVE) project 

The WAIVE project is a prospective case-control study that commenced in 2008 to 

evaluate the state-funded preschool influenza vaccination program. This study primarily 

aims to evaluate the effectiveness of inactivated influenza vaccine in children under five 

years of age. Patient recruitment was conducted during influenza seasons at PMH (and 

at selected GP clinics in metropolitan WA in 2008-2009).  

A nasal swab was collected at the time of enrolment and tested for all respiratory viruses 

listed in Table 4-1 using antigen detection, culture or PCR only. Upon enrolment, parents 

were asked to complete a questionnaire regarding the enrolled child’s medical history, 

demographics and presenting symptoms. They were also asked to complete a follow up 

questionnaire at 7-10 days after enrolment. The follow up questionnaire collected data 

on illness outcomes, time to recovery, antibiotic use and hospital admission (if any). 

Further details of this dataset are described in Chapter 10 and elsewhere.83–85 Due to 

the small numbers recruited and differences in presentation, data from children 

presenting to GP clinics were removed from analyses presented in Chapter 10. 

4.6 Definitions 

All variables referred to in chapters using Triple I data follow the definitions listed below 

unless otherwise specified.  
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4.6.1 Demographic variables 

With the exception of age, all other demographic variables were sourced from the 

Midwives Notifications System and/or the Birth Registry. Data from the Midwives 

Notifications System were used if there were discrepancies between these datasets as 

the former is considered to be the gold standard for these data as it is regularly 

validated.79 Data on maternal smoking during pregnancy, mode of delivery and special 

care at birth were sourced from the Midwives Notifications System. Mode of delivery 

was coded as per a prior study.86 A child was considered to have required special care 

at birth if they spent at least a day in a level two or three neonatal nursery. 

Aboriginal status was coded according to the Get Our Story Right variable.87 This variable 

was provided by the WADLB to enable consistency when deriving Aboriginal status for 

an individual across all records within a linked data environment.87 Non-Aboriginal 

children were further classified as Caucasian or other, based on the ethnicity of their 

mother for some analyses.  

Residential postcode of the mother at the time of her child’s birth was used to allocate 

children to geographical regions. The period between December and February was 

classified as summer, between March and May as autumn, between June and August as 

winter and between September and November as spring. Gestational age was calculated 

using Midwives Notifications System data based on a combination of variables.88  

Prematurity was defined as gestational age of 36 weeks or less. This may be further 

divided into very preterm (<32 weeks) and preterm (32-36 weeks) for some analyses. 

In Chapter 5, prematurity was defined as less than 34 weeks gestation due to an error 

in the data collection sheet (see Section 14.1 for a copy of the data collection sheet). 
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This error was not detected until after data collection was complete. As a “Yes/No” 

response was collected, rather than the number of weeks of gestation, it was not 

possible to rectify the definition for prematurity in Chapter 5 to align with other results 

chapters.  

4.6.2 ALRI 

In this thesis, ALRI is defined as a diagnosis of whooping cough, pneumonia, bronchiolitis, 

influenza, unspecified ALRI or bronchitis. If an admission had multiple ALRI diagnoses, a 

hierarchical algorithm used in a prior, related study was used to classify the admission 

in order of disease severity.22 As the diagnosis codes for whooping cough were 

considered to be relatively more sensitive and specific,80 a diagnosis of whooping cough 

superseded all other ALRI-related codes. Conversely, an admission is only coded as 

bronchitis in the absence of any other ALRI-related code. ICD-10-AM codes associated 

with each of these diseases and their hierarchical order are listed in Table 4-2.  

Table 4-2. ICD-10-AM codes used to flag for ALRI 

Disease ICD-10-AM codes  Hierarchical order 

Whooping cough A37 1 

Pneumonia J12-J18 2 

Bronchiolitis J21 3 

Influenza J09-J11 4 

Unspecified ALRI J22 5 

Bronchitis J20, J40 6 

 

4.6.3 Hospital variables 

Inter-hospital transfers were defined as multiple adjacent records pertaining to the 

same person where either a) the admission date was identical to the separation date of 



31 
 

the prior record or; b) the admission date occured prior to the separation date of the 

prior record or; c) both admission and separation dates fell within the time span of the 

prior record. These records were collapsed and counted as a single admission. A child 

who received newborn care or who spent one or more days in a neonatal or paediatric 

intensive care unit (ICU) was coded as being admitted to ICU.  

As the main focus of this thesis is on community-acquired ALRI, rather than nosocomial 

ALRI, a laboratory record was considered to be related to a hospital admission record if 

respiratory specimens were collected 48 hours prior to or after the date of admission.  

4.6.4 Respiratory specimens 

Respiratory specimens were defined as nasal/nasopharyngeal (NP), throat, tracheal, 

bronchial, sputum, lung, pleural and serum. Nasal/NP specimens included combined 

nose and throat, NP, postnasal swabs and pernasal aspirates. Respiratory viruses are 

rarely tested for on other routinely collected specimens (e.g. whole blood). However, 

PCR tests could be used to detect adenovirus and picornavirus in these specimens.  

As these tests were rarely performed, whole blood specimens were excluded when 

describing the changes in testing patterns for respiratory viruses over time (Chapter 7). 

However, blood specimens were included when assessing the pathogen-specific burden 

of respiratory viruses (Chapter 8) as they would contribute to the disease burden of ALRI. 

Respiratory specimens collected on or after the date of death were considered post-

mortem specimens and were excluded.  
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4.6.5 Virus detection 

A respiratory specimen was considered to have tested positive if one or more known 

respiratory viruses were detected by antigen detection, culture, PCR or serology. Known 

respiratory viruses include adenovirus, coronavirus, hMPV, influenza virus (any type), 

unspeciated picornavirus, PIV (any type), RSV or RV. A summary of included respiratory 

viruses and detection methods are presented in Table 4-3.  
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Table 4-3. Summary of included virus, specimens and detection methods 

 Included specimens Virus detection method 

Virus Bronchial Lung Nasal Pleural 

fluid 

Serum Sputum Throat Tracheal Whole 

blood  

Antigen 

detection* 

Culture* PCR Serology 

Adenovirus 9 9 9 9 § 9 9 9 ** 9 9 9 9 

Coronavirus 9 9 9 9 - 9 9 9 - - - 9 - 

hMPV 9 9 9 9 - 9 9 9 - 9 - 9 - 

Influenza 

A/B/C 

9 9 9 9 § 9 9 9 - 9 9 9 9 

Influenza 

type 

unknown 

9 9 9 9 - 9 9 9 - 9 9 9 - 

Picornavirus 9 9 9 9 - 9 9 9 ** - 9 9 - 

PIV 1-4 9 9 9 9 § 9 9 9 - 9 9 9 9 

PIV type 

unknown 

9 9 9 9 - 9 9 9 - 9 9 - - 

RSV 9 9 9 9 § 9 9 9 - 9 9 9 9 

RV 9 9 9 9 - 9 9 9 - - 9 9 - 

Note: Dashed lines indicate that a particular specimen or detection method was not used to detect the virus. *Regularly used on all specimens 

but rarely used for blood and serum specimens. **These can only be detected via PCR from this specimen. §Only tested using serology.  
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4.7 Ethical approvals 

A list of ethical approvals granted for each of the data sources used are presented in 

Table 4-4. Please note that not all datasets required ethical approvals from all listed 

Human Research Ethics Committees (HRECs).  

Table 4-4. List of ethical approvals received for all projects 

 Project 

HRECs Validation Triple I  WAIVE 

Department of Health WA HREC 2013/05 2012/56 - 

Western Australian Aboriginal Health 

HREC  

453 437 212 06/08 

University of Western Australia HREC RA/4/1/6469 RA/4/1/6454 RA/4/1/6456 

PMH HREC - - 1673/EP 

WA Country Health Service HREC 2013:10 - - 

Joondalup Health Campus HREC 1308 - - 

 

4.8 Statistical analysis 

For all studies using Triple I data, all data were restricted as to the period between 

January 2000 and December 2012 as there were no PathWest data available pre-2000 

and incomplete outcome data post-2012. Incidence, testing and detection rates were 

calculated using person-time-at-risk as the denominator. Person-time was calculated 

using dates of birth and death from the Midwives Notifications System, Birth and Death 

Registries and was censored at 31 December 2012 if the child was not known to have 

died prior to this date. All children born alive contributed person-time and were included 

in all analyses using Triple I data. 

All data cleaning and descriptive analyses were conducted in IBM SPSS version 22 

(Chapter 5) or version 23 (all other chapters). Categorical variables were compared using 
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Pearson chi-squared tests in EpiBasic version 289 or 3.89 Trends tests were also 

conducted in EpiBasic. Confidence intervals for proportions and incidence rate ratios 

(IRR) were calculated using one or more of Exploratory Software for Confidence Intervals 

(ESCI)90 and EpiBasic version 289 and version 3.89  

Logistic regression analyses in Chapter 10 were conducted in SPSS version 23. Poisson 

regression and all other logistic regression analyses were performed using StataCorp 

STATA version 13 (Chapter 5) or version 14 (Chapter 7, Chapter 8 and Chapter 11). For 

all logistic regression models, age was included as categorical (rather than continuous) 

variable for ease of clinical interpretation. Age groups were divided differently in each 

chapter depending on sample sizes. For multivariable models, individuals with missing 

data on any of the variables included in the model were dropped. Variables were 

selected based on clinical plausibility or epidemiological evidence as risk factors for the 

outcome and/or predictor of interest. 
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Chapter 5 Theme 1 – Validation of laboratory data 

5.1 Preamble 

While the record linkage infrastructure in WA is fairly well-established, the number and 

type of datasets that are being linked is constantly increasing. Oftentimes, there are 

challenges in the process of identifying, linking and extracting data for the first time, 

particularly from datasets that were not designed for research purposes. As such, 

verifying that all relevant data are captured accurately is critical to the continued use of 

such datasets through the record linkage system.  

This chapter describes a study to validate data from PathWest that had previously been 

linked for the first time in a proof-of-concept study. This study was funded by the 

Telethon Kids Institute Small Grants Scheme 2012 and addresses Aim 1 of this thesis. 

Data were collected by co-authors listed in Section 14.1 and I was responsible for data 

cleaning, analyses and writing the first draft of the manuscript.  

This chapter has been published in the Journal of Clinical Epidemiology. A copy of the 

published paper is included as an appendix in Section 14.1 and is presented here 

verbatim, with the exception of replacement of known abbreviations and Sections 5.2 

and 5.3 where duplicate information presented in Chapter 2 or Chapter 4 has been 

removed.  

5.2 Introduction 

The aetiology of ALRI can be highly variable and specific to geographic location.9,91 

Accurate local epidemiology data are therefore essential to monitor the circulating 
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pathogens and can aid in assessing vaccine effectiveness. Population-based linkage of 

administrative data is an efficient method by which to obtain such information.  

The WADLS follows current best practice guidelines for record linkage and uses the 

separation principal when performing linkages. As data extraction is usually performed 

by the data custodians on the researchers’ behalf, researchers need detailed knowledge 

of the dataset and the scope of available data prior to submitting a request for data to 

be extracted for linkage. This can pose a challenge when linking to a dataset for the first 

time as there may not be any documentation for the types of data available and its 

nuances, particularly if the dataset has not been used for research purposes before. 

With assistance from staff at the WADLB and custodians of microbiological data, we 

were the first in Australia to use the WADLS to link microbiological and administrative 

data to investigate the aetiology of ALRI in a total population cohort of WA children.22  

In WA, it is recommended for children admitted to hospital with a respiratory infection 

to undergo microbiological testing to determine the causative pathogen. Despite this 

recommendation, we found only 45% of hospitalisations for ALRI corresponded to a 

microbiological test record; some remote areas had less than 5% of ALRI hospitalisations 

linking to a test record.22 We considered the possibility that this may be due to mislinks 

(i.e. misidentification of individuals across datasets) even though the proportions of 

mislinks is very low and continues to fall.62,92 This possibility was ruled out as the linkage 

rate of demographic data between the microbiological data source and the other 

datasets used in this project was 96% (C Garfield, personal communication). As this was 

the first time microbiology data had been linked, we were unable to exclude the 

possibility that the lower than expected proportions of linked hospital records may be 
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due to low levels of microbiological testing, missed records during the data extraction 

process or a combination of both.  

Quality checks of administrative linked data for infectious diseases research has been 

flagged as an area needing further attention.93,94 Medical chart reviews have previously 

been used as a tool for validating linked data.71,95 A prior study in WA has used this 

method to identify gaps in the recording of comorbidity data on administrative 

datasets.71 Given the novelty of linked microbiological data as well as the increasing 

demand and complexity for linked data,96 it is imperative that we validate linked hospital 

and microbiological data for future studies.  

Due to privacy constraints surrounding the approved use of de-identified linked data, 

we were unable to re-identify individuals from our previous record linkage study who 

did not have a corresponding microbiological test record. As a way of validation, we 

conducted a chart review to determine if the low proportion of linked hospital and 

microbiological test records in our previous record linkage study was due to records 

being missed during data extraction or due to low levels of testing. We hypothesized 

that the low proportions of linkage in the previous study was due to records being 

missed during the extraction process rather than low levels of testing. Secondary to this, 

we also identified the demographic predictors of pathogen testing using data collected 

from the medical chart review so we may identify any groups that may have been missed 

during data extraction. 
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5.3 Methods 

5.3.1 Data linkage study (Cohort 1) 

Our previous record linkage study consisted of linked hospital and microbiological data 

on a birth cohort of WA children to investigate the aetiology of ALRI.22 Information on 

the data extraction, cleaning and coding for this group are described in more detail 

elsewhere.4,9,22 Briefly, hospital and microbiological data were extracted for all singleton 

live births in WA between 1996 and 2005. A hospital admission for ALRI was defined as 

having a principal or co-diagnosis code for ALRI using a pre-determined selection of the 

9th edition of ICD codes (ICD-9-CM) and ICD-10-AM codes.4 A child was coded as 

Aboriginal if at least one record indicated that the child was Aboriginal.4,22  

Data were restricted to admissions between 2000 and 2005 as microbiological testing 

data were only available for this period.22 Of 19,857 admissions, 45.2% had linked to a 

corresponding microbiological test record.22 To enable comparisons to the chart review 

cohort, records of children aged five years or more were excluded, thereby leaving 

18,687 linked data records available for comparison, hereafter referred to as Cohort 1.  

5.3.2 Medical chart review (Cohort 2) 

We selected seven major hospitals throughout WA from which to conduct a chart review 

(in the analysis referred to as Cohort 2). These hospitals collectively represented 57% of 

all hospitalisations for ALRI throughout WA. These were three metropolitan hospitals 

(including PMH), two rural and two remote hospitals. Our intention was to review no 

more than 900 admission records (300 from PMH and 100 from each of the remaining 

hospitals). To ensure representativeness of the sample of admissions to be reviewed to 

the total population record linkage cohort,22,97 we set a number of restrictions for the 
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chart review from each hospital. These restrictions were a) the child’s date of birth was 

between 1 January 1996 and 31 December 2011; b) hospital admissions between 2000 

and 2011 with an equal number of records from the time periods 2000-2005 and 2006-

2011; c) the child was aged less than five years at the time of admission with 50% of all 

records selected in the <12-month age group, 25% in the 12-23-month age group, 25% 

in the 2-4-year age group and d) hospital admissions with a diagnosis code of ALRI, 

according to ICD-10-AM diagnoses.98  

ALRI was defined as previously described in Section 4.6.2. We set the selection criteria 

so that records coded as influenza, pneumonia or bronchiolitis would each comprise 25% 

of all records from each hospital, while whooping cough and unspecified ALRI records 

would each comprise 12.5% of all records from each hospital. Multiple admission 

records of the same child were eligible for selection provided all other selection criteria 

were met.  

Based on these criteria, a maximum of 888 records could be selected from the seven 

hospitals. The data custodian of the Hospital Morbidity Data Collection randomly 

selected admission records from each hospital that met these pre-established criteria. 

Of the 888 records requested, only 761 records (85.7%) were selected by the data 

custodian for review. This was because there were fewer than expected records coded 

as whooping cough or influenza in selected rural and remote hospitals that met all other 

selection criteria. Supplementary records were not selected if there were an insufficient 

number of records in a particular cell. Figure 5-1 displays a flow chart of records that 

were requested, selected and then reviewed. 
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Figure 5-1. Flow chart of medical chart review records requested, received and 

analysed (Cohort 2) 

Demographic, clinical and microbiological data were reviewed from the 761 medical 

records by a research nurse and trained medical students and recorded on a 

standardised data collection form. Demographic data collected included date and 

country of birth, gender and Aboriginal status. A child was coded as Aboriginal if 

indicated as such in medical charts. Clinical data collected included dates of admission 

and hospital discharge; risk factors and comorbidities present such as preterm birth, 

immunosuppression and chronic respiratory disease; and principal and secondary 

diagnoses. Immunosuppression was defined as prednisolone use for two weeks or more, 

use of a disease-modifying agent (e.g. chemotherapy) or any congenital or acquired 

immunodeficiency. Preterm birth was defined as less than 34 weeks gestation. 

Microbiological data collected included respiratory specimens collected, tests requested 

and test results. Ethical approvals for these study are listed in Section 4.7. 

5.3.3 Statistical analysis 

For both cohorts, ALRI diagnoses were identified from principal and co-diagnosis codes 

and grouped according to a hierarchical diagnosis algorithm as described in Section 4.6.2. 
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For Cohort 1, geographical region was coded according to the place of the child’s birth 

whereas the location of the hospital where the admission took place was used for 

Cohort 2.  

Any mention of a test request or result in the medical charts in Cohort 2 was considered 

to be indicative of a completed microbiological test. NP swabs, NP/pernasal aspirates 

and throat swabs were grouped together as NP specimens for analyses. Respiratory 

specimens were tested using one or more of IF, PCR or viral culture. A positive test was 

defined by detection of a respiratory pathogen on NP specimens, isolation of a 

respiratory pathogen from blood or pleural fluid or detection of elevated antibodies or 

seroconversion to respiratory pathogens such as B. pertussis or S. pneumoniae. 

We calculated the proportion of admission records with any microbiological test 

reported by age, diagnosis, Aboriginal status, location and prematurity in both cohorts. 

We compared the proportions with a microbiological test between Cohorts 1 and 2 in 

2000-2005 and between 2000-2005 and 2006-2011 for Cohort 2. Among those with a 

microbiological test reported, we then calculated the proportion of admission records 

with at least one respiratory pathogen detected by age, diagnosis and Aboriginal status. 

The frequencies of positive pathogen detections were also compared between Cohorts 

1 and 2 in 2000-2005 and between 2006-2011 and 2000-2005 in Cohort 2.  

In order to investigate the predictors of microbiological testing using information 

collected during the chart review, we performed univariable and multivariable Poisson 

regression analyses using the presence of a microbiological test as the outcome variable. 

Records were clustered by patient to allow for children with more than one admission 

record included in the chart review and robust standard errors were estimated, to 



44 
 

correct for the usual over-estimation of error when using Poisson regression with 

common outcomes.99 Aboriginal status, hospital location, gender, prematurity, 

presence of comorbidities, age and year of admission were used as potential predictor 

variables and were included in the multivariable model. Records with missing data on 

the variables analysed were dropped from the regression models. Software used for 

these analyses are listed in Section 4.8.  

5.4 Results 

A total of 746 of 761 (98.0%) selected hospital admission records were reviewed for 

Cohort 2. Remaining records were not reviewed as records were washed away by floods 

(n=3) or could not be found (n=12; Figure 5-1). Sixteen children had multiple admission 

records that were included in the chart review, affecting a total of 34 records (4.6%); all 

records were included in the following analyses.  

5.4.1 Comparisons between record linkage (Cohort 1) and chart review cohorts 

(Cohort 2) 

There was a higher proportion of males in Cohort 1 compared to Cohort 2, however, 

both cohorts were comparable for Aboriginal status (Table 5-1). As fewer than 

requested number of records with a diagnosis of whooping cough and influenza were 

selected for review, it was expected that the distribution of ALRI diagnoses would differ. 

Whooping cough and influenza accounted for a larger proportion of Cohort 2 compared 

to Cohort 1 (Table 5-1). Chronic respiratory disease was the most common comorbidity 

recorded in Cohort 2 but comparable data on comorbidities were not available for 

Cohort 1.  
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Table 5-1. Comparisons between the record linkage (Cohort 1) and chart review 

cohorts (Cohort 2) 

 Cohort 1 (N=18,687) Cohort 2 (N=746) 

Description n % (95% CI) n % (95% CI) 

Male 10874 58.2 (57.5-58.9) 403 54.0 (50.4-57.4) 

Aboriginal 5743 30.7 (30.1-31.4) 234 31.4 (28.1-34.8) 

Born in Australia 18687 100.0 (100.0-100.0) 720 96.5 (94.9-97.6) 

Born preterm (<34 weeks 

gestation) 

1250 6.7 (6.3-7.1) 80 10.7 (8.7-13.1) 

Diagnosis (ICD-10-AM code) a       

 Whooping cough (A37) 165 0.9 (0.8-1.0) 78 10.5 (8.5-12.9) 

 Influenza (J09-11) 840 4.5 (4.2-4.8) 131 17.6 (15.0-20.5) 

 Pneumonia (J12-18) 5439 29.1 (28.5-29.8) 222 29.8 (26.6-33.1) 

 Bronchiolitis (J21) 8259 44.2 (43.5-44.9) 211 28.3 (25.2-31.6) 

 Unspecified ALRI (J22) 3471 18.6 (18.0-19.1) 104 13.9 (11.6-16.6) 

Age groups a       

 <6 months 5361 28.7 (28.0-29.3) 187 25.1 (22.0-28.3) 

 6-12 months 4225 22.6 (22.0-23.2) 186 24.9 (21.9-28.2) 

 12-23 months 4543 24.3 (23.7-24.9) 188 25.2 (22.1-28.5) 

 2-4 years 4558 24.4 (23.8-24.9) 185 24.8 (21.7-28.1) 

Comorbidities present b       

 Chronic respiratory disease    52 7.0 (4.9-8.5) 

 Other    42 5.6 (3.9-7.1) 

 Congenital/syndromic disease    30 4.0 (2.6-5.5) 

 Chronic cardiac disease    28 3.8 (2.4-5.2) 

 Chronic neurological disease    26 3.5 (2.2-4.9) 

 Immunosuppression    4 0.5 (0.2-1.4) 

Note: In Cohort 1, 513 cases were coded as bronchitis and prematurity was unknown for 274 

cases. In Cohort 2, some cases had missing data for gender (n=4), Aboriginal status (n=90), 

country of birth (n=16) and prematurity (n=44). Cases with missing data were included in 

denominators when calculating percentages. a Used as selection criteria to select Cohort 2.  
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b Data not available for Cohort 1. Chronic respiratory diseases include asthma and chronic lung 

disease. Other comorbidities include gastrointestinal issues and otitis media. Congenital or 

syndromic diseases include Down syndrome and spina bifida. Chronic cardiac diseases include 

ventricular or atrial septal defects and tetralogy of fallot. Chronic neurological diseases include 

cerebral palsy and epilepsy. 

Overall, 571 admission records (76.5%) from Cohort 2 had evidence of a microbiological 

test. In 2000-2005, the frequency of microbiological testing was 1.7 times (95% CI=1.6, 

1.8) higher in Cohort 2 compared to Cohort 1 (Table 5-2). Testing was more frequently 

recorded in Cohort 2 than in Cohort 1 in both Aboriginal and non-Aboriginal children and 

across all age groups, prematurity status and locations, although this was less marked in 

records from rural regions (Table 5-2). There was twice as much testing reported in 

records of children aged 12 months or more in Cohort 2 than in Cohort 1 and for 

admissions coded as pneumonia and unspecified ALRI (Table 5-2).  

Of the records with a microbiological test reported in Cohort 2, overall, 65.5% (n=374) 

had at least one respiratory pathogen detected. Overall, there were no differences in 

the frequency of pathogen detection between Cohorts 1 and 2 in 2000-2005 (Table 5-3). 

Pathogen detection was less often reported in records of children hospitalised with 

pneumonia in Cohort 2 compared to Cohort 1 (ratio=0.8, 95%CI=0.6, 1.0). Conversely, 

pathogens were more frequently reported in records of children aged 2-4 years in 

Cohort 2 than in Cohort 1 (ratio=1.4, 95%CI=1.1, 1.6).  



47 
 

Table 5-2. Frequency of microbiological testing in record linkage (Cohort 1) and chart review cohorts (Cohort 2) 

 Cohort 1 Cohort 2 Comparisons 

 2000-2005 

(N=18,687) 

2000-2005 

(N=353) 

2006-2011 

(N=393) 

Total 

(N=746) 

Cohort 2 vs. 1 

(2000-2005 only) 

Cohort 2 

(2006-11 vs. 2000-5) 

Description n % n % n % n % ratio (95% CI) ratio (95% CI) 

Age group             

 <6 months 3288 61.3 72 82.8 83 83.0 155 82.9 1.4 (1.2-1.5) 1.0 (0.9-1.1) 

 6-11 months 2046 48.4 65 68.4 70 76.9 135 72.6 1.4 (1.2-1.6) 1.1 (0.9-1.3) 

 12-23 months 1800 39.6 72 78.3 73 76.0 145 77.1 2.0 (1.8-2.2) 1.0 (0.8-1.1) 

 2-4 years 1460 32.0 59 74.7 77 72.6 136 73.5 2.3 (2.0-2.7) 1.0 (0.8-1.2) 

Diagnosis a             

 Whooping cough 132 80.0 29 90.6 38 82.6 67 85.9 1.1 (1.0-1.3) 0.9 (0.8-1.1) 

 Pneumonia 1889 34.7 75 70.1 86 74.8 161 72.5 2.0 (1.8-2.3) 1.1 (0.9-1.3) 

 Bronchiolitis 4726 57.2 66 64.7 77 70.6 143 67.8 1.1 (1.0-1.3) 1.1 (0.9-1.3) 

 Influenza 647 77.0 61 100.0 66 94.3 127 96.9 1.3 (1.3-1.4) 0.9 (0.9-1.0) 

 Unspecified ALRI 1115 32.1 37 72.5 36 67.9 73 70.2 2.3 (1.9-2.7) 0.9 (0.7-1.2) 

Aboriginal status b             

 Non-Aboriginal 6821 52.7 169 84.1 174 78.7 343 81.3 1.6 (1.5-1.7) 0.8 (0.9-1.0) 

 Aboriginal 1773 30.9 52 50.0 89 68.5 141 60.3 1.6 (1.3-2.0) 1.4 (1.1-1.7) 

Location c             
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 Cohort 1 Cohort 2 Comparisons 

 2000-2005 

(N=18,687) 

2000-2005 

(N=353) 

2006-2011 

(N=393) 

Total 

(N=746) 

Cohort 2 vs. 1 

(2000-2005 only) 

Cohort 2 

(2006-11 vs. 2000-5) 

Description n % n % n % n % ratio (95% CI) ratio (95% CI) 

 Metropolitan 6696 62.7 226 95.0 212 89.1 438 92.0 1.5 (1.5-1.6) 0.9 (0.9-1.0) 

 Rural 891 24.5 19 31.7 47 56.0 66 45.8 1.3 (0.9-1.9) 1.8 (1.2-2.7) 

 Remote 998 22.9 23 41.8 44 62.0 67 53.2 1.8 (1.3-2.5) 1.5 (1.0-2.1) 

Born preterm (<34 

weeks gestation) d 

            

 No 7752 45.2 220 75.3 252 76.4 472 75.9 1.7 (1.6-1.8) 1.0 (0.9-1.1) 

 Yes 731 58.5 23 69.7 38 80.9 61 76.3 1.2 (1.0-1.5) 1.2 (0.9-1.5) 

Total 8594 46.0 268 75.9 303 77.1 571 76.5 1.7 (1.6-1.8) 1.0 (0.9-1.1) 

Note: Age group, diagnosis and location were used as selection criteria to select Cohort 2. a 513 records were coded as bronchitis in Cohort 1; 85 records had a 

documented pathogen test (16.6%). b Aboriginal status was unknown for 90 records in Cohort 2; 87 records had a documented pathogen test (96.7%). c Location 

was unknown for 32 records in Cohort 1; none of the records had a pathogen test documented. d Denominator includes only those who had a recorded 

microbiological test. Percentages may not equal to 100 due to missing data. 
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Table 5-3. Positivity rates of respiratory pathogen detection in record linkage (Cohort 1) and chart review cohorts (Cohort 2) 

 Cohort 1 Cohort 2 Comparisons 

 2000-2005 

(N=8,594) 

2000-2005  

(N=268) 

2006-2011  

(N=303) 

Cohort 2 vs. 1  

(2000-2005 only) 

Cohort 2  

(2006-11 vs. 2000-5) 

Description n % n % n % ratio (95% CI) ratio (95% CI) 

Age group           

 <6 months 2480 75.4 49 68.1 60 72.3 0.9 (0.8-1.1) 1.1 (0.9-1.3) 

 6-11 months 1265 61.8 36 55.4 42 60.0 0.9 (0.7-1.1) 1.1 (0.8-1.5) 

 12-23 months 995 55.3 47 65.3 45 61.6 1.2 (1.0-1.4) 0.9 (0.7-1.2) 

 2-4 years 751 51.4 41 69.5 54 70.1 1.4 (1.1-1.6) 1.0 (0.8-1.3) 

Diagnosis a           

 Whooping cough 117 88.6 24 82.8 37 97.4 0.9 (0.8-1.1) 1.2 (1.0-1.4) 

 Pneumonia 876 46.4 26 34.7 35 40.7 0.8 (0.6-1.0) 1.2 (0.8-1.8) 

 Bronchiolitis 3355 71.0 50 75.8 48 62.3 1.1 (0.9-1.2) 0.8 (0.7-1.0) 

 Influenza 608 94.0 60 98.4 64 97.0 1.1 (1.0-1.1) 1.0 (0.9-1.0) 

 Unspecified ALRI 487 43.7 13 35.1 17 47.2 0.8 (0.5-1.3) 1.3 (0.8-2.4) 

Aboriginal status b           

 Non-Aboriginal 4399 64.5 112 66.3 129 74.1 1.0 (0.9-1.2) 1.1 (1.0-1.3) 

 Aboriginal 1092 61.6 27 51.9 50 56.2 0.8 (0.7-1.1) 1.1 (0.8-1.5) 

Total 5491 63.9 173 64.6 201 66.3 1.0 (0.9-1.1) 1.0 (0.9-1.2) 
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Note: Age group and diagnosis were used as selection criteria to select Cohort 2. a 85 records were coded as bronchitis with a documented pathogen test in Cohort 

1; 48 of these had at least one pathogen detected (56.5%). b Aboriginal status was unknown for 87 records with a documented pathogen test in Cohort 2; 56 of 

these (64.4%) had at least one pathogen detected.
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5.4.2 Chart review cohort (Cohort 2) descriptive analyses  

Overall, between 2005-2010 and 2000-2005, microbiological testing remained steady 

over time (ratio=1.0, 95% CI=0.9, 1.1). Testing was reported more frequently in 2006-

2011 compared to 2000-2005 in records of Aboriginal children and children admitted to 

rural or remote hospitals (Table 5-2). However, the increase in testing recorded in rural 

and remote hospitals was not uniform across hospitals. For example, in one remote 

hospital testing doubled (ratio=2.2, 95%CI=1.3, 3.6) in 2006-2011 compared to 2000-

2005 while over the same time period, testing remained stable in the other remote 

hospital (ratio=1.0, 95%CI=0.6, 1.6).  

Of those records which indicated microbiological testing was conducted, pathogens 

were detected more frequently in children diagnosed with unspecified ALRI in 2006-

2011 than in 2000-2005 (Table 5-3) although the difference was not statistically 

significant. Of those that had a pathogen detected in Cohort 2, the most common were 

respiratory syncytial virus (n=119, 31.8%), influenza viruses (n=111, 29.7%) and B. 

pertussis (n=61, 16.3%). 

Univariable analysis of Cohort 2 showed that Aboriginal children and children presenting 

to rural and remote hospitals were least likely to have had a microbiological test 

performed (Table 5-4). Children older than six months were also less likely to have a 

microbiological test performed compared to children aged less than six months although 

this did not reach statistical significance (Table 5-4). After adjusting for all other 

covariates, hospital location was most predictive of having a microbiological test with 

children presenting to metropolitan hospitals most likely to have had a test (Table 5-4).  
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Table 5-4. Modified Poisson regression of demographic predictors of having a 

microbiological test in the chart review (Cohort 2) 

 Univariable Multivariable 

Variable Risk ratios (95% CI) Risk ratios (95% CI) 

Aboriginal status     

 Non-Aboriginal Reference (ref)    

 Aboriginal 0.75 (0.67-0.84) 0.97 (0.86-1.10) 

Hospital location     

 Metropolitan Ref    

 Rural 0.50 (0.41-0.59) 0.49 (0.41-0.59) 

 Remote 0.58 (0.50-0.69) 0.59 (0.49-0.72) 

Gender     

 Female Ref    

 Male 1.03 (0.95-1.12) 1.05 (0.97-1.15) 

Prematurity     

 Term birth Ref    

 Preterm birth 1.05 (0.93-1.18) 0.95 (0.83-1.09) 

Comorbidities     

 None present Ref    

 At least 1 present a 1.07 (0.97-1.19) 0.99 (0.90-1.10) 

Age group     

 <6 months Ref    

 6-11 months 0.88 (0.78-0.98) 0.84 (0.75-0.95) 

 12-23 months 0.93 (0.83-1.03) 0.86 (0.76-0.96) 

 2-4 years 0.89 (0.80-0.99) 0.83 (0.74-0.94) 

Year of admission     

 2000-2005 Ref    

 2006-2011 1.00 (0.92-1.09) 1.08 (0.99-1.18) 

Note: Analyses were clustered by individual to allow for multiple admissions of the same 

individual at different time points (n=34 records) and robust variances were estimated. 
a Comorbidities include chronic respiratory, cardiac or neurological disease; congenital or 

syndromic disease; immunosuppression; and other comorbidities (e.g. gastrointestinal issues).
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5.5 Discussion 

We conducted a medical chart review to investigate the reason for the low proportion 

of hospital admission records that linked to a corresponding microbiological record in 

our previous record linkage study. We found that in 2000-2005, the proportion of 

hospital admissions for ALRI that documented a microbiological test was 1.7 times 

higher in the chart review cohort compared to our previous record linkage cohort. Of 

admissions that documented a microbiological test in 2000-2005, the frequency of 

pathogen detection was similar in both cohorts. Using data collected during the chart 

review and after adjusting for other factors, we found children admitted to metropolitan 

hospitals were more likely to undergo testing.  

The higher proportion of testing observed in Cohort 2 compared to Cohort 1 suggests 

that the reason for low numbers of hospital records with a corresponding laboratory 

record that we observed in our previous linked data study was likely due to missed 

records. Extraction of PathWest data for linkage with hospital data for Cohort 1 was 

conducted as a proof-of-concept study as part of a previous program of work.22 In this 

instance, there was limited documentation available on the codes used in the PathWest 

dataset, their changes over time and their utilisation. Therefore, even with assistance 

from data custodians, it is likely that all relevant records were not identified in the initial 

data request sent to the WADLB and as such, may not have been extracted for the 

previous record linkage study. These results demonstrate the power of this approach 

but highlight some of the complexities of data extraction through record linkage and 

how important in-depth knowledge of the dataset and validation studies can be, 

particularly for newly linked datasets such as PathWest. With validation and better 

documentation of codes used in the PathWest dataset and how they have changed over 
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time, PathWest remains a powerful source of linked pathology data and may still be 

used as a data source for future studies looking at pathogen-specific burden of 

respiratory and other infectious diseases or effects at the population-level.22 

To comply with best practise protocols for record linkage64 and due to constraints 

surrounding the approved use of linked data, we were unable to re-identify individuals 

from Cohort 1 with hospital admissions that did not have a corresponding PathWest 

record to individually access their medical charts. This meant that we were unable to 

directly identify predictors of testing or conduct sensitivity analyses. We have attempted 

to compensate for this by imposing strict selection criteria for Cohort 2 in order to 

achieve a representative, but small, sample of admissions which we could review across 

varying demographics such as age, location and ALRI diagnosis.  

Of the admission records that had a microbiological test reported, overall, there was no 

difference in the frequency of pathogen detection between the two cohorts. However, 

the proportion of records from 2-4 year-olds with reported positive pathogen detections 

were 1.4 times higher in Cohort 2 compared to Cohort 1. This difference may be partially 

explained by the inadvertent omission of blood culture records during data extraction 

for Cohort 1, which has been highlighted previously.22 Nonetheless, the high degree of 

similarity in the positivity rate overall suggests that our previous linked dataset did 

provide a reasonable snapshot of the aetiology of ALRI at a population level.22 

During the chart review, we observed an increase in the frequency of microbiological 

testing reported in 2006-2011 compared to 2000-2005 among rural and remote 

hospitals. However, this was not uniform across all hospitals in these two regions. As 

such, inter-hospital variability in testing practices is likely to account for the differences 
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in microbiological testing. If not accurately documented, these differences are likely to 

impact on data quality which in turn has the potential to introduce bias in studies using 

linked data.100,101 Future studies using microbiological data need to take into account 

the potential impact of differential testing practises on study findings, and validation 

studies may need to use a wider sample of hospitals to fully assess inter-hospital 

heterogeneity.  

While both cohorts are broadly comparable, some variables were coded differently 

which is a limitation of our validation analyses. One of these is Aboriginal status, where 

variability in coding has been shown to result in over- or under-estimations of gains in 

health outcomes such as mortality and infection.102,103 In addition, Cohort 2 only 

includes records from a small subset of hospitals in the state, almost all of which are 

public hospitals (one hospital accepts both publicly- and privately-funded patients). 

Collectively, these hospitals still accounted for over half of all paediatric admissions for 

ALRI, notwithstanding the omission of records from private hospitals, which accounted 

for approximately 12% of admissions in Cohort 1 (data not shown). While our validation 

exercise may give a crude measure of the validity of our previous record linkage study, 

it is one of the few options available without re-identifying children in our linked 

dataset.64 

To our knowledge, this is the first study to validate linked hospital and microbiological 

data in Australia. Prior studies have highlighted potential biases and errors in these data 

that could easily be missed without validation studies.71,101,104 For example, an earlier 

validation study in WA has found that comorbidity data are better recorded in medical 

charts compared to administrative datasets but further studies have concluded that this 
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may be due to insufficient follow-up time.71,105 WA is one of the few jurisdictions that is 

currently able to link microbiological data of routine testing of infectious disease 

pathogens and there is increasing interest in locating and possibly linking microbiological 

data across jurisdictions in Australia and between countries.106 Therefore, this study 

represents an essential step in the continued use of administrative data, especially 

routinely collected microbiological data. Findings from this study will be used to 

optimise the data extraction protocol for further record linkage studies investigating the 

pathogen-specific burden of ALRI and the clinical impact of co-infection.  

5.6 Conclusion 

This chapter represents the first validation study into the completeness of PathWest 

data captured via the WADLS. As mentioned previously, the low proportion of linked 

records in Cohort 1 was thought to be primarily due to missed blood culture results. This 

occurred despite frequent consultations with data custodians before requesting 

PathWest data, highlighting the challenges when first identifying and extracting data 

from newly linked datasets. This first step was essential before proceeding with data 

requests for the Triple I project and was critical to instilling confidence in the results 

presented in subsequent chapters using PathWest data. 

Of note, approximately 25% of medical charts in Cohort 2 did not have any 

microbiological test recorded. A portion of this may be due to human error during the 

chart abstraction process. Unfortunately, each chart was only abstracted once by either 

a research nurse or a trained medical student. Therefore, calculations of inter-rater 

reliability could not be performed and subsequently, is an additional limitation of this 

study. Nevertheless, the results imply that up to 25% of ALRI-related admissions in WA 
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had no aetiology data available, which may limit assessments of the aetiology of 

infections in these children. This point has ramifications for later chapters relating to 

Theme 2 of this thesis, which describes the burden of viral pathogens associated with 

ALRI.  





59 
 

Chapter 6 Theme 1 – Validation of notification data 

6.1 Preamble 

Notification data has traditionally been used to inform health policies at a population 

level. As such, these data are a valuable resource for infectious diseases research. 

However, case ascertainment for some diseases, particularly those with less well-

defined pathology or symptoms, may be incomplete if relying on notification data alone.  

Given access to both population-based laboratory and notification data through the 

Triple I project, it was an opportunity to use these data to compare the completeness of 

case ascertainment of respiratory-related infections in both datasets. This chapter 

describes the results of this investigation and corresponds to Aim 2 of this thesis. I was 

responsible for cleaning the PathWest dataset, all data analyses and writing the first 

draft of this manuscript. Work attributed to other co-authors are listed in Section 14.3.  

This chapter has been submitted to Population Health Metrics and is currently under 

review. The manuscript in its entirety is presented here verbatim with the exception of 

replacement of known abbreviations and Sections 6.2 and 6.3 where duplicate 

information presented in Chapter 2 and Chapter 4 have been removed.  

6.2 Introduction 

Population estimates of the burden of infectious diseases are often calculated using 

surveillance data based on statutory notifications. In Australia, a disease is listed on the 

National Notifiable Diseases list if it is a public health priority and data collection is 

feasible.107 Data on these diseases are collected by surveillance or other methods at 
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individual state and territory Departments of Health and subsequently sent to the 

national Department of Health for national surveillance.108 

While automated notification-based surveillance systems are cost-effective, timely and 

ease the reporting burden on healthcare providers, if these systems are not audited and 

updated regularly, incomplete data capture may occur with changes over times (e.g. 

changes in case definitions or testing methods). These may lead to inaccurate estimates 

of disease burden. In WA, we have the opportunity to use record linkage to assess the 

completeness of data capture using these systems.  

Influenza, pertussis (whooping cough) and invasive pneumococcal disease (IPD) are 

notifiable infectious diseases in WA, which are usually associated with pathogens 

causing respiratory infections. In Australia, pertussis became notifiable in 1991 while 

influenza and IPD became notifiable in 2001.109,110 

In WA, the responsibility for notification lies with the attending healthcare provider.82 

In addition, diagnostic laboratories responsible for notifiable disease testing are also 

required to report detections of such pathogens.82 Both groups are encouraged to 

complete a disease notification regardless of whether the case has been reported 

previously by another party, with duplicates managed by the WA Department of 

Health.82 These data are stored on WANIDD.111 

To assess the completeness of data capture in WANIDD, we combined data from 

WANIDD and PathWest using the WADLS. Approximately half of the specimens tested 

at PathWest are from children presenting to general practices or outpatient clinics, with 

the remainder from children admitted to hospital (personal communication, A Levy, 
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PathWest Microbiology Surveillance Unit). When pathogens associated with notifiable 

diseases are reported in PathWest, a report is sent automatically to WANIDD of these 

cases.  

We wanted to describe the differences, if any, in the number of cases with notifiable 

diseases recorded in WANIDD compared with PathWest, as well as to identify the effects 

of these differences on estimates of disease burden. To do this, we focused on three key 

infections: laboratory-proven influenza, B. pertussis, and invasive S. pneumoniae 

infection (associated with IPD). Given the statutory requirements for notification of 

these infections and the automated reporting system in PathWest, we anticipated that 

all PathWest detections of these pathogens would also be captured in WANIDD. As a 

proportion of diagnostic samples are tested only by private laboratories, we expected 

detections in these laboratories to be captured solely in WANIDD.  

6.3 Methods 

Data used for this study were part of a larger record linkage study aimed at investigating 

the pathogen-specific burden of respiratory infections in a total population birth cohort 

of children born in WA between 1996 and 2012 (Triple I project).  

PathWest and WANIDD records of children in the birth cohort that reported laboratory-

proven influenza virus infection, B. pertussis or invasive S. pneumoniae infections were 

extracted for this study. Comparisons were restricted to data with a date of specimen 

collection between January 2000 and December 2012. For WANIDD records where date 

of specimen collection was missing, optimal date of onset was used instead (further 

details on this variable below). Records with a specimen collection date on or after the 

date of death were considered post-mortem specimens and were excluded from these 
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analyses. As the cohort consisted of all births from 1996 to 2012, this study includes 

notification and laboratory data for children up to 16 years of age. 

6.3.1 Definitions and linkage rules 

Date of specimen collection was used to identify WANIDD records with a corresponding 

PathWest record. Approximately 19.4% of all WANIDD records of any notifiable disease 

pertaining to the birth cohort had missing date of specimen collection. For these cases, 

optimal date of onset, which is a derived date variable calculated by WANIDD, was used 

instead. Optimal date of onset was calculated in hierarchical order based on date of 

onset, date of specimen collection, date of clinical notification and date of receipt of 

notification (personal communication, C Giele). If a date of onset was listed for a 

particular notification, this was used as the optimal date of onset. Date of receipt of 

notification was only used as the optimal date of onset if all other date variables were 

missing. Age of the child was calculated using the date of specimen collection and date 

of birth.  

6.3.1.1 Influenza 

Notification to WANIDD is mandatory for any laboratory-proven case of influenza 

infection detected in a respiratory specimen or serum by culture, PCR and antigen 

testing or by serology.112 Equivocal results were coded as not detected. Respiratory 

specimens were defined as per Section 4.6.4. Influenza became notifiable in 2001110; 

hence cases were restricted to those detected between 2001 and 2012. Consistent with 

the WANIDD definition of duplicates, notifications or laboratory detections for the same 

child up to 8 weeks (56 days) from the date of initial specimen collection were 
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considered duplicates unless a different subtype of influenza was detected. All 

duplicates were excluded from the following analyses.  

6.3.1.2 Invasive pneumococcal disease (IPD) 

An IPD case was defined as detection of S. pneumoniae by culture or PCR from a normally 

sterile site112 including blood, cerebrospinal fluid or pleural fluid specimens. Detections 

from other sterile sites (e.g. joint fluid) were excluded for this study. Equivocal results 

were coded as not detected. As with influenza, IPD became notifiable in WA from 2001 

onwards110, hence, cases were restricted to those in 2001-2012. As per current rules 

applied to the WANIDD database, unless a different invasive serotype was identified, 

any subsequent records of IPD for the same person recorded on either WANIDD or 

PathWest were considered duplicates and excluded from these analyses.  

6.3.1.3 Pertussis 

Unlike influenza and IPD, notification is required for both laboratory-confirmed and 

probable cases of pertussis. Laboratory confirmation of pertussis was defined as the 

detection of B. pertussis by culture, PCR or serology.112 PCR testing was in use 

throughout the study period and equivocal results were coded as not detected. Probable 

cases were defined as the presence of clinical (e.g. coughing illness for 2 or more weeks) 

together with epidemiological evidence of infection (e.g. epidemiological link to a 

laboratory-confirmed case).112 Clinicians are encouraged to submit a notification if they 

suspect an individual to have pertussis based on these criteria. WANIDD data for both 

laboratory-confirmed and probable cases were included in the following analyses. All 

PathWest cases that met the definition for laboratory confirmation of pertussis from 

2000 onwards were included in the analyses. WANIDD or PathWest records for the same 
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person up to a year (365 days) from the date of initial specimen collection were 

considered duplicates and excluded from the analyses.  

6.3.2 Statistical analyses 

After extracting data from PathWest and WANIDD that met the criteria for notification, 

we compared the demographic factors of cases from the PathWest dataset to those 

from the WANIDD dataset. We then combined both datasets to calculate the total 

number of unique influenza, IPD and pertussis cases as well as the number of cases that 

were recorded in the WANIDD dataset only, the PathWest dataset only, or in both 

datasets. We then estimated and compared the incidence/notification rates (hereafter 

referred to in this chapter as incidence rates) using person-time-at-risk as the 

denominator. As the highest burden of respiratory infections are in children aged less 

than five years1, only incidence rates for these children are presented by year of 

specimen collection using data from WANIDD alone and data from both datasets. 

Software used for these analyses are listed in Section 4.8 and ethical approvals received 

listed in Section 4.7.  

6.4 Results 

Overall, between 2001 and 2012, there were 4885 influenza cases and 342 IPD cases 

recorded in PathWest from children in the birth cohort. WANIDD recorded 5159 

influenza cases and 502 IPD cases over the same period. Between 2000 and 2012, there 

were a total of 2850 pertussis cases from children in the birth cohort recorded in 

PathWest while WANIDD recorded 4361 pertussis cases.  

Demographics of children with influenza or IPD recorded in PathWest and WANIDD were 

similar (Table 6-1). Among children with pertussis, although the age distribution in both 
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WANIDD and PathWest were similar, older children accounted for a larger proportion of 

cases reported in WANIDD compared to PathWest (Table 6-1). The majority of pertussis 

cases documented on WANIDD (n=4247, 97.4%) were reported as laboratory-confirmed 

pertussis cases.  

When WANIDD and PathWest data were combined, there were 5550 unique influenza 

cases, 513 IPD cases and 4434 pertussis cases from children in the birth cohort (Figure 

6-1). Using the WANIDD definition of duplicates, a total of 133 influenza cases, 17 IPD 

cases and 133 pertussis cases had duplicate records for the same episode of infection. 

Less than 2% of all pertussis (1.6%, 95% CI=1.3-2.1%) and IPD cases (1.9%, 95% CI=0.9-

3.6%) were only recorded in the PathWest dataset (Figure 6-1). In contrast, cases that 

were only recorded on PathWest accounted for 7.0% (95% CI=6.4-7.8%) of all influenza 

cases (Figure 6-1). 
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Table 6-1. Demographics of influenza, pertussis and IPD cases in WANIDD and PathWest datasets in 2000-2012 

  Influenza (2001-2012) IPD (2001-2012) Pertussis (2000-2012) 

  PathWest (N=4885) WANIDD (N=5159) PathWest (N=342) WANIDD (N=502) PathWest (N=2850) WANIDD (N=4361) 

  n % n % n % n % n % n % 

Male 2687 55.0 2849 55.2 185 54.1 285 56.7 1412 49.5 2154 49.4 

Aboriginal 708 14.5 698 13.5 82 24.0 133 26.4 253 8.9 314 7.2 

Age at specimen 

collection 

            

 <6 months 328 6.7 309 6.0 31 9.1 36 7.2 391 13.7 434 10.0 

 6-12 months 433 8.9 416 8.1 48 14.0 67 13.3 129 4.5 166 3.8 

 12-23 months 649 13.3 629 12.2 94 27.5 145 28.8 216 7.6 301 6.9 

 2-4 years 1318 27.0 1363 26.4 112 32.7 158 31.4 537 18.8 834 19.1 

 5-9 years 1360 27.8 1513 29.3 43 12.6 74 14.7 901 31.6 1447 33.2 

 10-16 years 797 16.3 929 18.0 14 4.1 23 4.6 676 23.7 1179 27.0 

Year of specimen 

collection 

            

 2000* N/A - N/A - N/A - N/A - 16 0.6 19 0.4 

 2001 79 1.6 74 1.4 50 14.6 72 14.3 35 1.2 41 0.9 

 2002 328 6.7 300 5.8 43 12.6 66 13.1 57 2.0 67 1.5 

 2003 397 8.1 337 6.5 28 8.2 42 8.3 32 1.1 50 1.1 
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  Influenza (2001-2012) IPD (2001-2012) Pertussis (2000-2012) 

  PathWest (N=4885) WANIDD (N=5159) PathWest (N=342) WANIDD (N=502) PathWest (N=2850) WANIDD (N=4361) 

  n % n % n % n % n % n % 

 2004 82 1.7 51 1.0 37 10.8 47 9.3 261 9.2 361 8.3 

 2005 195 4.0 182 3.5 18 5.3 22 4.4 98 3.4 104 2.4 

 2006 100 2.0 72 1.4 8 2.3 22 4.4 39 1.4 37 0.8 

 2007 295 6.0 295 5.7 10 2.9 21 4.2 10 0.4 9 0.2 

 2008 286 5.9 299 5.8 18 5.3 26 5.2 69 2.4 89 2.0 

 2009 1008 20.6 1170 22.7 23 6.7 33 6.6 173 6.1 214 4.9 

 2010 382 7.8 406 7.9 34 9.9 49 9.7 321 11.3 452 10.4 

 2011 407 8.3 435 8.4 44 12.9 67 13.3 1042 36.6 1692 38.8 

 2012 1326 27.1 1538 29.8 29 8.5 36 7.2 697 24.5 1226 28.1 

Region at birth             

 Metropolitan 3697 75.7 3972 77.0 248 72.5 344 68.4 1894 66.5 3018 69.2 

 Rural 602 12.3 625 12.1 33 9.6 60 11.9 676 23.7 988 22.7 

 Remote 576 11.8 550 10.7 61 17.8 99 19.7 276 9.7 347 8.0 

Note: Percentages may not equal 100 due to rounding and missing data. Influenza and IPD data restricted to 2001-2012 
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Figure 6-1. Number of influenza, IPD and pertussis cases that were found in each dataset 

*Influenza and IPD data restricted to 2001-2012 
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Notification of influenza cases to WANIDD improved over time with at least 95% of all 

cases being captured by WANIDD from 2007 onwards (Figure 6-2). Similarly, the 

proportion of pertussis cases captured by WANIDD improved from 95.0% of all cases in 

2001 to almost all cases (99.1%) in 2012 (Figure 6-3). However, there was an increase in 

the proportion of pertussis cases captured by PathWest alone in 2006 and 2007, 

although the number of cases were small (<50 in each year). The WANIDD dataset 

captured nearly all IPD cases during the study period, with the exception of 2008, where 

7.1% of cases were only recorded on PathWest. However, this represented only a small 

number of IPD cases (n<5; Figure 6-4).  

In children aged less than five years, the overall incidence rate of influenza was 168 per 

100,000 child-years in 2001-2012 when using data from WANIDD alone. Using data from 

both datasets yielded a 10% increase in the overall incidence rate to 186 per 100,000 

child-years (IRR=1.1, 95% CI=1.1-1.2), with the most marked difference in 2003 (Figure 

6-5). Overall incidence rates of pertussis was similar (IRR=1.0, 95% CI=1.0-1.1) when 

using data from both datasets (110 per 100,000 child-years) compared to data from 

WANIDD alone (107 per 100,000 child-years) with minimal difference over the study 

period (Figure 6-6). Likewise, incidence rates of IPD were similar across all years when 

using data from either WANIDD only or both datasets (Figure 6-7). 
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Figure 6-2. Proportion of influenza cases recorded in each dataset by year of specimen 

collection (2001-2012) 

Note: Percentages may not equal to 100 due to rounding. 

 

Figure 6-3. Proportion of pertussis cases recorded in each dataset by year of specimen 

collection (2000-2012) 

Note: Percentages may not equal to 100 due to rounding. 
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Figure 6-4. Proportion of IPD cases recorded in each dataset by year of specimen 

collection (2001-2012) 

Note: Percentages may not equal to 100 due to rounding. 
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Figure 6-6. Pertussis incidence rates in children aged less than five years by year of 

specimen collection 

 

Figure 6-7. IPD incidence rates with exact 95% CI in children aged less than five years 

by year of specimen collection 
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infectious diseases and assess the impact of prevention programs such as vaccination. 

Using a birth cohort and linked data, we described the discrepancies in the number of 

influenza, IPD and pertussis cases recorded in the WANIDD and PathWest datasets as 

well as the effect of these discrepancies on estimates of incidence rates. We anticipated 

that all PathWest cases would be captured in WANIDD but found additional cases of 

influenza, IPD and pertussis that were only documented in the PathWest dataset. While 

over 98% of IPD and pertussis cases were captured by WANIDD, it failed to capture 7% 

of all influenza cases. Incidence of influenza in children aged less than five years 

increased by 10% as a result of using data from both datasets compared to using only 

data from WANIDD.  

Despite having an automated reporting system at PathWest to report notifiable 

pathogens to WANIDD, the WANIDD dataset failed to capture between 2% and 7% of 

notifiable disease cases. Our investigation uncovered two reasons why this occurred. 

Firstly, the automated notification system did fail on occasion, particularly in the early 

years. Secondly, influenza cases that were only detected by antigen detection were not 

electronically notified by the laboratory. Reports on the test results of these cases 

requested that the heath care provider notify the case, which did not reliably happen. 

This emphasises the importance of direct notification by laboratories in achieving high 

notification rates. 

Discrepancies between the two datasets were greatest for influenza but this decreased 

over time. Both influenza and IPD became notifiable in 2001, with the laboratories 

developing automatic notification systems shortly thereafter. A decrease in automatic 

notification failures over time is consistent with development, implementation and 
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audit of automated notifications. However, we observed an increase in the proportion 

of pertussis cases that were only recorded in the PathWest dataset in 2007. As new tests 

are introduced or refined over time, changes in the way these tests are coded could lead 

to errors in the automated reporting system. As PathWest Laboratories underwent 

significant changes to its database in 2006, both of these factors may have contributed 

to the sudden changes in notification patterns for influenza and pertussis in 2006-2007. 

In addition, a manufacturing error in the cut-off titres for serological testing for pertussis 

that was reported in 2006113 could have also contributed to the discrepancies between 

the two datasets during this period.  

As notification data help to shape national responses to seasonal diseases like 

influenza114 and guide immunisation policy115, using notification data alone will likely 

underestimate disease burden as we have observed in this study. Similar issues with 

other surveillance models have been reported internationally116; we can only speculate 

if the issues presented here are applicable to other pathology providers and jurisdictions 

around Australia. We would welcome validation of these findings elsewhere using 

similar methodologies, although it may be more complicated if multiple pathology 

providers service substantial portions of the same locale. In the meantime, we would 

suggest using multiple data sources to generate future estimates of infectious disease 

burden wherever possible. 

These results have been generated using linked data on a birth cohort of WA-born 

children. As such, it represents only a subset of the total population with a number of 

test and notifications occurring in children outside the cohort. It is estimated that 

PathWest contributes 64% of influenza, 44% of IPD and 34% of pertussis laboratory-
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confirmed notifications among WA residents (personal communication, C Giele). 

However, using record linkage provides a unique opportunity to externally validate 

notification data.  

A further limitation of this study was missing data, particularly for key variables such as 

date of specimen collection. This may have flow on effects whereby relevant records 

were not extracted, which has occurred in previous studies117, and associated PathWest 

records may not be identified. Due to the administrative nature of these datasets, 

investigators have little control over the quality and completeness of individual variables 

in each dataset. As the data are de-identified, we are unable to look up individual 

records to determine why a particular infection episode in one dataset was not found in 

the other. While this study is not an exhaustive investigation into the reasons for 

discrepancies between the two datasets, nevertheless, it provides a descriptive 

overview of areas for further investigation.  

To our knowledge, this is the first study that directly validates infectious disease 

notification data with routinely collected laboratory data for notifiable respiratory 

infections extracted through population-based record linkage. We identified 

discrepancies in the number of notifiable infectious diseases reported in WANIDD 

compared to PathWest, most notably for influenza. While we conducted investigations 

into the reasons for these discrepancies, the scope of investigations were limited by 

privacy restrictions with using linked data. 
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Periodic validation of passive surveillance systems like WANIDD, help identify reporting 

gaps and instil confidence in public health policy recommendations made from these 

data. A strength of this study is consultation with staff at PathWest and WANIDD to help 

verify our findings and ensure both laboratory and notification data were interpreted 

appropriately. Future studies describing the burden of infectious diseases would benefit 

from the use of multiple data sources where feasible. 

6.6 Conclusion 

Using a single dataset underestimated the incidence of notifiable infections by up to 

10%. It is difficult to ascertain the ‘true’ number of disease cases as the separation 

principle (discussed in Section 2.4.2) prevents researchers from accessing identifying 

data (e.g. name) and data custodians from accessing linked clinical data. This separation 

also limits the use of common epidemiology techniques such as capture-recapture 

analyses and traditional reliability measures (e.g. sensitivity and specificity). This is one 

of the limitations of these data. In spite of these limitations, linked data remains among 

the most cost-effective methods of assessing the population-level burden of disease.  

This chapter concludes Theme 1 of this thesis which related to validation of the 

completeness of data captured through record linkage. Given the potential for missed 

records described in Chapter 5 and the gaps in case ascertainment when using a single 

dataset described in this chapter, subsequent chapters using linked data combined cases 

from both WANIDD and PathWest.  
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Chapter 7 Theme 2 – Testing patterns for respiratory viruses 

7.1 Preamble 

Now that we have quantified the completeness of PathWest and WANIDD data, we can 

begin to use these data to assess the disease burden of ALRI. Such investigations can be 

made more complex due to (sometimes rapid) changes in the area due to external forces. 

One such example is the introduction of molecular methods like PCR to detect 

respiratory viruses, which are more sensitive and specific than traditional methods. 

Interpretation of any changes in the burden of ALRI can be difficult without first 

examining how these detection methods have changed over time. A description of these 

changes is the central aim of this chapter and corresponds to Aim 3 of this thesis.   

Like the preceding chapter, this chapter uses data from the Triple I project. This chapter 

has been published in Epidemiology and Infection. I was responsible for cleaning the 

PathWest dataset, all data analyses and for writing the first draft of the manuscript 

presented in this chapter. Work attributed to other co-authors are listed in Section 14.4. 

The submitted manuscript in its entirety is presented here verbatim with the exception 

of replacement of known abbreviations and Sections 7.2 and 7.3 where duplicate 

information presented in Chapter 2 and Chapter 4 have been removed. Background 

information on the birth cohort previously presented in Section 4.4 has also been 

removed. 

7.2 Introduction 

A shift towards testing using molecular methods including PCR to detect respiratory 

viruses has occurred due to its improved sensitivity and specificity over traditional 
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methods.118,119 This shift may have resulted in artificial increases in estimates of disease 

incidence and prevalence over time.120 A detailed understanding of changes in testing 

for respiratory pathogens is needed when interpreting longitudinal data on the burden 

of ALRI, particularly in children severe enough to warrant admission to hospital. 

WA is in a unique position to describe changes in pathogen testing using linked data via 

a state-wide record linkage system.62 Datasets available for linkage in WA include 

administrative registries managed by the state, geocoding information and selected 

datasets managed by other organisations such as Silver Chain Nursing and St John 

Ambulance.77 We have previously demonstrated the feasibility and validity of using 

linked data obtained via this system to combine and analyse laboratory data alongside 

clinical data on respiratory infections.22,117 

Within Australia’s publicly funded healthcare system, PathWest Laboratory Medicine 

WA provides reference pathology services to the single tertiary paediatric hospital and 

all but three of the other hospitals in WA that admit children.81 In addition, most virology 

testing is referred from private laboratories to PathWest. Therefore, testing changes 

observed from PathWest virology data are indicative of overall changes in hospital-

based testing practices throughout the state.   

As a precursor to future work investigating the pathogen-specific burden of ALRI, we 

sought to describe the changes over time in the frequency of and detection methods for 

(primarily hospital-based) respiratory virus testing in a cohort of WA-born children aged 

less than 10 years at the time of testing. We also aimed to identify demographic factors 

present at birth that are associated with increased likelihood of testing among a subset 

of these children who were hospitalised. 
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7.3 Methods 

As Australia does not have a unique identifier for each person, probabilistic matching of 

identifiers from each dataset (e.g. name, address and date of birth) was used by the WA 

Data Linkage Branch to identify the same person across multiple datasets. These links 

are manually reviewed if the identifiers differ between datasets, with an estimated false 

negative rate of 2-3% for most routine linkages.63 

Data pertaining to in-patient hospitalisations from children in the cohort were derived 

from the Hospital Morbidity Data Collection. Further details regarding the birth cohort 

were described in Section 4.4. Records from PathWest concerning routine respiratory 

specimens collected from children in the birth cohort were then extracted and analysed. 

Approximately 95% of PathWest records extracted for the study were successfully linked 

to children in the birth cohort.  

7.3.1 Demographic data 

We used the SEIFA121 scores to measure socioeconomic status. SEIFA scores were 

calculated at the collection district level based on the boundaries used on the child’s 

year of birth. Each collection district comprises of approximately 250 households in an 

urban area and is the smallest area from which SEIFA scores may be calculated.121 We 

chose to use the SEIFA Index of Relative Socio-Economic Advantage and Disadvantage, 

which is derived from education, occupation, income, housing, disability and family 

measures collected from the Census of Population and Housing.121 Age of the child was 

recorded at the time of specimen collection and specimens collected at 10 years old or 

older were ignored as there were so few. Definitions of other demographic variables are 
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described in Section 4.6.1. Details and definitions of laboratory data used for this study 

are described in Section 4.4.4 and 4.6.  

7.3.2 Statistical analysis and ethical approvals 

We estimated the testing rate per 1000 child-years and IRR in the PathWest dataset 

among Aboriginal and non-Aboriginal children by age, geographical region of birth and 

year of testing. Testing rates were presented separately for Aboriginal children and non-

Aboriginal children due to differences in risk and incidence for respiratory infections.8,122 

Given the similarities in testing trends over time for some age groups, we chose to divide 

children into age groups of less than a month; 1-5 months; 6 to 23 months; and 2-9 years. 

The two youngest age groups were combined for some analyses for the same reason. 

Segregating by year, we calculated the proportions of nasal/NP specimens that 

underwent testing using culture, PCR and IF, as well as the proportion with at least one 

respiratory virus detected. These analyses were restricted to nasal/NP specimens only 

as they represented the bulk of respiratory specimens collected among this cohort.  

To identify demographic predictors of testing, we returned to the birth cohort and 

identified children admitted as inpatients to hospital between 2000 and 2012. We then 

merged this with the PathWest dataset to determine the number of children admitted 

as inpatients who were tested at least once for respiratory viruses before they turned 

10 years old. Logistic regression with demographic variables at birth was used to obtain 

univariable and multivariable models of odds of being tested for respiratory viruses. 

Individuals with missing data on any of the variables included in the multivariable model 

were dropped. Demographic variables were selected based on known risk factors for 

hospital admission and respiratory infections. These included region of birth, season and 
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year of birth, gender, ethnicity, gestational age, maternal smoking during pregnancy, 

mode of delivery, multiple births, SEIFA scores and special care requirements at birth. 

All variables were included as categorical variables except for year of birth. Software 

used for these analyses are listed in Section 4.8 and ethical approvals received listed in 

Section 4.7. 

7.4 Results 

Of the children in the birth cohort, 48,179 children were less than 10 years old when 

they underwent testing for respiratory viruses (Figure 7-1). These children contributed 

83,293 test records, of which 0.1% (n=94) related to specimens collected on or after the 

date of death. These were mainly lung and/or tracheal specimens (n=33).  

Excluding records relating to post-mortem specimens, there were 83,199 PathWest 

records remaining from 48,141 children (Figure 7-1). Males accounted for 55.7% 

(n=26,825) of this cohort, 11.0% (n=5277) were Aboriginal and 76.8% (n=36,958) were 

born in metropolitan Perth. Of all the specimens collected from these children, 80.1% 

(n=66,606) were nasal/NP specimens, while the next most common specimen, throat 

samples, accounted for 8.2% (n=6836).  



82 
 

 

Figure 7-1. Flow chart of data cleaning and cohort 

Note: Solid line indicates that the subsequent dataset is a subset of the prior dataset. 

Dashed lines indicates that the prior dataset feeds into the subsequent dataset. * Only 

data from this subgroup of children were used to generate results for Table 7-2. 

7.4.1 Changes in frequency of testing 

The overall rate of respiratory virus testing in children aged less than ten years was 28.4 

per 1000 child-years, although there were significant differences in the rate of testing 

by age, region at birth, Aboriginality and year of specimen collection. Despite the small 

number of infants aged less than a month, this group had the highest rates of testing 

(Table 7-1). Among non-Aboriginal children, infants aged less than a month received 

virology tests two times more than children aged 1-5 months (95% CI=2.05-2.17), five 

times more than children aged 6-23 months (95% CI=4.89-5.16) and 22 times more than 



83 
 

children aged 2-9 years (Table 7-1). A similar pattern was observed among Aboriginal 

children and across different locations. 

Testing rates in non-Aboriginal children aged less than six months peaked in 2004 before 

declining until 2007 and then gradually rose again from 2008 onwards (Figure 7-2), with 

a similar pattern observed among their Aboriginal peers (Figure 7-3). Compared to these 

children, lower testing rates were observed in both Aboriginal and non-Aboriginal 

children aged 6-23 months, with testing increasing slightly over the study period (Figure 

7-2 and Figure 7-3). All children aged 2-9 years showed a sudden increase in the testing 

rates in 2009 compared to 2008; from 8.4 to 14.9 per 1000 child-years in non-Aboriginal 

children and from 10.4 to 27.5 per 1000 child-years in Aboriginal children.  
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Table 7-1. Overall frequency and rate per 1000 child-years of respiratory viral testing, 2000-2012 

 < 1 month 1-5 months 6-23 months 2-9 years 

Description n rate IRR (95% CI) n rate IRR (95% CI) n rate IRR (95% CI) n rate IRR 

Aboriginal status                

 Non-Aboriginal 7109 250.8 22.2 (21.6-22.8) 16,861 119.0 10.5 (10.3-10.7) 24,928 49.9 4.4 (4.3-4.5) 23,349 11.3 Ref 

 Aboriginal 944 465.7 28.5 (26.4-30.7) 3385 334.0 20.4 (19.4-21.5) 4153 115.3 7.1 (6.7-7.4) 2470 16.4 Ref 

Region at birth                

 Metropolitan 6246 273.4 22.8 (22.2-23.5) 15,862 138.9 11.6 (11.4-11.8) 22,542 56.4 4.7 (4.6-4.8) 19,441 12.0 Ref 

 Rural 1066 216.2 21.2 (19.8-22.7) 2267 92.0 9.0 (8.6-9.5) 3468 39.2 3.8 (3.7-4.0) 3931 10.2 Ref 

 Remote 712 144.4 23.0 (21.2-25.1) 2083 84.5 13.5 (12.7-14.3) 3047 34.4 5.5 (5.2-5.8) 2415 6.3 Ref 

Note: IRR calculated with children aged 2-9 years as the reference group.  
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Figure 7-2. Yearly changes in testing rates per 1000 child-years by age groups in non-

Aboriginal children 

 

 
Figure 7-3. Yearly changes in testing rates per 1000 child-years by age groups in 

Aboriginal children 
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7.4.2 Changes in testing methods and frequency of detection 

Over the study period, 23,414 nasal/NP specimens were collected in children aged less 

than six months, 25,281 from those aged 6-23 months and 17,911 from those aged 2-9 

years. Overall, the proportion of these specimens undergoing testing using two or more 

of culture, PCR and IF ranged between 46.6% and 66.4%. Culture together with direct IF 

was the most common combination between 2000 and 2004, after which testing using 

all three methods was most common.  

Although PCR was in use throughout the study period, less than a quarter of all nasal/NP 

specimens from children aged six months or more were tested using PCR by 2003 (Figure 

7-5 and Figure 7-6). From 2004 onwards, PCR testing in all age groups increased and was 

used for over 80% of all nasal/NP specimen testing by 2012 (Figure 7-4 to Figure 7-6). In 

particular, 39.5% of all nasal/NP specimens collected from children aged 2-9 years in 

2009 were only tested using PCR.  

Overall, the proportion of nasal/NP specimens with at least one virus detected rose from 

36.3% (n=1218) in 2000 to 44.4% in 2012 (n=3391; p for trend <0.01). This increase in 

the frequency of pathogen detection was greatest among children 2-9 years, increasing 

from 34.3% in 2000 to 49.9% in 2012 (p for trend <0.01; Figure 7-7). Children aged 6-23 

months had a similar, albeit less pronounced, increase over the same period (p<0.01 for 

trend; Figure 7-7). By contrast, the proportion of samples positive in children under six 

months of age showed limited change in the frequency of pathogen detection in 2000 

compared to 2012 (p=0.57; Figure 7-7).  
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Figure 7-4. Proportion of nasal/NP specimens tested using culture, IF and PCR among 

children aged less than six months at time of specimen collection 

 

 

Figure 7-5. Proportion of nasal/NP specimens tested using culture, IF and PCR among 

children aged 6-23 months at time of specimen collection 
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Figure 7-6. Proportion of nasal/NP specimens tested using culture, IF and PCR among 

children aged 2-9 years at time of specimen collection 

 

 

Figure 7-7. Yearly changes in frequency of virus detection from nasal/NP specimens by 

age groups 
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7.4.3 Predictors of testing among children admitted to hospital 

Approximately 45.4% of the birth cohort (n=213,387) were hospitalized as in-patients at 

least once between 2000 and 2012 for any reason. Of these, 19.0% (n=40,472) were 

tested for respiratory viruses at least once before their 10th birthday (Figure 7-1).  

Univariable analyses suggested that region at birth, ethnicity, gestational age, special 

care requirements at birth and multiple births were the strongest predictors of being 

tested for respiratory viruses (Table 7-2). With the exception of multiple births, these 

factors remained significant after adjusting for all other covariates. In particular, children 

who were born at less than 32 weeks gestation had more than three times higher odds 

of being tested for respiratory viruses compared to children born at term (more than 36 

weeks; Table 7-2). Children born in the most disadvantaged areas, those born by elective 

caesarean, or whose mothers smoked during pregnancy also had higher odds of 

receiving a virology test (Table 7-2). 
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Table 7-2. Logistic regression models of demographic factors at birth predicting 

likelihood of testing among those who were admitted as in-patients at least once 

(2000-2012) 

 Hospitalized 

children 

(N=213,387) 

Univariable Multivariable 

 Factor n OR (95%) aOR (95%) 

Region at birth      

 Metropolitan 154,019 Ref    

 Rural 38,250 0.64 (0.62-0.66) 0.59 (0.55-0.63) 

 Remote 20,782 0.96 (0.93-1.00) 0.76 (0.69-0.85) 

Season of birth      

 Summer 51,413 Ref    

 Spring 52,427 1.00 (0.97-1.03) 1.04 (0.98-1.10) 

 Autumn 56,203 1.11 (1.08-1.14) 1.17 (1.10-1.23) 

 Winter 53,344 1.08 (1.05-1.11) 1.15 (1.09-1.22) 

Year of birth (per year)  1.09 (1.09-1.09) 1.06 (1.05-1.06) 

Male 120,383 1.04 (1.02-1.06) 1.03 (0.99-1.07) 

SEIFA at birth      

 0-10% (most 

disadvantaged) 

21,460 1.13 (1.08-1.19) 1.28 (1.15-1.42) 

 11-25% 33,285 1.08 (1.03-1.13) 1.25 (1.14-1.38) 

 26-75% 97,484 1.02 (0.98-1.07) 1.16 (1.07-1.27) 

 76-90% 28,364 0.98 (0.93-1.03) 1.05 (0.95-1.16) 

 91-100% (most 

advantaged) 

13,523 Ref    

Ethnicity      

 Caucasian 173,669 Ref    

 Aboriginal 19,832 1.52 (1.48-1.58) 1.51 (1.42-1.61) 

 Other 19,755 1.23 (1.19-1.28) 1.00 (0.95-1.05) 

Gestational age      

 <32 weeks 4036 4.89 (4.60-5.19) 3.79 (3.47-4.13) 

 32-36 weeks 20,234 1.55 (1.50-1.60) 1.21 (1.14-1.28) 

 >36 weeks 188,938 Ref    
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 Hospitalized 

children 

(N=213,387) 

Univariable Multivariable 

 Factor n OR (95%) aOR (95%) 

Special care at birth      

 No 58,484 Ref    

 Yes 24,161 2.04 (1.98-2.11) 1.22 (1.16-1.28) 

Mother smoked during 

pregnancy 

     

 No 149,727 Ref    

 Yes 38,111 1.17 (1.14-1.20) 1.22 (1.16-1.28) 

Mode of delivery      

 Emergency caesarean 31,045 0.89 (0.86-0.93) 0.99 (0.94-1.05) 

 Elective caesarean 35,253 1.17 (1.14-1.21) 1.14 (1.07-1.20) 

 Instrumental (vacuum 

or forceps) 

20,536 1.40 (1.36-1.44) 0.85 (0.79-0.91) 

 Spontaneous vaginal 126,374 Ref    

Multiple birth      

 No 205,851 Ref    

 Yes 7536 1.52 (1.44-1.60) 0.92 (0.85-0.99) 

 

7.5 Discussion 

WA is one of the few jurisdictions globally that has access to respiratory pathogen 

testing data linked to perinatal and hospital data. Using these data, we described the 

testing patterns for respiratory pathogens in a total population cohort of children, 45% 

of whom were hospitalised before their 10th birthday. Approximately 10% of the birth 

cohort received a virology test before their 10th birthday, with the highest rate of testing 

among infants aged less than one month old. Testing rates in all children rose from 2008 

but with considerable year-to-year variability. On average, over half of nasal/NP 

specimens were tested using multiple methods of detection. The proportions 
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undergoing multiple testing that included PCR increased over time. While the 

proportions of nasal/NP specimens yielding a positive result increased over time, this 

was largely driven by children aged 2-9 years. Among hospitalized children, those born 

at less than 32 weeks gestation had over three times the odds of being tested than those 

born at term. 

We are fortunate that PathWest is the sole public pathology provider for WA and, unlike 

notification data, records both positive and negative test results. These characteristics 

allowed us to investigate patterns of respiratory virus testing that are representative of 

the total hospitalised paediatric population in the state. We are unaware of other 

studies retrospectively investigating testing patterns for respiratory viruses in 

hospitalised children and so are unable to compare the frequency of testing observed 

here to other paediatric populations. We found considerable year-to-year variability in 

rates of testing across age groups within Aboriginal and non-Aboriginal children, some 

of which may be partly explained by external changes.  

Potential explanations for the variability in pathogen testing over time include 

significant changes to the PathWest database structure in 2006-2007. We postulate that 

consultation and piloting of the new database structure may have affected data retrieval 

from the database and, in turn, partially contributed to sudden drops in testing between 

2004 and 2007. At a local level, yearly variations in the severity of influenza and RSV 

seasons as well as changes to healthcare providers’ perceptions of testing may have 

further influenced the number of tests performed. At a global level, the emergence of 

pandemic influenza A/(H1N1) in 200920 was likely to have driven the rise in virology tests, 

particularly among the older age groups. We are unaware of any further changes in 
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education or practice that may have influenced the results observed. Documenting 

overall changes in testing frequency are important in contextualizing changes in disease 

burden (especially during epidemics of certain pathogens) and assessing effectiveness 

of preventative programs such as immunisation. 

The proportion of PCR-tested nasal/NP specimens increased across all age groups since 

2004, particularly in combination with other methods. This mirrors broader trends in 

respiratory virus testing around Australia123 and globally. Concurrent to this, the 

frequency of positive detection increased, particularly among children aged two years 

or older. This is likely due to the improved sensitivity of PCR compared with antigen 

detection methods, the latter of which has been shown to have lower sensitivity, 

particularly in older children and adults.124 

Over half of all nasal/NP specimens were tested using multiple methods during the study 

period. Despite other laboratories moving towards exclusively using molecular methods, 

PathWest continues to use both antigen detection and viral culture. Continued use of 

antigen detection is largely influenced locally by superior turnaround times, which are 

critical for local hospital infection control activities (e.g. patient isolation and de-

isolation), while culture is maintained to ensure its availability for viral surveillance and 

novel viral discovery. As new commercial platforms capable of detecting multiple 

pathogens become available, the additional cost of multiple testing methods, 

particularly with only marginal improvement in pathogen detection, needs to be 

reassessed in WA as well as in other regions with similar practices. Furthermore, with 

the limited clinical impact of multiple viral detection in low risk, immunocompetent 
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children55,125, the breadth of viral detection routinely undertaken should also be 

reassessed.  

We have identified a number of important predictors of testing that are known at birth 

including ethnicity, gestational age, maternal smoking during pregnancy and special care 

requirements at birth. This is in addition to factors at the time of admission including 

hospital location, age at admission117, season of admission, length of stay and diagnosis 

(see Chapter 8). This highlights the many complex factors that are influencing the 

likelihood of a child receiving a microbiology test. Combining findings from this and 

other studies will help to inform models assessing the viral burden of ALRI when using 

routinely collected data, which will ultimately provide more accurate estimates. We 

acknowledge that there are additional factors, such as physician preference, likely to 

influence testing that we are unable to explore through this cohort study. 

We provide, for the first time in WA, a comprehensive population-based view of how 

testing for respiratory pathogens has changed in the state. Future studies into the 

burden of respiratory infections will need to be interpreted with consideration for the 

increased sensitivity and specificity of the detection methods used. Findings from this 

study will be used to account for temporal changes in testing patterns and test 

sensitivities in planned analyses investigating the temporal changes in pathogen-specific 

admission rates of ALRI in children. 

7.6 Conclusion 

Overall, testing for respiratory viruses increased between 2000 and 2012, with a large 

shift towards molecular methods of testing. This resulted in 8% more viral detections in 

2012 compared to 2000. This chapter provides context to the interpretation of results 
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presented in the next chapter investigating the pathogen-specific burden of respiratory 

viruses.  

Interestingly, gestational age and odds of testing were shown to be positively associated 

in this cohort compared to the medical chart review cohort (Cohort 2) presented in 

Chapter 5. These differences may be due to the more nuanced groups used for 

gestational age and larger in sample sizes in this chapter as well as the inclusion of other 

pathogen testing (e.g. bacterial testing) and admission-specific factors (e.g. year of 

admission) captured in Chapter 5.  
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Chapter 8 Theme 2 – Pathogen-specific burden of ALRI 

8.1 Preamble 

Documenting the changes in testing patterns helps to provide context when 

investigating the burden of ALRI. At present, many studies investigating the aetiology 

of ALRI begin by selecting children with an ICD code for ALRI. However, the sensitivity 

and specificity of these ICD codes are variable. Given the ubiquitous nature of many of 

the respiratory viruses associated with ALRI, this is likely to underrepresent the true 

burden of these viruses. This chapter presents an investigation into the population-

level burden of respiratory viruses without ICD code restrictions using data from the 

Triple I project. This addresses Aim 4 of this thesis.  

 

This chapter has been submitted to the Journal of Pediatrics and is currently under 

review. As with previous studies using Triple I data, I was responsible for preliminary 

data cleaning of the Hospital Morbidity Data Collection and PathWest, performed all 

analyses presented here and wrote the first draft of the manuscript. The role of other 

co-authors are described in Section 14.5. The submitted manuscript in its entirety is 

presented here verbatim with the exception of replacement of known abbreviations and 

Sections 8.2 and 8.3 where duplicate information presented in Chapter 2 and Chapter 4 

have been removed. Background information on the birth cohort previously presented 

in Section 4.4 has also been removed.  

8.2 Introduction 

The true burden of ALRI is difficult to calculate with estimates heavily influenced by 

identification methods. Globally, an estimated 10 per 1000 children aged less than five 
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years were hospitalized for ALRI in 2010 in the developed world.2 Using linked 

administrative data, we estimated that in WA the true rate was significantly higher; 

approximately 45 per 1000 children were hospitalized for ALRI before their second 

birthday, with a much higher burden among Aboriginal children.126 

Current vaccines targeting ALRI viral pathogens are limited to influenza, however, 

multiple RSV vaccine candidates are in clinical trials.127 Accurate pathogen-specific 

estimates are paramount before planning or evaluating prevention programs. 

At present, most retrospective studies using hospital admission data to investigate the 

aetiology of ALRI begin by selecting children with an ICD discharge code for ALRI. ICD 

codes alone are insufficient to provide accurate estimates of the true burden of 

respiratory pathogens because they are poorly sensitive80, with limited use of pathogen-

specific codes. Furthermore, data are often from selected hospitals and may not be 

representative of the wider population. One method for more accurate calculations of 

the pathogen-specific burden for a whole population is record linkage.  

Access to large, population-level datasets at relatively low cost is one advantage of 

record linkage over prospective studies.128 We have shown that record linkage is a 

feasible and valid method for describing the pathogen-specific aetiology of ALRI.22,117 It 

is also useful for identifying conditions and populations where current databases 

underestimate the burden of disease.  

We first sought to more accurately describe the pathogen-specific burden of respiratory 

viruses (specifically by age-specific rates and clinical diagnoses) identified in a cohort of 

WA-born children hospitalized between 2000 and 2012. As significant portions of 
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hospitalized children are not tested for respiratory viruses, their viral burden are 

probably underestimated. We also aimed to characterise those who were not tested so 

that statistical modelling could be used to assign viruses to those who were not tested, 

based on demographic and admission factors. 

8.3 Methods 

Background information on setting and data sources were presented in Section 4.4. 

Clinical diagnosis was classified using a hierarchy of ALRI, upper respiratory tract 

infections (URTI), or other, with priority given to ALRI. Admissions were classified as ALRI 

if they had a principal or co-diagnosis ICD-10-AM code for pneumonia, bronchiolitis, 

influenza, unspecified ALRI, bronchitis, or whooping cough (codes listed in Table 8-1).9 

Admissions with a principal or co-diagnosis of URTI, such as otitis media and sinusitis, 

were classified as URTI (Table 8-1).129 All other admissions were classified as “other” and 

further sub-divided based on principal diagnosis codes (Table 8-1).  

A child was coded as admitted to ICU if they spent at least one day in ICU as recorded 

on the Hospital Morbidity Data Collection. Mechanical ventilation was defined as 

receipt of at least an hour of continuous ventilatory support or having procedure codes 

(classified using the 7th edition of the Australian Classification of Health Interventions) 

for airway management, invasive or non-invasive ventilatory support (Table 8-1).  
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Table 8-1. Diagnosis and procedure codes used 

Description Codes used Type 

URTI   

 Diphtheria A36.0 – A36.2 Diagnosis 

 Otitis media and other ear 

conditions 

B05.3, H65-H67, H68.0, H72, H73.0, 

H83.0, H92.1 

Diagnosis 

 Mastoiditis and related 

conditions 

H70, H75.0 Diagnosis 

 Acute upper respiratory 

infections (incl. 

pharyngitis) 

J00-J04, J06 Diagnosis 

 Epiglottis J05.1 Diagnosis 

 Chronic sinusitis J32 Diagnosis 

 Other nose, tonsil or 

adenoid disorders 

J34.0, J35.0, J36 Diagnosis 

Other diagnosis   

 Viral infection of 

unspecified site 

B34 Diagnosis 

 Other infections AXX, BXX unless included in other 

categories 

Diagnosis 

 Asthma J45, J46 Diagnosis 

 Cystic fibrosis E84 Diagnosis 

 Other respiratory diseases JXX unless included in other categories Diagnosis 

 Breathing abnormalities 

(incl. cough) 

R05, R06 Diagnosis 

 Convulsions (incl. febrile) R56, P90 Diagnosis 

 Fever R50 Diagnosis 

 Abnormal clinical signs, 

symptoms and laboratory 

findings 

RXX unless included in other categories Diagnosis 

Mechanical ventilation   

 Airway management 22007-00, 22007-01, 22008-00, 22008-

01, 90179-02, 92035-00, 92041-00 

Procedures 

 Non-invasive ventilatory 

support 

92209-XX Procedures 
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Description Codes used Type 

 Ventilatory support 13882-XX Procedures 

Note: “-XX” denotes all sub-codes within a particular block. Diagnosis codes were 

based on ICD-10-AM. Both principal and co-diagnosis fields were used to classify 

admissions. Procedure codes were based on the Australian Classification of Health 

Interventions, 7th edition.  

Laboratory data from all specimens were examined (see Section 4.6.4 and 4.6.5 for 

further details). We focussed on respiratory viruses as parallel data on testing for 

bacterial pathogens were incomplete. Moreover, the sensitivity and specificity of 

current microbiology diagnostics for bacterial ALRI are relatively poor. Background 

information on respiratory virus testing in PathWest were described in Section 4.4.4. 

Admissions where both picornavirus and RV were detected, were coded as RV, whereas 

if only an unspecified picornavirus was identified, it was coded as a picornavirus 

admission. 

Laboratory records were merged with a hospital record if respiratory specimens were 

collected 48 hours before or after the admission date. If the same person had multiple 

admissions for different reasons within 48 hours, laboratory records were linked to the 

ALRI admission. If the same person had multiple admissions for the same reason within 

48 hours, laboratory records were linked to the admission closest to the date of 

specimen collection.  
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8.3.1 Statistical analysis 

After merging hospital and laboratory records, we compared the clinical characteristics 

of admissions classified as ALRI, URTI and other. We then identified those with at least 

one virus detected and calculated the frequency and incidence of each virus by diagnosis, 

age and Aboriginal status. Incidence rates were calculated using person-time-at-risk as 

denominator (see Section 4.8 for person-time-at-risk calculations).  

We used logistic regression to identify admission-specific factors associated with failing 

to have a virology test (outcome variable), clustering by person to allow for multiple 

admissions of the same person. Variables were selected based on clinical plausibility 

and/or a p-value of less than 0.05 compared to the base model. These were included in 

the multivariable model to calculate aOR and 95% CI. All variables except admission year 

were included as categorical variables. Admission year was included as a continuous 

variable. All admissions were included in the adjusted models. The same model was used 

to calculate aOR of failing to test for a respiratory virus among those who received an 

ALRI diagnosis. Software used for these analyses were listed in Section 4.8 and ethical 

approval received listed in Section 4.7.  

8.4 Results 

An overview of the birth cohort was provided in Section 4.4. Of those who died, ALRI 

was listed as the cause of death for 76 children (3.1%). Between January 2000 and 

December 2012, 45.4% (n=213,365) of the cohort were hospitalized at least once, 

contributing to 485,054 admissions (Figure 8-1). Of these, 62 were considered post-

mortem admissions and excluded. Of the remaining admissions, 9.0% linked to a 

laboratory record for respiratory virus testing (Figure 8-1).  
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Figure 8-1. Flow chart of testing for respiratory viruses and reason for admission 

* Total number of children admitted in each category may not equal total number of 

children hospitalised as a child may be hospitalised more than once.  

8.4.1 Comparing disease burden using hospital and laboratory data  

We observed that 9.4% (n=45,691) of all admissions had an ALRI diagnosis code (Figure 

8-1), with bronchiolitis (n=20,075, 43.9%) and pneumonia (n=13,528, 29.6%) the most 

common diagnoses. However, only 45.7% (20,874/45,691) of admissions with an ALRI 

diagnosis linked to a laboratory record. Similarly, 17.6% (n=85,141) of all admissions had 

a URTI diagnosis but only 7.1% (6019/85,141) linked to a laboratory record (Figure 8-1).  

Of all laboratory-confirmed admissions, 47.8% had an ALRI diagnosis (n=20,874; Figure 

8-1). Over 70% of laboratory-confirmed admissions with an ALRI diagnosis concerned 

children aged less than two years old at admission (Table 8-2). The majority of these 
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children were diagnosed with bronchiolitis (n=11,413) or pneumonia (n=4484). Of the 

laboratory-confirmed admissions with an URTI diagnosis, acute upper respiratory 

infection (n=5558) was the most common diagnosis. 

We noted that 38.4% of laboratory-confirmed admissions did not have an ALRI or URTI 

diagnosis (Figure 8-1). These were commonly coded as viral infection of an unspecified 

site (n=3338, 19.9%); other infections (n=1786, 10.7%); asthma (n=1595, 9.5%) or 

breathing abnormalities (n=1228, 7.3%; Table 8-3). Approximately 12.5% of these 

admissions related to children aged five years or more at admission and 12.3% of these 

admissions included a stay in ICU (Table 8-2). 
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Table 8-2. Characteristics of hospital admissions among those who were tested for 

respiratory viruses by diagnosis 

Description ALRI (n=20,874) URTI (n=6019) Other reason (n=16,734) 

  n %  n %  n %  

Age at admission       

 <1 month 962 4.6 363 6.0 1946 11.6 

 1-5 months 6479 31.0 1084 18.0 3699 22.1 

 6-23 months 8781 42.1 2573 42.7 5433 32.5 

 2-4 years 3110 14.9 1434 23.8 3562 21.3 

 5-9 years 1192 5.7 462 7.7 1586 9.5 

 10-16 years 350 1.7 103 1.7 508 3.0 

Season of admission       

 Summer 2103 10.1 980 16.3 3280 19.6 

 Autumn 2923 14.0 1217 20.2 3672 21.9 

 Winter 9969 47.8 2095 34.8 4876 29.1 

 Spring 5879 28.2 1727 28.7 4906 29.3 

Hospital type       

 Tertiary (public) 12,836 61.5 4098 68.1 13,096 78.3 

 Metropolitan (public) 2637 12.6 625 10.4 935 5.6 

 Rural (public or private) 3605 17.3 706 11.7 1428 8.5 

 Metropolitan (private) 1796 8.6 590 9.8 1275 7.6 

Admitted to ICU 1168 5.6 306 5.1 2053 12.3 

Required mechanical 

ventilation 

632 3.0 93 1.5 623 3.7 

Note: Percentages may not equal 100 due to missing data and rounding. List of ICD-10-

AM codes categorised as “other reason” are provided in Table 8-1.  

8.4.2 Pathogen-specific burden of respiratory viruses using linked data 

Overall, 40.7% (n=17,747) of laboratory-confirmed admissions had at least one 

respiratory virus detected. Virus detection was highest among those diagnosed with 

ALRI (n=12,192, 58.4%) and among children aged 6-23 months at admission (n=7087, 

39.9%). Approximately 20.6% (n=3651) of laboratory-confirmed admissions with at least 
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one virus detected did not have an ALRI or URTI diagnosis (Table 8-3). RSV was the most 

commonly detected virus, with an incidence rate that was four times higher (95% CI=3.8-

4.1) than the next most common virus (Table 8-3). RSV incidence rates were highest 

among children under six months of age (Figure 8-2) and among those diagnosed with 

bronchiolitis (Table 8-3).  
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Table 8-3. Frequency and incidence rates of respiratory viruses per 100,000 child-years among those who received a virology test 

Description Tested Any virus RSV PIV Influenza RV Adenovirus Picornavirusa hMPV 

  N n % tested n rate n rate n rate n rate n rate n rate n rate 

ALRI diagnoses 20,874 12,192 58.4 7590 213.7 1201 33.8 1795 50.5 579 16.3 691 19.5 165 4.6 751 21.1 

 Acute 

bronchiolitis 

11,413 7495 65.7 5959 167.8 540 15.2 102 2.9 320 9.0 408 11.5 62 1.7 435 12.2 

 Pneumonia 4484 1966 43.8 1067 30.0 235 6.6 265 7.5 146 4.1 153 4.3 41 1.2 190 5.4 

 Unspecified 

ALRI 

2864 1036 36.2 474 13.3 209 5.9 61 1.7 87 2.4 98 2.8 53 1.5 108 3.0 

 Influenza due to 

identified virus 

1611 1546 96.0 21 0.6 187 5.3 1357 38.2 <5 0.1 17 0.5 <5 0.1 16 0.5 

 Whooping 

cough 

322 64 19.9 24 0.7 13 0.4 5 0.1 12 0.3 6 0.2 5 0.1 <5 0.0 

 Bronchitis 180 85 47.2 45 1.3 17 0.5 5 0.1 12 0.3 9 0.3 <5 0.0 <5 0.0 

URTI 6019 1904 31.6 580 16.3 339 9.5 117 3.3 304 8.6 369 10.4 141 4.0 125 3.5 

Other diagnoses 16,734 3651 21.8 598 16.8 680 19.1 248 7.0 681 19.2 441 12.4 946 26.6 179 5.0 

 Viral infection 

of unspecified 

site 

3338 917 27.5 112 3.2 212 6.0 89 2.5 115 3.2 187 5.3 193 5.4 42 1.2 

 Other infections 1786 417 23.3 37 1.0 30 0.8 20 0.6 29 0.8 49 1.4 257 7.2 9 0.3 
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 Asthma 1595 512 32.1 138 3.9 33 0.9 10 0.3 222 6.3 14 0.4 83 2.3 23 0.6 

 Cystic fibrosis 655 19 2.9 <5 0.1 9 0.3 <5 0.0 <5 0.1 <5 0.1 0 0.0 0 0.0 

 Other 

respiratory 

1064 406 38.2 79 2.2 235 6.6 25 0.7 28 0.8 20 0.6 8 0.2 21 0.6 

 Breathing 

abnormalities 

1228 272 22.1 87 2.4 25 0.7 <5 0.1 30 0.8 32 0.9 87 2.4 23 0.6 

 Fever 677 118 17.4 19 0.5 15 0.4 16 0.5 20 0.6 22 0.6 29 0.8 <5 0.0 

 Convulsions 459 57 12.4 11 0.3 11 0.3 10 0.3 5 0.1 13 0.4 7 0.2 <5 0.1 

 Abnormal 

clinical signs 

657 65 9.9 11 0.3 10 0.3 9 0.3 15 0.4 11 0.3 11 0.3 <5 0.1 

 Other 5275 868 16.5 100 2.8 100 2.8 64 1.8 214 6.0 91 2.6 271 7.6 55 1.5 

Total 43,627 17,747 40.7 8769 246.9 2220 62.5 2160 60.8 1564 44.0 1501 42.3 1252 35.3 1055 29.7 

* Picornavirus includes some detections of rhinovirus but these could not be distinguished from other types of picornaviruses (e.g. enterovirus).
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Unspeciated picornavirus, RSV, PIV and rhinovirus had similar incidence rates among 

children with other diagnoses (Table 8-3). Rates of unspeciated picornavirus were 

highest among infants aged less than one month (Figure 8-3). On the other hand, rates 

of PIV and influenza virus peaked in children aged 1-5 months. Among all laboratory-

confirmed admissions with PIV detected, PIV3 was the most common (n=1548, 69.7%), 

followed by PIV1 (n=487, 21.9%). Influenza A (n=1683, 76.7%), predominantly A/H1N1 

(n=327), was the most common type among those with influenza.  

Viruses were detected more frequently in Aboriginal (n=2931, 45.2% positive) compared 

to non-Aboriginal children (n=14,816, 39.9% positive; p<0.001). However, these 

differences disappeared when further segregated by diagnoses. Virus distribution did 

not differ between Aboriginal and non-Aboriginal children, although rates were at least 

twice as high in Aboriginal children for all viruses except for unspeciated picornavirus, 

which was 1.7 times higher (95% CI=1.4-2.0) compared to non-Aboriginal children. Two 

or more viruses were seen in approximately 4.1% (n=723) of admissions testing positive 

for at least one virus, most commonly with RSV-adenovirus (n=206) and RSV-PIV pairs 

(n=114). 
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Figure 8-2. Age-specific rates with exact 95% CI for RSV among children aged less than 

five years who received testing 

 

Figure 8-3. Age-specific rates with exact 95% CI for other respiratory viruses among 

children aged less than five years who received testing 
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8.4.3 Exploring under-ascertainment in linked data 

Univariable analyses suggested that age at admission, diagnosis, length of stay, hospital 

type and mechanical ventilation were strongly associated with failure to test for 

respiratory viruses (Table 8-4). These variables remained significant after adjusting for 

all other variables in the multivariable model. 

Children over five years of age and those without an ALRI diagnosis had at least fourfold 

greater odds of not being tested (Table 8-4). Furthermore, admissions to non-tertiary 

hospitals had at least threefold odds of not being tested than admissions to tertiary 

hospitals. When restricted to admissions with an ALRI diagnosis, results were similar for 

all variables except ICU admission and inter-hospital transfers (Table 8-5). Children 

admitted to regular wards with an ALRI diagnosis had 0.71 times the odds of failing to 

test for respiratory viruses compared to those admitted to ICU (Table 8-5). Likewise, 

admissions following inter-hospital transfers had lower odds of not receiving a test than 

those who were not transferred (Table 8-5). 
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Table 8-4. Logistic regression of admission-specific factors associated with failing to 

test for respiratory viruses 

Description Total Tested Univariable Multivariable 

  N n OR (95% CI) aOR (95% CI) 

Admission year*   1.03 (1.02-1.03) 0.95 (0.94-0.95) 

Age at admission       

 <1 month 23,656 3271 Ref    

 1-5 months 40,216 11,262 0.41 (0.40-0.43) 0.72 (0.68-0.76) 

 6-23 months 112,146 16,787 0.91 (0.88-0.95) 1.11 (1.06-1.17) 

 2-4 years 146,021 8106 2.73 (2.61-2.85) 2.32 (2.20-2.45) 

 5-9 years 113,179 3240 5.44 (5.17-5.73) 4.31 (4.05-4.58) 

 10-16 years 49,774 961 8.15 (7.57-8.77) 7.87 (7.25-8.55) 

Season of admission       

 Summer 104,327 6363 2.24 (2.17-2.31) 1.51 (1.45-1.56) 

 Autumn 114,864 7812 1.99 (1.94-2.05) 1.44 (1.39-1.49) 

 Winter 133,383 16,940 Ref    

 Spring 132,418 12,512 1.39 (1.36-1.43) 1.06 (1.03-1.10) 

Diagnosis       

 ALRI 45,691 20,874 Ref    

 URTI 85,141 6019 11.06 (10.71-11.42) 4.71 (4.54-4.90) 

 Other 354,160 16,734 16.96 (16.56-17.37) 14.68 (14.21-15.15) 

ICU admission       

 No 46,5854 40,100 4.10 (3.93-4.27) 1.12 (1.06-1.20) 

 Yes 19,138 3527 Ref    

Length of stay       

 1 day 204,348 2971 Ref    

 2 days 140,618 10,095 0.19 (0.18-0.20) 0.29 (0.28-0.30) 

 3 or more days 140,026 30,561 0.05 (0.05-0.05) 0.11 (0.11-0.12) 

Inter-hospital 

transfers 

      

 No 475,260 42,358 Ref    

 Yes 9732 1269 0.65 (0.61-0.69) 1.27 (1.18-1.37) 

Hospital type       

 Tertiary 214,629 30,030 Ref    
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Description Total Tested Univariable Multivariable 

  N n OR (95% CI) aOR (95% CI) 

 Metropolitan 

(public) 

44,930 4197 1.58 (1.53-1.63) 3.32 (3.18-3.47) 

 Rural (public and 

private) 

102,880 5739 2.75 (2.67-2.84) 9.14 (8.80-9.49) 

 Metropolitan 

(private) 

122,553 3661 5.28 (5.10-5.47) 5.63 (5.40-5.87) 

Mechanical 

ventilation 

      

 No 482,140 42,279 9.32 (8.66-10.04) 1.88 (1.70-2.09) 

 Yes 2852 1348 Ref    

Note: Multivariable model adjusted for all other variables listed. * Included as a 

continuous variable.  
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Table 8-5. Logistic regression of admission-specific factors associated with failing to 

test for respiratory viruses among those with an ALRI diagnosis 

Description Total Tested Univariable Multivariable 

  N N OR (95% CI) aOR (95% CI) 

Admission year*   0.97 (0.96-0.97) 0.93 (0.92-0.94) 

Age at admission       

 <1 month 1316 962 Ref    

 1-5 months 10,735 6479 1.79 (1.57-2.03) 1.39 (1.19-1.62) 

 6-23 months 19,423 8781 3.29 (2.91-3.73) 2.36 (2.03-2.73) 

 2-4 years 9377 3110 5.48 (4.81-6.24) 4.81 (4.12-5.62) 

 5-9 years 3798 1192 5.94 (5.10-6.92) 6.87 (5.77-8.17) 

 10-16 years 1042 350 5.37 (4.40-6.56) 7.89 (6.12-10.16) 

Season of admission       

 Summer (Dec-Feb) 5879 2103 1.89 (1.78-2.01) 1.48 (1.37-1.60) 

 Autumn (Mar-May) 7753 2923 1.74 (1.65-1.84) 1.45 (1.36-1.55) 

 Winter (Jun-Aug) 19,444 9969 Ref    

 Spring (Sep-Nov) 12,615 5879 1.21 (1.15-1.26) 1.04 (0.99-1.10) 

ICU admission       

 No 44,219 19,733 4.28 (3.76-4.86) 0.71 (0.59-0.85) 

 Yes 1472 1141 Ref    

Length of stay       

 1 day 2468 702 Ref    

 2 days 12,698 4267 0.79 (0.71-0.86) 0.55 (0.48-0.62) 

 3 or more days 30,525 15,905 0.37 (0.33-0.40) 0.25 (0.23-0.29) 

Inter-hospital 

transfers 

      

 No 44,633 20,240 Ref    

 Yes 1058 634 0.55 (0.49-0.63) 0.67 (0.57-0.80) 

Hospital type       

 Tertiary 16,654 12,836 Ref    

 Metropolitan 

(public) 

5411 2637 3.54 (3.31-3.78) 4.37 (4.07-4.69) 

 Rural (public and 

private) 

18,135 3605 13.55 (12.80-14.34) 16.13 (15.18-17.14) 



115 
 

Description Total Tested Univariable Multivariable 

 Metropolitan 

(private) 

5491 1796 6.92 (6.45-7.42) 8.52 (7.88-9.22) 

Mechanical 

ventilation 

      

 No 44,882 20,242 4.35 (3.68-5.13) 1.30 (1.02-1.66) 

 Yes 809 632 Ref    

Note: Multivariable model adjusted for all other variables listed. * Included as a 

continuous variable.  

8.5 Discussion 

As ICD codes alone can underestimate the burden of respiratory viruses, we used linked 

laboratory and hospital data to determine more accurate estimates of the virus-specific 

burden of ALRI among hospitalized children. We determined that the overall incidence 

rate of RSV was 247 per 100,000 child-years, with a similar rate among those diagnosed 

with ALRI. Incidence rates for other respiratory viruses ranged from 30 to 63 per 100,000 

child-years. A third of all laboratory-confirmed admissions were not diagnosed with ALRI 

or URTI. Children over five years of age, not receiving a diagnosis of ALRI and admission 

to a non-tertiary hospital were strongly associated with failing to test for respiratory 

viruses.  

RSV, PIV and influenza were the most commonly detected viruses, with the greatest 

burden among children under six months old. Much of previous preventative effort 

towards viral ALRI has focused on influenza. More recently, investigations have turned 

towards RSV and PIV, with 60 RSV vaccine candidates currently in clinical or preclinical 

development127 and a dozen PIV vaccine candidates.130,131 Given the relative greater 

burden of RSV and PIV, increased efforts are needed to address these two pathogens. 
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Prevention of all three viruses would greatly reduce the burden of ALRI and potentially 

20-30% of other hospitalisations as well.  

Approximately 38% of all laboratory-confirmed admissions were not coded as ALRI or 

URTI, with 22% of these admissions testing positive for at least one respiratory virus. 

These do not appear to be solely attributable to asymptomatic virus identification as 

many of these viruses were infrequently detected in asymptomatic children.132 

Moreover, these laboratory-confirmed admissions were mostly unspecified diagnosis 

codes (e.g. viral infections of unspecified site) or non-specific clinical symptoms (e.g. 

breathing abnormalities). This highlights the limitations of using ICD codes alone when 

calculating disease estimates, as documented elsewhere.80,133,134 Previous studies also 

support the notion that coding algorithms, particularly for less well-defined diseases, 

are needed for accurate disease estimates.135 These are crucial to policy development 

and are often used as baseline data when evaluating the impact of said policies. Our 

findings further highlight the need to look beyond ICD codes when estimating infectious 

disease burden and the impact of vaccination programs.  

While there were many laboratory-confirmed admissions without a respiratory code, 

over half of all ALRI admissions were not tested for respiratory viruses, implying that the 

burden of specific viruses are still underestimated. Without the capacity to directly 

influence testing patterns and because it is economically unfeasible to impose universal 

testing, one possibility to address this issue is by statistical modelling. By characterising 

those testing positive for particular viruses, we could extrapolate virus “detection” to 

those with similar characteristics but not tested. This method was used on similar data 

in England136 and a future study using these data is planned.   
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We noted that admissions to private metropolitan hospitals had five times greater odds 

of failing to test compared to tertiary hospitals. As a limited number of private hospitals 

do not routinely use PathWest laboratories, it is difficult to differentiate testing practices 

from specimen referral pathways. Despite this, the frequency of virus detection in 

private metropolitan hospitals in this dataset was comparable to tertiary hospitals, as 

was the distribution of viruses (data not shown). Inclusion of laboratory data from 

private pathology providers would thus further enhance our disease estimates.  

Previous work validating linked laboratory data in WA suggested that approximately 75% 

of ALRI-related admissions should have an associated laboratory record for respiratory 

pathogen testing.117 Notwithstanding the exclusion of bacterial pathogens and 

commonly associated tests (e.g. blood culture), the proportion of laboratory-confirmed 

admissions with an ALRI diagnosis is still sub-optimal despite improving our extraction 

protocols. While linkage errors (e.g. misidentification of individuals across datasets) may 

have partially contributed to this issue, it is likely to be minimal as approximately 95% 

of PathWest records were linked successfully (personal communication, WA Data 

Linkage Branch).  

We were unable to investigate the role of co-morbidities (e.g. immunosuppression) and 

antiviral use on testing practices and the frequency of virus detection. We also could not 

examine the emerging role of rhinovirus in severe respiratory infections137 as 

picornaviruses were not routinely speciated. While we focussed on respiratory viruses, 

competition and interactions with bacterial pathogens are likely to influence incidence 

rates of individual viruses investigated here. Inclusion of data on bacterial pathogens is 

the next step in assessing the burden of all respiratory pathogens.  
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Despite these limitations, this is one of the few studies, to our knowledge, to quantify 

the population-level burden of respiratory viruses in children, irrespective of diagnosis. 

It is also the first to use individual, rather than aggregated, person-time-at-risk data to 

more accurately estimate the rate of respiratory virus infection. This has enabled 

reporting of pathogen-specific incidence rates of these viruses, the majority of which 

are not notifiable. Access to data on all admissions for a whole population, in addition 

to both positive and negative test results, is a major strength of this study. Using these 

data, we have shown that respiratory viruses are pervasive and their prevention could 

reduce the burden of respiratory and non-respiratory hospitalisations. These data 

provide a framework for further, in-depth studies to enhance current and future 

preventative strategies. We plan to use these data to investigate temporal trends and 

risk factors for specific viruses and their combinations in the context of changes in 

testing patterns.  

8.6 Conclusion 

Despite improving our data extraction protocols and including additional data sources 

in response to findings from Chapter 5 and Chapter 6, only 46% of ALRI-coded 

admissions linked to a test record for respiratory viruses. Interestingly, a third of 

laboratory-confirmed admissions were not assigned an ALRI or URTI diagnosis code. This 

may be an artefact of prioritising the main cause of admission for recording and coding, 

particularly for medically complex children. Adjustment for co-morbidities as well as the 

changes in testing patterns reported in Chapter 7 will be key to understanding this group 

further.  
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This chapter concludes Theme 2 of this thesis which aimed to give an overview of the 

burden of respiratory viruses. Given the ubiquitous nature of many of the respiratory 

pathogens, the relevance of detecting these pathogens is strongly linked to its 

association with clinical outcomes. Investigation into the associations between viral co-

infections and clinical outcomes is primary aim of Theme 3 of this thesis.  
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Chapter 9 Theme 3 – Systematic review on the impact of viral co-infections 

9.1 Preamble 

Having explored the burden of respiratory viruses in Chapter 8, we now turn our 

attention to a subset of these children who had multiple viruses detected. As there have 

been many studies investigating the effects of co-infection in the literature with no 

consensus at the time of commencing my candidature, a systematic review seemed ideal 

to address this question. This chapter presents the results of this review and addresses 

Aim 5 of this thesis.  

This chapter has been published in the journal Respirology. A copy of the published 

paper is included in as an appendix in Section 14.5. I conceptualised this study, collected 

data, performed the analyses and wrote the first draft of the manuscript. The published 

paper is presented here verbatim with the exception of replacement of known 

abbreviations and Section 9.2 where duplicate information presented in Chapter 2 has 

been removed. Please note that some terms used in the original manuscript (e.g. viral-

viral co-infection) has been replaced for consistency in terminology. The role of co-

authors for this study are described in Sections 9.3.2 and 9.3.3 as well as in Section 14.5.  

Where a co-author is directly referred to in the manuscript, this has been noted in 

parentheses. Due to the large number of associated references for Supplementary Table 

2 in the original manuscript, this table was not included in-text but has been linked to 

the online version of the manuscript.  
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9.2 Introduction  

Three systematic reviews have been published on this topic (NB: This was correct at the 

time of submitting the manuscript; since then there has been one additional review 

published138). The earliest used data from eight studies on respiratory infections 

conducted at one United States (US) hospital.53 After controlling for virus detection 

methods, authors found that patients with co-infection were hospitalised more often 

than those with single infections.53 More recent reviews have observed no difference, 

overall, in disease severity between those with viral co-infection compared to those with 

single infections.54,55 However, subgroup analyses in one review suggested an increased 

mortality risk among young children with co-infection.55   

All reviews combined data from children and adults as well as individuals with and 

without comorbidities. Both factors are likely to alter effects of viral-viral co-infection 

on clinical outcomes.139 Given these limitations, we conducted a systematic review of 

observational studies to ascertain the impact of viral-viral co-infection in children 

without comorbidities aged less than five years hospitalised with ALRI. We hypothesized 

that in young children without comorbidities, there would be significant differences in 

clinical outcome measures between those children with a single viral infection 

compared with those with viral-viral co-infection.  

9.3 Methods 

For this review, co-infection is defined as detection of two or more respiratory viruses 

in a sample. Although viral shedding and potentially non-pathogenic viruses may be 

detected, it is difficult to distinguish between these without additional laboratory 

tests,140 which may not be completed in many studies.  
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9.3.1 Search strategy 

A literature search was conducted by FJL in Ovid, PubMed, Scopus, ProQuest and Web 

of Science databases around five concepts - co-infection, children, respiratory, viruses 

and hospitalisation (January-April 2014). Details on the search strategy used can be 

accessed at PROSPERO (http://www.crd.york.ac.uk/PROSPERO/).  Additional references 

from citation searching and referrals from colleagues were included until April 2014. A 

total of 5186 references were found and duplicates were removed following review of 

authors, title and journal information.  

9.3.2 Study selection 

In the first round of review, FJL assessed titles, abstracts and other meta-data for 

exclusion. References were excluded if not a research article; not written in English; or 

focussed on: patients with comorbidities (e.g. HIV); patients aged five years or more; 

non-community-acquired infections; animal models; post-mortem samples; or bacterial 

co-infection. References with insufficient information for exclusion were retained for 

the second round of review.  

Full-text articles were accessed for the second round of review. FJL and PF (co-author) 

independently reviewed studies against the inclusion and exclusion criteria (Table 9-1). 

Studies were included if they were written in English; included children aged less than 

five years who were hospitalised for community-acquired ALRI; reported on 

hospitalisation outcomes that were indicators of disease severity; and compared 

outcomes between children with and without co-infections. Studies that could not be 

clearly classified were deemed “unsure”.  

http://www.crd.york.ac.uk/PROSPERO/display_record.asp?ID=CRD42014009133
http://www.crd.york.ac.uk/PROSPERO/display_record.asp?ID=CRD42014009133
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Table 9-1. List of inclusion and exclusion criteria for study selection in the second and 

third round of reviews 

Description Inclusion criteria Exclusion criteria 

Age at time of 

admission 

Children aged less than five years at 

time of admission 

Children aged five years or more OR 

Reports on animal model studies, 

infections in non-humans, zoonotic 

disease or pathogens 

Infection type Community-acquired infection Nosocomial infections (> 48 hours 

post-admission) OR  

Infections acquired while travelling 

Outcomes 

reported 

Hospitalisation outcomes that are 

indicators of disease severity (e.g. 

length of stay, use of supplemental 

oxygen) 

Reports on only long term 

hospitalisation outcomes (e.g. risk of 

hospital readmission) OR 

No hospitalisation outcomes 

reported 

Pathogen Compares those with single viral 

infection to those with viral-viral co-

infections 

Only reports on those with a single 

viral infection OR  

Viral-bacterial co-infections OR 

Does not compare those with single 

viral infections  

Language Written in English Written solely in a language other 

than English 

Other  Studies does not report on original 

research results (e.g. editorials, 

reviews, treatment guidelines) OR 

Reports only on 

immunocompromised children  or 

children with comorbidities that 

increase their risk of contracting 

respiratory infections (e.g. cystic 

fibrosis) OR 

Reports on infections using post-

mortem samples 
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Studies with discrepant classifications or classified as “unsure” went through a third 

round of review by the remaining authors, who were blinded to the initial classification. 

Final classification was based on majority ruling. For studies with discrepant 

classifications after the third round of review (n=5), final classifications were made by 

HCM (co-author). Studies that combined results of children with and without 

comorbidities but did not meet any other exclusion criteria were retained as we found 

that few studies had explicitly included only children without comorbidities or analysed 

children with and without comorbidities separately. 

9.3.3 Data extraction and quality assessment 

At least two studies needed to have reported on a comparable outcome for it to be 

included for meta-analyses. Therefore, outcome measures were fever, ICU admission, 

oxygen use, requirement for mechanical ventilation, and abnormal radiographs. Length 

of stay in hospital was reported by all except three studies, but these data were not 

comparable due to reporting variability. Fever was defined as a recorded temperature 

of greater than 37.9°C. Oxygen use was defined as saturation of less than 94% or 

requirement for supplemental oxygen. Abnormal radiographs included radiographic 

pneumonia, atelectasis or abnormal infiltrates on chest x-ray.  

Corresponding authors of published papers48,141–146 were contacted for additional data 

if individual-level data on children with and without comorbidities could not be 

separated. Published data were used if the corresponding author did not respond after 

two or more attempts to contact them. FJL extracted all study data and assessed risk of 

bias for individual studies using an adapted version of the Newcastle-Ottawa scale (NOS) 

for cohort studies.147 One study used a case-control design but was assessed as a cohort 
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study as only data from the cases were required.148 Two NOS items relating to adequacy 

of follow-up were removed as all outcomes measures would have occurred during the 

episode of admission, resulting in a maximum achievable NOS score of six. 

FJL assessed the quality of evidence for each outcome according to the GRADE 

framework and terminology using GRADEprofiler 

(http://www.guidelinedevelopment.org/; version 3.6.1). Risk of bias for each outcome 

was determined using the median NOS score of all studies contributing data to the 

outcome in question. Median NOS scores of two or less were deemed a serious risk of 

bias, scores of 3-4 as moderate risk, and scores of 5-6 as low risk. 

9.3.4 Statistical analysis 

Kappa scores were calculated using GraphPad149 for the level of agreement between FJL 

and PF (co-author) in the second round of review, excluding references classified as 

“unsure”. Outcome data were analysed using Review Manager (version 5.2.11).150 

Where multiple studies reported on the same cohort, only the study with the largest 

sample size was used for meta-analyses. We compared outcomes in children with co-

infection and children with single infections using random effects models of Mantel-

Haenszel estimates of risk ratios (RR) with 95% CI. Similar analyses were performed 

excluding data from children with comorbidities.  

Additional subgroup analyses by pathogen pairs were performed when two or more 

studies reported on the same pathogen and outcome. To test the robustness of study 

findings, sensitivity analyses were conducted by removing the highest weighted study. 

These were not performed for subgroup analyses or for outcomes where only two 

http://www.guidelinedevelopment.org/
http://www.guidelinedevelopment.org/
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studies contributed data to the outcome. Ethical approval was not obtained for this 

review as only published data were used. 

9.4 Results 

After removing duplicate, 196 of 4443 references assessed in the first round of review 

proceeded to the second round (Figure 9-1). In the second round, 168 references were 

classified as included (n=5) or excluded (n=163) by both FJL and PF (co-author; 

Kappa=0.34, 95% CI=0.12-0.57). Remaining studies (n=28) underwent a third round of 

review. Of these, 14 were included, giving a total of 19 included studies. Studies were 

commonly excluded for reporting on children aged over five years (n=72) and absence 

of reporting on hospitalisation outcomes (n=29; Figure 9-1; Supplementary Table). 

 

Figure 9-1. Flow chart of records identified, excluded and included in review 
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* Three studies pertaining to the same cohort of children24,142,151 are included in this 

count. 

Of the 19 studies included, three studies reported on the same cohort;24,142,151 the study 

with the largest reported cohort (n=1322) was used for analyses.151 Included studies 

reported on 8923 children with study periods between 2000 and 2011 (Table 9-2). Eight 

studies recruited only infants up to 23 months of age (Table 9-2). Nasal samples were 

used in all studies, while three studies also collected oral/throat swabs.50,143,148 Reverse-

transcriptase PCR (RT-PCR) was the most common detection method. RSV was the most 

common pathogen reported (Table 9-2).  
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Table 9-2. Overview of included studies 

First author, 

year 

Location N Age 

(months) 

Recruitment 

criteria 

Detection 

methods 

Viruses 

investigated 

Outcomes reported 

       Fever ICU Ventilation Radiograph Oxygen 

Aberle, 2005152 Austria 250 0-14 Hospitalised 

with confirmed 

respiratory 

virus infection 

(Oct 2000-Jul 

2004) 

PCR Adenovirus, 

influenza, PIV,  

RSV 

Yes No No No Yes 

Ali, 2010143 Jordan 743 0-59 Hospitalised 

with cough, 

dyspnoea, 

wheezing or 

respiratory-

related 

diagnoses (Jan-

Mar 2007) 

Real-time 

RT-PCR 

Enterovirus, hMPV, 

influenza virus, 

RSV  

Yes Yes Yes No Yes 
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First author, 

year 

Location N Age 

(months) 

Recruitment 

criteria 

Detection 

methods 

Viruses 

investigated 

Outcomes reported 

       Fever ICU Ventilation Radiograph Oxygen 

Brand, 201248 Netherlands 142 0-23 ED or hospital 

presentation of 

bronchiolitis 

(Nov-Apr 2006-

2009) 

RT-PCR Adenovirus, 

bocavirus, 

coronavirus, 

enterovirus, hMPV, 

influenza virus, 

parechovirus, PIV, 

RSV 

No No Yes No No 

Calvo, 200824 Spain 749 0-23 Hospitalised for 

ALRI (Sept 

2000-June 

2003) 

RT-PCR Adenovirus, 

coronavirus, 

enterovirus, hMPV, 

influenza virus, 

PIV, RSV 

Yes No No Yes Yes 
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First author, 

year 

Location N Age 

(months) 

Recruitment 

criteria 

Detection 

methods 

Viruses 

investigated 

Outcomes reported 

       Fever ICU Ventilation Radiograph Oxygen 

Caracciolo, 

2008141 

Italy 347 0-59 Hospitalised  

with signs of 

acute 

respiratory 

illness (Oct 

2006-Apr 2007) 

RT-PCR Adenovirus, hMPV, 

influenza virus, 

PIV, RSV 

Yes No No No Yes 

Da Silva, 2013153 Brazil 260 1-35 ED or hospital 

presentation 

with symptoms 

of ALRI (Apr-

Nov 2007) 

Real-time 

RT-PCR 

hMPV, 

coronavirus, 

influenza virus, 

PIV, RSV, RV 

No No No No Yes 
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First author, 

year 

Location N Age 

(months) 

Recruitment 

criteria 

Detection 

methods 

Viruses 

investigated 

Outcomes reported 

       Fever ICU Ventilation Radiograph Oxygen 

Espinola, 2013154 Paraguay 76 0-23 Hospitalised 

with symptoms 

of severe acute 

respiratory 

infection with 

illness onset of 

<7 days before 

hospitalisation 

without 

pneumonia 

(May 2010-Oct 

2011) 

Real-time 

RT-PCR 

Adenovirus, 

bocavirus, 

coronavirus, 

enterovirus, hMPV, 

influenza virus, 

PIV, RSV, RV 

No Yes No No No 

Foulongne, 

200649 

France 589 0-59 Hospitalised for 

respiratory 

tract disease 

(Nov 2003-Oct 

2004) 

RT-PCR Adenovirus, hMPV, 

influenza virus, 

PIV, RSV 

No No No No Yes 
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First author, 

year 

Location N Age 

(months) 

Recruitment 

criteria 

Detection 

methods 

Viruses 

investigated 

Outcomes reported 

       Fever ICU Ventilation Radiograph Oxygen 

Gagliardi, 

2013146 

Brazil 247 0-50 Hospital 

presentation of 

with acute 

respiratory 

infections 

(2005) 

Culture, 

IF, RT-PCR 

Adenovirus, 

bocavirus, 

coronavirus, 

enterovirus, hMPV, 

influenza virus,  

PIV, RSV, RV 

Yes No No No Yes 

Garcia-Garcia, 

2006142 

Spain 748 0-23 Hospitalised for 

ALRI (Oct 2000-

Jun 2003) 

IF, RT-PCR Adenovirus, 

enterovirus,  

hMPV, influenza 

virus, PIV, RSV 

Yes No No Yes Yes 

Garcia-Garcia, 

2006151 

Spain 1322 0-23 Hospitalised for 

ALRI (Oct 2000-

Jun 2005) 

IF, RT-PCR Adenovirus, 

coronavirus, 

enterovirus, hMPV, 

influenza virus, 

PIV, RSV, RV  

Yes No No Yes Yes 
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First author, 

year 

Location N Age 

(months) 

Recruitment 

criteria 

Detection 

methods 

Viruses 

investigated 

Outcomes reported 

       Fever ICU Ventilation Radiograph Oxygen 

Mansbach, 

2012145 

USA 2207 0-23 Hospitalised 

with a diagnosis 

of bronchiolitis 

(winter 2007-

2010) 

Real-time 

RT-PCR 

Adenovirus, 

coronavirus, 

enterovirus, hMPV, 

influenza virus, 

PIV, RSV, RV 

No Yes No No Yes 

Marguet, 2009155 France 209 1-10.5 Hospitalised for 

first episode of 

acute 

bronchiolitis 

(Nov-Mar 2002-

2004) 

IF, RT-PCR Adenovirus, 

coronavirus, 

enterovirus, hMPV, 

influenza virus, 

PIV, RSV, RV  

No No No No Yes 
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First author, 

year 

Location N Age 

(months) 

Recruitment 

criteria 

Detection 

methods 

Viruses 

investigated 

Outcomes reported 

       Fever ICU Ventilation Radiograph Oxygen 

Prill, 2012148 USA 1952 0-59 Hospitalised 

with an 

admission 

diagnosis of 

acute 

respiratory 

infection or 

fever 

Real-time 

RT-PCR 

Bocavirus, 

coronavirus, 

hMPV, influenza 

virus, PIV, RSV, RV 

No Yes Yes No Yes 

Rotzén-Östlund, 

2014156 

Sweden 127 0-59 Hospitalised 

with respiratory 

symptoms and 

with a 

predicted stay 

of >2 days 

Real-time 

PCR, IF 

Adenovirus, 

bocavirus, 

coronavirus, 

hMPV, influenza 

virus, 

picornaviruses, 

PIV, RSV  

No No No Yes No 
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First author, 

year 

Location N Age 

(months) 

Recruitment 

criteria 

Detection 

methods 

Viruses 

investigated 

Outcomes reported 

       Fever ICU Ventilation Radiograph Oxygen 

Semple, 2005157 UK 196 0-23 Hospitalised  

with a diagnosis 

of bronchiolitis 

(Nov 2001-Mar 

2002) 

RT-PCR hMPV, RSV No Yes No No Yes 

Sung, 201150 Taiwan 48 2-32 Hospitalised 

with a diagnosis 

of acute 

bronchiolitis or 

pneumonia 

(Apr–Dec 2007) 

Culture, 

IF, PCR 

Adenovirus, 

bocavirus, 

coronavirus, 

enterovirus, 

herpes simplex 

virus, hMPV, 

influenza virus, 

PIV, RSV  

Yes No No No Yes 
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First author, 

year 

Location N Age 

(months) 

Recruitment 

criteria 

Detection 

methods 

Viruses 

investigated 

Outcomes reported 

       Fever ICU Ventilation Radiograph Oxygen 

Suryadevera, 

2011144 

USA 201 0-23 Hospitalised 

with a febrile 

respiratory 

illness and with 

respiratory 

diagnostic tests 

requested (Oct 

2007-May 

2010) 

Culture, 

IF, PCR 

Adenovirus, hMPV, 

influenza virus, 

picornaviruses PIV, 

RSV 

No Yes No No Yes 

Takao, 2003158 Japan 7 0-56 Hospitalised 

with acute 

respiratory 

tract disease 

with hMPV 

detected (Apr 

2003) 

Culture, 

RT-PCR 

Adenovirus, hMPV, 

influenza virus, 

RSV 

Yes No No No Yes 

Note: Picornavirus refers to either enterovirus or RV. Ventilation refers to mechanical ventilation. Radiograph refers to abnormal radiograph.  
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The median NOS score of included studies was four (range: 2-5) but overall quality of 

evidence for all outcomes was very low (Table 9-3). With the exception of abnormal 

radiographs, the median NOS scores for all outcomes were less than five, corresponding 

to a moderate risk of bias. Small cohort size and few events for abnormal radiographs 

contributed to serious imprecision. There were also concerns about lack of 

comparability (indirectness) and imprecision of data used for mechanical ventilation 

(Table 9-3). Publication bias for mechanical ventilation and abnormal radiographs could 

not be assessed, as three or fewer studies contributed outcome data.  

When data from children with and without comorbidities were pooled, there was 

insufficient evidence to indicate that children with co-infection had poorer outcomes 

than those with single infection across the majority of outcome measures (Table 9-3, 

Figure 9-2 to Figure 9-6). By contrast, there was suggestive evidence that children with 

single infection were at increased risk of requiring mechanical ventilation compared to 

co-infected children (Figure 9-5), although comparative risks were low (Table 9-3). 

However, these results were largely based on one study with significant differences in 

the age distribution of children with single infection and co-infection.48  
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Table 9-3. Summary of findings and quality assessment of outcomes including children with comorbidities 

  Outcomes 

  Fever ICU admission Oxygen use Mechanical ventilation Abnormal radiographs 

No. of participants (studies) 921 (7) 2748 (6) 3804 (12) 1080 (3) 230 (2) 

Comparative risks (per 1000)      

 Single infection 480 139 432 74 396 

 Co-infection (95% CI) 557 (470-662) 150 (136-167) 423 (375-475) 32 (15-68) 460 (250-844) 

Risk ratio (95% CI) 1.16 (0.98-1.38) 1.08 (0.98-1.20) 0.98 (0.87-1.10) 0.43 (0.20-0.92) 1.16 (0.63-2.13) 

Quality of the evidence      

 Risk of bias (median NOS 

score) 

4 4 4 4 5 

 Inconsistency No e No h No a No e No e 

 Indirectness No No  Serious b Serious i No 

 Imprecision Serious f Serious f No c Serious f Serious f 

 Publication bias Strongly suspected g Strongly suspected g Strongly suspected d Strongly suspected j Strongly suspected j 

 Overall Very low Very low Very low Very low Very low 

Note: A median NOS score of less than two was deemed a serious risk of bias, a score of 3-4 as a moderate risk of bias, a score of five or more as low 

risk of bias.  
a Low statistical inconsistency (I² = 21%) which may be explained by differences in measurement of oxygen saturation and definitions of oxygen 

requirement. 
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b Criteria for requiring supplemental oxygen differed between studies.  
c 95% CI for pooled RR includes both no effect and appreciable harm but has a relative risk decrease of less than 25%.  
d None of the studies were industry-sponsored although multiple study authors had received funding support or served as consultants or advisors to 

industry. Asymmetry observed in base of funnel plot. 
e Low statistical inconsistency (I² = 0% for all) suggesting that variations in effect sizes are due to within-study errors.  
f Total number of events is less than 300 for co-infection group or both groups.  
g Clustering around point estimate at top end of funnel plot. Few studies with small case numbers found. 
h High statistical inconsistency (I² =77%, p<0.001) which may be explained by differences in recruitment ages (less than two years, less than three 

years and less than five years).  
i Children requiring mechanical ventilation was extrapolated from disease severity scales in one study.48  
j Too few studies to detect publication bias. 
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Figure 9-2. Comparison of risk of fever in children with single viral and viral co-

infection including studies of children with and without comorbidities 

 

Figure 9-3. Comparison of risk of admission to ICU in children with single viral and viral 

co-infection including studies of children with and without comorbidities 
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Figure 9-4. Comparison of risk of oxygen use in children with single viral and viral co-

infection including studies of children with and without comorbidities 

 

Figure 9-5. Comparison of risk of mechanical ventilation in children with single viral 

and viral co-infection including studies of children with and without comorbidities 

 

Figure 9-6. Comparison of risk of abnormal radiographs in children with single viral and 

viral co-infection including studies of children with and without comorbidities 
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Of the 15 studies included for analyses, nine combined results of children with and 

without comorbidities; children with comorbidities accounted for up to 27% of the 

cohort (Table 9-4). When analyses were restricted to children without comorbidities, 

the risk of fever (Figure 9-7) and ICU admission (Figure 9-8) increased in the co-infected 

group compared to those with single infection but remained non-significant. 

Subgroup analyses including data from children with comorbidities suggested a non-

significant increase in the risk of ICU admission among children with RSV-co-infection or 

hMPV-co-infection compared to those with infected with either pathogen alone (Figure 

9-9). Subgroup analyses by pathogen pairs could not be performed for children without 

comorbidities due to low numbers.  

Sensitivity analyses showed no differences when the highest weighted study was 

removed, except for mechanical ventilation and ICU admission. When including data 

from children with and without comorbidities, removal of the highest weighted study48 

shifted the risk of mechanical ventilation towards the null (RR=0.43 to RR=0.84, 95% 

CI=0.12-5.90). By contrast, removal of the highest weighted study,145 increased the risk 

of ICU admission from 1.08 to 1.22 (95%CI=0.90-1.67) in those with co-infection 

compared to those with single infection. 

 



144 
 

Table 9-4. Studies reporting on combined results of children with and without 

comorbidities 

First author, year No. affected  

(% of total) 

Comorbidities potentially included 

Ali, 2010143 168 (22.6) Recruitment criteria includes cystic fibrosis 

exacerbations; additional comorbidities not 

specified 

Brand, 201248 3 (2.1) Includes children with congenital heart defects 

Caracciolo, 

2008141 

2 (0.6) Includes children with bronchopulmonary dysplasia 

and Down syndrome 

Foulongne, 200649 2 (0.3) Includes immunocompromised and nosocomially-

infected children 

Gagliardi, 2013146 2 (0.8) Includes 1 potential nosocomially-infected child 

and a child with Wolf-Hirschhorn syndrome 

Garcia-Garcia, 

2006151 

8 (0.6) Includes children with chromosomopathy, 

congenital heart disease, cerebral paresis, epilepsy, 

Prader-Willi syndrome and bronchopulmonary 

dysplasia 

Mansbach, 

2012145 

364 (16.5) Includes children with respiratory, cardiac, 

neurological, gastrointestinal and immunological 

diseases 

Prill, 2012148 Up to 525 (26.9) Includes children with lung and neurological 

conditions 

Suryadevera, 

2011144 

Up to 35 (17.4) Includes children with chronic lung disease, Down 

syndrome and congenital heart disease 

 

 

Figure 9-7. Comparison of risk of fever in children with single viral and viral co-

infection excluding studies of children with comorbidities 
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Figure 9-8. Comparison of risk of admission to ICU in children with single viral and viral 

co-infection excluding studies of children with comorbidities 

 

Figure 9-9. Comparison of risk of admission to ICU in children with single viral and viral 

co-infection of specific pathogens including studies of children with and without 

comorbidities 
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9.5 Discussion 

We did not find sufficient evidence to suggest that children aged less than five years 

with co-infection have more severe clinical outcomes compared to those with single 

infection. RR were in the direction of increased risk of fever and ICU admission when 

analyses were restricted to children without comorbidities, but results remained 

insignificant. Subgroup analyses by pathogen pairs indicate potential for increased risk 

of ICU admission among those with RSV or hMPV co-infection compared to those 

infected with either pathogen alone.  

Like previous reviews, we found no differences in the clinical severity between children 

with co-infection and those with single infection.54,55 We have added to these by 

conducting analyses separately in children without comorbidities and have attempted 

to compare outcomes in specific pathogen pairs. Those with co-infection appeared to 

have an increased risk of fever and ICU admission, although results did not reach 

statistical significance. However, data on fever may be of limited clinical utility, as it is 

common among children presenting with ALRI. 

We set out to determine the impact of viral co-infection in children without 

comorbidities. However, few studies explicitly analysed children with and without 

comorbidities separately. Therefore, we retained these studies and performed separate 

analyses excluding data from children with comorbidities. We found that the effect of 

co-infection may be diluted when data on children with and without comorbidities are 

grouped together.  

Contrary to expectation, we noted that in the presence of co-infection, children without 

comorbidities appeared to fare worse than children with comorbidities. There may be 
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significant differences between children with and without comorbidities including 

immunisation uptake, use of prophylactic strategies such as RSV immunoglobulin, and 

use of empiric antibacterial therapy, all of which may influence the severity of outcomes. 

As a result, we caution against over-interpreting this observation. 

While length of stay in hospital was the most commonly reported outcome, reporting 

variability made comparisons difficult. As a crude comparison, data on mean or median 

length of stay were log transformed for six studies including children with 

comorbidities49,141,143,148,151,152 but we found no differences between children with co-

infection and those with single infection (data not shown). Greater consistency in 

reporting of clinical measures is recommended. We did not assess the impact of co-

infection on mortality, but of the studies where mortality was reported, all except one143 

stated that no one had died.  

Quality of evidence, as judged by the GRADE framework and the NOS scale, was poor 

for most studies. Imprecision due to small case numbers and risk of bias were the main 

contributors to low quality. Studies assessing the relationships between aetiology and 

clinical outcomes in ALRI are difficult because of the variety and ubiquitous nature of 

potential respiratory pathogens.36,159 Coupled with the heterogeneity of study designs, 

methodology and pathogens tested for as well as the relatively low proportion of co-

infection in some settings,38 it is unsurprising that the evidence for disease severity in 

children with co-infection is poor. While these caveats limit the generalizability of our 

findings, our sensitivity analyses suggest that our findings for most outcomes were fair, 

given the limitations of the studies used. One possible method of addressing the issue 
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of small numbers is using linked population-level datasets, shown to be viable for 

aetiology studies.22,100 

Instead of pre-specifying outcomes measures and statistical methods to be used, as 

recommended by the Cochrane Collaboration,160 we chose outcome measures from 

those reported by included studies. Previous publications of clinical severity scales used 

variable outcome measures155,161–163 and we anticipated that included studies were 

likely to reflect this variability. Consequently, some selection bias was expected, as 

reflected in the low Kappa score in the second round of reviews and the number of 

studies reviewed a third time. We attempted to ameliorate this by having consensus of 

multiple reviewers during study selection. 

Our review was restricted to studies written in English and excluded viral-bacterial co-

infection. In addition, we did not attempt to distinguish between active viral infection, 

viral shedding and potentially non-pathogenic viral infection. This should be taken into 

consideration when interpreting study results and if undertaking a similar review in the 

future. Moreover, our study population was limited to children aged less than five years 

when presenting with ALRI. A similar review on this topic including children up to 17 

years of age is currently underway (NB: This review has since been published138). 

Comparing the results from these reviews could highlight any age differences in effects 

of co-infection in children. 

Despite these limitations, this review was a first attempt at comparing the effects of co-

infection in children with and without comorbidities while also exploring pathogen-

specific effects. We have attempted to reduce the risk of bias using multiple reviewers 

and testing the robustness of our findings. Overall, our findings suggest that there are 
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no differences in the severity of ALRI between children with co-infection and those with 

single infection. Co-infection in children without comorbidities or with specific pathogen 

pairs is suggestive of increased disease severity but there is insufficient evidence to draw 

firm conclusions. Well-designed, prospective studies may help to address these 

questions in the future. 

9.6 Conclusion 

Despite combining the wealth of existing literature investigating viral co-infection, 

current evidence suggests that children with co-infection are no worse off than children 

with single virus infection. As small sample sizes and relatively poor quality of existing 

evidence identified in this chapter, access to a large, prospectively collected dataset of 

children with influenza-like illness represented an opportunity to investigate this area 

further. This chapter builds upon the background information on co-infection presented 

in Chapter 2 and provides context for the selection of pathogen-pairs presented in later 

chapters.  
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Chapter 10 Theme 3 – Impact of viral co-infection using prospective data 

10.1 Preamble 

The systematic review presented in the previous chapter found no effects of viral co-

infections overall, but presented suggestive evidence that there may be interactions 

between specific virus pairs. Data collected as part of the WAIVE project was an 

opportunity to examine these interactions further. An overview of the WAIVE study was 

presented in Section 4.5.  

This chapter addresses Aim 6 of this thesis. This chapter has been published in the 

Journal of the Pediatric Infectious Diseases Society. A copy of the published paper is 

included in as an appendix in Section 14.7 and is presented here verbatim with some 

exceptions. Known abbreviations replaces some text and duplicate information already 

presented in Chapter 2 and Section 4.5 have been omitted from Section 10.2 and 10.3. 

Please note that some terms used in the original manuscript (e.g. co-detection) were 

replaced for consistency in terminology.  

I cleaned the data, conducted the main analyses and wrote the first draft of this study. 

Work done by co-authors of this paper are listed in Section 14.7.  

10.2 Introduction 

ALRI in children place a significant burden on families and the community. Advances in 

laboratory diagnostic techniques have resulted in the discovery of new viruses, including 

hMPV and polyomaviruses,27,32 yet a number of these pathogens have uncertain 

pathogenicity.26,164 
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Co-infection can be defined as detection of two or more pathogens in a single sample. 

With the improved sensitivity, availability and affordability of modern diagnostics, viral 

co-infections are being increasingly identified. The clinical significance of co-infection in 

ALRI remains contentious with the literature ranging from negligible to deleterious 

effects.46,51 

This study describes the virology of ALRI in children aged six months to four years who 

presented with influenza-like illness during influenza season to a tertiary paediatric 

hospital in Australia. This study also enabled us to specifically examine the impact of 

viral co-infection on clinical symptoms and outcomes. 

10.3 Methods 

10.3.1 Study setting and patients 

Commencing in 2008, the WAIVE Study was an observational cohort study established 

to determine the effectiveness of inactivated influenza vaccine in children. Patient 

recruitment was conducted at PMH (and at selected GP clinics in metropolitan WA in 

2008-2009). Due to small numbers recruited and differences in presentation, data from 

children presenting to GP clinics were removed from these analyses.  

Patient recruitment coincided with the annual influenza seasons. The start and end of 

influenza seasons were defined by the Infectious Diseases Surveillance Unit at PathWest 

Laboratory Medicine WA using a combination of indicators, including weekly proportion 

of laboratory influenza tests positive. As a guide, two consecutive weeks with over 10% 

influenza test positive often coincides with the beginning of influenza season in WA. 

Further details on study design are described elsewhere.85 



153 
 

All children 6-59 months of age presenting to PMH with a history of fever (by parental 

report) or with a measured temperature of greater than 37.5°C at presentation, 

accompanied by at least one acute respiratory symptoms within the previous 96 hours, 

were eligible for enrolment. All children transited through PMH ED. A portion of these 

children were subsequently admitted to hospital with the remainder discharged home 

from ED. Children with a known immunodeficiency disorder, current or recent 

immunosuppressive treatment, or who received immunoglobulin in the previous three 

months were excluded from the study.  

Patient demographics, medical history and presenting symptoms were collected by 

parental questionnaire. Comorbidities recorded included prematurity, asthma, chronic 

cardiac, neurological or respiratory conditions. Influenza vaccination status was 

obtained by parental report and confirmed through the Australian Childhood 

Immunisation Register or by contacting immunisation providers. Vaccination status for 

other vaccines were not collected. A follow-up questionnaire of illness outcomes, 

including details of hospital admission(s), use of antibiotics and time to recovery, was 

provided to families to complete within 7-10 days after enrolment. A retrospective 

review of medical records was undertaken when hospitalisation data were incorrectly 

recorded or missing. No follow-up was conducted for antibiotics use if data were missing.  

10.3.2 Respiratory virus detection 

Children had bilateral mid-turbinate nasal swabs collected at enrolment (Copan 

Diagnostics Inc., Murrieta, CA). If a NP aspirate had already been collected by hospital 

staff as part of clinical care, this sample was used in lieu of a nasal swab. Viral culture 

(Madin-Darby Canine Kidney cells, Diploid lung fibroblasts) and multiplex tandem PCR 
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was used to detect all viruses except picornaviruses and hMPV.165,166 Picornaviruses 

were detected using nested PCR167 targeting the 5’ untranslated region of the 

picornavirus genome with sequencing used to assist with identification of rhinoviruses 

and enteroviruses. hMPV was tested using an IF assay (Simulfluor hMPV 

Immunofluoresent Assay; Millipore, Temecula, CA) and PCR. All patients were subjected 

to the same panel of tests and testing methods were consistent throughout the study 

period with the exception of testing for hMPV; testing for hMPV was based on clinical 

need. While both IF and PCR assays were used throughout the study period, PCR testing 

was more common in later years. 

For all viruses (except hMPV), positive viral detection was defined as detection by viral 

culture and/or PCR. Positive detection of hMPV was defined as detection by IF and/or 

PCR. All influenza types/subtypes (i.e. influenza A/H1N1, A/H3N2 and B) were grouped 

for analysis. Similarly, subgroups of PIV viruses (i.e. PIV1-4) were grouped together for 

analysis. Infection was defined as detection of one or more of RV, influenza, RSV, PIV, 

adenovirus, coronavirus or hMPV. Co-infection was defined as detection of two or more 

viruses in a single diagnostic sample.  

10.3.3 Definitions and statistical analysis 

Out-of-home care was defined as attendance at playgroup, mothers’ group, day-care 

centre, kindergarten or preschool. Length of stay in hospital refers to the duration from 

admission to discharge date. Symptoms investigated included cough, rhinorrhoea, 

wheeze, dyspnoea, rash, diarrhoea and vomiting while outcomes investigated were 

antibiotic prescription and hospital admission. Prematurity was defined as described in 

Section 4.6.1.  
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Logistic regression models were used to calculate OR with 95% CI to compare those with 

single infection to those with co-infection. Dependent variables were symptom (e.g. 

presence of cough or rhinorrhoea) and outcome variables (e.g. hospitalisation or use of 

antibiotics). 

We calculated aORs by including the following covariates in the logistic regression 

models: age, gender, Aboriginal status, prematurity, presence of comorbidities, out-of-

home care and household smoking. Age was included as a categorical variable in the 

models and were divided into 6-11 months, 12-23 months, two years, three years and 

four years. Covariates were selected based on known epidemiological or clinical risk 

factors for co-infection. Data from all patients were included in the adjusted models 

unless they had missing data on one or more covariates. To investigate the impact of 

specific pathogen pairs, analyses were repeated for the most common pathogen pairs. 

Estimated marginal means of logistic regression models were used to calculate 

probabilities with 95% CIs for antibiotic prescribing and hospitalisation for common 

pathogen pairs. Software used for these analyses are listed in Section 4.8 and ethical 

approvals received listed in Section 4.7. 

10.4 Results 

Of 2715 patients recruited from 2008 to 2012, data for 2356 patients were available for 

analysis. Reasons for exclusion included incorrect or unknown age (n=154, 42.9% of all 

excluded patients), recruitment from GP clinics in 2008-2009 (n=131, 36.5%), 

incomplete pathogen testing (n=29, 8.1%), unknown vaccination history (n=7, 1.9%), 

incomplete data (n=12, 3.3%), multiple enrolments for the same episode of illness (n=3, 

0.8%),  withdrawal from the study (n=23, 6.4%).  
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Of the 2356 patients enrolled, the majority (n=1848, 78.4%) were enrolled while 

presenting to PMH ED. Of these 6.3% (n=117) were subsequently admitted to hospital. 

The median age was 22.0 months (IQR=14.0-35.0), 54.9% were male and 5.7% were 

Aboriginal. Children born preterm accounted for 13.5% (n=319) of patients. Children 

with comorbidities accounted for 15.1% (n=355) of this cohort. Of those that had one or 

more comorbidity, asthma (n=218, 61.4%) and other chronic respiratory conditions 

(n=54, 15.2%) were most common. 

Of 2356 patients, 52.8% (n=1244) completed questions relating to outcomes (e.g. 

antibiotics use). Although parents were requested to complete these questions 7-10 

days post-enrolment, yet the mean time to completion was 19.3 days and ranged from 

zero to 149 days (median=10 days). Data on antibiotic prescription post-enrolment were 

available for 51.0% (n=1201) of patients, of whom 483 (40.2%) were prescribed 

antibiotics. Combining data from questionnaires and review of hospital records resulted 

in near-complete data on hospitalisation (99.4%, n=2341), of whom 610 (26.1%) were 

hospitalized. Of those who were admitted to hospital, the median length of stay was 

two days (IQR=1-3).  

Overall, 1630 patients (69.2%) tested positive for a virus. Of those with at least one virus 

detected, the most common were RV (n=665, 40.8%), influenza (n=481, 29.5%) and RSV 

(n=431, 26.4%; Figure 10-1). Of those with a virus detected, 24.8% (n=404) were co-

infected. Of these, 350 (86.6%) had two viruses detected, 52 (12.9%) had three viruses 

detected and the remainder with four or more viruses.  
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Figure 10-1. Frequency of pathogen detection and co-infection 

Note: Detections of enterovirus and bocavirus were excluded from subsequent 

analyses. 

A greater proportion of children with multiple viruses detected were less than two years 

old (65.4%) compared to those with a single virus infection (51.2%, p<0.001; Table 10-1). 

Those with co-infection also had greater odds of presenting with cough and rhinorrhoea 

compared to those with single infection, although both symptoms were common in both 

groups (Table 10-2). This effect remained after adjusting for other covariates. Of note, 

although less common, diarrhoea was more frequently observed in children with viral 

co-infection. There were no significant differences in the odds of being prescribed 

antibiotics (aOR=1.1, 95%CI: 0.8, 1.5) or hospitalised (aOR=1.1, 95%CI: 0.8, 1.4) between 

patients with single infection and co-infection (Table 10-2).  
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Table 10-1. Cohort characteristics by infection status 

 Frequency (n=2356) 

 No pathogen (n=726) Single infection (n=1226) Co-infection (n=404) 

Description n % (95% CI) n % (95% CI) n % (95% CI) 

Aged less than 2 years 382 52.6 (48.9-56.3) 628 51.2 (48.4-54.1) 264 65.4 (60.5-70.0) 

Male 397 54.7 (51.0-58.4) 668 54.5 (51.7-57.3) 228 56.4 (51.4-61.3) 

Aboriginal 33 4.6 (3.2-6.3) 71 5.8 (4.6-7.3) 31 7.7 (5.3-10.7) 

Born preterm (<37 weeks gestation) 102 14.15 (11.6-16.8) 158 12.9 (11.1-14.9) 59 14.6 (11.3-18.4) 

One or more comorbidities 117 16.1 (13.5-19.0) 183 14.9 (13.0-17.1) 55 13.6 (10.4-17.4) 

More than 4 hours in out-of-home care 442 60.9 (57.2-64.5) 825 67.3 (64.6-69.9) 299 74.0 (69.4-78.2) 

Smoking in household 154 21.2 (18.3-24.4) 283 23.1 (20.8-25.6) 107 26.5 (22.2-31.1) 

Influenza vaccine on year of admission 188 25.9 (22.7-29.2) 303 24.7 (22.3-27.2) 100 24.8 (20.6-29.3) 

Note: Exact 95% CI presented. Denominators include cases with missing data. Detections of enterovirus or bocavirus were ignored in counts of single and co-

infection. 
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Table 10-2. Frequency and logistic regression models of symptoms and outcomes by infection type 

 Frequency Logistic regression models 

  Single infection (n=1226) Co-infection (n=404) Co- infection Co- infection 

Description % (95% CI) % (95% CI) OR a (95% CI) aOR a,b (95% CI) 

Symptoms         

 Cough 88.7 (86.8-90.4) 93.3 (90.4-95.6) 1.95 (1.24-3.06) 1.94 (1.21-3.13) 

 Rhinorrhoea 88.1 (86.2-89.9) 93.3 (90.4-95.6) 2.07 (1.32-3.23) 1.79 (1.12-2.85) 

 Wheezing 43.6 (40.8-46.4) 49.0 (44.0-54.0) 1.26 (1.01-1.58) 1.20 (0.94-1.52) 

 Dyspnoea 45.8 (43.0-48.7) 50.7 (45.8-55.7) 1.23 (0.98-1.55) 1.15 (0.91-1.47) 

 Rash 17.9 (15.8-20.1) 14.1 (10.9-17.9) 0.75 (0.55-1.03) 0.69 (0.49-0.95) 

 Diarrhoea 20.4 (18.2-22.8) 27.2 (22.9-31.9) 1.47 (1.13-1.90) 1.33 (1.01-1.74) 

 Vomiting 38.6 (35.9-41.4) 42.8 (37.9-47.8) 1.19 (0.94-1.50) 1.16 (0.91-1.48) 

Outcomes         

 Antibiotics given c 20.0 (17.8-22.3) 21.5 (17.6-25.9) 1.19 (0.86-1.63) 1.11 (0.79-1.54) 

 Admitted to hospital 24.6 (22.2-27.1) 26.2 (22.0-30.8) 1.13 (0.87-1.46) 1.09 (0.83-1.44) 

Note: Denominators include those with missing data. The number of children with missing data are as follows: cough (n=4 for single infection; n=3 

for co-infection), rhinorrhoea (n=4; n=3), wheezing (n=4; n=4), dyspnoea (n=5; n=4), rash (n=30; n=9), diarrhoea (n=30; n=10), vomiting (n=32; n=9), 

antibiotics given (n=587; n=199), admitted to hospital (n=6; n=2). Infections with either enterovirus or bocavirus were ignored in counts of single 

infection and co-infection.  
a Models presented are the odds of having a symptom/outcome in children with co-infection compared with children with single infection. 
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b Models were adjusted for age, gender, Aboriginal status, preterm birth, presence of comorbidities, out-of-home care and household smoking. All 

covariates listed were inputted as categorical variables. 
c Data were only available for 639 children with single infection and 205 children with co-infection.  
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We then selected the three most common pathogens (RV, influenza and RSV) and 

investigated associations of specific pathogen pairs with antibiotic prescription and 

hospitalisation. After adjusting for other covariates, patients with both influenza and 

RSV detected had a 52% probability (95% CI: 28%-76%) of being prescribed antibiotics 

with a trend towards more frequent prescription when compared with those with 

influenza or RSV infection alone (Figure 10-2). Similarly, the probability of being 

hospitalised was highest in those with influenza and RSV detected (probability=55%, 95% 

CI: 35-73%); significantly greater when compared with those with influenza infection 

alone (probability=22%, 95%CI: 16-29%; Figure 10-3) and with a trend observed 

compared with RSV infection alone (probability=43%, 95%CI: 36-51%). 

 

Figure 10-2. Probability of post-enrolment antibiotics use by pathogen pairs with 95% 

CI 
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Figure 10-3. Probability of hospitalisation by pathogen pairs with 95% CI 

10.5 Discussion 

This is one of the largest, single-site prospective studies of children up to four years of 

age that specifically investigates the incidence of and clinical outcomes associated with 

viral co-infection. Our findings demonstrate that although differences in demographics, 
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associated with more severe clinical illness among young children with influenza-like 

illness. Specific pathogen pairs may be associated with an increased probability of 

hospitalisation as was observed with influenza and RSV. This finding has implications in 

paediatric healthcare facilities where isolation of all children with acute respiratory viral 
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common and therefore, likely to be of little clinical relevance. On the other hand, the 

clinical outcomes chosen (i.e. antibiotics use and hospitalisation) were more indicative 

of disease severity but may be subject to clinical judgement and therefore, be less 

sensitive measures of disease severity. Accordingly, we observed no significant 

differences in the outcomes for children with single infection and those with co-infection.  

This is consistent with data from previous systematic reviews, which found negligible 

differences between outcomes in children and adults with co-infection compared to 

peers with single infection.54,55 However, further analyses by pathogen pairs suggest 

that some combinations of specific viral pathogens, such as influenza and RSV, are 

potentially more significant than others. This corroborates data from our recently 

completed systematic review that specifically investigated clinical outcomes in children 

with co-infection and found no differences overall but suggest that some pathogen 

specific effects may be present.125 Our data suggest that future research in this area 

should segregate analysis by specific pathogen pairs where numbers allow. 

We chose to exclude bocavirus and enterovirus detections from the analyses as their 

pathogenicity in ALRI is still not well-established. Bocavirus is often implicated in both 

symptomatic and asymptomatic co-infection and is thought to have a prolonged period 

of shedding;164 both features which may confound any associations between co-

infection and clinical severity. On the other hand, studies on the role of enteroviruses in 

ALRI are suggestive of pathogenicity,168 however the numbers are small. For these 

reasons, detections of both viruses were excluded from the analyses presented here. 

Repeat analyses including these viruses did not change the overall findings (Table 10-3 

and Table 10-4).  



164 
 

Table 10-3. Cohort characteristics by infection status (all viruses included) 

 Frequency (n=2356) 

 No pathogen (n=542) Single infection (n=1228) Co-infection (n=586) 

Description n % (95% CI) n % (95% CI) n % (95% CI) 

Aged less than 2 years 279 51.5 (47.2-55.8) 611 49.8 (46.9-52.6) 384 65.5 (61.5-69.4) 

Male 293 54.1 (49.8-58.3) 664 54.1 (51.2-56.9) 336 57.3 (53.2-61.4) 

Aboriginal 26 4.8 (3.2-7.0) 72 5.9 (4.6-7.3) 37 6.3 (4.5-8.6) 

Born preterm 70 12.9 (10.2-16.0) 163 13.3 (11.4-15.3) 86 14.7 (11.9-17.8) 

Has 1 or more comorbidities 92 17.0 (13.9-20.4) 186 15.2 (13.2-17.3) 77 13.1 (10.5-16.2) 

More than 4 hours in out-of-home care 346 63.8 (59.6-67.9) 812 66.1 (63.4-68.8) 408 69.6 (65.7-73.3) 

Has smoking in household 119 22.0 (18.5-25.7) 282 23.0 (20.6-25.4) 143 24.4 (21.0-28.1) 

Had influenza vaccine on year of admission 150 27.7 (24.0-31.7) 306 24.9 (22.5-27.4) 135 23.0 (19.7-26.7) 

Note: Exact 95% CI presented. Denominators include cases with missing data.  
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Table 10-4. Frequency and logistic regression models of symptoms and outcomes by infection type (all viruses) 

 Frequency Logistic regression models 

  Single infection (n=1228) Co-infection (n=586) Co- infection Co- infection 

Description % (95% CI) % (95% CI) OR a (95% CI) aOR a,b (95% CI) 

Symptoms         

 Cough 87.9 (85.9-89.6) 91.5 (88.9-93.6) 1.53 (1.09-2.16) 1.63 (1.12-2.36) 

 Rhinorrhoea 86.6 (84.6-88.5) 92.3 (89.9-94.3) 1.94 (1.36-2.76) 1.72 (1.18-2.51) 

 Wheezing 43.1 (40.3-45.9) 48.6 (44.5-52.8) 1.26 (1.03-1.54) 1.23 (0.99-1.53) 

 Dyspnoea 44.9 (42.1-47.7) 51.2 (47.1-55.3) 1.30 (1.07-1.58) 1.27 (1.03-1.57) 

 Rash 17.6 (15.5-19.8) 15.7 (12.9-18.9) 0.87 (0.66-1.13) 0.82 (0.62-1.08) 

 Diarrhoea 20.0 (17.8-22.3) 24.6 (21.1-28.3) 1.31 (1.03-1.65) 1.17 (0.91-1.50) 

 Vomiting 38.9 (36.2-41.7) 40.4 (36.4-44.5) 1.06 (0.86-1.29) 1.03 (0.84-1.28) 

Outcomes         

 Antibiotics given c 19.7 (17.5-22.0) 21.0 (17.8-24.5) 1.09 (0.82-1.44) 0.98 (0.73-1.31) 

 Admitted to hospital 24.4 (22.0-26.9) 28.2 (24.6-32.0) 1.22 (0.97-1.52) 1.18 (0.92-1.49) 

Note: Denominators include those with missing data. The number of children with missing data are as follows: cough (n=4 for single infection; n=3 

for co-infection), rhinorrhoea (n=4; n=3), wheezing (n=4; n=4), dyspnoea (n=5; n=4), rash (n=32; n=13), diarrhoea (n=33; n=14), vomiting (n=34; 

n=13), antibiotics given (n=601; n=283), admitted to hospital (n=6; n=2).  
a Models presented are the odds of having a symptom/outcome in children with co-infection compared with children with single infection. 
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b Models were adjusted for age, gender, Aboriginal status, preterm birth, presence of comorbidities, out-of-home care and household smoking. All 

covariates listed were inputted as categorical variables. 
c Data were only available for 627 children with single infection and 283 children with co-infection.  
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An important consideration when interpreting these findings is the inability to 

distinguish between active (and pathogenic) infection and viral shedding. Prolonged 

viral shedding for some respiratory viruses, particularly RV, have been well-

documented.169,170 Quantitative analyses may be of assistance in distinguishing these 

clinical states yet has not become commonplace in the diagnostic laboratory for 

respiratory viruses.  

One limitation of our study is that only children presenting to one hospital with 

influenza-like illness and fever were eligible for enrolment in this study. Consequently, 

it is possible that these children were at the more severe end of the disease spectrum 

which may bias our results. During the course of this study, there was a shift from using 

an antigen-based assay to using PCR when detecting hMPV, although both methods 

were used throughout the study period. We have elected to include detections from 

both methods but acknowledge that differences in the performance of these methods 

would mean that potential cases of hMPV may have been missed in earlier samples. 

These changes, as well as clinical discretion in testing for hMPV, may explain the lower 

proportions of hMPV detections in this cohort compared to other studies.143,171 

Further limitations of this study include missing outcomes data, particularly for 

antibiotic prescription. In addition, data on diagnosis at discharge were not collected, 

which may have helped to indicate the severity of symptoms. Moreover, despite 

enrolling nearly 2500 children, the number of patients with infections with specific 

pathogens and pathogen-pairs were relatively small.  

Future studies using routinely collected, linked administrative data may assist in 

addressing both issues. Nonetheless, this is one of the largest single-site studies 



168 
 

specifically investigating the effects of co-infection in young children using a wide panel 

of respiratory pathogens. Our results are similar to those reported elsewhere, adding to 

the validity of the findings.172 

We conclude that the impact of co-infection on disease severity in children presenting 

with influenza-like illness is likely to be limited to specific pathogen pairs. Therefore, 

routine screening for co-infection in this population should be restricted to common 

respiratory pathogens and efforts to reduce cross infection should focus on these 

specific pathogens. 

10.6 Conclusion 

Data from 5 consecutive influenza seasons suggested that viral co-infection did not have 

a significant clinical impact among children presenting for influenza-like illness 

compared to those with single virus infection. Of note were differences in the 

demographic characteristics of those had missing data on antibiotics received. A higher 

proportion of those who had missing antibiotics data were in out-of-home care for more 

than 4 hours (p<0.01) and did not receive an influenza vaccine on the year of admission 

(p<0.01).  

Thus far, viral co-infections appeared to have limited effects on clinical outcomes based 

on existing literature (Chapter 9) and a large, prospective dataset (this chapter). 

Replicating these analyses in a population-based cohort to substantiate or refute these 

findings is the subject of the next chapter.  
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Chapter 11 Theme 3 – Impact of viral co-infections using retrospective data 

11.1 Preamble 

Following from the results presented in Chapter 9 and Chapter 10, there appeared to be 

little difference between those with single virus infection compared to those with viral 

co-infection. Given the variety and depth of data available on the birth cohort from the 

Triple I project, it was a valuable opportunity to verify these findings using a larger, 

population-based dataset. This chapter presents the early results of this investigation 

and has not yet been submitted for publication.  

I was responsible for all analyses presented here. My contributions to data cleaning as 

well as work attributed to others are as per Chapter 8.  

11.2 Introduction 

Current studies on viral co-infections, including those presented in Chapter 9 and 

Chapter 10, had relatively small numbers and presented suggestive evidence that 

specific virus pairs may be associated with more severe outcomes. It is unclear if these 

associations would hold with an increased sample size. Studies with greater numbers 

also have the potential to explore the impact of specific virus pairs.  

Therefore, this chapter aims to describe the prevalence and impact of viral co-infection 

in a birth cohort of WA-born children hospitalised between 2000 and 2012. This 

addresses Aim 6 of this thesis.  
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11.3 Methods 

As mentioned previously, this study uses data from the Triple I dataset described in 4.4 

and follows on from the results described in Chapter 8. In brief, hospital and laboratory 

data pertaining to children in the birth cohort were restricted to the period between Jan 

2000 and Dec 2012 and post-mortem admissions were excluded. Data used for this 

study were then further restricted to admissions that linked to a respiratory virus test 

with at least one virus detected as per the definition for virus detection described in 

Section 4.6.5. Definitions of all other variables are as previously described in Section 4.6 

and Chapter 8 unless otherwise specified.  

11.3.1 Statistical analysis 

Characteristics of admissions with single virus detected and viral co-infection were 

compared using chi-squared tests in EpiBasic (version 3)89 where required. Main 

outcomes of interest were ICU admission, requirement for mechanical ventilation, 

length of stay in hospital, time to subsequent admission for any reason and for ALRI.  

Logistic regression was used to compare all outcomes, except time to subsequent 

admission, between those with single virus infection and viral co-infection. Length of 

stay in hospital was grouped as per Table 11-1; the cut-off of two days was used as it 

was the median length of stay for all hospital admissions. All logistic regression models 

were adjusted for maternal smoking during pregnancy, gestational age, Aboriginal 

status, SEIFA at birth, age at admission, year and season of admission, diagnosis, hospital 

type and inter-hospital transfers. These analyses were repeated comparing specific RSV 

co-infection pairs. Despite using data from a total population-based cohort study of 

approximately 0.5 million children, there were insufficient numbers to compare other 
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virus pairs or the association between requirement of mechanical ventilation and RSV 

co-infection pairs.  

Two Cox regression models were used to compare the hazard ratios (HR) of those single 

virus infection and those with viral co-infection – one model for the time to subsequent 

admission for any reason (including admissions for ALRI) and the second model for time 

to subsequent ALRI admission. A child was considered to have entered the study when 

they were born and became at risk upon discharge from their first hospital admission 

where at least one virus was detected. Failure was defined as subsequent admission to 

hospital for any reason or for ALRI, with each child able to have multiple failure events. 

Cases were censored if no failure event was recorded by the end of the study period (31 

December 2012) or date of death. Definition of an ALRI hospital admission was 

described in Section 4.6.2. All Cox regression models were adjusted for maternal 

smoking during pregnancy, gestational age, Aboriginal status, SEIFA at birth, year and 

season of admission, diagnosis, hospital type and inter-hospital transfers. Violation of 

the proportional hazards assumption was assessed visually using log-log plots of time to 

readmission by infection status.  

Covariates for all models were chosen according to clinical relevance or if they were 

known risk factors for the outcome and/or co-infection. All covariates were included as 

categorical variables except for year of admission, which was included as a continuous 

variable. Sub-groups for all categorical variables used are presented in Table 11-1. 

Software used for these analyses are listed in Section 4.8 and ethical approvals received 

listed in Section 4.7. 
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11.4 Results 

Approximately 9.1% of all hospital admissions, pertaining to 30,895 children, linked to a 

test record for respiratory viruses (Figure 11-1). Of these, 40.7% (n=17,747) of 

admissions pertaining to 14,888 children had at least one virus detected. Approximately 

4.1% of admissions with at least one virus detected had co-infection (Figure 11-1). Of 

those with viral co-infection, 93.4% (n=675) were co-infections with two viruses while 

the remainder were co-infections with three or more viruses.  

 

Figure 11-1. Overview of study cohort by infection status 

Note: Percentages may not equal 100 due to rounding. 

Overall, 7.0% (n=1248) of those with at least one virus detected were admitted to ICU 

and 3.0% (n=538) required mechanical ventilation. Compared to those with single virus 
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infection, a higher proportion of admissions with viral co-infection detected related to 

children born to mothers who smoked during pregnancy (p<0.01; Table 11-1). Likewise, 

the proportion of admissions relating to Aboriginal children comprised 15.9% of all 

admissions with a single virus detected but comprised almost a third of admissions with 

viral co-infection detected (p<0.01; Table 11-1). Similarly, admissions to rural hospitals 

made up 46.9% of those with viral co-infection detected compared to only 15.6% of 

admissions with single virus detected (p<0.01; Table 11-1). 
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Table 11-1. Characteristics of admissions with single virus and viral co-infection 

Description No virus 

detected 

(n=25,880) 

Single virus 

(n=17,024) 

Viral co-

infection 

(n=723) 

  n % n % n % 

Gender       

 Male 14,842 57.3 9720 57.1 409 56.6 

 Female 11,038 42.7 7304 42.9 314 43.4 

Maternal smoking during pregnancy       

 No 18,646 72.0 12,091 71.0 417 57.7 

 Yes 5858 22.6 4155 24.4 249 34.4 

Gestational age       

 <32 weeks 1861 7.2 1146 6.7 38 5.3 

 32-36 weeks 3522 13.6 2446 14.4 82 11.3 

 >36 weeks 20,488 79.2 13,421 78.8 603 83.4 

Aboriginal status       

 Non-Aboriginal 22,328 86.3 14,322 84.1 494 68.3 

 Aboriginal 3552 13.7 2702 15.9 229 31.7 

SEIFA at birth       

 0-10% (most advantaged) 2917 11.3 2166 12.7 142 19.6 

 11-25% 4611 17.8 3160 18.6 139 19.2 

 26-75% 11,752 45.4 7528 44.2 299 41.4 

 76-90% 3271 12.6 2001 11.8 50 6.9 

 91-100% (most disadvantaged) 1629 6.3 923 5.4 14 1.9 

Age at admission       

 <1 month 2267 8.8 990 5.8 14 1.9 

 1-5 months 6038 23.3 5046 29.6 178 24.6 

 6-23 months 9700 37.5 6690 39.3 397 54.9 

 2-4 years 4999 19.3 3012 17.7 95 13.1 

 5-9 years 2187 8.5 1020 6.0 33 4.6 

 10-16 years 689 2.7 266 1.6 6 0.8 

Season of admission       

 Summer (Dec – Feb) 4883 18.9 1405 8.3 75 10.4 

 Autumn (Mar – May) 5408 20.9 2322 13.6 82 11.3 
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Description No virus 

detected 

(n=25,880) 

Single virus 

(n=17,024) 

Viral co-

infection 

(n=723) 

  n % n % n % 

 Winter (Jun – Aug) 7795 30.1 8825 51.8 320 44.3 

 Spring (Sep – Nov) 7794 30.1 4472 26.3 246 34.0 

Diagnosis       

 ALRI 8682 33.5 11,646 68.4 546 75.5 

 URTI 4115 15.9 1836 10.8 68 9.4 

 Other 13,083 50.6 3542 20.8 109 15.1 

Hospital type       

 Tertiary 18,628 72.0 11,205 65.8 197 27.2 

 Metropolitan (public/private) 4513 17.4 3158 18.6 187 25.9 

 Rural (public/private) 2739 10.6 2661 15.6 339 46.9 

Length of stay       

 2 or fewer days 8441 32.6 4466 26.2 159 22.0 

 3 or more days 17439 67.4 12558 73.8 564 78.0 

Inter-hospital transfers       

 No 25,147 97.2 16,508 97.0 703 97.2 

 Yes 733 2.8 516 3.0 20 2.8 

ICU admission       

 No 23,910 92.4 15,815 92.9 684 94.6 

 Yes 1970 7.6 1209 7.1 39 5.4 

Mechanical ventilation       

 No 25,070 96.9 16,508 97.0 701 97.0 

 Yes 810 3.1 516 3.0 22 3.0 

Note: Percentages may not equal 100 due to missing data and rounding.  

RSV was the most common virus detected (n=8768) followed by PIV (n=2220) and 

influenza (n=2160; Figure 11-2). However, only 4.9% of admissions with RSV were co-

infections compared to 25.8% of those with adenovirus and 12.4% of those with hMPV 

(Figure 11-2). RSV-adenovirus (n=177), RSV-PIV (n=95) and adenovirus-PIV virus (n=57) 

pairs were the most common co-infecting pairs.  
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Figure 11-2. Frequency of co-infection 

Note: Picornavirus includes some detections of RV but these could not be 

distinguished from other types of picornaviruses (e.g. enterovirus). Co-infection may 

involve more than two viruses. 

The median length of stay for those with single virus infection was three days (IQR=2-5 

days) while for those with viral co-infection was four days (IQR=3-5 days). After adjusting 

for demographic and admission-specific factors, those with viral co-infection had at least 

1.3 times the odds of ICU admission, requiring mechanical ventilation and staying in 

hospital for three or more days than those with single virus infection (Table 11-2). When 

specific virus pairs were assessed, all RSV co-infection pairs had higher odds of being 

admitted to ICU than those who only had RSV detected but these were not statistically 

significant (Table 11-2). Similarly, RSV-influenza co-infection pair had 1.5 times higher 

odds of staying in hospital for three or more days but this was also not statistically 

significant. There were insufficient numbers to investigate the association of RSV co-

infection pairs for mechanical ventilation.  
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Overall, 61.2% (n=9115) of children with at least one virus detected were subsequently 

admitted to hospital for any reason with a median time to readmission of 15 months 

(IQR=4-46 months). A third of children who had admissions after hospitalisation with at 

least one virus detected were readmitted for ALRI (33.3%, n=3035). For these children, 

the median time to readmission for ALRI was 41 months (IQR=10-99 months).  

After accounting for all other factors, viral co-infection was significantly associated with 

subsequent admission to hospital for any reason (adjusted HR=1.20, 95% CI 1.07-1.35; 

Table 11-3), with a median time to next admission of 15 months (IQR=4-47 months) for 

those with single virus infection compared to a median of 11 months (IQR=3-32 months) 

among those with viral co-infection. Additionally, there was an association with 

subsequent ALRI admission although this did not reach statistical significance (adjusted 

HR=1.19, 95% CI 0.98-1.44; Table 11-3). The median time to subsequent ALRI admission 

was 24 months (IQR=6-65 months) for those with viral co-infections and 41 months 

(IQR=10-100 months) for those with single infection. 
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Table 11-2. Separate logistic regression models for: ICU admission, mechanical ventilation and length of stay by infection status 

  ICU admission Mechanical ventilation >3 days in hospital 

Infection status n aOR (95% CI) aOR (95% CI) aOR (95% CI) 

Overall        

 Single virus 17,024 Ref  Ref  Ref  

 Co-infection 723 1.97 (1.32-2.93) 1.74 (1.06-2.87) 1.33 (1.08-1.63) 

Specific virus pairs        

 RSV only 8343 Ref    Ref  

 + adenovirus only 177 1.28 (0.27-5.97) - - 1.19 (0.76-1.87) 

 + PIV only 95 1.98 (0.63-6.23) - - 0.94 (0.54-1.61) 

 + influenza only 43 3.82 (0.60-24.19) - - 1.54 (0.62-3.79) 

Note: Dashed lines indicate that model could not be developed due to small numbers. All models were adjusted for maternal smoking during 

pregnancy, gestational age, Aboriginal status, SEIFA at birth, age at admission, year and season of admission, diagnosis, hospital type and inter-

hospital transfers.  
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Table 11-3. Hazard ratios for time to subsequent admission using Cox regression 

models by infection status 

Time to subsequent admission Hazard ratio (95% CI) 

For any reason   

 Single virus Ref  

 Viral co-infection 1.20 (1.07-1.35) 

For ALRI   

 Single virus Ref  

 Viral co-infection 1.19 (0.98-1.44) 

Note: All models were adjusted for maternal smoking during pregnancy, gestational 

age, Aboriginal status, SEIFA at birth, year and season of admission, diagnosis, hospital 

type and inter-hospital transfers as per categories shown in Table 11-1.  

11.5 Discussion 

Of 17,747 admissions that had at least one virus detected, 4% had viral co-infection. 

While RSV was the most common virus detected overall, adenovirus had the highest 

proportion of co-infections with RSV-adenovirus being the most common virus pair. 

Those with viral co-infections had increased odds of ICU admission, requiring mechanical 

ventilation or staying in hospital for three or more days, than those with single virus 

infection. When specific pairs were examined, those co-infected with a RSV-influenza 

pair had four times the odds of being admitted to ICU compared to those with only RSV 

detected but this was not statistically significant. Children with viral co-infections were 

subsequently admitted to hospital for any reason sooner than those with single virus 

infection.  

Despite including hospital data on approximately 0.5 million children and a range of 

detection methods, only 4% of admissions with at least one virus detected had co-

infections. This is in contrast with previous studies reporting up to 40% of children 

presenting with ALRI with viral co-infection.46 Low proportions of viral co-infection 
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among the Triple I birth cohort has limited the breadth and scope of analyses that could 

be performed in Chapter 11; for example, further exploring associations in viral co-

infection pairs that included hMPV. Frequencies of viral co-infection in this dataset may 

be partly driven by overall changes in testing practices described in Chapter 8 as well as 

inter-hospital differences, as noted in Chapter 5. This suggests that further work using 

these data could benefit from disaggregating by hospital type if numbers allow. 

Additionally, since researchers using linked data have little control over testing practices, 

future studies into the effects of specific virus pairs may be better served by using 

prospectively collected data on respiratory viruses to achieve higher detection rates.  

In contrast to previous studies54,55,138 and results from Chapter 9 and Chapter 10, 

preliminary findings from this study suggest an association between viral co-infection 

and more severe outcomes. This highly significant finding requires further investigation 

to exclude potential biases (e.g. immunocompromised children), which may influence a 

clinicians’ or laboratories likelihood to investigate the potential for viral co-infection. 

These biases may be compounded by other factors in the laboratory, such as use of 

multiple detection methods and inclusion of additional viruses (e.g. unspeciated 

picornavirus), as well as different hospital policies for ICU admission and length of stay 

between hospitals and countries. Even so, point estimates of all investigated outcomes 

for RSV virus pairs supports the notion that clinical outcomes are different for specific 

virus pairs.  

Interestingly, we observed a small difference in the time to subsequent admission for 

any reason between those with single virus infection compared to those with viral co-

infection. These findings should be interpreted with caution as comorbidities were not 
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accounted for in these analyses, as discussed previously. These would have a significant 

impact on the time to subsequent admission and therefore, would bias the results 

presented here.  

An additional limitation of this study is the lack of detailed clinical data. As this study 

primarily uses linked hospital and laboratory data, there were no information on 

presenting symptoms, other clinical indicators (e.g. temperature), antiviral use or 

immunisation data. In addition, while ICD coded data on comorbidities were available, 

these were not adjusted for in these analyses but are planned. Nonetheless, this chapter 

represents initial investigations from one of the few population-based studies 

investigating the prevalence and impact of viral co-infections in hospitalised children. 

Future studies using prospective study data as well as using more sophisticated study 

designs (e.g. case crossover or propensity scores) may be useful in addressing some of 

these limitations. 

11.6 Conclusion 

Of note was the differences in the proportion of cases with viral co-infections in this 

chapter compared to preceding chapters (4% compared to 25% in Chapter 10). This may 

be due to inter-hospital differences in testing, as discussed in Chapter 5 and Chapter 7 

as well as differences in study design (e.g. WAIVE cohort were only enrolled during 

influenza seasons). Reliance on more manual detection methods (e.g. culture or IF) from 

2000 to 2005, as documented in Chapter 7, may have limited testing for additional 

pathogens once a virus has been identified, which would have an impact on the 

proportion of viral co-infections detected. This chapter concludes Theme 3 of this thesis 

investigating the impact of viral co-infections. 
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Chapter 12 Discussion 

12.1 Preamble 

The objective of this thesis was to explore the use of linked laboratory data to enable 

more accurate assessments of the pathogen-specific epidemiology of ALRI. This chapter 

summarises the findings from this thesis and discusses the overall strengths and 

limitations of these. I also identify the public health implications of this body of work 

and potential future directions for ALRI research as well as for record linkage.  

12.2 Summary of findings 

Medical charts indicated that 77% of children presenting to WA hospitals for ALRI had 

undergone testing for respiratory pathogens, compared to 45% captured through a 

previous linked dataset. This suggests that some test records were missed when 

PathWest data were first extracted for a previous record linkage project. This 

information was critical in informing revised data extraction protocols for a subsequent 

record linkage study – the Triple I project.  

The Triple I project consisted of a birth cohort of 469,589 children born in WA between 

1996 and 2012. Between 2000 and 2012, there were 5500 influenza, 4434 pertussis and 

513 IPD cases identified from PathWest and WANIDD data in this birth cohort. Despite 

having an automated reporting system in place for notifiable pathogens, 7% of influenza 

cases were solely recorded in PathWest. These findings highlight the benefits of using 

multiple datasets when estimating the burden of ALRI.  

One of the challenges in estimating the burden of ALRI over time is accounting for 

changes in the frequency of testing as well as changes in the sensitivity and specificity 
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of methods used for detecting respiratory pathogens. Using PathWest data, I found that 

the frequency of testing for respiratory viruses gradually increased between 2000 and 

2012, albeit with considerable year-to-year variation. Of note was an overall increase in 

PCR testing from 5% to 87% over the study period. This coincided with a small but 

significant increase in the frequency of virus detection, particularly among children aged 

2-9 years. I also identified the demographic and admission-specific factors associated 

with having a respiratory pathogen test, a summary of which is presented in Table 12-1.  

Table 12-1. Summary of factors associated with increased likelihood of testing for 

respiratory pathogens in hospitalised children 

Factors Described in 

At birth  

 Low socioeconomic status (as per SEIFA scores) Chapter 7 

 Born in metropolitan Perth Chapter 7 

 Born in autumn or winter Chapter 7 

 Aboriginal Chapter 7 

 Preterm birth (<36 weeks gestation) Chapter 7 

 Maternal smoking during pregnancy Chapter 7 

At admission  

 Aged <6 months at admission Chapter 5, Chapter 8 

 Admitted to tertiary or metropolitan hospital Chapter 5, Chapter 8 

 Admitted during winter or spring Chapter 8 

 Diagnosed with ALRI Chapter 8 

 Longer stay in hospital (>1 day) Chapter 8 

 Requiring mechanical ventilation Chapter 8 

 

Of 43,627 hospital admissions that linked to tests for respiratory viruses, 38% of these 

did not have a diagnosis of upper or lower respiratory infections. These data confirm the 

limitations of coded data for disease estimates and public health surveillance. 
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Approximately 58% of those tested and diagnosed with ALRI had at least one virus 

detected, compared to 22% among those with other diagnoses. Overall, RSV, PIV and 

influenza virus had the highest detection rates in this cohort, highlighting the 

importance of looking beyond influenza when preventing viral causes of ALRI.  

Pooling data from existing studies, I found no difference in the risk of fever, ICU 

admission, oxygen use or abnormal radiographs between children with viral co-infection 

and those with single viral infection. Surprisingly, children with single viral infection 

appeared to be at greater risk of mechanical ventilation than those with viral co-

infection, but this finding was based on relatively small numbers. Point estimates also 

suggested that children co-infected with RSV or hMPV had an increased risk of ICU 

admission compared to children infected with either of these viruses alone. 

To investigate this matter further, I analysed prospectively collected data on 2356 

children presenting to PMH with influenza-like illness. Over 69% of these children had 

at least one virus detected, 25% of whom had viral co-infections. Similar to results from 

the systematic review, there were no differences in the odds of antibiotic use or 

hospitalisation between those with and without viral co-infection in this cohort. 

However, children co-infected with an RSV-influenza pair had a higher probability of 

being hospitalised than those infected with influenza alone.   

I then conducted similar analyses using retrospective, population-level data. Despite 

using data from a cohort of 0.5 million children over a 13-year period, of 17,747 

admissions with at least one virus detected, only 4% were co-infections. Unlike previous 

studies, I found that those with viral co-infection appeared to have higher odds of ICU 

admission and experience a subsequent admission sooner than those with single viral 
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infection. In particular, those with specific RSV co-infection pairs had higher odds of ICU 

admission and a longer hospital stay than those with only RSV detected. Further 

investigations are underway to examine this finding and explore for potential biases. 

This adds to the body of evidence suggesting that co-infection with specific virus pairs 

may have some clinical impact, which may be masked if all viral co-infections were 

grouped together.  

12.3 Strengths 

Some of the strengths of this body of work include the use of population-based datasets; 

inclusion of both positive and negative test results; access to all hospitalisation records 

without restriction by ICD codes; using multiple data sources to investigate the same 

research question as well as collaboration with others outside the immediate research 

team. 

A key strength of the studies using Triple I data is that they are population-based. This 

enabled estimates of the population-level burden of disease for ALRI and respiratory 

viruses, such as the detection rate for respiratory viruses for all hospitalised children, 

rather than being restricted to specific study sites. Although the birth cohort only 

includes WA-born children, it is estimated that over 90% of all hospitalisations for 

children under six years of age in WA are related to those born in WA (Hospital Morbidity 

Data Collection Data Custodian, personal communication). This information, combined 

with the low migration rate for WA residents173, means that data pertaining to the birth 

cohort are likely to be mostly complete with minimal loss to follow up. Moreover, the 

WA population has been shown to be broadly representative of Australia174, which 

indicates that results presented in this thesis are generalizable to the paediatric 
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population of Australia as a whole and potentially other industrialised nations with 

similar demographics.  

Despite increasing awareness of the impact of changes in testing patterns on estimates 

of disease burden,175,176 there were a limited number of studies examining these 

changes at the time of writing118,119,123 and only one at a population level, and that only 

for RSV.118 To my knowledge, studies such as the one presented in Chapter 7 could only 

be conducted in WA, as it is one of only four jurisdictions worldwide (the others being 

UK,101 Canada67 and Brazil177) that have access to linked laboratory and notification data. 

Apart from WA, none of the other jurisdictions have reported access to both positive 

and negative test results for pathogen testing at a population level, which is one of the 

strengths of this work.  

We were fortunate to be granted access to all hospital admission records for the birth 

cohort for the Triple I project rather than being restricted to certain ICD-10-AM codes. 

As the limitations of ICD codes to assess pathogen-specific burden of infectious diseases 

has been well-documented178, access to all hospitalisation data meant I was able to 

quantify the extent to which respiratory viruses were detected in admissions without an 

ALRI diagnosis. Similar longitudinal data, like those used in Chapter 8, could not be 

obtained at such a reasonable cost in a relatively timely manner through any other 

method and is another strength of this work.  

This thesis has investigated the question of the clinical impact of viral co-infections using 

three data sources – a meta-analysis of data from published literature; a prospective 

study from a single hospital site; and a retrospective, population-based record linkage 

study. Replication of study findings regarding the effects of specific virus pairs using 
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these varied and rich data sources, coupled with more recent publications by other 

groups, have increased the robustness of study findings presented in Chapter 9 through 

to Chapter 11.  

Lastly, collaboration with other parties (including data custodians, clinicians, 

microbiologists and public health professionals within Department of Health WA) both 

to explore but also ensure translation of the results  is another major strength of this 

work. As administrative datasets are not designed for research purposes and rarely 

accompanied by data dictionaries (including how variables are coded) or other 

descriptive documentation, input from individuals outside the research team are critical 

to aid in valid coding and interpretation of these data. This has also added to the 

robustness, applicability and translational aspects of the study findings.  

12.4 Limitations 

Some of the limitations of this body of work include the lack of data on antiviral use; 

absence of community-level data on ALRI; and long lag times in receiving data.  

Receipt of the influenza vaccine and/or antivirals are likely to mediate the frequency of 

virus detection and this will likely modify the estimated burden and impact of respiratory 

viruses described in Chapter 8 to Chapter 11. Lack of these data is therefore, a limitation 

of this thesis. However, of over 2000 enrolled children in the WAIVE project, only a few 

(<1%) were documented to have received antivirals (data not shown). Even 

extrapolating this to all children in WA, these are likely to be small numbers and 

antivirals were shown to be used infrequently among the Australian paediatric 

population presenting with influenza.179 Absence of these data would therefore, 

probably have a limited effect on population-level estimates. Defining a linked 
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laboratory record as one with a specimen collection date within 48 hours of hospital 

admission would also limit the impact of in-hospital antiviral use on the detection of 

respiratory viruses.   

As I have focussed almost exclusively on ALRI in children admitted to hospital, the 

findings in this thesis are largely a representation of the severe end of the ALRI spectrum 

as illustrated in Figure 12-1. While the Triple I project includes data on ED presentations 

to WA hospitals, time constraints and the complexity of these data meant I was unable 

to include these records in the studies presented in Chapter 8 and Chapter 11. The 

absence of data on ALRI at the community level (e.g. presentation to GP clinics and 

absence from childcare or school) means the burden of respiratory viruses presented 

here reflects only those who presented with severe ALRI (Figure 12-1).  

 

Figure 12-1. Burden of disease pyramid for respiratory infections 

Despite many improvements to the WADLS since its inception, most recently with the 

introduction of the Custodian Administered Research Extract Server (CARES) system180, 

timeliness continues to be a major issue in the use of linked data in WA.181 For instance, 

Death

ICU admission

Hospitalisation

ED presentation

GP clinic presentation

Absence from childcare/school
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an application for data for the Triple I project was submitted in Oct 2012 but we did not 

receive data until mid-2014. This delay is further compounded by the extended timelines 

required for data cleaning, coding and analyses as data dictionaries and other meta-data, 

such as a list of variables available and what each variable means, do not exist for some 

datasets. Given the potential for rapid changes in the ALRI landscape, this issue is likely 

to limit the real-time application of the findings presented here.  

12.5 Originality 

PathWest is a relatively new dataset available for linkage through the WADLS. As such, 

it is imperative that these data are validated prior to further use. This thesis has 

presented the first validation study of the PathWest dataset (Chapter 5). It is also one of 

the first direct comparisons of case capture between WANIDD and PathWest datasets 

using the WADLS (Chapter 6).  

Estimates of the burden of respiratory infections are likely to be affected by changes in 

detection methods over time. At present, there are few jurisdictions globally that have 

access to both positive and negative test results for respiratory viruses at a population 

level. Chapter 7 represents one of a limited number of studies worldwide that have 

documented changes in testing patterns for respiratory viruses over time. To my 

knowledge, Chapter 8 is also one of the first studies to present data demonstrating the 

high frequency at which respiratory viruses can be detected in admissions without a 

diagnosis for respiratory infections. These results contribute significantly to the 

originality of this body of work.  

Since commencing work on Chapter 9, three systematic reviews have been 

published.54,55,138 However, Chapter 9 still represents one of the first attempts to 
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delineate the effects of co-infections in children with and without comorbidities as well 

as explore pathogen-specific effects. This investigation continued in Chapter 10 and 

Chapter 11. While still preliminary, Chapter 11 is one of a handful of studies to 

investigate the effects of viral co-infections beyond the infection episode in which it was 

detected and the only one, to my knowledge, to have done so at a population level.  

12.6 Implications of research findings 

My findings can be used to guide: future extractions from newly linked datasets, 

particularly those including pathology data; validation of datasets; current and future 

estimates of disease burden for ALRI; and further exploration of the impact of viral co-

infections. All of these factors are likely to impact on current and future strategies for 

prevention and treatment of ALRI. Disseminations of the findings from this study to 

relevant stakeholders are ongoing and have already resulted in valuable input from 

these groups into the interpretation of results presented in Chapter 6 and Chapter 7 (see 

also the relevant appendices).  

Three quarters of children hospitalised with ALRI had evidence of respiratory pathogen 

testing, yet only 46% of ALRI-coded admissions linked to a test record for respiratory 

viruses. Notwithstanding the exclusion of bacterial pathogens, it still suggests that some 

records were missed during data extraction, likely in 2006-2007 when it underwent 

major changes (A Keil, personal communication). While the proportion of linkage errors 

(i.e. where the same person is misidentified across datasets) is low, it is likely to 

contribute to some ALRI-coded admissions not being linked to a test record. Increased 

automation of data entry with in-built validation checks could help to address this issue. 
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This would necessitate the creation of detailed documentation on changes to the 

dataset, associated data dictionaries and meta-data, thereby reducing the likelihood of 

omissions during data extraction for future studies. Such a system would also help 

alleviate the burden on laboratory staff and potentially reduce turnaround times for 

routine tests. Detailed documentation would, in turn, expedite the process of data 

extraction and cleaning as well as assisting with interpreting results generated from 

these data. Clear documentation on all administrative datasets will become more critical 

moving forward, particularly in light of a greater push for data reusability and integration 

at both state181 and Commonwealth level182 in Australia and globally. 

Reliance on notification data alone was shown to underestimate the incidence of 

influenza by 7%. While this has improved over time and can be considered within a 

reasonable margin of error, it does highlight the importance of validation checks of 

datasets that are relied upon for policy decisions, especially when there have been 

significant changes in case definitions or testing patterns over time. It is of particular 

relevance to datasets that use passive, rather than active, methods of data collection. 

Validation studies, such as the one presented in Chapter 6, can help to identify potential 

data gaps71 to increase the robustness of study findings101 and instil confidence in policy 

recommendations arising from these data. 

More than a third of admissions that linked to laboratory records for respiratory virus 

testing did not have a diagnosis for upper or lower respiratory infections, with 22% of 

these having at least one virus detected. Accurate estimates of the pathogen-specific 

burden of disease are crucial for vaccine implementation and evaluation. For example, 

at the request of the Australian Technical Advisory Group on Immunisation183, data from 
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the Triple I project was used to estimate the number of hospitalisations and deaths 

associated with an influenza notification (data not shown). These data helped to inform 

discussions around a life-course approach to influenza vaccination in Australia, 

highlighting the importance of accurate data to inform policy development. As record 

linkage systems are not available in all countries and imposing testing for respiratory 

viruses for all admissions are impractical in most settings, other methods, such as 

statistical modelling using all available data (as discussed further below), could provide 

more accurate disease estimates to assist with evaluations of current and future 

vaccines.  

Influenza and RSV have been the focus of the bulk of ALRI-related research efforts to 

date, as evidenced by the availability of influenza vaccines and identification of over 60 

vaccine candidates for RSV.127 There is a third virus that is worthy of further investigation 

– detection rates of PIV was second only to RSV and higher than influenza, as 

demonstrated in this thesis. However, research into a PIV vaccine are limited to a small 

handful with many only in Phase 1 or 2 trials.130,131,184 However, if a PIV vaccine were to 

be developed further, we could potentially prevent the top three viral pathogens 

involved in ALRI and greatly reduce the burden of ALRI morbidity, if not mortality. 

Current evidence shows limited differences in clinical outcomes between children with 

and without viral co-infections, with the possible exception of specific pathogen pairs 

such as RSV-influenza. However, the number of admissions with these viral pairs are 

small, even when using pooled data from published literature and data at a population 

level. Given the relatively poor quality of current evidence on the effects of specific virus 

pairs, future studies into this area would be advisable. In the meantime, use of extended 
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diagnostic virology panels to guide isolation and de-isolation for hospitalised children, 

especially those with mild to moderate disease, should be reconsidered. Should clinical 

trials of RSV vaccines127 prove successful, its use, in conjunction with existing influenza 

vaccines have the potential to reduce both the number and severity of hospitalisations 

associated with co-infection with these viruses.  

12.7 Future directions 

12.7.1 For research 

One of the limitations of this thesis was the absence of community level data on ALRI. 

Including ED data from the Triple I project plus linking in additional sources of data would 

be the next step in better assessing the burden of ALRI. These additions may include 

more conventional data sources such as outpatient and GP clinics, or less traditional 

data sources such as radiology185 and social media.186 In addition, programs leveraging 

“citizen science” by inviting the broader community to self-report instances of 

respiratory symptoms may provide useful, community-based data. Some examples of 

this include the FluTracking program in Australia (http://www.flutracking.net/) and 

Britain Breathing in the UK (http://britainbreathing.org/) used for tracking allergies and 

hay fever. These programs can also be valuable data sources when evaluating the 

community burden of ALRI.  

Even though vaccines targeting bacterial pathogens are more widely available than 

those targeting viral pathogens, a significant proportion of the burden of ALRI continue 

to be caused by bacterial pathogens, particularly in ALRI-associated mortality.187 

Inclusion of data on bacterial pathogens as well as further exploration of the effects of 

specific pathogen pairs that include bacteria would be another step towards better 

http://www.flutracking.net/
http://britainbreathing.org/
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assessing the pathogen-specific burden of ALRI. Data on bacterial infections would 

enable investigations into temporal changes in the mix of respiratory pathogens in 

children as this would be strongly influenced by available vaccines.  

As mentioned previously, development of PIV vaccines have been largely overlooked in 

favour of influenza and RSV. This decision may be driven by a greater disease burden of 

the latter viruses in both children and adults compared to PIV. Also, PIV could be 

perceived as being associated with mild to moderate disease, despite the high detection 

rates. However, hospitalisations associated with PIV has been estimated to cost 

between USD$48 million and USD$158 million with the heaviest burden in infants under 

two years of age.188 Confirmation of the disease severity associated with PIV, specifically 

in comparison to RSV and influenza, is needed to inform and motivate efforts into 

further development of PIV vaccines.  

Retrospective investigations into the aetiology of ALRI have so far been limited to those 

who have been tested for respiratory pathogens. This is often further restricted to those 

with a diagnosis of ALRI. As access to additional data sources are not available in most 

countries, better methods to assess the pathogen-specific burden of disease are 

required. In addition to using more sophisticated tools in handling missing data (e.g. 

multiple imputation189), statistical modelling to identify risk factors and demographic 

characteristics of those who had particular pathogens detected. A respiratory pathogen 

could then be “assigned” to those who were not tested, based on known risk factors and 

demographics, thereby providing a better estimate of the true burden of respiratory 

pathogens. This technique has been used with some success on similar data in 

England136 and will be an area for future research using data presented in this thesis.  
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12.7.2 For record linkage 

Current best practice for record linkage operates on the separation principle, whereby 

individuals and groups who have access to identifying information such as name and 

address, do not have access to clinical data and vice versa.64 This has somewhat 

prolonged, if not limited, investigations into the reasons for discrepancies between 

notification and laboratory datasets (Chapter 6) or for sudden drops in testing in 2006-

2007 (Chapter 7). Developing a mechanism to facilitate more thorough investigations 

into issues uncovered through validation studies, for example by having a dedicated 

validation team outside the linkage process, should be considered. This would help 

alleviate the workload of staff involved in linkage or management of individual datasets, 

and simultaneously, reduce duplication of data cleaning steps for future users of these 

datasets. Establishment of validation teams would also assist in calculation of reliability 

measures (e.g. sensitivity and specificity, kappa scores and capture-capture analyses), 

which would add to the robustness of study findings.  

Given the delays to receiving data for the Triple I project, one of the limitations of this 

thesis was the real-time applicability of some study findings. Streamlining the process of 

accessing linked data, for example by combining multiple ethics applications and 

custodian sign offs into a single unified form, would not only increase the use of this 

valued resource but also opens up the potential for projects using real-time data. In an 

infectious diseases context, access to real-time data could help to address future 

epidemics in a timelier manner as well as potentially increase the uptake of research 

findings into policy. Moreover, if community-level data were able to be linked, this could 

facilitate more personalised and relevant responses to infectious disease threats.  
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As health records are increasingly digitised and shared across traditional boundaries, 

record linkage is likely to also move away from being primarily within the research 

domain towards being part of routine hospital care and evaluation. As these types of 

studies begin to form part of hospital administration, there will be increased demand 

for a workforce that is proficient in handling these types of data. Broadening the skillset 

of those already involved in healthcare as well as increased integration of those with 

these skills into the healthcare system will be key to maximising the potential of record 

linkage systems.190,191  

From a research perspective, the use of a dedicated record linkage system will likely shift 

towards investigations between health and other domains, such as education and 

finances, rather than focussing mainly on health. This shift has already begun as 

evidenced by increasing numbers of record linkage publications involving non-health 

data (e.g. social care192, justice61). Findings from such studies have the potential to go 

beyond addressing the aetiological agents of infection to better addressing the 

psychosocial aspects of infectious diseases.  

12.8 Conclusions 

Despite the availability of vaccines to prevent a portion of ALRI, it continues to be an 

important cause of paediatric mortality and morbidity. In this thesis, I have validated the 

continued use of linked data to assess the epidemiology of ALRI at a population level 

and have demonstrated the benefits of using record linkage for this task. Furthermore, 

I have provided pathogen-specific rates of the disease with a focus on viral pathogens 

associated with ALRI. I have also investigated the clinical impact of viral co-infections 

using multiple data sources, which has helped to direct future research into this area. 



198 
 

With more and more data being created every day, incorporation of non-traditional data 

sources will be the next step in using record linkage to guide prevention and treatment 

strategies for ALRI in children.  
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Chapter 14 Appendices 

14.1 Appendices relating to Chapter 4 

Documents included in this section are as follows: 

x Person-time-at-risk by year and age group in Aboriginal children 

x Person-time-at-risk by year and age group in non-Aboriginal children 
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Table 14-1. Person-time-at-risk, in years, for Aboriginal children in the Triple I cohort (2000-2012) 

Age group Year 

 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 

<6 months 877.1 874.8 897.6 847.9 882.5 926.9 978.2 1006.5 978.0 988.1 952.9 962.1 988.9 

6-11 months 876.0 860.6 884.1 894.3 857.6 899.1 930.0 1013.2 992.1 968.2 974.2 959.5 960.6 

12-23 months 1742.6 1741.9 1726.5 1777.2 1742.7 1730.2 1819.8 1902.6 2019.5 1959.4 1953.1 1923.8 1917.7 

2-4 years 4062.2 4953.6 5103.1 5198.4 5251.9 5232.2 5234.8 5277.9 5459.8 5729.5 5867.8 5916.5 5828.8 

5-9 years - 832.3 2421.1 4046.8 5790.7 7513.8 8402.6 8589.8 8720.2 8690.1 8767.8 8945.4 9177.7 
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Table 14-2. Person-time-at-risk, in years, for non-Aboriginal children in the Triple I cohort (2000-2012) 

Age 

group 

Year 

 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 

<6 

months 

11,677.3 11,524.2 11,376.3 11,346.8 11,754.9 12,184.3 12,991.4 13,756.7 14,234.2 14,325.5 14,633.8 14,836.6 15,451.3 

6-11 

months 

11,868.9 11,530.4 11,499.5 11,254.3 11,601.2 11,796.7 12,596.6 13,406.8 14,131.3 14,137.1 14,560.9 14,602.9 15,127.2 

12-23 

months 

23,891.4 23,463.4 23,040.8 22,859.2 22,649.7 23,279.1 23,962.8 25,574.1 27,223.1 28,274.9 28,445.8 29,177.7 29,426.7 

2-4 

years 

59,180.2 70,876.3 70,746.2 70,290.4 69,517.6 68,455.4 68,701.9 69,807.3 72,985.9 76,658.3 80,968.6 83,839.8 85,872.8 

5-9 

years 

- 11,973.4 35,543.1 59,016.3 83,021.9 106,248.3 117,296.1 116,567.9 115,990.2 115,136.7 115,643.7 118,175.3 122,447.1 
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14.2 Appendices relating to Chapter 5 

Documents included in this section are as follows: 

x Copy of data collection sheet 

x Thesis declaration for co-authored work 

x Copy of published paper 

 



 

Checked by: ___________ Date checked: _______________Data entered by: _______________ 
Entry date:____________ 
 

Acute Lower Respiratory Infections: 
a quality assurance audit of children admitted to hospital 

 

 

Chart Review ID Number:          Checked  

  

1. Account number               Checked  

2. Hospital Site       PMH   Fremantle  Joondalup  

 Geraldton  Bunbury   Broome  Derby 

3. Date of birth     /   /    DD/MM/YY 

4. Gender     Male  Female 

5. Residential postcode         

6. Date of admission     /   /    DD/MM/YY 

7. Date of separation     /   /    DD/MM/YY 

 

RISK FACTORS AND COMORBIDITIES 

8. Aboriginal or TSI    No    Yes 

9. Country of birth    Australia  Other: specify ______________________ 

10. Comorbidities    Preterm birth (<34 w gestation) 

 Chronic cardiac disease: specify __________________ 

 Chronic respiratory diseases: specify _______________ 

 Chronic neurological disease 

 Immunosuppression* 

 Other: specify_________________________________ 

11. Vaccination (per medical notes)  Up to date   Delayed  Not available 

 

* Immunosuppression: defined as ≥ 1mg/kg prednisolone for > 2 weeks; any disease modifying agent 
(eg methotrexate, azathioprine, chemotherapy); any congenital or acquired immunodeficiency 
 

DIAGNOSIS 

12. Principal Diagnosis:  _______________________________       

13. Other diagnoses:   _______________________________       

_______________________________       

_______________________________       

_______________________________       

_______________________________       

_______________________________       

 

INVESTIGATIONS (if repeat investigations, please document the first investigation) 

Radiology 

14. Chest Xray    No   Yes 

15. Other radiology     No   Yes, specify____________________________ 

 



 

Checked by: ___________ Date checked: _______________Data entered by: _______________ 
Entry date:____________ 
 

Acute Lower Respiratory Infections: 
a quality assurance audit of children admitted to hospital 

 

 

INVESTIGATIONS (if repeat investigations, please document the first investigation) 

Microbiology 

16. Blood culture   No   Yes  Date collected:   /   /    

Specify result________________________________________  

17. NPA / Nasal swab   No   Yes   Date collected:   /   /   

IF:    No   Yes  Specify result_______________________  

PCR:    No   Yes  Specify result_______________________  

viral culture:   No   Yes  Specify result_______________________ 

other:     Yes  Specify result_______________________ 

18. Sputum / LRT culture  No   Yes  Date collected:   /   /    

    Specify result________________________________________ 

19. Serum / Serology    No   Yes  Date collected:   /   /   

Specify result _________________________________________ 

____________________________________________________ 

____________________________________________________ 

20. Pleural fluid   No   Yes  Date collected:   /   /    

culture:   No   Yes  Specify result_________________________  

PCR:    No   Yes  Specify result_________________________ 

21. CSF    No   Yes  Date collected:   /   /    

culture:   No   Yes  Specify result____________________  

PCR:    No   Yes  Specify result____________________ 

 

MANAGEMENT 

22. Supplemental Oxygen   No   Yes  

23. ICU admission    No   Yes  

24. Inhalations / Nebuliser   No   Yes  Specify_________________________ 

25. Antibiotics    Length of therapy 

 IV benzylpenicillin   < 1-2 days  3-4 days  5-7 days  > 7days 

 IV amoxicillin     < 1-2 days  3-4 days  5-7 days  > 7days 

 IV ceftriaxone or cefotaxime  < 1-2 days  3-4 days  5-7 days  > 7days 

 IV flucloxacillin   < 1-2 days  3-4 days  5-7 days  > 7days 

 other IV specify___________  < 1-2 days  3-4 days  5-7 days  > 7days  

 oral amoxicillin   < 1-2 days  3-4 days  5-7 days  > 7days 

 oral amox / clav acid   < 1-2 days  3-4 days  5-7 days  > 7days  

 oral erythromycin   < 1-2 days  3-4 days  5-7 days  > 7days 

 oral roxithromycin   < 1-2 days  3-4 days  5-7 days  > 7days 

 oral azithromycin   < 1-2 days  3-4 days  5-7 days  > 7days 

 other oral specify__________  < 1-2 days  3-4 days  5-7 days  > 7days 

26. Total Length of Rx    < 5 days  5-7 days  8-10 days  >10days 

27. Other therapies    No   Yes    specify________________________ 
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Abstract

Objective: Despite a recommendation for microbiological testing, only 45% of children hospitalized for respiratory infections in our
previous data linkage study linked to a microbiological record. We conducted a chart review to validate linked microbiological data.

Study Design and Setting: The chart review consisted of children aged !5 years admitted to seven selected hospitals for respiratory
infections in Western Australia, 2000e2011. We calculated the proportion of admissions where testing was performed and any pathogens
detected. We compared these proportions between the chart review and our previous data linkage study. Poisson regression was used to
identify factors predicting the likelihood of microbiological tests in the chart review cohort.

Results: From the chart review, 77% of 746 records had a microbiological test performed compared with 46% of 18,687 records from
our previous data linkage study. Of those undergoing testing, 66% of the chart review and 64% of data linkage records had !1 respiratory
pathogen(s) detected. In the chart review cohort, frequency of testing was highest in children admitted to metropolitan hospitals.

Conclusion: Validation studies are essential to ensure the quality of linked data. Our previous data linkage study failed to capture all
relevant microbiological records. Findings will be used to optimize extraction protocols for future linkage studies. ! 2016 Elsevier Inc.
All rights reserved.

Keywords: Validation; Data linkage; Chart review; Respiratory infections; Hospitalization; Children

1. Introduction

Acute lower respiratory infections (ALRIs), such as pneu-
monia, bronchiolitis, and whooping cough, are a significant
cause of mortality and morbidity in children. In 2010, it
was estimated that ALRI accounted for 20% of mortality
among children aged 1e11 months worldwide [1]. In West-
ern Australia (WA), Aboriginal and Torres Strait Islander
children (hereafter referred to as Aboriginal) bear a greater
burden of infection compared to non-Aboriginal children
[2]. In 2000e2005, the rate of hospitalizations for pneu-
monia was 45 per 1000 child-years in Aboriginal children
aged less than 6 months compared to 4 per 1000 child-
years in similarly aged non-Aboriginal children [2].

ALRIs are caused by a range of pathogens including
Streptococcus pneumoniae, Bordetella pertussis, Myco-
plasma pneumoniae, respiratory syncytial virus, influenza
viruses, parainfluenza viruses, adenoviruses, and human
metapneumovirus. The etiology of ALRI can be highly var-
iable and specific to geographic location [3,4]. Accurate
local epidemiologic data are therefore essential to monitor
the circulating pathogens and can aid in assessing vaccine
effectiveness. Population-based linkage of administrative
data is an efficient method by which to obtain such
information.

Data linkage is a process of combining data from sepa-
rate data sets that relate to the same person, place, or time
[5,6]. The Western Australian Data Linkage System
(WADLS) was formed in 1995 and facilitates the linkage
of data from a wide range of administrative data sets. These
include birth, hospital, and microbiological records, many
of which are routinely collected at a population level [5,7].
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What’s new?

# Despite a recommendation for microbiological
testing, only 45% of pediatric hospital admissions
for respiratory infections are linked to a corre-
sponding microbiological test record through data
linkage.

# Through the conduct of a medical chart review, we
noted 77% of admissions had a microbiological
test performed.

# Frequency of pathogen detection was similar
among those who had a test reported from the chart
review and our previous data linkage study.

# Lower levels of microbiological testing in our
linked data were a result of missed records during
the data-extraction phase.

# Data-extraction protocols can now be optimized to
ensure full capture of microbiological testing for
future data-linkage studies.

The WADLS follows current best practice guidelines for
data linkage and uses the separation principle when perform-
ing linkages. This means that those who have access to clin-
ical data, such as researchers, will not have access to
identifiers and vice versa [8]. As data extraction is usually
performed by the data custodians on the researchers’ behalf,
researchers need detailed knowledge of the data set and the
scope of available data before submitting a request for data
to be extracted for linkage. This can pose a challenge when
linking to a data set for the first time as there may not be any
documentation for the types of data available and its nu-
ances, particularly if the data set has not been used for
research purposes before. With assistance from staff at the
WADLS and custodians of microbiological data, we were
the first in Australia to use the WADLS to link microbiolog-
ical and administrative data to investigate the etiology of
ALRI in a total population cohort of WA children [9].

In WA, it is recommended for children admitted to hos-
pital with a respiratory infection to undergo microbiolog-
ical testing to determine the causative pathogen. Despite
this recommendation, we found only 45% of hospitaliza-
tions for ALRI corresponded to a microbiological test re-
cord; some remote areas had less than 5% of ALRI
hospitalizations linking to a test record [9]. We considered
the possibility that this may be due to mislinks (ie, misiden-
tification of individuals across data sets) even though the
proportions of mislinks are very low and continue to fall
[10,11]. This possibility was ruled out as the linkage rate
of demographic data between the microbiological data
source and the other data sets used in this project was
96% (C.Garfield, personal communication). As this was

the first time microbiology data had been linked, we were
unable to exclude the possibility that the lower than ex-
pected proportions of linked hospital records may be due
to low levels of microbiological testing, missed records dur-
ing the data extraction process, or a combination of both.

Quality checks of administrative linked data for infec-
tious diseases research have been flagged as an area
needing further attention [12,13]. Medical chart reviews
have previously been used as a tool for validating linked
data [14,15]. A prior study in WA has used this method
to identify gaps in the recording of comorbidity data on
administrative data sets [14]. Given the novelty of linked
microbiological data as well as the increasing demand
and complexity for linked data [16], it is imperative that
we validate linked hospital and microbiological data for
future studies.

Because of privacy constraints surrounding the approved
use of deidentified linked data, we were unable to reidentify
individuals from our previous data linkage study who did not
have a corresponding microbiological test record. As a way
of validation, we conducted a chart review to determine if
the low proportion of linked hospital and microbiological
test records in our previous data linkage study was due to
records being missed during data extraction or due to low
levels of testing. We hypothesized that the low proportions
of linkage in the previous study were due to records being
missed during the extraction process rather than low levels
of testing. Secondary to this, we also identified the demo-
graphic predictors of pathogen testing using data collected
from the medical chart review, so we may identify any
groups that may have been missed during data extraction.

2. Materials and methods

2.1. Study setting and population

WA spans 2.5 million km2 with a population of 2.3
million people, approximately 4% of whom identify as
Aboriginal [17]. Approximately 80% of the non-
Aboriginal population reside in the Perth metropolitan area,
whereas over 60% of the Aboriginal population reside in
the rural and remote regions of the state [17]. Australia
has a publicly funded health-care system. Located in metro-
politan Perth, Princess Margaret Hospital for Children
(PMH) is a public hospital and is the only tertiary pediatric
hospital in the state. PathWest Laboratory Medicine (here-
after referred to as PathWest) is the only public laboratory
system in WA. PathWest processes all microbiological
specimens collected through public hospitals and is a refer-
ence laboratory for virology tests performed in other labo-
ratories in the state.

2.2. Data linkage study (cohort 1)

Our previous data linkage study consisted of linked hos-
pital and microbiological data on a birth cohort of WA
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children to investigate the etiology of ALRI [9]. Informa-
tion on the data extraction, cleaning, and coding for this
group is described in more detail elsewhere [2,9,18].
Briefly, hospital and microbiological data were extracted
for all singleton live births in WA between 1996 and
2005. A hospital admission for ALRI was defined as having
a principal or codiagnosis code for ALRI using a predeter-
mined selection of 9th and 10th edition International Clas-
sification of Disease codes (ICD9 and ICD10) [18]. A child
was coded as Aboriginal if at least one record indicated that
the child was Aboriginal [9,18].

Data were restricted to admissions between 2000 and
2005 as microbiological testing data were only available
for this period [9]. Of 19,857 admissions, 45.2% had linked
to a corresponding microbiological test record [9]. To
enable comparisons to the chart review cohort, records of
children aged 5 years or more were excluded, thereby leav-
ing 18,687 linked data records available for comparison,
hereafter referred to as cohort 1.

2.3. Medical chart review (cohort 2)

We selected seven major hospitals throughout WA from
which to conduct a chart review (in the analysis referred to
as cohort 2). These hospitals collectively represented 57%
of all hospitalizations for ALRI throughout WA. These
were three metropolitan hospitals (including PMH), two ru-
ral hospitals, and two remote hospitals. Our intention was
to review no more than 900 admission records (300 from
PMH and 100 from each of the remaining hospitals). To
ensure representativeness of the sample of admissions to
be reviewed to the total population data linkage cohort
[9,19], we set a number of restrictions for the chart review
from each hospital. These restrictions were (1) the child’s
date of birth was between 1 January 1996 and 31 December
2011; (2) hospital admissions between 2000 and 2011 with
an equal number of records from the time periods
2000e2005 and 2006e2011; (3) the child was aged less
than 5 years at the time of admission with 50% of all

records selected in the !12-month age group, 25% in the
12- to 23-month age group, 25% in the 2- to 4-year age
group; and (4) hospital admissions with a diagnosis code
of ALRI, according to ICD10 diagnoses [20].

ALRI was defined as a principal or codiagnosis of influ-
enza (J09eJ11), pneumonia (J12eJ18), bronchiolitis (J21),
whooping cough (A37), or unspecified ALRI (J22). We set
the selection criteria so that records coded as influenza,
pneumonia, or bronchiolitis would each comprise 25% of
all records from each hospital, while whooping cough and
unspecified ALRI records would each comprise 12.5% of
all records from each hospital. Multiple admission records
of the same child were eligible for selection provided all
other selection criteria were met.

On the basis of these criteria, a maximum of 888 records
could be selected from the seven hospitals. The data custo-
dian of the Hospital Morbidity Database System randomly
selected admission records from each hospital that met
these pre-established criteria. Of the 888 records requested,
only 761 records (85.7%) were selected by the data custo-
dian for review. This was because there were fewer than
expected records coded as whooping cough or influenza
in selected rural and remote hospitals that met all other
selection criteria. Supplementary records were not selected
if there were an insufficient number of records in a partic-
ular cell. Fig. 1 displays a flow chart of records that were
requested, selected, and then reviewed.

Demographic, clinical, and microbiological data were
reviewed from the 761 medical records by a research nurse
(B.V.) and trained medical students (O.J.R., D.Y.W., C.S.J.)
and recorded on a standardized data collection form.
Demographic data collected included date and country of
birth, gender, and Aboriginal status. A child was coded as
Aboriginal if indicated as such in medical charts. Clinical
data collected included dates of admission and hospital
discharge; risk factors and comorbidities present such as
preterm birth, immunosuppression, and chronic respiratory
disease; and principal and secondary diagnoses. Immuno-
suppression was defined as prednisolone use for 2 weeks

Records aimed to review
(n=900)

Records reviewed and analyzed
(n=746)

Reasons records not reviewed
Washed away by floods (n=3)
Record could not be found (n=12)

Records selected for review by data custodian 
according to selection criteria

(n=761)

Based on our selection criteria, a maximum of 888 records were requested that met 
all criteria.

Description ICD10-AM code Requested Met criteria % of requested

Whooping cough A37 108 78 72.2

Pneumonia J12-18 224 222 99.1

Bronchiolitis J21 224 218 97.3

Influenza J09-11 224 135 60.3

Unspecified ALRI J22 108 108 100.0

Total 888 761 85.7

Fig. 1. Flow chart of medical chart review records requested, received, and analyzed (cohort 2). ALRI, acute lower respiratory infection; ICD10-AM,
10th revision of International Classification of Disease.
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or more, use of a disease-modifying agent (eg, chemo-
therapy) or any congenital or acquired immunodeficiency.
Moderate to severe preterm birth was defined as less than
34 weeks of gestation. Microbiological data collected
included respiratory specimens collected, tests requested,
and test results.

Ethical approvals to conduct the chart review were
received from the Department of Health WA Human
Research Ethics Committee, the Western Australian
Aboriginal Health Ethics Committee, WA Country Health
Service Research Ethics Committee, and the Joondalup
Health Campus Human Research Ethics Committee.

2.4. Statistical analysis

For both cohorts, ALRI diagnoses were identified from
principal and codiagnosis codes and grouped according to
a hierarchical diagnosis algorithm [9], which ranked admis-
sions in the following order: whooping cough, pneumonia,
bronchiolitis, influenza, unspecified ALRI, and bronchitis.
For cohort 1, geographical region was coded according to
the place of the child’s birth, whereas the location of the
hospital where the admission took place was used for
cohort 2.

Any mention of a test in the medical charts in cohort 2
was considered to be indicative of a completed microbio-
logical test. Nasopharyngeal swabs, nasopharyngeal/per-
nasal aspirates, and throat swabs were grouped together
as nasopharyngeal specimens for analyses. Respiratory
specimens were tested using one or more of immunofluo-
rescence, polymerase chain reaction, or viral culture. A
positive test was defined by detection of a respiratory path-
ogen on nasopharyngeal specimens, isolation of a respira-
tory pathogen from blood or pleural fluid, or detection of
elevated antibodies or seroconversion to respiratory patho-
gens such as B. pertussis or S. pneumoniae.

We calculated the proportion of admission records with
any microbiological test reported by age, diagnosis, Aborig-
inal status, location, and prematurity in both cohorts. We
compared the proportions with a microbiological test be-
tween cohorts 1 and 2 in 2000e2005 and between
2000e2005 and 2006e2011 for cohort 2. Among those with
a microbiological test reported, we then calculated the pro-
portion of admission records with at least one respiratory
pathogen detected by age, diagnosis, and Aboriginal status.
The frequencies of positive pathogen detections were
also compared between cohorts 1 and 2 in 2000e2005 and
between 2006e2011 and 2000e2005 in cohort 2.

To investigate the predictors of microbiological testing us-
ing information collected during the chart review, we per-
formed univariate and multivariable Poisson regression
analyses using the presence of a microbiological test as the
outcome variable. Records were clustered by patient to allow
for children with more than one admission record included in
the chart review, and robust standard errors were estimated, to
correct for the usual overestimation of error when using

Poisson regression with common outcomes [21]. Aboriginal
status, hospital location, gender, prematurity, presence of co-
morbidities, age, and year of admission were used as potential
predictor variables and were included in the multivariable
model. Records with missing data on the variables analyzed
were dropped from the regression models. Data cleaning
and analyses were conducted in Microsoft Excel (Berkshire,
UK), IBMCorp. SPSS version 22.0 (Armonk, NY, USA), and
StataCorp. Stata Statistical Software version 13 (College Sta-
tion, TX, USA). Confidence intervals for the crude ratios of
proportions were calculated using the programs Exploratory
Software for Confidence Intervals (ESCI) [22] and EpiBasic
[23], both of which run on Microsoft Excel (Berkshire, UK).

3. Results

A total of 746 of 761 (98.0%) selected hospital admis-
sion records were reviewed for cohort 2. Remaining records
were not reviewed as records were washed away by floods
(n5 3) or could not be found (n5 12; Fig. 1). Sixteen chil-
dren had multiple admission records that were included in
the chart review, affecting a total of 34 records (4.6%);
all records were included in the following analyses.

3.1. Comparisons between data linkage (cohort 1) and
chart review cohorts (cohort 2)

There was a higher proportion of men in cohort 1
compared to cohort 2; however, both cohorts were compa-
rable for Aboriginal status (Table 1). As fewer than re-
quested number of records with a diagnosis of whooping
cough and influenza were selected for review, it was ex-
pected that the distribution of ALRI diagnoses would differ.
Whooping cough and influenza accounted for a larger pro-
portion of cohort 2 compared to cohort 1 (Table 1). Chronic
respiratory disease was the most common comorbidity re-
corded in cohort 2, but comparable data on comorbidities
were not available for cohort 1.

Overall, 571 admission records (76.5%) from cohort 2 had
evidence of a microbiological test. In 2000e2005, the fre-
quency of microbiological testing was 1.7 times (95% confi-
dence interval [CI]5 1.6, 1.8) higher in cohort 2 compared to
cohort 1 (Table 2). Testing was more frequently recorded in
cohort 2 than in cohort 1 in both Aboriginal and non-
Aboriginal children and across all age groups, prematurity
status, and locations, although this was less marked in records
from rural regions (Table 2). There was twice as much testing
reported in records of children aged 12 months or more in
cohort 2 than in cohort 1 and for admissions coded as pneu-
monia and unspecified ALRI (Table 2).

Of the records with a microbiological test reported in
cohort 2, overall, 65.5% (n 5 374) had at least one respira-
tory pathogen detected. Overall, there were no differences
in the frequency of pathogen detection between cohorts 1
and 2 in 2000e2005 (Table 3). Pathogen detection was less
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often reported in records of children hospitalized with
pneumonia in cohort 2 compared to cohort 1 (ratio 5 0.8,
95% CI 5 0.6, 1.0). Conversely, pathogens were more
frequently reported in records of children aged 2e4 years
in cohort 2 than in cohort 1 (ratio 5 1.4, 95% CI 5 1.1,
1.6).

3.2. Chart review cohort (cohort 2) descriptive analyses

Overall, between 2005e2010 and 2000e2005, microbi-
ological testing remained steady over time (ratio 5 1.0,
95% CI 5 0.9, 1.1). Testing was reported more frequently
in 2006e2011 compared to 2000e2005 in records of
Aboriginal children and children admitted to rural or
remote hospitals (Table 2). However, the increase in testing
recorded in rural and remote hospitals was not uniform
across hospitals. For example, in one remote hospital,
testing doubled (ratio 5 2.2, 95% CI 5 1.3, 3.6) in
2006e2011 compared to 2000e2005, whereas over the
same time period, testing remained stable in the other
remote hospital (ratio 5 1.0, 95% CI 5 0.6, 1.6).

Of those records which indicated microbiological testing
was conducted, pathogens were detected more frequently in
children diagnosed with unspecified ALRI in 2006e2011
than in 2000e2005 (Table 3) although the difference was
not statistically significant. Of those that had a pathogen

detected in cohort 2, the most common were respiratory
syncytial virus (n 5 119, 31.8%), influenza viruses
(n 5 111, 29.7%), and B. pertussis (n 5 61, 16.3%).

Univariate analysis of cohort 2 showed that Aboriginal
children and children presenting to rural and remote hospi-
tals were least likely to have had a microbiological test per-
formed (Table 4). Children older than 6 months were also
less likely to have a microbiological test performed
compared to children aged less than 6 months although this
did not reach statistical significance (Table 4). After adjust-
ing for all other covariates, hospital location was most pre-
dictive of having a microbiological test with children
presenting to metropolitan hospitals most likely to have
had a test (Table 4).

4. Discussion

We conducted a medical chart review to investigate the
reason for the low proportion of hospital admission records
that linked to a corresponding microbiological record in our
previous data linkage study. We found that in 2000e2005,
the proportion of hospital admissions for ALRI that docu-
mented a microbiological test was 1.7 times higher in the
chart review cohort compared to our previous data linkage
cohort. Of admissions that documented a microbiological

Table 1. Comparisons between the data linkage (cohort 1) and chart review cohorts (cohort 2)

Description

Cohort 1 (N [ 18,687) Cohort 2 (N [ 746)

n % (95% CI) n % (95% CI)

Male 10,874 58.2 (57.5, 58.9) 403 54.0 (50.4, 57.4)
Aboriginal or Torres Strait Islander 5743 30.7 (30.1, 31.4) 234 31.4 (28.1, 34.8)
Born in Australia 18,687 100.0 (100.0, 100.0) 720 96.5 (94.9, 97.6)
Born preterm (!34 wk gestation) 1250 6.7 (6.3, 7.1) 80 10.7 (8.7, 13.1)
Diagnosis (ICD10-AM code)a

Whooping cough (A37) 165 0.9 (0.8, 1.0) 78 10.5 (8.5, 12.9)
Influenza (J09eJ11) 840 4.5 (4.2, 4.8) 131 17.6 (15.0, 20.5)
Pneumonia (J12eJ18) 5439 29.1 (28.5, 29.8) 222 29.8 (26.6, 33.1)
Bronchiolitis (J21) 8259 44.2 (43.5, 44.9) 211 28.3 (25.2, 31.6)
Unspecified ALRI (J22) 3471 18.6 (18.0, 19.1) 104 13.9 (11.6, 16.6)

Age groupsa

!6 mo 5361 28.7 (28.0, 29.3) 187 25.1 (22.0, 28.3)
6e12 mo 4225 22.6 (22.0, 23.2) 186 24.9 (21.9, 28.2)
12e23 mo 4543 24.3 (23.7, 24.9) 188 25.2 (22.1, 28.5)
2e4 y 4558 24.4 (23.8, 24.9) 185 24.8 (21.7, 28.1)

Comorbidities presentb

Chronic respiratory disease 52 7.0 (4.9, 8.5)
Other 42 5.6 (3.9, 7.1)
Congenital/syndromic disease 30 4.0 (2.6, 5.5)
Chronic cardiac disease 28 3.8 (2.4, 5.2)
Chronic neurological disease 26 3.5 (2.2, 4.9)
Immunosuppression 4 0.5 (0.2, 1.4)

Abbreviations: ALRI, acute lower respiratory infection; CI, confidence interval; ICD10-AM, 10th revision of the International Classification of Disease.
In cohort 1, 513 cases were coded as bronchitis, and prematurity was unknown for 274 cases. In cohort 2, some cases had missing data for gender

(n 5 4), Aboriginal status (n5 90), country of birth (n 5 16), and prematurity (n 5 44). Cases with missing data were included in denominators when
calculating percentages.

a Used as selection criteria to select cohort 2.
b Data not available for cohort 1. Chronic respiratory diseases include asthma and chronic lung disease. Other comorbidities include gastroin-

testinal issues and otitis media. Congenital or syndromic diseases include Down syndrome and spina bifida. Chronic cardiac diseases include ven-
tricular or atrial septal defects and tetralogy of fallot. Chronic neurological diseases include cerebral palsy and epilepsy.
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Table 2. Frequency of microbiological testing in data linkage (cohort 1) and chart review cohorts (cohort 2)

Description

Cohort 1 Cohort 2 Comparisons

2000e2005
(N [ 18,687)

2000e2005
(N [ 353)

2006e2011
(N [ 393)

Total
(N [ 746)

Cohort 2 vs. 1
(2000e2005 only)

Cohort 2 (2006
e2011 vs.

2000e2005)

n % n % n % n % Ratio (95% CI) Ratio (95% CI)

Age group
!6 mo 3288 61.3 72 82.8 83 83.0 155 82.9 1.4 (1.2, 1.5) 1.0 (0.9, 1.1)
6e11 mo 2046 48.4 65 68.4 70 76.9 135 72.6 1.4 (1.2, 1.6) 1.1 (0.9, 1.3)
12e23 mo 1800 39.6 72 78.3 73 76.0 145 77.1 2.0 (1.8, 2.2) 1.0 (0.8, 1.1)
2e4 y 1460 32.0 59 74.7 77 72.6 136 73.5 2.3 (2.0, 2.7) 1.0 (0.8, 1.2)

Diagnosisa

Whooping cough 132 80.0 29 90.6 38 82.6 67 85.9 1.1 (1.0, 1.3) 0.9 (0.8, 1.1)
Pneumonia 1889 34.7 75 70.1 86 74.8 161 72.5 2.0 (1.8, 2.3) 1.1 (0.9, 1.3)
Bronchiolitis 4726 57.2 66 64.7 77 70.6 143 67.8 1.1 (1.0, 1.3) 1.1 (0.9, 1.3)
Influenza 647 77.0 61 100.0 66 94.3 127 96.9 1.3 (1.3, 1.4) 0.9 (0.9, 1.0)
Unspecified ALRI 1115 32.1 37 72.5 36 67.9 73 70.2 2.3 (1.9, 2.7) 0.9 (0.7, 1.2)

Aboriginal statusb

Non-Aboriginal 6821 52.7 169 84.1 174 78.7 343 81.3 1.6 (1.5, 1.7) 0.8 (0.9, 1.0)
Aboriginal 1773 30.9 52 50.0 89 68.5 141 60.3 1.6 (1.3, 2.0) 1.4 (1.1, 1.7)

Locationc

Metropolitan 6696 62.7 226 95.0 212 89.1 438 92.0 1.5 (1.5, 1.6) 0.9 (0.9, 1.0)
Rural 891 24.5 19 31.7 47 56.0 66 45.8 1.3 (0.9, 1.9) 1.8 (1.2, 2.7)
Remote 998 22.9 23 41.8 44 62.0 67 53.2 1.8 (1.3, 2.5) 1.5 (1.0, 2.1)

Born preterm (!34 wk gestation)d

No 7752 45.2 220 75.3 252 76.4 472 75.9 1.7 (1.6, 1.8) 1.0 (0.9, 1.1)
Yes 731 58.5 23 69.7 38 80.9 61 76.3 1.2 (1.0, 1.5) 1.2 (0.9, 1.5)

Total 8594 46.0 268 75.9 303 77.1 571 76.5 1.7 (1.6, 1.8) 1.0 (0.9, 1.1)

Abbreviations: ALRI, acute lower respiratory infection; CI, confidence interval.
Age group, diagnosis, and location were used as selection criteria to select cohort 2.
a A total of 513 records were coded as bronchitis in cohort 1; 85 records had a documented pathogen test (16.6%).
b Aboriginal status was unknown for 90 records in cohort 2; 87 records had a documented pathogen test (96.7%).
c Location was unknown for 32 records in cohort 1; none of the records had a pathogen test documented.
d Denominator includes only those who had a recorded microbiological test. Percentages may not be equal to 100 due to missing data.

Table 3. Positivity rates of respiratory pathogen detection in data linkage (cohort 1) and chart review cohorts (cohort 2)

Description

Cohort 1 Cohort 2 Comparisons

2000e2005
(N [ 8,594)

2000e2005
(N [ 268)

2006e2011
(N [ 303)

Cohort 2 vs. 1
(2000e2005 only)

Cohort 2 (2006e2011
vs. 2000e2005)

n % n % n % Ratio (95% CI) Ratio (95% CI)

Age group
!6 mo 2480 75.4 49 68.1 60 72.3 0.9 (0.8, 1.1) 1.1 (0.9, 1.3)
6e11 mo 1265 61.8 36 55.4 42 60.0 0.9 (0.7, 1.1) 1.1 (0.8, 1.5)
12e23 mo 995 55.3 47 65.3 45 61.6 1.2 (1.0, 1.4) 0.9 (0.7, 1.2)
2e4 y 751 51.4 41 69.5 54 70.1 1.4 (1.1, 1.6) 1.0 (0.8, 1.3)

Diagnosisa

Whooping cough 117 88.6 24 82.8 37 97.4 0.9 (0.8, 1.1) 1.2 (1.0, 1.4)
Pneumonia 876 46.4 26 34.7 35 40.7 0.8 (0.6, 1.0) 1.2 (0.8, 1.8)
Bronchiolitis 3355 71.0 50 75.8 48 62.3 1.1 (0.9, 1.2) 0.8 (0.7, 1.0)
Influenza 608 94.0 60 98.4 64 97.0 1.1 (1.0, 1.1) 1.0 (0.9, 1.0)
Unspecified ALRI 487 43.7 13 35.1 17 47.2 0.8 (0.5, 1.3) 1.3 (0.8, 2.4)

Aboriginal statusb

Non-Aboriginal 4399 64.5 112 66.3 129 74.1 1.0 (0.9, 1.2) 1.1 (1.0, 1.3)
Aboriginal 1092 61.6 27 51.9 50 56.2 0.8 (0.7, 1.1) 1.1 (0.8, 1.5)

Total 5491 63.9 173 64.6 201 66.3 1.0 (0.9, 1.1) 1.0 (0.9, 1.2)

Abbreviations: ALRI, acute lower respiratory infection; CI, confidence interval.
Age group and diagnosis were used as selection criteria to select cohort 2.
a Eighty-five records were coded as bronchitis with a documented pathogen test in cohort 1; 48 of these had at least one pathogen detected (56.5%).
b Aboriginal status was unknown for 87 records with a documented pathogen test in cohort 2; 56 of these (64.4%) had at least one pathogen

detected.
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test in 2000e2005, the frequency of pathogen detection
was similar in both cohorts. Using data collected during
the chart review and after adjusting for other factors, we
found children admitted to metropolitan hospitals were
more likely to undergo testing.

The higher proportion of testing observed in cohort 2
compared to cohort 1 suggests that the reason for low
numbers of hospital records with a corresponding labora-
tory record that we observed in our previous linked data
study was likely due to missed records. Extraction of
PathWest data for linkage with hospital data for cohort 1
was conducted as a proof-of-concept study as part of a pre-
vious program of work [9]. In this instance, there was
limited documentation available on the codes used in the
PathWest data set, their changes over time, and their utili-
zation. Therefore, even with assistance from data custo-
dians, it is likely that all relevant records were not
identified in the initial data request sent to the WADLS
and, as such, may not have been extracted for the previous
data linkage study. These results demonstrate the power of
this approach but highlight some of the complexities of data
linkage and how important in-depth knowledge of the data
set and validation studies can be, particularly for newly
linked data sets such as PathWest. With validation and

better documentation of codes used in the PathWest data
set and how they have changed over time, PathWest re-
mains a powerful source of linked pathology data and
may still be used as a data source for future studies looking
at pathogen-specific burden of respiratory and other infec-
tious diseases or effects at the population level [9].

To comply with best practice protocols for data linkage
[8] and because of constraints surrounding the approved use
of linked data, we were unable to reidentify individuals
from cohort 1 with hospital admissions that did not have
a corresponding PathWest record to individually access
their medical charts. This meant that we were unable to
directly identify predictors of testing or conduct sensitivity
analyses. We have attempted to compensate for this by
imposing strict selection criteria for cohort 2 to achieve a
representative, but small, sample of admissions which we
could review across varying demographics such as age,
location, and ALRI diagnosis.

Of the admission records that had a microbiological test
reported, overall, there was no difference in the frequency
of pathogen detection between the two cohorts. However,
the proportion of records from 2 to 4 year olds with re-
ported positive pathogen detections were 1.4 times higher
in cohort 2 compared to cohort 1. This difference may be
partially explained by the inadvertent omission of blood
culture records during data extraction for cohort 1, which
has been highlighted previously [9]. Nonetheless, the high
degree of similarity in the positivity rate overall suggests
that our previous linked data set did provide a reasonable
snapshot of the etiology of ALRI at a population level [9].

During the chart review, we observed an increase in the
frequency of microbiological testing reported in
2006e2011 compared to 2000e2005 among rural and
remote hospitals. However, this was not uniform across
all hospitals in these two regions. As such, interhospital
variability in testing practices is likely to account for the
differences in microbiological testing. If not accurately
documented, these differences are likely to impact on data
quality which in turn has the potential to introduce bias in
studies using linked data [24,25]. Future studies using
microbiological data need to take into account the potential
impact of differential testing practices on study findings,
and validation studies may need to use a wider sample of
hospitals to fully assess interhospital heterogeneity.

Although both cohorts are broadly comparable, some
variables were coded differently which is a limitation of
our validation analyses. One of these is Aboriginal status,
where variability in coding has been shown to result in
overestimations or underestimations of gains in health out-
comes such as mortality and infection [26,27]. In addition,
cohort 2 only includes records from a small subset of hos-
pitals in the state, almost all of which are public hospitals
(one hospital accepts both publicly and privately funded pa-
tients). Collectively, these hospitals still accounted for over
half of all pediatric admissions for ALRI, notwithstanding
the omission of records from private hospitals, which

Table 4. Modified Poisson regression of demographic predictors of
having a microbiological test in the chart review (cohort 2)

Variable

Univariable Multivariable

Risk ratios (95% CI) Risk ratios (95% CI)

Aboriginal status
Non-Aboriginal Reference
Aboriginal 0.7 (0.7, 0.8) 1.0 (0.9, 1.1)

Hospital location
Metropolitan Reference
Rural 0.5 (0.4, 0.6) 0.5 (0.4, 0.6)
Remote 0.6 (0.5, 0.7) 0.6 (0.5, 0.7)

Gender
Female Reference
Male 1.0 (1.0, 1.1) 1.1 (1.0, 1.1)

Prematurity
Term birth Reference
Preterm birth 1.0 (0.9, 1.2) 1.0 (0.8, 1.1)

Comorbidities
None present Reference
At least one presenta 1.1 (1.0, 1.2) 1.0 (0.9, 1.1)

Age group
!6 mo Reference
6e11 mo 0.9 (0.8, 1.0) 0.8 (0.7, 1.0)
12e23 mo 0.9 (0.8, 1.0) 0.9 (0.8, 1.0)
2e4 y 0.9 (0.8, 1.0) 0.8 (0.7, 0.9)

Year of admission
2000e2005 Reference
2006e2011 1.0 (0.9, 1.1) 1.1 (1.0, 1.2)

Abbreviation: CI, confidence interval.
Analyses were clustered by individual to allow for multiple admis-

sions of the same individual at different time points (n 5 34 records),
and robust variances were estimated.

a Comorbidities include chronic respiratory, cardiac, or neurolog-
ical disease; congenital or syndromic disease; immunosuppression;
and other comorbidities (eg, gastrointestinal issues).
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accounted for approximately 12% of admissions in cohort 1
(data not shown). Although our validation exercise may
give a crude measure of the validity of our previous data
linkage study, it is one of the few options available without
reidentifying children in our linked data set [8].

To our knowledge, this is the first study to validate linked
hospital and microbiological data in Australia. Prior studies
have highlighted potential biases and errors in these data that
could easily be missed without validation studies [14,25,28].
For example, an earlier validation study in WA has found
that comorbidity data are better recorded in medical charts
compared to administrative data sets, but further studies have
concluded that this may be due to insufficient follow-up time
[14,29]. WA is one of the few jurisdictions that is currently
able to link microbiological data of routine testing of infec-
tious disease pathogens, and there is increasing interest in
locating and possibly linking microbiological data across
jurisdictions in Australia and between countries [30]. There-
fore, this study represents an essential step in the continued
use of administrative data, especially routinely collected
microbiological data. Findings from this study will be used
to optimize the data extraction protocol for further data link-
age studies investigating the pathogen-specific burden of
ALRI and the clinical impact of coinfection.
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Systematic review and meta-analysis of respiratory viral
coinfections in children

FAYE JANICE LIM,1 NICHOLAS DE KLERK,1 CHRISTOPHER C. BLYTH,1,2,3,4 PARVEEN FATHIMA1 AND
HANNAH C. MOORE1

1Wesfarmers Centre of Vaccine and Infectious Diseases, Telethon Kids Institute and 2School of Paediatrics and Child Health, The
University of Western Australia, 3Department of General Paediatrics and 4PathWest Laboratory Medicine WA, Princess Margaret

Hospital for Children, Perth, Western Australia, Australia

ABSTRACT

Respiratory infections are a commoncause of paediatric
morbidity. Clinical outcomes in children hospitalized
with single respiratory virus infection are compared
with those with two or more viral–viral coinfection.
Studies were restricted to those reporting on children
aged less than 5years (PROSPERO CRD#42014009133).
Published data to calculate risk ratios (RR) comparing
children with single viral infections to coinfection using
a random effects model were used. Similar analyses by
pathogen pairs and by excluding children with comor-
bidities were performed. Of 4443 articles reviewed, 19
were included. Overall, no differences in the risk of fe-
ver, admission to an intensive care unit (ICU), oxygen
use, mechanical ventilation and abnormal radiographs
between children with single infection and those with
coinfection were found. When analysing only children
without comorbidities, the risk of fever (RR=1.16 to
RR=1.24, 95% confidence intervals (CI) =1.00–1.55)
and ICU admission (RR=1.08 to RR=1.31, 95%
CI=0.93–1.83) increased but remained non-significant.
Point estimates suggested an increased risk of ICU ad-
mission in those coinfected with either respiratory syn-
cytial virus or human metapneumovirus compared
with those with single infection but was non-
significant. Our findings suggest that coinfection is not
associated with increased clinical severity, but further
investigations by pathogen pairs are warranted.

Keywords: child, coinfection, respiratory tract infection, severity of
illness.

Abbreviations: ALRI, acute lower respiratory infections; CI, confi-
dence intervals; hMPV, human metapneumovirus; ICU, intensive care
unit; NHMRC, National Health and Medical Research Council; NOS,
Newcastle-Ottawa Scale; RR, risk ratios; RSV, respiratory syncytial
virus.

INTRODUCTION

Acute lower respiratory infections (ALRI) are major
contributors to the disease burden in young children.
In 2010, pneumonia caused 1.4 million deaths in chil-
dren aged less than 5years.1 Viral pathogens associated
with ALRI include influenza, respiratory syncytial virus
(RSV), human metapneumovirus (hMPV) and rhinovi-
ruses. Coinfection occurs when children are simulta-
neously infected with multiple pathogens.

Rates of viral–viral coinfections in children vary from
less than 1% to over 40%.2–4 There is no consensus on
the relationship between coinfection and clinical out-
comes, with evidence showing weakly protective to
moderately detrimental effects.5–7 A systematic review is
therefore ideally suited to summarize the current data.

Three systematic reviews have been published on this
topic. The earliest used data from eight studies on respi-
ratory infections conducted at one US hospital.8 After
controlling for virus detection methods, authors found
that patients with coinfection were hospitalized more
often than those with single infections.8 More recent
reviews have observed no difference, overall, in disease
severity between those with viral coinfection compared
with thosewith single infections.9,10 However, subgroup
analyses in one review suggested an increasedmortality
risk among young children with coinfection.10

All reviews combined data from children and adults
as well as individuals with and without comorbidities.
Both factors are likely to alter effects of viral–viral coin-
fection on clinical outcomes.11 Given these limitations,
we conducted a systematic review of observational
studies to ascertain the impact of viral–viral coinfec-
tion in children without comorbidities aged less than
5years hospitalized with ALRI. We hypothesized that
in young children without comorbidities, there would
be significant differences in clinical outcomemeasures
between those children with a single viral infection
compared with those with viral–viral coinfection.

METHODS

For this review, coinfection is defined as detection of
two or more respiratory viruses in a sample. Although
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and Infectious Diseases, Telethon Kids Institute, The University of
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viral shedding and potentially non-pathogenic viruses
may be detected, it is difficult to distinguish between
these without additional laboratory tests,12 which may
not be completed in many studies.

Search strategy
A literature search was conducted by F.J.L. in Ovid,
PubMed, Scopus, ProQuest and Web of Science data-
bases around five concepts—coinfection, children, re-
spiratory, viruses and hospitalization (January–April
2014). Details on the search strategy used can be
accessed at PROSPERO (http://www.crd.york.ac.uk/
PROSPERO/display_record.asp?ID=CRD42014009133).
Additional references from citation searching and re-
ferrals from colleagues were included until April 2014.
A total of 5186 references were found, and duplicates
were removed following review of authors, title and
journal information.

Study selection
In the first round of review, F.J.L. assessed titles, ab-
stracts and other meta-data for exclusion. References
were excluded if not a research article; not written in
English; or focussed on patients with comorbidities (e.g.
human immunodeficiency virus), patients aged 5years
or more, non-community-acquired infections, animal
models, post-mortem samples or bacterial coinfection.
References with insufficient information for exclusion
were retained for the second round of review.
Full-text articles were accessed for the second round

of review. F.J.L. and P.F. independently reviewed
studies against the inclusion and exclusion criteria
(Supplementary Table S1). Studies were included if
they were written in English; included children aged
less than 5years who were hospitalized for
community-acquired ALRI; reported on hospitaliza-
tion outcomes that were indicators of disease severity;
and compared outcomes between children with and
without coinfections. Studies that could not be clearly
classified were deemed ‘unsure’.
Studies with discrepant classifications or classified as

‘unsure’ went through a third round of review by the
remaining authors, who were blinded to the initial clas-
sification. Final classification was based on majority
ruling. For studies with discrepant classifications after
the third round of review (n=5), final classifications
were made by H.C.M. Studies that combined results
of children with and without comorbidities but did
not meet any other exclusion criteria were retained as
we found that few studies had explicitly included only
children without comorbidities or analysed children
with and without comorbidities separately.

Data extraction and quality assessment
At least two studies are needed to have reported on a
comparable outcome for it to be included for meta-
analyses. Therefore, outcome measures were fever,
intensive care unit (ICU) admission, oxygen use,
requirement for mechanical ventilation and abnormal
radiographs. Length of stay in hospital was reported by
all except three studies, but these data were not

comparable due to reporting variability. Fever was de-
fined as a recorded temperature of greater than 37.9 °C.
Oxygen use was defined as saturation of less than 94%
or requirement for supplemental oxygen. Abnormal
radiographs included radiographical pneumonia, atel-
ectasis or abnormal infiltrates on chest X-ray.
Corresponding authors of published papers6,13–18

were contacted for additional data if individual-level
data on children with and without comorbidities could
not be separated. Published data were used if the cor-
responding author did not respond after two or more
attempts to contact them. F.J.L. extracted all study data
and assessed risk of bias for individual studies using an
adapted version of the Newcastle–Ottawa Scale (NOS)
for cohort studies.19 One study used a case–control de-
sign but was assessed as a cohort study as only data
from the cases were required.20 Two NOS items relat-
ing to adequacy of follow-up were removed as all
outcomes measures would have occurred during the
episode of admission, resulting in a maximum achiev-
able NOS score of 6.
F.J.L. assessed the quality of evidence for each out-

come according to the GRADE framework and termi-
nology using GRADEPROFILER (version 3.6.1, http://
www.guidelinedevelopment.org/). Risk of bias for each
outcome was determined using the median NOS score
of all studies contributing data to the outcome in ques-
tion. MedianNOS scores of 2 or less were deemed a se-
rious risk of bias, scores of 3–4 as moderate risk and
scores of 5–6 as low risk.

Statistical analysis
κ scores were calculated using GRAPHPAD21 for the level
of agreement between F.J.L. and P.F. in the second
round of review, excluding references classified as ‘un-
sure’. Outcome data were analysed using REVIEW MAN-
AGER (version 5.2.11).22 Where multiple studies

Figure 1 Flow chart of records identified, excluded and included in
review. (*) Three studies pertaining to the same cohort of
children13,23,24 are included in this count.
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reported on the same cohort, only the study with the
largest sample size was used for meta-analyses. We
compared outcomes in children with coinfection and
children with single infections using random effects
models of Mantel–Haenszel estimates of risk ratios
(RR) with 95% confidence intervals (CI). Similar analy-
ses were performed excluding data from children with
comorbidities.
Additional subgroup analyses by pathogen pairs

were performed when two or more studies reported
on the same pathogen and outcome. To test the ro-
bustness of study findings, sensitivity analyses were
conducted by removing the highest weighted study.
These were not performed for subgroup analyses or

for outcomes where only two studies contributed data
to the outcome.
Ethical approval was not obtained for this review as

only published data were used.

RESULTS

After removing the duplicate, 196 of 4443 references
assessed in the first round of review proceeded to the
second round (Fig. 1). In the second round, 168 refer-
ences were classified as included (n=5) or excluded
(n=163) by both F.J.L. and P.F. (κ =0.34, 95% CI=0.12–
0.57). Remaining studies (n=28) underwent a third

Figure 2 Comparison of risk of (a) fever, (b) admission to intensive care and (c) oxygen use in childrenwith single viral and viral–viral coinfection
including studies of children with and without comorbidities. (c) Includes data from one study (Foulongue 20067) that includes 2/589 children
with nosocomial infection. CI, confidence intervals.
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round of review. Of these, 14 were included, giving a to-
tal of 19 included studies. Studies were commonly ex-
cluded for reporting on children aged over 5years
(n=72) and absence of reporting on hospitalization out-
comes (n=29; Fig. 1, Supplementary Table S2).
Of the 19 studies included, three studies reported on

the same cohort13,23,24; the study with the largest re-
ported cohort (n=1322) was used for analyses.24

Included studies reported on 8923 children with study
periods between 2000 and 2011 (Supplementary Table
S3). Eight studies recruited only infants up to
23months of age (Supplementary Table S3). Nasal
samples were used in all studies, while three studies
also collected oral/throat swabs.14,20,25 Reverse-
transcriptase polymerase chain reaction was the most
common detection method. RSV was the most com-
mon pathogen reported (Supplementary Table S3).
The median NOS score of included studies was 4

(range: 2–5), but overall quality of evidence for all out-
comeswas very low (Table 1).With the exception of ab-
normal radiographs, the median NOS scores for all
outcomes were less than 5, corresponding to a moder-
ate risk of bias. Small cohort size and few events for
abnormal radiographs contributed to serious impreci-
sion. There were also concerns about lack of compara-
bility (indirectness) and imprecision of data used for
mechanical ventilation (Table 1). Publication bias for
mechanical ventilation and abnormal radiographs
could not be assessed, as three or fewer studies con-
tributed outcome data.
When data from children with and without comor-

bidities were pooled, there was insufficient evidence
to indicate that children with coinfection had poorer
outcomes than those with single infection across the
majority of outcome measures (Table 1, Figs 2,3). By
contrast, there was suggestive evidence that children
with single infection were at increased risk of requiring
mechanical ventilation comparedwith coinfected chil-
dren, although comparative risks were low (Table 1,
Fig. 3a). However, these results were largely based on

one study with significant differences in the age
distribution of children with single infection and
coinfection.17

Of the 15 studies included for analyses, nine
combined results of children with and without co-
morbidities; children with comorbidities accounted
for up to 27% of the cohort (Table 2). When anal-
yses were restricted to children without comorbid-
ities, the risk of fever and ICU admission increased
in the coinfected group compared with those with
single infection but remained non-significant
(Supplementary Figure S1).

Subgroup analyses including data from children
with comorbidities suggested a non-significant in-
crease in the risk of ICU admission among children
with RSV coinfection or hMPV coinfection compared
with those with infected with either pathogen alone
(Supplementary Figure S2). Subgroup analyses by
pathogen pairs could not be performed for children
without comorbidities due to low numbers.

Sensitivity analyses showed no differences when the
highest weighted study was removed, except for me-
chanical ventilation and ICU admission. When includ-
ing data from childrenwith andwithout comorbidities,
removal of the highest weighted study17 shifted the risk
ofmechanical ventilation towards the null (RR=0.43 to
RR=0.84, 95% CI=0.12–5.90).By contrast, removal of
the highest weighted study16 increased the risk of ICU
admission from 1.08 to 1.22 (95%CI=0.90–1.67) in
those with coinfection compared with those with
single infection.

DISCUSSION

Wedid not find sufficient evidence to suggest that chil-
dren aged less than 5years with coinfection havemore
severe clinical outcomes compared with those with
single infection. RRs were in the direction of increased
risk of fever and ICU admission when analyses were

Figure 3 Comparison of risk of (a) mechanical ventilation and (b) abnormal radiographs admission in children with single viral and viral–viral
coinfection including studies of children with and without comorbidities. CI, confidence intervals.
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restricted to children without comorbidities, but re-
sults remained insignificant. Subgroup analyses by
pathogen pairs indicate potential for increased risk of
ICU admission among those with RSV or hMPV coin-
fection compared with those infected with either path-
ogen alone.
Like previous reviews, we foundno differences in the

clinical severity between children with coinfection and
those with single infection.9,10 We have added to these
by conducting analyses separately in children without
comorbidities and have attempted to compare out-
comes in specific pathogen pairs. Those with coinfec-
tion appeared to have an increased risk of fever and
ICU admission, although results did not reach statisti-
cal significance. However, data on fever may be of lim-
ited clinical utility, as it is common among children
presenting with ALRI.
We set out to determine the impact of viral–viral co-

infection in children without comorbidities. However,
few studies explicitly analysed children with and with-
out comorbidities separately. Therefore, we retained
these studies and performed separate analyses exclud-
ing data from children with comorbidities. We found
that the effect of coinfectionmay be diluted when data
on children with and without comorbidities are
grouped together.
Contrary to expectation, we noted that in the pres-

ence of coinfection, childrenwithout comorbidities ap-
peared to fare worse than children with comorbidities.
There may be significant differences between children
with and without comorbidities including immuniza-
tion uptake, use of prophylactic strategies such as
RSV immunoglobulin and use of empirical antibacte-
rial therapy, all of which may influence the severity of
outcomes. As a result, we caution against over-
interpreting this observation.
While length of stay in hospital was the most com-

monly reported outcome, reporting variability made
comparisons difficult. As a crude comparison, data
on mean or median length of stay were log trans-
formed for six studies including children with
comorbidities,5–7,14,20,24 but we found no differences
between children with coinfection and those with

single infection (data not shown). Greater consis-
tency in reporting of clinical measures is recom-
mended. We did not assess the impact of
coinfection on mortality, but of the studies where
mortality was reported, all except one14 stated that
no one had died.
Quality of evidence, as judged by the GRADE frame-

work and theNOS scale, was poor formost studies. Im-
precision due to small case numbers and risk of bias
were the main contributors to low quality. Studies
assessing the relationships between aetiology and clin-
ical outcomes in ALRI are difficult because of the vari-
ety and ubiquitous nature of potential respiratory
pathogens.26,27 Coupled with the heterogeneity of
study designs, methodology and pathogens tested for
as well as the relatively low proportion of coinfection
in some settings,2 it is unsurprising that the evidence
for disease severity in childrenwith coinfection is poor.
While these caveats limit the generalizability of our
findings, our sensitivity analyses suggest that our find-
ings for most outcomes were fair, given the limitations
of the studies used. One possiblemethod of addressing
the issue of small numbers is using linked population-
level datasets, shown to be viable for aetiology
studies.28,29

Instead of pre-specifying outcomes measures and
statistical methods to be used, as recommended by
the CochraneCollaboration,30we chose outcomemea-
sures from those reported by included studies. Previ-
ous publications of clinical severity scales used
variable outcome measures,31–34 and we anticipated
that included studies were likely to reflect this variabil-
ity. Consequently, some selection bias was expected, as
reflected in the low κ score in the second round of re-
views and the number of studies reviewed a third time.
We attempted to ameliorate this by having consensus
of multiple reviewers during study selection.
Our review was restricted to studies written in

English and excluded viral–bacterial coinfection. In ad-
dition, we did not attempt to distinguish between ac-
tive viral infection, viral shedding and potentially
non-pathogenic viral infection. This should be taken
into consideration when interpreting study results

Table 2 Studies reporting on combined results of children with and without comorbidities

First author, year No. affected (% of total) Comorbidities potentially included

Ali, 201014 168 (22.6) Recruitment criteria include cystic fibrosis exacerbations; additional
comorbidities not specified

Brand, 201217 3 (2.1) Includes children with congenital heart defects
Caracciolo, 20086 2 (0.6) Includes children with bronchopulmonary dysplasia and Down syndrome
Foulongne, 20067 2 (0.3) Includes immunocompromised and nosocomially infected children
Gagliardi, 201318 2 (0.8) Includes one potential nosocomially infected child and a child with

Wolf–Hirschhorn syndrome
Garcia-Garcia, 200624 8 (0.6) Includes children with chromosomopathy, congenital heart disease,

cerebral paresis, epilepsy, Prader–Willi syndrome and bronchopulmonary
dysplasia

Mansbach, 201216 364 (16.5) Includes children with respiratory, cardiac, neurological, gastrointestinal
and immunological diseases

Prill, 201220 Up to 525 (26.9) Includes children with lung and neurological conditions
Suryadevera, 201115 Up to 35 (17.4) Includes children with chronic lung disease, Down syndrome and congenital

heart disease
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and if undertaking a similar review in the future. More-
over, our study population was limited to children
aged less than 5years when presenting with ALRI. A
similar review on this topic including children up to
17 years of age is currently underway (http://www.
crd.york.ac.uk/PROSPERO/display_record.asp?
ID=CRD42014007250). Comparing the results from
these reviews could highlight any age differences in ef-
fects of coinfection in children.
Despite these limitations, this review was a first

attempt at comparing the effects of coinfection in chil-
dren with and without comorbidities while also explor-
ing pathogen-specific effects. We have attempted to
reduce the risk of bias usingmultiple reviewers and test-
ing the robustness of our findings. Overall, our findings
suggest that there are no differences in the severity of
ALRI between children with coinfection and those with
single infection. Coinfection in children without comor-
bidities or with specific pathogen pairs is suggestive of
increased disease severity, but there is insufficient
evidence to draw firm conclusions. Well-designed, pro-
spective studies may help to address these questions in
the future.
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14.7 Appendices relating to Chapter 10 

Documents included in this section are as follows: 

x Data collection sheet used at time of enrolment 

x Data collection sheet used at follow up (7-10 days post-enrolment) 

x Thesis declaration for co-authored work 

x Copy of published paper 
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Address ...................................................................................

.................................................................................................

Suburb ................................................. Postcode ...................

E-mail ......................................................................................

Telephone................................................................................

Mobile .....................................................................................

QUESTIONNAIRE 1

About your child

Child’s Name ...........................................................................

.................................................................................................

Date of Birth D D  / M M  / Y Y

Sex       Male        Female

Does your child identify as Aboriginal or Torres Strait 
Islander?

  Yes       No

Your relationship to child e.g mother ......................................

Does your child live at the same address as you? 

  Yes       No      Some of the time

Question One - About the illness that your child 
has at the moment 

(to be in the study your child will have an illness 
with a fever plus a respiratory symptom such as 
cough, runny nose, wheezing, sore throat, etc) 

a) What date did your child first have a fever in this illness?

D D  / M M  / Y Y

b) What was the highest temperature recorded? 

......................... ˚C     ......................... ˚F       Don’t Know

c) Please indicate which of the following respiratory or ear 

symptoms below your child had/has during this illness:

Tick all that apply

  Cough

  Runny nose

  Wheezing

  Difficulty in breathing

  Earache

  Sore throat

  Sinusitis

d) Which of these respiratory or ear symptoms started 

first?

.................................................................................................

..........................................

e) What date did this respiratory or ear symptom start?

D D  / M M  / Y Y

f) Did/does your child have any other symptoms during 

this illness?

  Irritability

  Rash

  Diarrhoea

  Lethargy/Drowsiness

  Other, please specify

  Poor feeding

  Sleep disturbance

  Vomiting

  Skin more pale than normal

........................................................

g)  Do you think that your child has influenza (‘flu)? 

  Yes       No

Please complete this questionnaire as soon 
as possible after being enrolled in the study - 
THANK YOU. 

What date did you complete this questionnaire?

D D  / M M  / Y Y
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         Subject ID ........................................

Question Two - About your child’s medical 
history

a) Was your child born:

  On time (full-term / 37 weeks or more) 

  Premature (less than 37 weeks) please specify how 

many weeks at birth (e.g 32, 34) .....................

  Don’t know     

b) What was your child’s birth weight?   

.....................lbs.....................oz     or   ..............................kg    

   Don’t know

c) Does your child have any of the following illnesses?    

Tick all that apply

  Asthma (diagnosed by a doctor)

 Was your child admitted to hospital more than twice 
last year because of their asthma?    

   Yes       No

  Chronic lung (respiratory) conditions e.g. cystic 
fibrosis, bronchiectasis

  Heart disorder

  Chronic neurological conditions e.g seizure disorders, 
spinal cord injuries, cerebral palsy

  Impaired immunity e.g HIV infection

  Other chronic illness requiring regular medical follow 
up or hospitalisation

  An illness requiring treatment with 
immunosuppressants (e.g. chemotherapy, 
radiotherapy, high dose steroids) 

  An illness requiring treatment with immunoglobulins

  A severe egg allergy (anaphylaxis)

  A severe allergy (anaphylaxis) to a flu (influenza) 
vaccine in the past

  None of the above

If you ticked any of the above illnesses please give details 
below:

...............................................................................................

...............................................................................................

d) Is your child on any medications on a regular basis?     

  Yes       No 

If yes, please specify .............................................................

...............................................................................................

Question Three
a) Does your child attend any of the following?   

Please complete details below  

  Playgroup/Mother’s group, how many hours ................. 

OR days ..................... per week on average? 

  Daycare, how many hours .................. OR days .............. 

per week on average?   

  Kindy, how many hours .................. OR days .............. 

per week on average?   

  Preschool, how many hours .................. OR days 

.............. per week on average?   

  None of the above

b) How many other people live in the same household as 
the child enrolled in the study? 

Adults ..................... (including yourself if you live in the 
same household as the child)

Children ..................... (NOT including the child enrolled in 
the study)

c) Does anyone in the household smoke?     

  Yes       No  

Question Four

a) Has your child had a seasonal influenza (flu) vaccine 
this year?    

  Yes       No       Don’t know

If yes, how many doses?

  One       Two

What date was the seasonal flu vaccine given?     

1st dose   D D  / M M  / Y Y      Don’t know

2nd dose  D D  / M M  / Y Y      Don’t know

Where was the seasonal flu vaccine given?   

  GP: practice name .........................................................

 suburb ....................................................................

  Rheola St Clinic     

  Other, specify name of vaccine provider ........................

 ................................................................................

 address ...................................................................

 ................................................................................
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         Subject ID ........................................

Question Five - Attitudes towards influenza (flu) 
illness - please indicate whether you agree with 
the following statements

a) Flu is a mild disease   

   Agree       Disagree       Unsure

b) Flu can put young children in hospital 

   Agree       Disagree       Unsure

c) Flu can kill young children   

   Agree       Disagree       Unsure

d) Flu is not easily caught from others

   Agree       Disagree       Unsure

Question Six - Attitudes towards influenza 
vaccination - please indicate whether you agree 
with the following statements

a) Flu vaccine is safe    

   Agree       Disagree       Unsure

b) You can catch the flu from the flu vaccine 

   Agree       Disagree       Unsure

c) Flu vaccine protects children from the flu 

   Agree       Disagree       Unsure

d) I am worried about side effects from the flu vaccine

   Agree       Disagree       Unsure

e) It is better to have ‘natural’ immunity against the flu

   Agree       Disagree       Unsure

f) Flu vaccine will overload my child’s immune system

   Agree       Disagree       Unsure

g) Kids who have asthma should get a flu vaccine 

   Agree       Disagree       Unsure

h) Kids who have a chronic (long-term) disease should get 
a flu vaccine 

   Agree       Disagree       Unsure

i) Healthy young kids should get a flu vaccine 

   Agree       Disagree       Unsure

Question Seven - Attitudes towards access to 
influenza vaccination - please indicate whether 
you agree with the following statements

a) It is inconvenient getting a flu vaccine 

   Agree       Disagree       Unsure

b) Kids needing 2 vaccines in the first year is difficult to 
organise

   Agree       Disagree       Unsure

c) The vaccine being free is important  

   Agree       Disagree       Unsure

d) I’ve been too busy to get my child vaccinated against 
the ‘flu   

   Agree       Disagree       Unsure

e) My child has not been vaccinated because they have 
been unwell  

   Agree       Disagree       Unsure

Please turn over

Question Four (continued)

b) How many flu vaccine doses has your child had prior to 
this year? (e.g. in 2007, 2008, 2009, 2010)

  None       One       Two       More than two

  Don’t know

Question Eight - Attitudes to vaccination in 
general - please indicate whether you agree 
with the following statements

a) My child has had all their routine vaccinations

   Agree       Disagree       Unsure

b) I don’t believe children should have any immunisations 
(vaccines)

   Agree       Disagree       Unsure

Do you have any other comments about your views on 
influenza vaccination or vaccination in general?

...............................................................................................

...............................................................................................

...............................................................................................

...............................................................................................

...............................................................................................

...............................................................................................

...............................................................................................

...............................................................................................
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         Subject ID ........................................

Question Thirteen

Were you aware that the flu vaccine is free for children 
aged between 6 months and under 5 years old this year in 

Western Australia?     

  Yes       No

If yes, where did you hear of this? 
Tick all that apply

  GP/health care professional     

  Friend/relative

  Childcare/Kindy

  Internet

  TV  

  Radio

  Posters

  Newspaper

  Other, please specify ......................................................

Thank you for taking the time to complete this questionnaire.

PLEASE HAND TO WAIVE STAFF MEMBER 
OR RETURN IN THE PRE-PAID ENVELOPE.

We may need to contact you to clarify information for the study.  Please indicate the best time and number to 
contact you on, Thank you!

Best number ..............................................................................  Best time of day .....................................am/pm

Please complete Questionnaire 2 (Blue) in 7-10 DAYS

Question Nine

Did you discuss influenza vaccine with your GP this year?     

  Yes       No

If yes, please tick which statement best applies 

  My GP recommended me to have my child vaccinated 
against the flu 

  My GP recommended me NOT to have my child 
vaccinated against the flu 

  My GP did not give any specific advice about whether 
to have my child vaccinated or not against the flu

Question Ten

Did the adverse events that occurred in 2010 influence 
whether you vaccinated your child or not with the 
seasonal influenza (flu) vaccine?    

  Yes       No       Don’t know

Question Eleven

Were you aware that the influenza vaccine given in 2010 
that caused the adverse events is no longer given to 
children?    

  Yes       No     

Question Fourteen

Do you plan to give your child the seasonal influenza (flu) 
vaccine next year?    

  Yes       No       Don’t know

Question Twelve

Are you aware that in 2011 influenza vaccines from 
different manufacturers were given and found to be safe?    

  Yes       No     
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         Subject ID ........................................

QUESTIONNAIRE 2
Please complete this questionnaire 7-10 days 
after your child’s enrolment in this study.

You should have already completed 
Questionnaire 1 (yellow), but if not, please do 
so now - THANK YOU!

What date did you complete this questionnaire?

D D  / M M  / Y Y

The following questions from 1 to 8 
relate to the flu-like illness that your 
child had when they were enrolled in 
the WAIVE study.

About you (parent or guardian of the child 
enrolled in the study)

Your name ..................................................................................................................

Your relationship to child enrolled in the study e.g mother 

...........................................................................................................................................

Child’s Name ............................................................................................................

Child’s Date of Birth D D  / M M  / Y Y

Question One - Who have you contacted 
or seen for medical advice during your 
child’s illness (including the visit when they 
were enrolled in the study if applicable)?

Tick all that apply.

  GP, how many times? ....................................  

  Paediatrician, how many times? ....................................  

  Health Direct, how many times? ....................................  

  Emergency department, how many times? ................................  

  Other, please specify ............................................................................... 

how many times? ....................................  

Question Two - What tests or procedures 
did your child have during this illness?

Tick all that apply.

If you are not sure what any of these procedures are, please 
refer to list of definitions below.

  WAIVE study nose swab

  Other nose swab (not for the WAIVE study)

  Throat swab

  Blood test

  Chest x-ray

  Per-nasal aspirate (PNA)

  Lumbar puncture

  Other, please specify ............................................................................... 

  Don’t know

Except for the WAIVE study swab, if you ticked any of the 
other boxes, please indicate where this test/procedure(s) 
was done

Name of hospital/GP .......................................................................................

.......................................................................................................................................

.......................................................................................................................................

Suburb ......................................................................................................................

Definitions

Nose swab: a sample is taken from one or both nostrils 
with a cotton-tipped stick

Throat swab: a sample is taken from the throat with a 
cotton-tipped stick

Blood test:  a sample of blood is taken with a needle from 
the vein (usually on the hand or arm)

Chest x-ray: a picture using x-rays is taken of the chest

Per-nasal aspirate: a sample of mucus is suctioned out of 
the nostril using a small tube

Lumbar puncture: a sample of spinal fluid is taken with a 
fine needle placed between the bones in the spine
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         Subject ID ........................................

Question Seven - Has your child missed 
any playgroup, daycare, kindy or preschool 
due to this illness?

  My child does not attend any of the above  

  No my child did not miss any of the above

  Yes my child missed: 

  Playgroup ............................. hours OR ............................. days

  Daycare  ............................. hours OR ............................. days

  Kindy  ............................. hours OR ............................. days

  Preschool ............................. hours OR ............................. days

Question Three - Has your child had any 
medications to treat this illness?

  Yes       No

If yes, what did they have and indicate how many days 
medication was given?    Tick all that apply.

  Paracetamol (e.g. Panadol, Dymadon)

How many days? .....................

  Ibuprofen (e.g. Nurofen)

How many days? .....................

  Decongestant/cough medicine (e.g. Demazin, Paedamin, 
Dimetapp)

How many days? .....................

  Antibiotics, please specify ......................................................................

How many days? .....................

  Other, please specify ............................................................................... 

How many days? .....................

Question Five - Has your child recovered 
yet from this illness?

“Recovered” = most of the symptoms have resolved and 
they are back to normal activities

  Yes       No

If yes, referring back to the definition above,  what date did 
your child recover?   

D D  / M M  / Y Y

If no, a WAIVE staff member will contact you to find out 
when they recover

Question Six - Has your child been 
diagnosed by a doctor with any 
complications or secondary infections?

  Yes       No       Don’t know

If yes, please indicate what:    Tick all that apply.  

  Pneumonia

  Chest infection

  Febrile convulsion (fever fit)

  Ear infection (otitis media)

  Croup

  Other, please specify ............................................................................

Where was this complication diagnosed? 

Name of hospital/GP .......................................................................................

.......................................................................................................................................

........................................................................................................................................

Suburb ......................................................................................................................

Question Eight - Has anyone had to have 
time off work because they were caring for 
the child during this illness? 

  Yes       No    

If yes, how many hours .................... OR days .................... off work?  

If more than one carer has had time off, please add up the 
total number of hours or days missed.

Question Four - Was your child admitted 
to hospital for this illness?

  Yes       No

If yes, which hospital? ........................................................................................

Date of admission? D D  / M M  / Y Y

Date of discharge? D D  / M M  / Y Y
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         Subject ID ........................................

Question Nine - Please fill in the table below, please complete one line for each household 
member who lives with the child enrolled in the study.  Complete for those who have been 
sick and not been sick.

If the child lives in more than one household then please do this for the household where they spend the 
majority of their time.

You do not have to fill a linefor the child enrolled in the WAIVE Study.
House-
hold 
member 
number

Are they 
male or 
female?

What is their 
relationship 
to the child 
enrolled in 
the study? (e.g. 
mother, brother, 
grandfather)

Age 
(in 
years)

Are they 
vaccinated 
against 
influenza (the 
flu) this year?

Did they become sick with a similar illness 
as the study child (fever plus a respiratory 
symptom such as cough, runny nose, difficulty 
in breathing, or earache) within a week of the 
study child?
(can be within the week before or the week after the 
start of the child’s illness)

Example   Male
X   Female mother 32

  Yes
X   No

  Don’t know

X   Yes, now turn over and please complete a 
family member illness page

  No
  Don’t know

1   Male
  Female

  Yes
  No
  Don’t know

  Yes, now turn over and please complete a 
family member illness page

  No
  Don’t know

2   Male
  Female

  Yes
  No
  Don’t know

  Yes, now turn over and please complete a 
family member illness page

  No
  Don’t know

3   Male
  Female

  Yes
  No
  Don’t know

  Yes, now turn over and please complete a 
family member illness page

  No
  Don’t know

4   Male
  Female

  Yes
  No
  Don’t know

  Yes, now turn over and please complete a 
family member illness page

  No
  Don’t know

5   Male
  Female

  Yes
  No
  Don’t know

  Yes, now turn over and please complete a 
family member illness page

  No
  Don’t know

6   Male
  Female

  Yes
  No
  Don’t know

  Yes, now turn over and please complete a 
family member illness page

  No
  Don’t know

7   Male
  Female

  Yes
  No
  Don’t know

  Yes, now turn over and please complete a 
family member illness page

  No
  Don’t know

8   Male
  Female

  Yes
  No
  Don’t know

  Yes, now turn over and please complete a 
family member illness page

  No
  Don’t know

If you answered “NO” or “DON’T KNOW” for all household members, then thank you for taking the time to complete this 
questionnaire.
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         Subject ID ........................................

HOUSEHOLD MEMBER ILLNESS PAGE

For each household member who had a similar illness within a week of the child enrolled in 
the study, please fill in a box, giving information on the illness.

1) Give household member number as recorded in 
the table in Question Nine (e.g. 1, 2, 3, etc)

.................................... 

2) What date did this illness start?  

D D  / M M  / Y Y

3) Have they had time off work/school/playgroup/
daycare/kindy/preschool due to this illness? 

  Yes       No       Don’t know

If yes:

  Time off work .................... hours OR .................... days

  Time off school .................... hours OR .................... days

  Time off playgroup/daycare/kindy/preschool

 .................... hours OR .................... days

4) Have they seen or contacted anyone for medical 
advice due to this illness?   

  Yes       No       Don’t know

If yes, please indicate who and how many times:

  GP, how many times? ....................................  

  Paediatrician or specialist doctor,                                     

how many times? ....................................

  Health Direct, how many times? ....................................  

  Emergency department, how many times? ................................  

  Other, please specify ...............................................................................  

how many times? .................................... 

5) Have they been admitted to hospital for this 
illness?

  Yes       No       Don’t know

If yes, which hospital? ........................................................................................

Date of admission? D D  / M M  / Y Y  

Date of discharge? D D  / M M  / Y Y

6) Have they had any tests or procedures for this 
illness?     

If you are not sure what any of these procedures are, please 
refer to list of explanations on page one of blue questionnaire.

  Yes       No       Don’t know

If yes, what did they have?   Tick all that apply.

  Blood test

  Chest x-ray

  Nose swab

  Throat swab

  WAIVE study nose swab (for example if a sibling was also 
enrolled in the study)

  Other, please specify ............................................................................... 

Where was this test(s) performed?  

Name of hospital/GP ............................................................................................

.............................................................................................................................................

Suburb ............................................................................................................................

7) Have they had any medications to treat this 
illness? 

  Yes       No       Don’t know

If yes, what did they have?    Tick all that apply.

  Paracetamol (e.g. Panadol, Dimetapp)

How many days? .....................

  Ibuprofen (e.g. Nurofen)

How many days? .....................

  Decongestant/cough medicine (e.g. Demazin, Paedamin)

How many days? .....................

  Antibiotics, please specify ......................................................................

How many days? .....................

  Other, please specify ............................................................................... 

How many days? .....................

8) Have they recovered yet from this illness?  

“Recovered” = most of the symptoms have resolved and they 
are back to normal activities

  Yes       No

If yes, referring back to the definition above, what date did they 
recover?   

D D  / M M  / Y Y
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         Subject ID ........................................

HOUSEHOLD MEMBER ILLNESS PAGE

For each household member who had a similar illness within a week of the child enrolled in 
the study, please fill in a box, giving information on the illness.

1) Give household member number as recorded in 
the table in Question Nine (e.g. 1, 2, 3, etc)

.................................... 

2) What date did this illness start?  

D D  / M M  / Y Y

3) Have they had time off work/school/playgroup/
daycare/kindy/preschool due to this illness? 

  Yes       No       Don’t know

If yes:

  Time off work .................... hours OR .................... days

  Time off school .................... hours OR .................... days

  Time off playgroup/daycare/kindy/preschool

 .................... hours OR .................... days

4) Have they seen or contacted anyone for medical 
advice due to this illness?   

  Yes       No       Don’t know

If yes, please indicate who and how many times:

  GP, how many times? ....................................  

  Paediatrician or specialist doctor,                                     

how many times? ....................................

  Health Direct, how many times? ....................................  

  Emergency department, how many times? ................................  

  Other, please specify ...............................................................................  

how many times? .................................... 

5) Have they been admitted to hospital for this 
illness?

  Yes       No       Don’t know

If yes, which hospital? ........................................................................................

Date of admission? D D  / M M  / Y Y

Date of discharge? D D  / M M  / Y Y  

6) Have they had any tests or procedures for this 
illness?     

If you are not sure what any of these procedures are, please 
refer to list of explanations on page one of blue questionnaire.

  Yes       No       Don’t know

If yes, what did they have?   Tick all that apply.

  Blood test

  Chest x-ray

  Nose swab

  Throat swab

  WAIVE study nose swab (for example if a sibling was also 
enrolled in the study)

  Other, please specify ............................................................................... 

Where was this test(s) performed?  

Name of hospital/GP ............................................................................................

.............................................................................................................................................

Suburb ............................................................................................................................

7) Have they had any medications to treat this 
illness? 

  Yes       No       Don’t know

If yes, what did they have?    Tick all that apply.

  Paracetamol (e.g. Panadol, Dimetapp)

How many days? .....................

  Ibuprofen (e.g. Nurofen)

How many days? .....................

  Decongestant/cough medicine (e.g. Demazin, Paedamin)

How many days? .....................

  Antibiotics, please specify ......................................................................

How many days? .....................

  Other, please specify ............................................................................... 

How many days? .....................

8) Have they recovered yet from this illness?  

“Recovered” = most of the symptoms have resolved and they 
are back to normal activities

  Yes       No

If yes, referring back to the definition above, what date did they 
recover?   

D D  / M M  / Y Y  
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         Subject ID ........................................

HOUSEHOLD MEMBER ILLNESS PAGE

For each household member who had a similar illness within a week of the child enrolled in 
the study, please fill in a box, giving information on the illness.

1) Give household member number as recorded in 
the table in Question Nine (e.g. 1, 2, 3, etc)

.................................... 

2) What date did this illness start?  

D D  / M M  / Y Y

3) Have they had time off work/school/playgroup/
daycare/kindy/preschool due to this illness? 

  Yes       No       Don’t know

If yes:

  Time off work .................... hours OR .................... days

  Time off school .................... hours OR .................... days

  Time off playgroup/daycare/kindy/preschool

 .................... hours OR .................... days

4) Have they seen or contacted anyone for medical 
advice due to this illness?   

  Yes       No       Don’t know

If yes, please indicate who and how many times:

  GP, how many times? ....................................  

  Paediatrician or specialist doctor,                                     

how many times? ....................................

  Health Direct, how many times? ....................................  

  Emergency department, how many times? ................................  

  Other, please specify ...............................................................................  

how many times? .................................... 

5) Have they been admitted to hospital for this 
illness?

  Yes       No       Don’t know

If yes, which hospital? ........................................................................................

Date of admission? D D  / M M  / Y Y  

Date of discharge? D D  / M M  / Y Y

6) Have they had any tests or procedures for this 
illness?     

If you are not sure what any of these procedures are, please 
refer to list of explanations on page one of blue questionnaire.

  Yes       No       Don’t know

If yes, what did they have?   Tick all that apply.

  Blood test

  Chest x-ray

  Nose swab

  Throat swab

  WAIVE study nose swab (for example if a sibling was also 
enrolled in the study)

  Other, please specify ............................................................................... 

Where was this test(s) performed?  

Name of hospital/GP ............................................................................................

.............................................................................................................................................

Suburb ............................................................................................................................

7) Have they had any medications to treat this 
illness? 

  Yes       No       Don’t know

If yes, what did they have?    Tick all that apply.

  Paracetamol (e.g. Panadol, Dimetapp)

How many days? .....................

  Ibuprofen (e.g. Nurofen)

How many days? .....................

  Decongestant/cough medicine (e.g. Demazin, Paedamin)

How many days? .....................

  Antibiotics, please specify ......................................................................

How many days? .....................

  Other, please specify ............................................................................... 

How many days? .....................

8) Have they recovered yet from this illness?  

“Recovered” = most of the symptoms have resolved and they 
are back to normal activities

  Yes       No

If yes, referring back to the definition above, what date did they 
recover?   

D D  / M M  / Y Y  
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         Subject ID ........................................

HOUSEHOLD MEMBER ILLNESS PAGE

For each household member who had a similar illness within a week of the child enrolled in 
the study, please fill in a box, giving information on the illness.

1) Give household member number as recorded in 
the table in Question Nine (e.g. 1, 2, 3, etc)

.................................... 

2) What date did this illness start?  

D D  / M M  / Y Y  

3) Have they had time off work/school/playgroup/
daycare/kindy/preschool due to this illness? 

  Yes       No       Don’t know

If yes:

  Time off work .................... hours OR .................... days

  Time off school .................... hours OR .................... days

  Time off playgroup/daycare/kindy/preschool

 .................... hours OR .................... days

4) Have they seen or contacted anyone for medical 
advice due to this illness?   

  Yes       No       Don’t know

If yes, please indicate who and how many times:

  GP, how many times? ....................................  

  Paediatrician or specialist doctor,                                     

how many times? ....................................

  Health Direct, how many times? ....................................  

  Emergency department, how many times? ................................  

  Other, please specify ...............................................................................  

how many times? .................................... 

5) Have they been admitted to hospital for this 
illness?

  Yes       No       Don’t know

If yes, which hospital? ........................................................................................

Date of admission? D D  / M M  / Y Y  

Date of discharge? D D  / M M  / Y Y  

6) Have they had any tests or procedures for this 
illness?     

If you are not sure what any of these procedures are, please 
refer to list of explanations on page one of blue questionnaire.

  Yes       No       Don’t know

If yes, what did they have?   Tick all that apply.

  Blood test

  Chest x-ray

  Nose swab

  Throat swab

  WAIVE study nose swab (for example if a sibling was also 
enrolled in the study)

  Other, please specify ............................................................................... 

Where was this test(s) performed?  

Name of hospital/GP ............................................................................................

.............................................................................................................................................

Suburb ............................................................................................................................

7) Have they had any medications to treat this 
illness? 

  Yes       No       Don’t know

If yes, what did they have?    Tick all that apply.

  Paracetamol (e.g. Panadol, Dimetapp)

How many days? .....................

  Ibuprofen (e.g. Nurofen)

How many days? .....................

  Decongestant/cough medicine (e.g. Demazin, Paedamin)

How many days? .....................

  Antibiotics, please specify ......................................................................

How many days? .....................

  Other, please specify ............................................................................... 

How many days? .....................

8) Have they recovered yet from this illness?  

“Recovered” = most of the symptoms have resolved and they 
are back to normal activities

  Yes       No

If yes, referring back to the definition above, what date did they 
recover?   

D D  / M M  / Y Y



WAIVE Q2 Version 2: 28 May 2009

         Subject ID ........................................

Thank you for taking the time to complete this questionnaire

PLEASE RETURN IN THE PRE-PAID ENVELOPE





















Viral Etiology and the Impact of Codetection
in Young Children Presenting With Influenza-Like
Illness

Faye J. Lim,1,a Zoe V. Wake,2,3,a Avram Levy,4,5 Simone Tempone,4 Hannah C. Moore,1 Peter C. Richmond,1,2,6

Nicholas de Klerk,1 Nicholas T. Conway,1,b Anthony D. Keil,7 Paul V. Effler,8 David W. Smith,4,5 and Christopher
C. Blyth1,3,6,7; on behalf of the WAIVE group
1Wesfarmers Centre of Vaccines and Infectious Diseases, Telethon Kids Institute, University of Western Australia, West Perth,
Departments of 2General Paediatrics, and 3Infectious Diseases, 4PathWest LaboratoryMedicineWA,QEIIMedical Centre, Nedlands,
5School of Pathology and Laboratory Medicine, Crawley, 6School of Paediatrics and Child Health, University of Western Australia,
7Department of Microbiology, PathWest Laboratory Medicine WA, Princess Margaret Hospital for Children, Perth, and
8Communicable Disease Control Directorate, Department of Health, Grace Vaughan House, Shenton Park, Australia

Corresponding Author: Faye J. Lim, Wesfarmers Centre of Vaccines and Infectious Diseases, Telethon Kids Institute, PO Box 855,
West Perth, WA 6872, Australia. E-mail: janice.lim@telethonkids.org.au.

aF. J. L. and Z. V. W. are joint first authors.

bPresent Affiliations: Child Health, School of Medicine; University of Dundee; and Tayside Children’s Hospital; Ninewells Hospital,
NHS Tayside, Dundee, Scotland, United Kingdom.

Received February 9, 2016; accepted June 28, 2016.

Key Points. Children frequently had multiple respiratory viruses detected. Although common, children with
multiple viruses more frequently had cough and rhinorrhea. Children with influenza and respiratory syncytial
virus were hospitalized most frequently. Routine screening and cohorting are recommended only for those with
common respiratory pathogens.
Background. Children with acute respiratory tract infection (ARTI) frequently exhibit virus-virus codetection,
yet the clinical significance of ARTI remains contentious. Using data from a prospective cohort of children with
influenza-like illness, we examined the virology of ARTI and determined the clinical impact of virus-virus
codetection.
Methods. Children aged 6 to 59 months who presented to a tertiary pediatric hospital between influenza
seasons 2008 and 2012 with fever and acute respiratory symptoms were enrolled, and nasal samples were
collected. Respiratory viruses were identified by culture and polymerase chain reaction. We compared
demographics, presenting symptoms, and clinical outcomes of children with a single-virus infection and those in
whom 2 or more viruses were detected (virus-virus codetection). We used logistic regression models and
estimated marginal means to calculate the adjusted odds ratios and probabilities of symptom presentation,
prescription of antibiotics, and hospitalization.
Results. Of 2356 children, a virus was detected in 1630 (69.2%) of them; rhinovirus (40.8%), influenza
(29.5%), and respiratory syncytial virus (26.4%) were detected most commonly. Two or more viruses were
detected in 25% of these children. After we adjusted for demographic factors, children with virus-virus
codetection had greater odds of presenting with cough (adjusted odds ratio [aOR], 1.9; 95% confidence interval
[CI], 1.2–3.1) and rhinorrhea (aOR, 1.8; 95% CI, 1.1–2.9) than those with a single-virus infection, although
both symptoms were common. Children with influenza and respiratory syncytial virus combined had the highest
probability of hospitalization (55%; 95% CI, 35%–73%), which was significantly greater than for those with
influenza infection alone (22%; 95% CI, 16%–29%).
Conclusions. Overall, virus-virus codetection has limited impact on clinical severity among children with
influenza-like illness. However, infection with specific pathogen pairs might be associated with more severe
outcomes. Routine diagnostics to identify specific viruses should be restricted to common pathogens.

Key words. child; codetection; respiratory infection; viral infection.
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INTRODUCTION

Acute respiratory tract infections (ARTIs) in children place a
significant burden on families and the community. Commonly
recognized viral pathogens that cause ARTI include influenza
viruses, respiratory syncytial viruses (RSVs), parainfluenza vi-
ruses, human rhinoviruses, adenoviruses, and coronaviruses
[1,2].Advances in laboratory diagnostic techniques have re-
sulted in the discovery of new viruses, including human
metapneumovirus (hMPV) and polyomaviruses [3, 4], yet
a number of these pathogens have an uncertain pathogenic-
ity [5, 6].
Codetection can be defined as the detection of 2 or more

pathogens in a single sample. With the improved sensitiv-
ity, availability, and affordability of modern diagnostics,
virus-virus codetections are increasingly being found. The
incidence of virus-virus codetection has been reported to be
between 15% and 45%, depending on age, location, and
testing methods [7–9]. The clinical significance of codetec-
tion in patients with ARTI remains contentious; the litera-
ture has described negligible to deleterious effects [9, 10].
With this study, we describe the virology of ARTI in chil-

dren aged 6 months to 4 years who presented to a tertiary
pediatric hospital in Australia with influenza-like illness
during influenza season. This study also enabled us to spe-
cifically examine the impact of virus-virus codetection on
clinical symptoms and outcomes.

MATERIALS AND METHODS

Study Setting and Patients
Western Australia (WA) spans 2.5 million km2 and has a
population of approximately 2.5 million people, 7% of
whom are younger than 5 years [11]. Princess Margaret
Hospital for Children (PMH) is the only tertiary pediatric
hospital in the state and is located in metropolitan Perth,
where approximately 80% of the population resides [12].
Commencing in 2008, the Western Australia Influenza

Vaccine Effectiveness (WAIVE) study was an observational
cohort study established to determine the effectiveness of
inactivated influenza vaccine. Patient recruitment was con-
ducted at PMH (and at selected general practices in metro-
politan WA in 2008–2009). Because of the small numbers
recruited and differences in presentations, data from chil-
dren who presented to the general practices were removed
from our analyses.
Patient recruitment coincided with the annual influenza

seasons. The start and end of the influenza seasons were de-
fined by the Infectious Diseases Surveillance Unit at PathWest
Laboratory Medicine WA by using a combination of indica-
tors, including the weekly proportion of positive laboratory
influenza test results. As a guide, 2 consecutive weeks with

more than 10% positive influenza test results often coincides
with the beginning of influenza season inWA. Additional de-
tails on study design are described elsewhere [13].

All children 6 to 59 months of age who presented to PMH
with a history of fever (according to parental report) or with
a measured temperature of greater than 37.5°C at presenta-
tion and with at least 1 acute respiratory symptomwithin the
previous 96 hours were eligible for enrollment. All children
transited through the PMH emergency department. A pro-
portion of these children were subsequently admitted to the
hospital, and the remainder of them were discharged home
from the emergency department. Children with a known im-
munodeficiency disorder, with current or recent immuno-
suppressive treatment, or who received immunoglobulin in
the previous 3 months were excluded from the study.

Patient demographics, medical history, and presenting
symptoms were collected through a parental questionnaire.
Comorbidities recorded included prematurity, asthma, and
chronic cardiac, neurological, and respiratory conditions.
Influenza vaccination status was determined by parental re-
port and confirmed through the Australian Childhood
Immunisation Register or by contacting immunization pro-
viders. Vaccination status for other vaccines was not collect-
ed. A follow-up questionnaire regarding illness outcomes,
including details of hospital admission(s), use of antibiotics,
and time to recovery, was given to families to completewith-
in 7 to 10 days after enrollment. A retrospective review of
medical records was undertaken when hospitalization data
were recorded incorrectly ormissing.No follow-upwas con-
ducted for antibiotic use if data were missing.
Respiratory Virus Detection
Samples were collected from the children at enrollment with
midturbinate nasal swabs (CopanDiagnostics, Inc.,Murrieta,
California). If a nasopharyngeal aspirate had already been
collected by hospital staff as part of clinical care, that sample
was used in lieu of a nasal swab. Viral culture (Madin-Darby
canine kidney cells, diploid lung fibroblasts) and multiplex
tandem polymerase chain reaction (PCR) were used to detect
all viruses except picornaviruses and hMPV [14, 15].
Picornaviruses were detected by using nested PCR [16] target-
ing the 50 untranslated region of the picornavirus genome,
and sequencing was used to assist with the identification of
rhinoviruses and enteroviruses. hMPV was tested by using
an immunofluorescent assay (SimulFluor hMPV immunoflu-
orescent assay [Millipore, Temecula, California]) and PCR.
All patients were subjected to the same panel of tests, and test-
ingmethodswere consistent throughout the study periodwith
the exception of testing for hMPV, which was based on clin-
ical need. Although both immunofluorescence and PCR as-
says were used throughout the study period, PCR testing
was more common in later years.
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For all viruses (except hMPV), positive viral detection was
defined as detection by viral culture and/or PCR. Positive
detection of hMPV was defined as detection by immunofluo-
rescence and/or PCR. All influenza types/subtypes (i.e., influ-
enza A/H1N1, A/H3N2, and B) were grouped for analysis.
Similarly, subgroups of parainfluenza viruses (i.e., parainflu-
enza types 1–4) were grouped together for analysis. Infection
was defined as the detection of 1 or more viruses (i.e., rhino-
virus, influenza, RSV, parainfluenza, adenovirus, coronavi-
rus, and/or hMPV). Codetection was defined as detection of
2 or more viruses in a single diagnostic sample.

Definitions and Statistical Analysis
Prematurity was defined as less than 37 weeks of gestation
at birth. Out-of-home care was defined as attendance at a
playgroup, mothers’ group, day care center, kindergarten,
or preschool. Hospital length of stay refers to the duration
from admission to discharge. Symptoms investigated in-
cluded cough, rhinorrhea, wheeze, dyspnea, rash, diar-
rhea, and vomiting, and the outcomes investigated were
antibiotic prescription and hospital admission.

Data cleaning and analyses were performed in Microsoft
Excel, EpiBasic [17], and SPSS version 23 (SPSS, Inc.,
Chicago, Illinois). Categorical variables were compared by
using Pearson’s χ2 tests. Logistic regression models were
used to calculate odds ratios (ORs) with 95% confidence
intervals (CIs) to compare those with single infection to
those with virus-virus codetection. Dependent variables
were symptoms (e.g., presence of cough or rhinorrhea)
and outcome variables (e.g., hospitalization or use of
antibiotics).

We calculated adjusted ORs (aORs) by including the
following covariates in the logistic regression models:
age, sex, Aboriginal status, prematurity, presence of co-
morbidities, out-of-home care, and household smoking.
Age was included as a categorical variable in the models
(6–11 months, 12–23 months, 2 years, 3 years, and 4
years [reference group]). Covariates were selected on the
basis of known epidemiological or clinical risk factors for
codetection. Data from all patients were included in the ad-
justed models unless they had data on 1 or more covariates
missing. To investigate the impact of specific pathogen
pairs, analyses were repeated for the most common patho-
gen pairs. Estimated marginal means of logistic regression
models were used to calculate probabilities with 95% CIs
for antibiotic prescribing and hospitalization for those in-
fected with common pathogen pairs.

Ethical Approvals
This studywas approved by the PMHHumanResearch Ethics
Committee (approval 1673/EP), the Western Australian
Aboriginal Health Ethics Committee (approval 212 06/08),

and the University of Western Australia Research Ethics
Committee (approval RA/4/1/6456).

RESULTS

Of 2715 patients recruited from 2008 to 2012, data for
2356 patients were available for analysis. Reasons for ex-
clusion included incorrect or unknown age (n = 154
[42.9% of all excluded patients]), recruitment from general
practice in 2008–2009 (n = 131 [36.5%]), incomplete
pathogen testing (n = 29 [8.1%]), unknown vaccination
history (n = 7 [1.9%]), incomplete data (n = 12 [3.3%]),
multiple enrollments for the same episode of illness (n = 3
[0.8%]), and withdrawal from the study (n = 23 [6.4%]).

Of the 2356 patients enrolled, the majority of them (n =
1848 [78.4%]) were enrolled when they presented to the
PMH emergency department. Of these patients, 6.3% (n =
117) were subsequently admitted to the hospital. The me-
dian age was 22.0 months (interquartile range, 14.0–35.0),
54.9% were male, and 5.7% were of Aboriginal or Torres
Strait Islander decent. Children born preterm accounted
for 13.5% (n = 319) of the patients. Children with comor-
bidities accounted for 15.1% (n = 355) of this cohort. Of
those who had 1 or more comorbidity, asthma (n = 218
[61.4%]) and other chronic respiratory conditions (n = 54
[15.2%]) were the most common.

Of 2356 patients, questions relating to outcomes (e.g., an-
tibiotics use) were completed for 52.8% (n = 1244). Although
parents were requested to complete these questions 7 to 10
days after enrollment, the mean time to completion was
19.3 days (range, 0–149 days; median, 10 days). Data on an-
tibiotic prescription after enrollment were available for 51.0%
(n = 1201) of the patients, 483 (40.2%) of whom were pre-
scribed antibiotics. Combining data from the questionnaires
and a review of the hospital records resulted in near-complete
data on hospitalization (99.4% [n = 2341]); 610 (26.1%)
were hospitalized.Of thosewhowere admitted to the hospital,
the median length of stay was 2 days (interquartile range, 1–3
days).

Overall, 1630 (69.2%) patients tested positive for a virus. In
those with at least 1 virus detected, the most common were
rhinovirus (n = 665 [40.8%]), influenza (n = 481 [29.5%]),
and RSV (n = 431 [26.4%]) (Figure 1). Of those with a
virus detected, 24.8% (n = 404) had at least 1 other virus
codetected, and of them, 350 (86.6%) had 2 viruses detected,
52 (12.9%) had 3 viruses detected, and the remainder had 4
or more viruses detected.

A greater proportion of children with multiple viruses
detected were younger than 2 years than those with a
single-virus infection (65.4% vs 51.2%, respectively; p,

.001; Table 1). Those with codetection also had greater
odds of presenting with cough and rhinorrhea than those
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with a single-virus infection, although both symptoms
were common in both groups (Table 2). This effect re-
mained after adjusting for other covariates. It should be
noted that, although less common, diarrhea was observed
more frequently in children with viral codetection. There
were no significant differences between patients with a
single-virus infection and those with virus-virus codetec-
tion in the odds of being prescribed antibiotics (aOR,
1.1; 95% CI, 0.8–1.5) or being hospitalized (aOR, 1.1;
95% CI, 0.8–1.4) (Table 2).
We then selected the 3 most common pathogens (rhinovi-

rus, influenza, andRSV) and investigated associations of infec-
tion with specific pathogen pairs with antibiotic prescriptions
and hospitalization. After adjusting for other covariates, pa-
tients with both influenza and RSV detected had a 52%prob-
ability (95% CI, 28%–76%) of being prescribed antibiotics,
and there was a trend toward more frequent prescription
than those with influenza or RSV infection alone (Figure 2).
Similarly, the probability of being hospitalized was highest
in those with influenza and RSV detected (probability,
55%; 95% CI, 35%–73%) and was significantly greater

when compared with those with influenza infection alone
(probability, 22%; 95% CI, 16%–29%) (Figure 3) and
with a trend towards increased hospitalization observed com-
pared with RSV infection alone (probability, 43%; 95% CI,
36%–51%).

DISCUSSION

This is one of the largest single-site prospective studies of
children up to 4 years of age that specifically investigated
the incidence of and clinical outcomes associated with virus-
virus codetection. Our findings indicate that although differ-
ences in demographics, risk factors, and symptoms are
identifiable, in general, virus-virus codetection is unlikely
to be associated with more severe clinical illness among
young children with influenza-like illness. Infection with
specific pathogen pairs might be associated with an in-
creased probability of hospitalization, as was observed
with influenza and RSV. This finding has implications in
pediatric healthcare facilities, where the isolation of all chil-
dren with acute respiratory viral infection is difficult during
periods of peak respiratory virus activity and cohorting of

Figure 1. Frequency of pathogen detection and codetection. Detections of enterovirus and bocavirus were excluded from subsequent analyses. Abbreviations: RSV, re-
spiratory syncytial viruses; hMPV, human metapneumovirus.

Table 1. Cohort Characteristics According to Infection Statusa

Characteristic

Frequency (n = 2356)

No Pathogen (n = 726)
Single-Virus Infection
(n = 1226)

Virus-Virus Codetection
(n = 404)

n (%) 95% CI n (%) 95% CI n (%) 95% CI

Aged ,2 y 382 (52.62) 48.91–56.30 628 (51.22) 48.38–54.06 264 (65.35) 60.48–69.98
Male sex 397 (54.68) 50.98–58.35 668 (54.49) 51.65–57.30 228 (56.44) 51.44–61.33
Aboriginal or Torres Strait Islander descent 33 (4.55) 3.15–6.32 71 (5.79) 4.55–7.25 31 (7.67) 5.27–10.71
Preterm birth 102 (14.05) 11.60–16.79 158 (12.89) 11.06–14.89 59 (14.60) 11.31–18.43
!1 comorbidity 117 (16.12) 13.51–19.00 183 (14.93) 12.98–17.05 55 (13.61) 10.42–17.35
.4 h in out-of-home care 442 (60.88) 57.22–64.45 825 (67.29) 64.59–69.91 299 (74.01) 69.44–78.22
Smoking in household 154 (21.21) 18.29–24.37 283 (23.08) 20.75–25.55 107 (26.49) 22.24–31.07
Influenza vaccine on year of admission 188 (25.90) 22.74–29.24 303 (24.71) 22.32–27.23 100 (24.75) 20.62–29.26

Abbreviation: CI, confidence interval.
aExact 95% CIs are presented. Denominators include cases with missing data. Detections of enterovirus or bocavirus were ignored in counts of single-virus and
virus-virus codetection.
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children is frequently required before the availability of diag-
nostic test results.

We detected small differences between the symptoms pre-
sented by patients with a single-virus infection and those pre-
sented by patients with virus-virus codetection. However,
these symptoms were common and therefore likely to be of
little clinical relevance. In contrast, the clinical outcomes cho-
sen (i.e., antibiotic use and hospitalization) were more indic-
ative of disease severity, but they are subject to clinical
judgement and therefore can be less sensitive measures of dis-
ease severity. Accordingly, we observed no significant

differences in the outcomes of children with single-virus in-
fection and those with virus-virus codetection.

These results are consistent with data from previous sys-
tematic reviews, which found negligible differences be-
tween outcomes in children and adults with virus-virus
codetection compared to peers with single-virus infection
[18, 19]. However, the results of additional analyses of
pathogen pairs suggest that some combinations of specific
viral pathogens, such as influenza and RSV, are potentially
more significant than others. This result corroborates data
from our recently completed systematic review in which we

Table 2. Frequency and Logistic Regression Models of Symptoms and Outcomes According to Infection Type

Symptom or Outcome

Frequency (% [95% CI])
Logistic Regression Models,
Virus-Virus Codetection

Single-Virus Infection (n = 1226) Virus-Virus Codetection (n = 404) OR (95% CI) aOR (95% CI)a

Symptoms
Cough 88.66 (86.75–90.38) 93.32 (90.43–95.55) 1.95 (1.24–3.06) 1.94 (1.21–3.13)
Rhinorrhea 88.09 (86.15–89.85) 93.32 (90.43–95.55) 2.07 (1.32–3.23) 1.79 (1.12–2.85)
Wheezing 43.56 (40.76–46.39) 49.01 (44.03–54.00) 1.26 (1.01–1.58) 1.20 (0.94–1.52)
Dyspnea 45.84 (43.02–48.68) 50.74 (45.75–55.72) 1.23 (0.98–1.55) 1.15 (0.91–1.47)
Rash 17.86 (15.76–20.12) 14.11 (10.86–17.89) 0.75 (0.55–1.03) 0.69 (0.49–0.95)
Diarrhea 20.39 (18.17–22.76) 27.23 (22.94–31.85) 1.47 (1.13–1.90) 1.33 (1.01–1.74)
Vomiting 38.58 (35.85–41.37) 42.82 (37.94–47.81) 1.19 (0.94–1.50) 1.16 (0.91–1.48)

Outcomes
Antibiotics givenc 19.98 (17.78–22.33) 21.53 (17.62–25.87) 1.19 (0.86–1.63) 1.11 (0.79–1.54)
Admitted to hospital 24.55 (22.16–27.06) 26.24 (22.01–30.82) 1.13 (0.87–1.46) 1.09 (0.83–1.44)

Denominators include those with missing data. The missing data (for single-virus infections and virus-virus codetections) for the children were cough (n = 4 and 3),
rhinorrhea (n = 4 and 3), wheezing (n = 4 and 4), dyspnea (n = 5 and 4), rash (n = 30 and 9), diarrhea (n = 30 and 10), vomiting (n = 32 and 9), antibiotics given (n = 587
and 199), and admission to hospital (n = 6 and 2). Infections with either enterovirus or bocavirus were ignored in counts of single-virus infection and virus-virus
codetection.
Abbreviations: CI, confidence interval; OR, odds ratio.
aModels presented are the odds of having a symptom/outcome in children with virus-virus codetection compared with children with single-virus infection.
bModels were adjusted for age, sex, Aboriginal status, preterm birth, presence of comorbidities, out-of-home care, and household smoking. All covariates listed were
input as categorical variables.
cData were available for only 639 children with single-virus infection and 205 children with virus-virus codetection.

Figure 2. Probability (95% confidence intervals) of postenrollment antibiotic use according to pathogen pairs. Abbreviation: RSV, respiratory syncytial viruses.
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specifically investigated clinical outcomes in children with
codetection; we found no differences overall, but the results
suggest that some pathogen-specific effects might be pre-
sent [20]. Our data suggest that future research in this
area should segregate analysis according to specific patho-
gen pairs when the numbers allow.
We chose to exclude bocavirus and enterovirus detec-

tions from the analyses because their pathogenicity in
ARTI is still not well established. Bocavirus is often impli-
cated in both symptomatic and asymptomatic codetection
and is thought to have a prolonged period of shedding [6];
both of these features might confound any associations be-
tween codetection and clinical severity. In contrast, the re-
sults of studies on the role of enteroviruses in ARTI are
suggestive of pathogenicity [21]; however, the numbers in
those studies were small. For these reasons, detections of
both viruses were excluded from the analyses presented
here. Repeat analyses including these viruses did not chan-
ge the overall findings (Supplementary Tables 1 and 2).
An important consideration when interpreting these find-

ings is that active (and pathogenic) infection and viral shed-
ding cannot be distinguished. Prolonged viral shedding for
some respiratory viruses, particularly rhinovirus, has been
well documented [22, 23]. Quantitative analysis might be
of assistance in distinguishing these clinical states but has
not yet become commonplace in the diagnostic laboratory
for respiratory viruses.
One limitation of our study is that only children who pre-

sented to 1 hospital with influenza-like illness and fever were
eligible for enrollment. As a consequence, it is possible that
these childrenwere at themore severe end of the disease spec-
trum,whichmight have biased our results. During the course

of this study, there was a shift from using an antigen-based
assay to using PCR for detecting hMPV, although both
methods were used throughout the study period. We elected
to include detections from both methods but acknowledge
that differences in the performance of these methods would
mean that potential cases of hMPV might have been missed
in earlier samples. These changes, and clinical discretion in
testing for hMPV, may explain the proportion of hMPV de-
tections in this cohort, which was lower than that in other
studies [24, 25].

Additional limitations of this study include missing out-
comes data, particularly for antibiotic prescription. In ad-
dition, data on diagnosis at discharge were not collected,
which might have helped to indicate the severity of symp-
toms. Moreover, despite enrolling nearly 2500 children,
the number of patients infected with specific pathogens
and pathogen pairs was relatively small.

Future studies using routinely collected, linked administra-
tive data might assist in addressing both issues. Nonetheless,
ours was one of the largest single-site studies to specifically
investigate the effects of virus-virus codetection in young
children by using a wide panel of tests for respiratory patho-
gens. Our results are similar to those reported elsewhere,
which adds to the validity of the findings [26].

We conclude that the impact of virus-virus codetection
on disease severity in children who present with influenza-
like illness is likely to be limited to those infected with
specific pathogen pairs. Therefore, routine screening for
virus-virus codetection in this population should be restrict-
ed to thosewith common respiratory pathogens, and efforts
to reduce cross infection should focus on these specific
pathogens.

Figure 3. Probability (95% confidence intervals) of hospitalization according to pathogen pairs. Abbreviation: RSV, respiratory syncytial viruses.
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Supplementary Data

Supplementary materials are available at the Journal of the
Pediatric Infectious Diseases Society online (http://jpids.
oxfordjournals.org). Supplementary materials consist of
data provided by the author that are published to benefit
the reader. The posted materials are not copyedited. The
contents of all supplementary data are the sole responsibil-
ity of the authors. Questions or messages regarding errors
should be addressed to the author.
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