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Abstract

Respiratory morbidity is common in preterm infants, particularly those with
bronchopulmonary dysplasia (BPD). Despite notable advances in the survival and management of
preterm infants approximately one in four preterm infants are hospitalised during the first year of
life (mainly due to acute respiratory illnesses (ARI)). Further, the risk of childhood wheezing is
three times higher compared to term-born counterparts. Although hospitalisation due to ARI,
particularly that caused by respiratory syncytial virus (RSV), has been associated with chronic
respiratory morbidity in both term and preterm infants, the burden and impact of communitymanaged ARI and the role of other viruses in preterm infants are largely unknown.

This thesis sought to prospectively describe the burden of ARI and respiratory morbidity in
the first year following discharge from birth hospitalisation in a cohort of very preterm infants, <
32 weeks’ gestation, with and without BPD, and to identify risk factors for poor respiratory
outcomes. We also sought to provide comprehensive community-based estimates on the
epidemiology and burden of respiratory viruses, pathogenic bacteria and fungi in the first year
following preterm birth.

This prospective cohort study recruited infants born at King Edward Memorial Hospital
between August 2015 and January 2017, who were enrolled in the Preterm Infant Functional
and Clinical Outcome (PIFCO) study. Infants were followed prospectively over the first 12
months following discharge from birth hospitalisation. Respiratory symptoms, healthcare
utilisation and requirement of respiratory medications were assessed monthly using a
researcher-administrated questionnaire. Parents contacted the research team whenever their
infant developed respiratory symptoms and were assessed by the research doctor. Symptomatic
iv

episodes were classified into upper respiratory tract infections (URTI) or lower respiratory tract
infections (LRTI), with and without wheeze. Parents received training for nasal swabs
collection before hospital discharge and were asked to collect nasal swabs monthly and during
episodes of ARI. The swabs were returned to the laboratory via regular postage and were tested
for the detection of 18 respiratory viruses, 7 bacterial species and a respiratory fungus using
single-step duplex real-time polymerase chain reaction assays. The impact of environmental
exposure on the sensitivity and quantitation of common respiratory pathogens in parentcollected nasal specimens, compared to staff-collected and immediately frozen samples was
assessed. Prevalence and load of bacteria were similar in parent-collected and environmentally
exposed specimens versus staff-collected and frozen specimens. Environmental exposure for
up to 14 days did not affect the frequency of pathogenic detection.

Differences in respiratory outcomes were compared across BPD diagnosis and known risk
factors for poor respiratory outcomes. Differences in the proportion of pathogens detected were
examined based on clinical characteristics of infants, including comparisons of symptomatic vs.
asymptomatic periods, URTI vs. LRTI as well as non-wheezy vs. wheezy LRTI.

Eighty-nine very preterm infants, 34 with and 55 without BPD, completed 12 months of
questionnaire data, with 84 infants completing 12 months of questionnaire and nasal swab
collection. Respiratory morbidity was common in the first year following hospital discharge, with
620 parent-reported episodes of ARI, 97.8 % infants reporting cough, 76.4 % reporting wheeze and
60.7 % reporting recurrent wheeze. The incidence of ARI and respiratory symptoms was not
influenced by the neonatal diagnosis of BPD, although infants with BPD were more likely to
present to general practitioner and to be prescribed asthma medications compared to those without
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BPD. Decreased time to first ARI was the main risk factor for subsequent ARI, hospital emergency
presentations and admissions for respiratory indications.

More than 85 % of ARI episodes were associated with the detection of at least one
respiratory pathogen, with rhinoviruses being the most frequently identified virus type, associated
with 52.2 % URTI, 23.9 % non-wheezy LRTI and 43.1 % wheezy LRTI. The occurrence of wheeze
in our cohort was not driven by any individual virus. Haemophilus influenzae and viral-bacterial
codetection were the main pathogens associated with acute wheezing episodes; identified in 31.9
% and 51.9 % of wheezy LRTI, respectively. Although less than 5 % of ARI were caused by RSV,
RSV was more likely to be identified in infants with symptoms of LRTI compared to those with
URTI and in infants attending hospital emergency department and/or hospitalised compared to
those managed at home.

Our findings confirm that respiratory morbidity is common in very preterm infants,
irrespective to the neonatal diagnosis of BPD, highlighting the need to understand the contribution
of other environmental and early life risk factors to respiratory outcomes following preterm birth.
Earlier exposure to ARI predisposed infants in our cohort to increased respiratory morbidity,
suggesting the important contribution of ARI to respiratory morbidity during infancy. Although
long-term implications of ARI are largely unknown, given the significant burden of respiratory
pathogens, particularly rhinovirus, and the lack of preventive measures available, continued
respiratory surveillance is therefore warranted to prevent suboptimal lung health and function later
in life.
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Chapter One
1 Review of the literature

The impact of respiratory viruses on lung health after preterm birth

Nada Townsi, Ingrid A. Laing, Graham L. Hall and Shannon J. Simpson

European Clinical Respiratory Journal. 2018; 5(1): p. 1487214. (Appendix A)

This review highlights the neonatal and early life factors contributing to increased
susceptibility to viral respiratory infections among infants born preterm during the first years of
life. It also describes the influence of the infection on the development of abnormal lung health and
function later in life. This is significant because it emphasises the need for large-scale community
based studies to characterise the burden and impact of early life infection in preterm infants, as
well as to identify the role of respiratory viruses in the development of suboptimal lung health and
function, persistent respiratory symptoms and diminished lung function, later in life.
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1.1 Abstract

Children born preterm, less than 37 weeks’ gestation, are at increased risk of morbidity
from viral respiratory infections both during their initial birth hospitalisation and in their first years
following hospital discharge. This increased burden of viral respiratory infections is likely to have
long-term implications for lung health and function in individuals born preterm, particularly those
with bronchopulmonary dysplasia. Several hypotheses have been put forward to explain the
association between early life viral respiratory infection and development of suboptimal lung health
and function, persistent respiratory symptoms and diminished lung function, later in life following
preterm birth. Although preterm infants with diminished lung function, particularly of the small
airways, might be particularly susceptible to asthma and wheezing disorders following viral
infection, there is evidence that respiratory viruses can activate a number of inflammatory and
airway remodelling pathways. Therefore, the aim of this review is to highlight the perinatal and
early life risk factors that may contribute to increased burden and severity of viral respiratory
infections among preterm infants during early life and to understand how respiratory viral infection
may influence the development of abnormal lung health and function later in life.

2

1.2 Preterm birth and bronchopulmonary dysplasia: an immature system
Every year, more than 11 % of infants are born preterm; equating to an estimated 15 million
of the global population. Complications of prematurity underlie more than half of all neonatal
deaths worldwide, such that over one million infants die each year due to complications of preterm
birth [1]. For those who survive the neonatal period, many face a lifetime of ongoing health
problems with a substantially increased risk of significant respiratory morbidity that persists
through life [2-4]. The risk and severity of lifelong morbidity and mortality are accentuated by the
level of prematurity [5, 6], birth weight [6] and the presence of bronchopulmonary dysplasia (BPD)
[7].

Chronic lung disease of prematurity, or BPD, was first described by Northway over 50
years ago as a severe pulmonary disease; primarily caused by aggressive mechanical ventilation
and prolonged exposure to high oxygen concentration in an era before the widespread use of
antenatal corticosteroid and postnatal exogenous surfactant [8]. The significant advances in
neonatal care over the last decades have resulted in increased survival at lower gestational age and
consequently a profound change in the clinical and pathological characteristics of BPD; leading to
the emergence of “new” BPD [9-11]. New BPD is classified in infants born less than 32 weeks
gestation, based on the requirement for supplemental oxygen for at least 28 days after birth, with
severity assessed at 36 weeks post-menstrual age [11]. Unlike the older description of progressive
fibroproliferative disease [8], new BPD is characterised by premature interruption of alveolar and
micro-vascular maturation leading to a fewer, immature, larger and more simplified alveoli along
with a dysmorphic pulmonary vascular development [10, 12].

Alongside the structural immaturity associated with preterm birth and subsequent
development of BPD, many preterm infants have insufficient production and composition of
3

pulmonary surfactant [13]. Surfactant is crucial for maintaining alveolar functional stability
through lowering surface tension at the air-liquid interface and, thereby preventing lung collapse
at end-expiration [13]. The biological role of surfactant, however, in modulating and maintaining
pulmonary host defence against infection and inflammation has become increasingly recognised
[14]. Several reports indicate an association between surfactant deficiency or inactivation and
increased risk of infection and inflammation in term-born children and adults (Figure 1.1) [15,
16].

In addition to structural and functional immaturity of the respiratory system, preterm birth
is also associated with developmental immaturity of innate and adaptive immune systems and a
significant lack in the functional interaction between the two systems (Figure 1.1). During early
life, all infants rely heavily upon maternally transferred antibodies as well as components of the
innate immune system as a first line of defence and protection against invading pathogens as the
pathogen-specific adaptive immunity is relatively immature at the time of full term-birth [17-19].
These defences against pathogens are severely compromised in preterm infants [20]. Features of
immature innate immunity following preterm birth include a smaller pool of effector cells
(neutrophils, monocytes, natural killer cells and antigen presenting cells) and lower levels of
inflammatory cytokines [18, 21, 22]. In addition, the levels of antigen specific immunoglobulins
are substantially reduced in preterm infants, since these antibodies are largely transferred across
the placenta during the third trimester, particularly after the 32nd week of gestation [23]. Preterm
birth is also associated with limited production and function of antimicrobial proteins, peptidases
and soluble cytokines [22, 24, 25].
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Figure 1.1: Factors associated with increased risk to acute respiratory infection in preterm
infants.
Schematic diagram showing pathways whereby exposure to perinatal and early postnatal influences
associated with preterm birth may result in diminished immune responses and increased severity of
acute respiratory infection and thereby, increased vulnerability to suboptimal lung health and function
later in life. Modified from Townsi et al, 2018 [26]
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Other perinatal and neonatal factors associated with preterm birth have also been associated
with altered immune programming during early life, which may result in lifelong adverse immune
consequences among survivors of preterm birth [18]. Exposure to perinatal infection and
intrauterine inflammation have been associated with increased production of inflammatory
cytokines and premature activation of the immune system which can skew immune responses
toward a hyporesponsive (tolerant) phenotype and result in long-term immune programming
effects [27, 28]. Similarly, exposure to other non-infectious influences including oxidative stress
and shear forces generated from supplemental oxygen and mechanical ventilation have also been
associated with increased secretion of pro-inflammatory cytokines, which can further compromise
immune responses [18]. Diminished ability to detect and eliminate viruses and other pathogens due
to reduction in the number of circulating lymphocytes have also been observed in preterm infants
following antenatal corticosteroid administration; a well-established practice to improve foetal lung
maturation and reduce pulmonary complications when preterm labour are suspected (Figure 1.1)
[29].

The disruption to lung development, and diminished immune responses, place survivors of
preterm birth at increased risk of severe respiratory infection during early life, with previous report
of increased severity of respiratory infection among healthy term born infants with diminished
neonatal lung function [30]. Although it is likely that the significant immaturity of the structure
and function of the respiratory system in preterm infants may contribute independently to chronic
respiratory morbidity later in life, early life exposure to viral respiratory infection is likely to have
lifelong respiratory consequences. Indeed, even in healthy term born infants, hospitalisation with
acute respiratory viruses in early life is associated with increased rates of childhood asthma,
wheezing disorders and suboptimal lung function [31-33].While preterm infants are often labelled
as asthmatic, the underlying mechanisms of prematurity associated wheeze are likely to be different
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[34]; although the long-term implications of exposure to acute respiratory viruses during early life
remains to be elucidated in the preterm population. The following sections will review what is
known about the burden and consequences of early life infection with respiratory viruses among
preterm infants.

1.3 Viral infection in preterm infants during the birth hospitalisation
The immature respiratory and immune systems associated with preterm birth have a critical
impact on susceptibility to nosocomial infections and infection-related complications during the
birth hospitalisation [35]. Although bacterial outbreak has long been the main focus of nosocomial
infection during the neonatal period, previous studies have demonstrated that viral outbreaks can
contribute to an equivalent level of mortality (6.4 % vs. 7.17 % respectively) [35, 36]. The role of
viruses in nosocomial infection has become increasingly recognised, with several studies showing
that 20 to 50% of very preterm infants, born at less than 32 weeks’ gestation, acquired a nosocomial
infection with a respiratory virus during their birth hospitalisation, often in the absence of clinical
indicators of respiratory illnesses [37-39]. The detection of asymptomatic respiratory viruses was
associated with deleterious outcomes, such as prolonged hospitalisation, increased number of
clinical deterioration events as well as a greater requirement and longer duration of supplemental
oxygen and ventilatory support [35, 36, 38, 39]. In addition, the risk of developing a BPD diagnosis
was more than two-times higher among infants with detected respiratory viruses during their birth
hospitalisation [38, 39]. A related point to consider is that acquisition of respiratory viruses in a
neonatal intensive care unit (NICU) with strict infection prevention strategies is infrequent in
preterm infants [40]. Collectively, such findings may advocate for broader implementation of strict
infection prevention practices in the NICU.
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1.4 Viral infection requiring readmission in early life
Following the birth hospitalisation, the overall risk of re-hospitalisation with an acute
respiratory infection in preterm infants remains at least three times higher in the first year of life
compared to their term-born counterparts [2, 3, 41, 42]. The frequency of re-hospitalisation during
the first year of life among preterm infants ranges from 6 to 50 % [5, 43-45], depending on the
cohort studied. Young chronological age is the main predictor of infection-related morbidity among
preterm infants, with studies reporting increased risk of infection, healthcare utilisation and hospital
re-admissions during the first 6 months of life [42, 46, 47].

Reduced gestational age is another well-known risk factor for respiratory infection-related
re-hospitalisations during early life [42], with community-based studies reporting increasing cost,
risk and severity of infection as gestational age decreases [5, 43, 48]. In one series, preterm infants
born at less than 25 weeks’ gestation had more than twice the frequency of re-hospitalisation due
to acute respiratory infections and more than twice the length of hospital admission compared to
those born in the late preterm period, ≥ 34 weeks’ gestation, (31 % and 12 days vs. 13 % and 5
days, respectively) [43]. More recent analysis from a large population based, data-linkage study
reported a 12 % increase in the overall frequency of infection-related hospitalisation during
childhood for each week reduction in gestational age [6]. In addition to reduced gestational age,
low birth weight, although at least partly inter-dependent with gestational age, has also been
attributed to a 19 % increase in the proportion of infants hospitalised with acute respiratory
infection for each 500-gram reduction in birth weight [6, 44].

Preterm infants with certain coexisting morbidities, including BPD, congenital heart
disease or chronic oxygen dependency are particularly at risk for severe infections and infectionrelated hospitalisation during early life [42]. Preterm infants with BPD have increased frequency
8

of health care utilisation and hospital admissions due to acute respiratory infections compared to
those without BPD [2, 41, 49]. Approximately, 50 to 73 % of preterm infants with BPD were rehospitalised at least once with an acute respiratory infection during the first three years of life,
which is nearly twice the frequency of re-hospitalisation among those without BPD [7, 50, 51]. The
risk of re-hospitalisation due to acute respiratory infection is significantly higher among infants
with BPD who remain oxygen dependent during the first 3 years after birth hospitalisation
compared to those who are not oxygen dependent at discharge (70 % vs 58 % respectively; p
<0.001) [51]. Similarly, the risk of re-hospitalisation due to acute respiratory infections is more
than fourfold greater in preterm infants with congenital heart disease compared to those who are
otherwise healthy [52].

Other factors have also been attributed to severe respiratory infection and infection-related
hospitalisation in preterm infants. Previous genetic studies have demonstrated a significant
association between the inherited polymorphisms in several immunological and surfactant protein
genes and both risk and severity of viral infection in preterm infants [53, 54]. Pre-existing
impairments in lung function associated with preterm birth have also been attributed to increased
susceptibility to severe viral infection and infection-related morbidity among preterm infants,
particularly during early life [55-57].

1.4.1 Respiratory syncytial virus (RSV)

Nearly all children become infected with RSV during the first two years of life, yet only 13 % require hospitalisation [58]. However, the incidence of RSV-related hospitalisation among
preterm infants ranges from 10 to 19 % during the first year of life [59-63]. Preterm birth (<37
weeks’ gestation) is identified as an independent risk factor for RSV-associated illness (odds ratio
9

1.96) [64] and hospital admission among young children (< 5 years old) [65]. The risk of RSVrelated hospitalisation is significantly influenced by the neonatal diagnosis of BPD, with studies
reporting a two to sevenfold greater risk of hospitalisation during the first two years of life among
preterm infants with BPD compared to those without BPD [63, 66], and more than sevenfold higher
than healthy term born infants [67]. Preterm infants, particularly those with BPD, are more likely
to have a severe clinical course during RSV-related hospitalisations compared to term born infants;
as reflected by increased risk of clinical deterioration events, higher therapeutic intervention scores,
prolonged hospitalisation and increased risk for intensive care unit admission [46, 62, 68]. One
particular study of clinical outcomes during RSV-related hospitalisation showed that preterm
infants had significantly longer hospital stays (17 vs. 8 days; p<0.001) as well as more frequent
(41.4 vs. 12.6 %) and longer stays in the NICU for invasive respiratory support (13 vs. 6 days;
p<0.001), compared to term born infants [69].

Increased clinical care for preterm infants hospitalised with RSV translates to increased
morbidity, healthcare utilisation and costs of care for respiratory illnesses later in life [70, 71].
Early life hospitalisation with RSV infection among preterm infants has been associated with more
than a twofold increase in the mean number of subsequent hospitalisations over the first four years
following the initial infection compared with non RSV-related hospitalisation (1.28 vs. 2.96;
p<0.001) [72]. Increased odds of subsequent hospitalisations due to non-respiratory conditions
including anaemia, anorexia and fever has also been described following RSV-related
hospitalisation during infancy. Of particular importance, RSV-related hospitalisation in preterm
infants has been associated with more than fivefold increase in the risk of overall death within the
first four years following the initial infection (Odds ratio = 5.5; 95 % CI, 4.6-6.6; p = .001),
compared to non RSV-related hospitalisation [72].
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Severe RSV infection during early life has also been identified as an important contributor
to the development of suboptimal lung health and function later in life. Several studies have
described increased risks of late-onset or persistent wheezing disorders, asthma diagnosis, and
impaired lung function in adolescents and young adults with a history of early life RSV infection
[31-33]. Although most knowledge of the long-lasting impact of RSV infection has been based on
studies of healthy term born infants, limited studies have demonstrated increased risk of asthma
[73], recurrent wheeze [46, 74, 75] and lung function impairments [71] in preterm children with a
history of RSV-related hospitalisation during infancy. Early life hospitalisation with RSV infection
in preterm infants has been associated with more than twice the risk of ongoing respiratory
morbidity, with wheezing rates ranging from 20.7 to 42.8 % in the first two years following RSVrelated hospitalisation compared to only 4.1 to 23 % following non-RSV related hospitalisation
[46]. The risks of asthma diagnosis, recurrent wheezing disorders and persistent lung function
impairments following severe RSV infection during infancy are more pronounced among preterm
infants with BPD [71, 76] and those born at a lower gestational age [73]. Although most studies
demonstrating persistent respiratory morbidity following severe RSV infection have primarily
focused on hospitalised infants, a single study has demonstrated persistent airway resistance at one
year of age in preterm infants following mild RSV infection that did not require hospitalisation
[77].

The underlying mechanisms through which RSV could promote the development of
suboptimal lung health and function later in life are yet to be fully elucidated. Although it is
possible that the immature lungs in preterm infants might be particularly susceptible to long-term
damage following severe RSV infection during early life [71, 78], RSV infection during such a
critical period of lung growth and development can also result in chronic alterations and
remodelling of the developing airways independent of pre-existing neonatal factors [53, 77].
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Several mechanistic pathways have been hypothesised to describe the potential role of
severe RSV-related acute respiratory illness (ARI) in the pathogenesis of asthma and wheezing
disorders later in life, including persistent activation of atypical immune responses as well as
alterations to the structure and function of the developing airway [53, 77, 79]. Mouse models have
demonstrated the ability of RSV to induce and maintain prolonged inflammatory responses leading
to significant damage to the airway epithelium, chronic airway remodelling and persistent airway
hyperresponsiveness following the initial infection [80-82]. Alterations of the local production of
immunoregulatory cytokine, particularly interleukin-10, have also been described following RSV
infection and proposed as a potential mechanism of the subsequent development of recurrent
wheeze and persistent airway hyperresponsiveness following RSV infection [83-85]. The ability
of RSV to alter local immune responses has also been proposed as a potential mechanism, with
some evidence describing the ability of RSV to redirect immune cells and maintain a low level of
replication in immunologically privileged sites within the lung (possibly involving neuronal or
lymphoid cells) in order to avoid recognition by the immune system [81, 82, 86]. Such alterations
in immune responses sequentially result in latency and chronic persistence of the RSV genome
within the lung for several weeks following the initial infection, with studies reporting significant
association between the detected level of RSV within the lung and the level of both airway
hyperresponsiveness and persistent airway inflammation [81, 82].

Protection against RSV using palivizumab, a humanised monoclonal antibody for RSV
prevention, can result in significant reductions in both acute and chronic morbidity following RSVrelated illnesses in preterm infants. Previous studies described up to a 50 % reduction in the
frequency of hospitalisation and a 60 to 80 % reduction in the relative risk of recurrent wheezing
disorders during the first years of life following palivizumab injection [87-89]. However, the use
of palivizumab is currently restricted to high-risk infants, as the American Academy of Pediatrics
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only recommends immunoprophylaxis with palivizumab during the first year of life for infants
born at less than 29 weeks’ gestation with coexisting morbidities including BPD or
hemodynamically unstable cardiovascular disease [90]. Such restricted use of palivizumab has
been largely related to the high cost of this treatment (estimated cost for a single course
approximately $US 4458 per child), as well as the uncertainty about cost-effectiveness, with recent
studies reporting limited or no effect of palivizumab among otherwise healthy preterm infants born
at or after 29 weeks’ gestation [91-93]. Moreover, although prevention of RSV-associated ARI
with palivizumab significantly reduced parent-reported asthma in preterm infants (born at 32-35
weeks’ gestation), no effect was seen on lung health when assessed by doctor-diagnosed asthma or
lung function at 6 years of age [94]. Although whether prevention of RSV will have an effect on
later respiratory health among survivors of preterm birth is yet to be elucidated, the magnitude of
effect on parent-reported symptoms is sufficiently large. To date, there is no effective acute
treatment for RSV, even in high risk groups such as preterm infants. Current recommendations
advocate supportive measures only such as respiratory support and hydration [95]. Nevertheless,
new RSV treatments including vaccines and therapeutic agents are currently under development
[96]. The successful implementation of these agents will depend on a comprehensive assessment
of the burden and risk factors for RSV illnesses and morbidity, in preterm infants both in the
community as well as those admitted to hospitals, so that vulnerable infants can be targeted for
RSV prevention interventions.

1.4.2 Rhinovirus

Studies of the burden and impact of non-RSV respiratory viral illnesses on the subsequent
development of chronic respiratory morbidity in preterm infants have been limited. Rhinovirus is
a major cause of ARI and wheezing episodes in infants and young children and has been associated
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with an increased health burden, particularly among preterm infants [97-100]. Although rhinovirus
infections have long been thought to be limited to the common cold and mild self-limiting upper
respiratory illnesses, the application of improved viral molecular detection methods has
substantially improved understating of the epidemiology and the clinical significance of rhinovirus,
particularly among high risk children [100-104]. In a two-year prospective study, rhinovirus was
detected in 41 % of all episodes of ARI and 33 % of related hospitalisations during the first year
of life in a cohort of preterm infants [105]. The risk and severity of rhinovirus-related ARI are
considerably elevated among preterm infants with BPD, with a more than fivefold increased risk
of rhinovirus-related hospitalisation among infants with BPD compared to non-BPD infants [105].

Similar to RSV, rhinovirus-related ARI during early life has also been associated with a
high risk of suboptimal lung health and function later in life [106-108]. Insight on the association
between rhinovirus-related ARI and the risk of future asthma originated from the Childhood
Origins of Asthma Study, a prospective birth cohort of term born infants at high risk of asthma and
atopy [109]. The prevalence of asthma at six and 13 years of age was more than three times higher
in children with wheezy rhinovirus-related ARI in the first three years of life compared to RSVrelated ARI, (Odds ratio = 9.8 vs. 2.6; p<0.05) and (Odds ratio=3.3 vs. 1.0; p< 0.05) respectively;
even though the majority of rhinovirus-related ARI did not require hospitalisation [110, 111].
Another finding from this cohort suggested that the occurrence of acute wheezy ARI due to
rhinovirus in the first three years of life is associated with significant airflow limitation and lung
function impairment at five to eight years of age [108] and asthma at 13 years of age [111].
Hospitalisation with rhinovirus-related ARI has been associated with a more than threefold increase
in the rate of recurrent wheeze among healthy term-born infants during the following year [112].
Similarly, hospital presentation and/or admission with an acute rhinovirus-related wheezing illness
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in childhood is associated with a threefold increased risk of subsequent hospitalisation for another
ARI [113] as well as a more than fourfold increased risk of subsequent asthma [106].

The long-lasting impact of early life rhinovirus-related ARI in preterm infants remains to
be elucidated. Despite strong epidemiological evidence supporting the role of rhinovirus in the
pathogenesis of asthma, airway reactivity and airflow limitation, the underlying mechanisms are
unclear. Although damage to the developing airways and altered immune responses are thought to
be the main mechanisms through which rhinovirus could induce asthma and airway hyperreactivity
later in life [114, 115], others have suggested that early life infection with rhinovirus might be the
first indication of the pre-existing tendency in some children to develop asthma, including preterm
infants [116, 117]. The ability of rhinovirus to induce prolonged and exaggerated inflammatory
responses after the initial infection has been described as a potential contributor to the development
of chronic respiratory morbidity among preterm infants. Limited data demonstrated increased
airway secretion of inflammatory cytokines and remodelling molecules during rhinovirus-related
ARI in preterm infants, particularly those with BPD [115, 118]. The dysregulated immune response
to rhinovirus infection was associated longitudinally with more severe respiratory morbidity,
increased hospitalisation and requirement for intensive care admission during the first two years of
life [115].

The synergistic interaction between viral infections, most commonly rhinovirus, and
sensitisation to aeroallergens during early life has also been linked to the risk of developing asthma
later in life in term-born children [107, 109, 110, 119]. However, these interactions are less evident
among preterm-born children who show low levels of exhaled nitric oxide and little evidence of
eosinophilic inflammation compared to term-born asthmatic children [120, 121]. The occurrence
of atopy and allergic sensitisation is less frequent following preterm birth, which might be related
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to altered immune programming during early life and the shift toward a more tolerant
immunophenotype [18]. Thus, different pathophysiological mechanisms, other than allergic
sensitisation, are more likely underlie the increased risk of asthma and wheezing disorders
following preterm birth. This hypothesis has been supported by studies describing the lack of
association between allergic sensitization, viral infection and the risk of asthma and diminished
lung function later in life among preterm-born children [122-125].

1.4.3 Previously under-recognised and newly emerging viruses

Influenza-related ARI has long been considered as a leading cause of morbidity,
hospitalisations and mortality among the elderly. However, equivalent levels of morbidity,
complications, hospitalisations and costs of care to that observed in elderly have seen in young
children with influenza-related ARI [126-128]. The burden of influenza is inversely related to age,
with 50 % of influenza-related hospitalisations occurring in infants younger than six months of age
[127, 129]. Data from a population-based study of children under five years who were admitted to
hospital or presented to outpatient clinic with an ARI over five influenza seasons, showed that 7 %
of hospitalised children and 11 % of outpatient children had laboratory-confirmed influenza,
despite the extended vaccination recommendations in the population studied [130]. The long-term
impact of influenza-related respiratory illnesses during early life is largely unknown, particularly
among preterm infants.

The clinical significance and long-term impact of several previously under-recognised and
newly emerging viruses are yet to be investigated. Human metapneumovirus (hMPV) was first
isolated in 2001 from young children with a spectrum of clinical disease similar to that of RSV
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[131] and has since been considered as a major pathogen for ARI and recurrent wheeze in young
children, predominantly during the first year of life [132-134]. The risk of hospitalisation following
hMPV infection is more common among children with underlying comorbidities including
prematurity [135]. Acute and chronic morbidity following hMPV-related hospitalisation is high
among preterm infants, with prolonged hospitalisation and increased need for respiratory support
compared to term children [136], and abnormal lung function at one year of age following initial
infection [78]. In addition to influenza and hMPV, reports on the clinical significance of other
viruses such as parainfluenza [137], human coronavirus (hCoV) and Human bocavirus (hBoV) are
increasingly reported in preterm infants [138-140] [141-143].

1.5 The role of viral-bacterial interaction
The association between bacterial detection and increased severity of viral respiratory
infection in young children is gaining attention [144-146]. The exact interplay between viruses,
bacteria and airway immune responses are yet to be determined. Emerging experimental data
indicates that exposure of the airway epithelium to pathogenic bacteria, particularly Haemophilus
influenza, is associated with increased susceptibility to viral infection and an altered inflammatory
response once infected with virus [147, 148]. Additionally, previous longitudinal studies affirm
that early life colonisation with Streptococcus pneumoniae and/or H. influenza in healthy termborn infants is associated with increased severity of airway symptom during ARI by the age of 3
years [149] and increased recurrent wheeze during childhood and asthma at 5 years [150, 151].
However, the role of bacteria as an isolated pathogen or in a co-detection with a respiratory virus
on symptoms’ severity and respiratory outcomes in preterm infants is yet to be elucidated. Future
studies are essential to understand the dynamic nature of the airway and the clinical significance of
the complex interaction between airway pathogens in defining the clinical severity of ARI, and to
guide the development of novel preventative and therapeutic approaches.
17

1.6 Asymptomatic detection of respiratory viruses
The wide use of highly sensitive molecular techniques, such as polymerase chain reaction
(PCR), has greatly improved the sensitivity of detecting wide range of respiratory viruses,
including those that are difficult to culture [152, 153]. However, increased sensitivity of detection
raises the question concerning the clinical relevance of positive PCR results, as the detection of
viral nucleic acid may represent continued shedding from a recently resolved infection [154] or a
prolonged incubation prior the emergence of clinical symptoms [154-157]. Longitudinal
community-based studies of both healthy term-born infants [158, 159] and infants at high-risk of
asthma and atopy [160] show that a respiratory virus was detected by PCR in 23-28 % of nasal
specimens that were collected during asymptomatic periods. However, the clinical significance of
asymptomatic detection of respiratory viruses is yet to be elucidated, particularly among high risk
infants including those born preterm.

1.7 Conclusion
In summary, knowledge on the long-term impact of viral infections during early life,
particularly among preterm infants remains limited. The vast improvements in molecular detection
techniques over the past years have shed light on several previously under-recognised circulating
respiratory viruses and improved characterisation of newly emerging viruses. However, the disease
burden and long-term clinical and functional impact of a variety of early life viral infections among
preterm infants, particularly those with BPD, has not been comprehensively assessed.

Despite mounting clinical and experimental evidence, the potential association between
viral ARI during early life and the subsequent development of suboptimal lung health and function
is still debated. It remains unclear whether early life infection with respiratory viruses may induce
18

long-term deficits in the structure and function of the respiratory system through damaging the
airway and altering immune responses, or whether these illnesses simply unmask a pre-existing
tendency for chronic respiratory morbidity in children at risk, including preterm infants. Although
it is likely that the significant immaturity of the structure and function of the respiratory system in
preterm infants may contribute independently to chronic respiratory morbidity later in life, viral
ARI during a critical period of lung growth and development may also be an important stimulus
for persistent airway remodelling. Additional studies are needed to characterise and assess the
consequences of early life infection with respiratory viruses among preterm infants – both
symptomatic and asymptomatic. Identifying the role of respiratory viruses to respiratory morbidity
may aid the design of more targeted therapeutic strategies to reduce virus-induced pulmonary
morbidity, and potentially halt the progression of, or even prevent the development of, irreversible
airway disease.
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Chapter Two
2 Scope of the thesis

Understanding the burden of acute respiratory illnesses (ARI) in the community and the
microbiology of those illnesses is essential for developing effective public health intervention and
prevention measures, particularly among preterm infants. It has been previously shown that preterm
infants have increased rates of respiratory hospitalisation due to ARI, increased resources
utilisation and more complications during and after hospitalisation. However, the burden and
impact of respiratory pathogens in preterm infants living in the community has not been assessed.
Therefore, the overall aim of this thesis was to comprehensively describe the consequence of very
preterm birth on respiratory health in the first year following birth hospitalisation. The special
emphasis of this thesis was to acquire a longitudinal community-based data on ARI and respiratory
morbidity, and thus gain knowledge on the frequency and burden of respiratory pathogens over the
first year following discharge from birth hospitalisation using parent’s collection and postage of
nasal swabs.

2.1 Aims and hypotheses
2.1.1

Aim one

To prospectively characterize respiratory morbidity in very preterm infants (<32 weeks’ gestation)
through frequent tracking of ARI, respiratory symptoms, healthcare utilisation and respiratory
medication use over the first year following discharge from birth hospitalisation (Chapter three).
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We hypothesised that respiratory morbidity among very preterm infants would persist into the first
year following discharge from birth hospitalisation, particularly among very preterm infants with
BPD.

2.1.2 Aim two
To identify risk factors or events that are associated with adverse respiratory outcomes during
infancy (Chapter three).

We hypothesised that exposure to adverse antenatal, neonatal, postnatal and early environmental
influences would be associated with increased respiratory morbidity.

2.1.3 Aim three
To assess the reliability of community collected nasal swabs by determining the impact of
environmental exposure on the sensitivity and quantitation of common respiratory viruses, bacteria
and a fungus in parent-collected nasal specimens from preterm infants, compared with staffcollected and immediately frozen samples (Chapter four).

We hypothesised that the sensitivity of detecting respiratory viruses, bacteria and fungus in parentcollected nasal swabs would be equivalent to that collected by research staff, and there would be
no difference in the proportion or load of respiratory viruses between immediately frozen and
environmentally exposed samples, whereas the frequency and load of detecting bacteria and fungus
would increase by exposure.
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2.1.4 Aim four
To characterise the frequency of respiratory pathogens during ARI and asymptomatic periods over
the first year following discharge from birth hospitalisation in a cohort of very preterm infants
living in the community and to examine the associations between respiratory pathogens and clinical
outcomes (Chapter five).

We hypothesised that rhinovirus would be the most frequently identified virus during mild to
moderate ARI whereas infection with respiratory syncytial virus (RSV) would be associated with
higher disease severity.
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Chapter Three
3

Acute respiratory illnesses and respiratory morbidity after very preterm
birth: A prospective 12-month follow-up study
Nada Townsi, Ingrid A. Laing, Graham L. Hall, J. Jane Pillow, Andrew C. Wilson, Naomi
Hemy and Shannon J. Simpson.
This study reports prospective follow-up of 89 very preterm infants (<32 weeks’ gestation)

over the first year following discharge from birth hospitalisation. Infants were assessed monthly
and also when they reported symptoms of an acute respiratory illness (ARI). We show that infants
born very preterm, irrespective of their neonatal diagnosis of bronchopulmonary dysplasia (BPD),
experience a heavy burden of ARI and respiratory symptoms both with and without ARI in their
first year of life. This heavy burden of ARI and respiratory symptoms was associated with repeated
utilisations of healthcare services and respiratory medications for acute respiratory exacerbations.
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3.1 Abstract
Objectives: To characterise respiratory outcomes in the first year after discharge from birth
hospitalisation among very preterm infants, born less than 32 weeks’ gestation, with and without
bronchopulmonary dysplasia (BPD) and to identify risk factors for acute respiratory illnesses (ARI)
and persistent respiratory symptoms requiring medical attention and/or intervention during infancy.

Study design: This was a single-centre prospective cohort study. Infants were followed
prospectively over one year following discharge from birth hospitalisation. Respiratory symptoms
(cough, wheeze and recurrent wheeze) with and without acute respiratory illnesses (ARI),
healthcare utilisation and respiratory medications were assessed using monthly questionnaire.
Differences in outcome measures across BPD diagnosis were assessed using Chi-square and MannWhitney U tests. Log-link negative binomial models were used to identify risk factors for poor
respiratory outcomes.

Results: 89 infants (34 with and 55 without neonatal classification of BPD) completed follow-up.
Parents reported 620 episodes of ARI, with no difference in episode frequency between BPD and
non-BPD infants (median (IQR): 7.0 (5.0, 11.0) vs. 6.0 (4.0, 9.0); p=0.09). Infants with BPD
presented more often to a general practitioner (median (IQR) visits: 4.5 (2.0, 6.0) vs. 2.0 (1.0, 3.0);
p=0.004), were more likely to be prescribed asthma medications (41.2 % vs. 12.7 %; p=0.002) and
be hospitalised (41.2 % vs. 14.5 %; p=0.005) for respiratory indications compared to their nonBPD counterparts. Decreased time to first ARI was associated with greater numbers of subsequent
ARI episodes, hospital emergency presentations and hospital admissions for respiratory
indications.
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Conclusion: Preterm infants are particularly vulnerable to early life respiratory morbidity,
irrespective of BPD diagnosis. Long-term impact of ARI on respiratory health is largely unknown
for preterm infants but may play an important role in persistent morbidity.

3.2 Background
Advances in perinatal care have increased survival of preterm infants born during
canalicular and saccular stages of lung development, with resultant increased incidence and
severity of respiratory morbidity in the first year after preterm birth [1, 2]. The development of
chronic respiratory morbidity is concerning, with several reports indicating persistent respiratory
symptoms [3, 4], use of asthma medications [5], and low [6] or even declining [7] lung function
among survivors of preterm birth, particularly among those with bronchopulmonary dysplasia
(BPD) [6-9].

Although respiratory outcomes in the first year are relatively well described in term-born
infants, with prospective studies reporting cough in 93-94 % and wheeze in 35-46 % infants [10,
11], most of the evidence underpinning the current understanding of respiratory outcomes in the
first year following preterm birth are based on cross-sectional [9] or retrospective studies [2, 12].
The few prospective studies are hampered by limited reporting frequency (2-4 follow-up timepoints) [1, 13, 14], non-standard definitions of BPD [4, 14] and narrow gestational age bands (less
than 28 weeks’ gestation) [1, 14, 15].

Moreover, the burden and clinical characteristics of acute respiratory illnesses (ARI) during
early life [16, 17] and their impact on the later development of wheeze and asthma is well
established in term-born children [18, 19]. However, knowledge on the burden, severity and long-
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term implications of ARI following preterm birth are limited by reliance on hospital-based data
[20, 21].

3.3 Objectives:
This study sought to prospectively characterise respiratory morbidity in very preterm
infants through frequent tracking of ARI, respiratory symptoms, healthcare utilisation and
respiratory medication use over the first year following discharge from birth hospitalisation. We
also aimed to identify which antenatal, neonatal, and environmental factors or events are associated
with adverse respiratory outcomes during infancy. We hypothesised that respiratory morbidity
would persist into the first year following discharge from birth hospitalisation, particularly among
very preterm infants with BPD, and exposure to adverse perinatal, postnatal and environmental
factors would be associated with increased respiratory morbidity in the first year following
discharge from birth hospitalisation.

3.4 Methods:
3.4.1 Subject and setting

This prospective cohort study involved monthly assessment of ARI, respiratory symptoms,
respiratory medications and healthcare utilisation in the first year following discharge from birth
hospitalisation using researcher-administrated respiratory questionnaires. The study was approved
by the Human Ethics Committee of Princess Margaret Hospital for Children (EP2014083)
(Appendix B) and informed consent was obtained from the parents (Appendix C). Infants were
enrolled between August 2015 and January 2017. Inclusion criteria included (1) infants born at less
than 32 weeks’ gestation at King Edward Memorial Hospital (KEMH), Perth, Australia and (2)
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infants enrolled in the Preterm Infant Functional and Clinical Outcomes (PIFCO) study
(anzctr.org.au: ACTRN 12613001062718). Infants with major congenital abnormalities that
influence cardiorespiratory function were excluded.

3.4.2 Assessment of perinatal and sociodemographic factors

Perinatal and neonatal data were extracted prospectively from the infants’ medical records
including gestational age, birth anthropometrics, mode of delivery, exposure to histologically
confirmed chorioamnionitis, culture-positive bacterial sepsis, administration of exogenous
surfactant and postnatal corticosteroid, as well as days of respiratory support, including assisted
ventilation, continues positive airway pressure, supplemental oxygen and humidified high-flow.
The diagnosis of BPD was defined based on oxygen requirement for at least 28 days after birth [8].
Birth weight z-scores were calculated with reference to the 2013 Fenton gestational age-specific
fetal growth charts for preterm infants [22]. At time of enrolment, parents completed a
questionnaire on their demographics, level of education as well as social and ethnic background.
The questionnaire included questions on family history of asthma and/or atopy, smoking habits and
use of medications during pregnancy. Parental history of asthma was defined based on doctor
diagnosis of asthma and parental history of atopy was defined based on doctor diagnosis of hay
fever, eczema or allergic rhinitis.

3.4.3 Assessment of respiratory health and illness

Parents were provided with a diary card to record the occurrence of respiratory symptoms,
including runny or blocked nose, sneezing, dry or moist cough, wheeze and difficulty breathing
whenever their infant became unwell (Appendix D). Parents also contacted the research team
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during symptomatic episodes and were offered either a telephone or clinical assessment by the
research doctor. A follow-up call was performed one week later to obtain further information on
symptoms severity and requirement for medical consultation and/or therapeutic intervention. A
comprehensive hospital chart review was performed at the end of the year to ensure that severe
symptomatic episodes were not missed during the follow-up.

Parents were also telephoned monthly to assess their infant’s respiratory health using a
respiratory questionnaire (Appendix E). The questionnaire assessed the presence and frequency of
common respiratory symptoms (cough and wheeze), use of respiratory medication (inhaled
bronchodilators, inhaled or systemic corticosteroids) and healthcare utilisation for respiratory
indications (presentations to a general practitioner, hospital emergency department and hospital
admission). Immunisation status, tobacco smoke exposure, childcare attendance, and the
requirement for home oxygen and feeding practise were also recorded. Exclusive breast feeding
was defined as infant receiving breast milk, including expressed milk or milk from a breast milk
bank. Childcare attendance was based on infants attending formal day-care according to the
Australian Bureau of Statistics.

3.4.3.1 Outcomes

Respiratory outcomes were defined based on the monthly questionnaire responses and
findings from clinical assessment phone calls and/or visits during acute illness and included:
ARI: defined as two of the following symptoms for one day, or one of the following
symptoms for three consecutive days; sneezing, runny nose, blocked nose, cough, wheeze and
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difficulty breathing. A new episode of ARI was demarcated by a window of ≥ 7 symptom-free
days.
Upper respiratory tract illness (URTI): An ARI episode associated with nasal
congestion/discharge, dry cough or doctor-diagnosis of either acute otitis media or tonsillitis.
Lower respiratory tract illness (LRTI): An ARI episode associated with moist cough,
wheeze, difficulty breathing, shortness of breath or a doctor-diagnosis of either pneumonia or
bronchiolitis was classified as LRTI.
Cough and/or wheeze with ARI: Cough and/or wheeze for one or more days within four
weeks of an ARI.
Cough and/or wheeze without ARI: Episodes of cough and/or wheeze without a history
of ARI in the past 4 weeks.
Recurrent wheeze: Recurrent wheeze was defined as three or more parent-reported
wheezing episodes during the first year of life with or without ARI.

3.4.4 Statistical analysis

Cohort characteristics are presented as median and interquartile range (IQR) for continuous
variables or ordinal categorical variables, and as number (percentage) for categorical variables.
Differences in respiratory outcomes across BPD diagnosis were assessed using the Mann-Whitney
U test, Chi square or Fisher's Exact test as appropriate. The relationship between perinatal and
neonatal and early postnatal risk factors with respiratory outcomes in the first year following
discharge from birth hospitalisation were initially assessed using Spearman’s correlation
coefficient. The perinatal risk factors included documented premature rupture of membrane,
documented chorioamnionitis, reported maternal smoking, documented antenatal corticosteroids,
documented mode of delivery and reported parental history of both asthma and atopy. The neonatal
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risk factors included documented gestational age, gender, documented birth weight z-score,
documented exogenous surfactant, documented neonatal intubation, documented days of
mechanical ventilation, continuous positive airway pressure, humified high flow therapy and
oxygen supplementation in addition to degree of gas exchange impairment, documented neonatal
palivizumab, documented inhaled pentoxifylline and documented postnatal corticosteroids for a
respiratory indication. The early postnatal risk factors included reported duration of breastfeeding,
reported exposure to tobacco smoke, documented number of siblings, reported age at the time of
first ARI, documented prophylactic palivizumab, documented season of discharge from birth
hospitalisation and documented geographic location. There was no correction for multiple testing.
Risk factors with univariate correlation of p <0.2 to at least three of the main respiratory outcomes
(total numbers of ARI, wheezing episodes, courses of respiratory medications, presentation to a
general practitioner, emergency department and hospital admission) were included in a subsequent
multivariate analysis to estimate the independent effects of each variable and to test for any
potential interactions. Log-link negative binomial models, with a robust variance estimates to
accommodate variability, were used to assess the association between the selected risk factors and
the frequency of the outcome measures.

Multicollinearities between neonatal risk factors, mainly gestational age and days of
respiratory support, were identified and adjusted for by using the un-standardised residuals of
independent regressions of the confounding variables. For example, the residual from a regression
of gestational age (independent) and days of mechanical ventilation (dependent) was used to test
for the independent association of days of mechanical ventilation on respiratory outcomes.

This convenience cohort was prospectively recruited from the pre-existing PIFCO cohort.
Therefore, statistical power and sample size estimation were not established a priori. However,
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we aimed to recruit 200 PIFCO infants (100 with and 100 without BPD) to minimise type II error
(a failure of detecting group differences that may have been truly present). Data were analysed
using SPSS (V.25; IBM, Chicago, Illinois, USA). All statistical tests were two-sided, and
comparisons with < 5 % probability of error were considered significant.

3.5 Results:
3.5.1 Cohort characteristics
Of the 125 eligible infants, 99 (79.2 %) infants enrolled in the follow-up study (Figure 3.1).
Overall, 1092 monthly follow-ups were completed between September 2016 and April 2018. Ten
infants were lost to follow-up (eight with incomplete symptom data and two placed under state
care) and thus, were excluded from the final analyses. Neonatal characteristics were statistically
not different for infants not approached for participation (N=10) (Table 3.1) and those lost to
follow-up (N=10) (Table 3.2) compared to the included infants, except that infants lost to followup were more likely to be born into a larger family.

Eighty-nine infants (89.9 %), including 34 (38.2 %) with and 55 (61.8 %) without BPD,
completed every monthly assessment over the 12-month follow-up period (1068 monthly followup (100 %)). There was a range of BPD severity in our cohort (with 15.7 % of infants classified as
mild (breathing room air at 36 week), 8.99 % moderate (requiring < 30 % oxygen at 36 week) and
13.5 % severe BPD (requiring ≥ 30 % oxygen at 36 week)) [8]. Infants with BPD had a
significantly higher birth weight z score, compared to those without BPD (p=0.016), and were more
likely to receive exogenous surfactant, postnatal corticosteroids and neonatal palivizumab (all
p<0.005) and had more days of neonatal respiratory support compared to those without BPD (all
p<0.001) (Table 3.3).
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The median (IQR) duration of any breastfeeding was 2 (1-6) months, with 20 % of infants
exclusively breastfeed for at least six months. Exposure to tobacco smoke was low during
pregnancy (7 (7.9 %)) and during infancy (10 (11.2 %)). More than half of the infants were the
first-born child, while 23 (25.8 %) had one sibling and 17 (19.1 %) had two or more siblings.
Seventeen infants (19 %) attended day-care during the follow-up period at a median (range) age of
first attendance of 10.0 (4.0-12.0) months.
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Eligible PIFCO infants
N=125
Excluded from
recruitment
N=10
Complex social status
N=6

Severe neonatal course*
N=4

Approached
N=115
Declined participation
N=15
Deceased
N=1

Enrolled very preterm infants
N=99

Lost to follow-up
N=10
Dropped out
N=8
Placed under
state care
N=2
Included in the analysis
N=89

Figure 3.1: Flow chart of the PIFCO follow-up study.
*Infants required transferal to Princess Margaret Hospital for Children for surgical intervention.
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Table 3.1: Neonatal characteristics of infants who were not approached for participation
compared to included cohort.
Included cohort
(n = 89)

Not approached
(n = 10)

p value

54 (60.7)

6 (60.0)

0.967

1100 (805, 1440)

990 (702, 1213)

0.199

0.2 (0.8)

-0.4 (0.9)

0.160

28.6 (26.1, 30.4)

27.5 (24.9, 31.0)

0.697

Extreme preterm, n (%) a

41 (46.1)

7 (70)

0.192

Spontaneous vaginal delivery, n (%)

32 (35.9)

4 (40.0)

0.527

Bronchopulmonary dysplasia, n (%) b

34 (38.2)

6 (60.0)

0.308

0.6 (0, 4.1)

2.7 (0.0, 12.8)

0.783

Continuous positive airway pressure, median days (IQR)

18 (3.5, 41.3)

45.9 (1.2, 62.6)

0.208

Supplemental oxygen, median days (IQR)

3.8 (0.1, 52.7)

52 (2.9, 91.9)

0.214

Length of hospital stay, median days (IQR)

69.0 (53.0, 106.0)

95 (24.5, 138.0)

0.403

Male, n (%)
Birth weight, median grams (IQR)
Birth weight, mean z score (SD)
Gestational age at birth, median weeks (IQR)

Mechanical ventilation, median days (IQR)

2.3 (1.8, 3.6)
3.1 (0.8, 4.5)
0.436
Age at hospital discharge, median months (IQR)
a
b
Extreme preterm ≤28 weeks’ gestation. Bronchopulmonary dysplasia was defined based on oxygen dependency for
at least 28 days after birth.
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Table 3.2: Neonatal characteristics of the infants lost to follow-up study compared to included
cohort.
Included cohort
(n = 89)

Lost to follow-up
(n = 10)

p value

54 (60.7)

4 (40.0)

0.311

1100 (805, 1440)

1120 (920, 1287)

0.954

0.2 (0.8)

0.2 (0.9)

0.888

4 (4.5)

1 (10.0)

0.420

28.6 (26.1, 30.4)

29.5 (27.0, 29.7)

0.659

41 (46.1)

3 (30.0)

0.505

32 (35.9)

3 (30.0)

1.000

29 (32.6)

2 (20.0)

0.499

Chorioamnionitis, n (%) d

47 (52.8)

6 (60.0)

0.748

Antenatal corticosteroid, n (%) e

67 (75.3)

7 (70.0)

0.710

7 (7.9)

1 (10.0)

0.587

67 (75.3)

8 (80.0)

1.000

7 (7.9)

0.0

1.000

Neonatal palivizumab, n (%)

14 (15.7)

1 (10.0)

1.000

Inhale pentoxifylline, n (%)

22 (24.7)

1 (10.0)

0.445

Respiratory distress syndrome, n (%)

84 (94.4)

9 (90.0)

0.481

Bronchopulmonary dysplasia, n (%) f

34 (38.2)

3 (30.0)

0.739

0.6 (0, 4.1)

0.6 (0.3, 2.5)

0.981

Continuous positive airway pressure, median days (IQR)

18 (3.5, 41.3)

21.9 (9, 50.5)

0.457

Supplemental oxygen, median days (IQR)

3.8 (0.1, 52.7)

2.9 (0.4, 2.9)

0.940

Humidified high-flow, median days (IQR)

9 (0, 16.1)

8.4 (3, 14.1)

0.743

16 (18)

1 (10.0)

1.000

11 (12.4)

0.0

0.597

69.0 (53.0, 106.0)

64.5 (46.0, 100.2)

0.568

2.3 (1.8, 3.6)

2.1 (1.5, 3.2)

0.473

7 (7.9)

0.0

1.000

40 (44.9)

8 (80.0)

0.047

47 (52.8)

7 (70.0)

0.340

31 (34.8)

5 (50.0)

0.490

Male, n (%)
Birth weight, median grams (IQR)
Birth weight, mean z score (SD)
Intrauterine growth restriction, n (%) a
Gestational age at birth, median weeks (IQR)
Extreme preterm, n (%) b
Spontaneous vaginal delivery, n (%)
Premature rupture of membrane, n (%)

c

Exposure to antenatal smoking, n (%)
Exogenous surfactant, n (%)
Postnatal corticosteroid, n (%)

Mechanical ventilation, median days (IQR)

Neonatal sepsis, n (%)

g

Respiratory nosocomial infection, n (%)
Length of hospital stay, median days (IQR)
Age at hospital discharge, median months (IQR)
Respiratory support after discharge, n (%)
Presence of sibling, n (%) h
Parental history of doctor diagnosis atopy, n (%) i
Parental history of doctor diagnosis asthma, n

(%) j

a Intrauterine growth

restriction defined as <10th percentile from gestational age-specific foetal growth curve by Fenton. b Extreme preterm
≤28 weeks’ gestation. c Premature rupture of the membrane for at least 24 hours before delivery. d Chorioamnionitis was defined based
on histological findings of the placenta. e Antenatal corticosteroid was based on completed course of maternal steroid for more than 24
hours before delivery. f Bronchopulmonary dysplasia was defined based on oxygen dependency for at least 28 days after birth. g Cultureconfirmed bacterial sepsis. h Number of siblings is based on siblings that did not arise from the current pregnancy. i Parental history of
atopy was based on doctor diagnosis of hay fever, eczema or allergic rhinitis. j Parental history of asthma was based on doctor diagnosis
of asthma. Bolded values represent a statistical significant difference between very preterm infants who were lost to follow-up and infants
included in the cohort (p<0.05).
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Table 3.3: Characteristics of the infants who completed 12 months of follow-up.
Whole cohort
(n = 89)

No BPD
(n = 55)

BPD
(n = 34)

p value

54 (60.7)

35 (63.6)

19 (55.9)

0.467

1100 (805, 1440)

1234 (1045, 1550)

775 (707, 984)

< 0.001

0.2 (0.8)

0.0 (0.8)

0.4 (0.9)

0.016

28.6 (26.1, 30.4)

29.6 (28.3, 30.9)

25 (24.1, 27.9)

< 0.001

Extremely preterm (<28 weeks’ gestation), n (%)

41 (46.1)

12 (21.8)

29 (85.3)

< 0.001

Premature rupture of membrane, n (%) a

29 (32.6)

19 (34.5)

10 (29.4)

0.616

Spontaneous vaginal delivery, n (%)

Male, n (%)
Birth weight, median grams (IQR)
Birth weight, mean z score (SD)
Gestational age at birth, median weeks (IQR)

32 (35.9)

19 (34.5)

13 (38.3)

0.724

Chorioamnionitis, n (%)

b

47 (52.8)

26 (47.3)

21 (61.8)

0.183

Antenatal steroid, n (%)

c

67 (75.3)

42 (76.4)

25 (73.3)

0.763

7 (7.9)

2 (3.6)

5 (14.7)

0.101

67 (75.3)

33 (60.0)

34 (100.0)

< 0.001

Postnatal corticosteroid, n (%)

8 (8.9)

1 (1.8)

7 (20.6)

0.004

Neonatal palivizumab, n (%) d

14 (15.7)

1 (1.8)

13 (38.2)

< 0.001

Respiratory distress syndrome, n (%)

84 (94.4)

50 (90.9)

34 (100.0)

0.152

0.6 (0, 4.1)

0.13 (0.0, 0.8)

16.3 (0.9, 39.9)

< 0.001

Continuous positive airway pressure, median days (IQR)

18 (3.5, 41.3)

4.9 (1.9, 17)

45.9 (33.7, 57.5)

< 0.001

Supplemental oxygen, median days (IQR)

3.8 (0.1, 52.7)

0.5 (0.1, 2.9)

67.3 (38.2, 148.0)

< 0.001

9 (0, 16.1)

0 (0, 10.2)

15.5 (10.9, 26.3)

< 0.001

16 (18)

4 (7.3)

12 (35.3)

0.001

12 (13.5)

4 (7.3)

8 (23.5)

0.052

69.0 (53.0, 106.0)

59 (43.0, 67.0)

111 (88.0, 137.5)

< 0.001

2.3 (1.8, 3.6)

1.9 (1.5, 2.3)

3.7 (2.9, 4.6)

< 0.001

7 (7.9)

0 (0.0)

7 (20.6)

0.001

5 (5.6)

0 (0.0)

5 (14.7)

0.007

2 (1, 6)

2 (1, 6)

2 (1, 5.2)

0.677

6 months of exclusive breastfeeding, n (%)

18 (20.2)

10 (18.2)

8 (23.5)

0.542

Presence of older sibling, n (%)

40 (44.9)

25 (45.5)

15 (44.1)

0.902

Day-care attendance, n (%)

17 (19.1)

9 (16.4)

8 (23.5)

0.403

Exposure to postnatal smoking, n (%)

10 (11.2)

4 (7.3)

6 (17.6)

0.172

31 (34.8)

20 (36.4)

11 (32.4)

0.700

47 (52.8)

29 (52.7)

18 (52.9)

0.984

23 (25.8)

14 (25.5)

9 (26.5)

0.915

Exposure to antenatal smoking, n (%)
Exogenous surfactant, n (%)

Mechanical ventilation, median days (IQR)

Humidified high-flow therapy, median days (IQR)
Neonatal sepsis, n (%) e
Respiratory nosocomial infection, n (%)
Length of hospital stay, median days (IQR)
Age at hospital discharge, median months (IQR)
Respiratory support after discharge, n (%)
Prophylactic palivizumab, n (%)

f

Duration of breastfeeding, median months (IQR)

Parental history of doctor-diagnosed asthma, n (%) g
Parental history of doctor-diagnosed atopy, n (%)
Remote (rural location), n (%)

h

Caucasian, n (%)
67 (75.3)
39 (70.9)
28 (82.4)
0.224
a
premature rupture of the membrane for at least 24 hours before delivery. b Chorioamnionitis was defined based on histological findings of the
placenta. c Antenatal corticosteroid was based on completed course of maternal steroid for more than 24 hours before delivery. d Neonatal
Palivizumab was based on single injection before discharge from birth hospitalisation. e Culture-confirmed bacterial sepsis. f Prophylactic
palivizumab defined as three or more doses of palivizumab during RSV season to prevent community acquired RSV infection. g Parental history
of asthma was based on doctor diagnosis of asthma. h Parental history of atopy was based on doctor diagnosis of hay fever, eczema or allergic
rhinitis. . Bolded values represent a statistical significant difference between very preterm infants with and without BPD (p<0.05).
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3.5.2 The occurrence and frequency of respiratory morbidity following
discharge from birth hospitalisation

All 89 infants had at least one episode of ARI in the first year following discharge from
birth hospitalisation at a median (IQR) chronological age of 4.6 (2.9-7.1) months at the time of first
community-acquired ARI. Parents reported a total of 620 ARI episodes, with 194 (31.3 %) URTI
and 426 (68.7 %) LRTI. Of the LRTI, 157 (46.9 %) were non-wheezy and 269 (63.1 %) were
wheezy LRTI (Table 3.4). All reported ARI were assessed by the research doctor through phone
calls. Of the 620 reported episodes of ARI, infants were assessed and clinically examined by the
research doctor in 122 (19.7 %) episodes. The distribution of ARI episodes including URTI, nonwheezy and wheezy LRTI across the first 12 months following discharge from birth hospitalisation
is summarised in (figure 3.2).

Overall, infants had a median (IQR) of 6 (4-9) episodes of ARI ranging from one to 16,
with 77 (86.5 %) infants reporting at least one episode of URTI and 84 (94.4 %) having at least
one LRTI. Sixty-six infants (74.2 %) had at least one wheezy LRTI during the year. There was no
difference in the proportion or frequency of ARI episodes, including URTI, non-wheezy or wheezy
LRTI between infants with and without BPD (all p> 0.05) (Table 3.4). A post-hoc power
calculation was performed to assess the observed power to detect a difference in the median number
of the two main outcomes of interest which were the number of ARI episodes and the number of
LRTI between very preterm infants with and without BPD. With a sample size of 89 very preterm
infants including 34 with and 55 without BPD we had a power of 70 % to detect a median difference
of 2 ARI episodes and a 60 % power to detect a median difference of 1 LRTI between the two
groups (α, 0.05).
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Respiratory symptoms were commonly reported during the follow-up, with 87 (97.8 %)
having at least one episode of cough, 68 (76.4 %) reporting wheeze at least once and 54 (60.7 %)
having recurrent wheeze. There was no difference in the proportion of infants or frequency of
symptoms with or without ARI across BPD diagnosis (Table 3.4).

Of those reporting recurrent wheeze, almost two-thirds (60.7 %) had recurrent wheeze
during ARI or within four weeks of an ARI, whereas 25.8 % reported recurrent wheeze without a
recent history of ARI within the last four weeks. Preterm infants with recurrent wheeze had longer
duration of humidified high flow (including both air and oxygen) during the neonatal period
compared to those without recurrent wheeze (Table 3.5).

ARI

URTI

Non-wheezy LRTI

Wheezy LRTI

Number of reported ARI episodes

80
70
60
50
40
30
20
10
0
1

2
3
4
5
6
7
8
9
Age (Months following discharge from birth hospitalisation)

10

11

12

Figure 3.2: The distribution of URTI, non-wheezy and wheezy LRTI across the first 12
months following discharge from birth hospitalisation.
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89 (100)
77 (86.5)
84 (94.4)
68 (76.4)
66 (74.2)

87 (97.8)

86 (96.6)
60 (67.4)

68 (76.4)

68 (76.4)
24 (27.0)

Episodes of cough

Cough with ARI
Cough without ARI

Episodes of wheeze

Wheeze with ARI
Wheeze without ARI

79 (89.0)
73 (82.0)
41 (46.0)
22 (25.0)

37 (41.6)
21 (23.6)
15 (16.9)
16 (18.0)

Any health service (419)
General practitioner (287)
Hospital emergency (97)
Hospital admission (35)

Antibiotics (67)
Asthma medications (84)
Inhaled bronchodilators (43)
Steroidal medications (41)
0 (0-1)
0 (0-0)
0 (0-0)
0 (0-0)

4 (2-7)
2 (1-5)
0 (0-2)
0 (0-0.5)

9.5 (5-17.2)
8 (4-15.2)
4 (4-8)

22 (40.0)
7 (12.7)
4 (7.3)
5 (9.1)

46 (84.0)
43 (78.2)
21 (38.2)
8 (14.5)

33 (60.0)
33 (60.0)
13 (23.6)

40 (72.7)
13 (23.6)

40 (72.7)

53 (96.4)
38 (69.1)

54 (98.2)

55 (100)
47 (85.5)
51 (92.7)
41 (74.5)
39 (70.9)

n (%)

Infants

33 (97.1)

33 (97.1)
22 (64.7)
28 (82.4)
28 (82.4)
11 (32.4)

16 (7-24)
9 (5-17)
4 (0-8)
4 (0-10)
4 (0-9)
0 (0-0)

33 (97.1)
30 (88.2)
20 (58.8)
14 (41.2)
15 (44.1)
14 (41.2)
11 (32.4)
11 (32.4)

2 (1-5)

0 (0-1)
0 (0-0)
0 (0-0)

0 (0-0)

0 (0-0)

0 (0-2)

2 (1-3)

21 (61.8)
21 (61.8)
10 (29.4)

9 (4.5-16)
6 (4-14)
4 (4-10)

1 (0-2)
2 (0-5)

4 (1-6)

2 (1-3)

34 (100)
30 (88.2)
33 (97.1)
27 (79.4)
27 (79.4)

n (%)

Infants

0 (0-1)
0 (0-4)
0 (0-2)
0 (0-1)

5 (3-8)
4.5 (2-6)
1 (0-2)
0 (0-1)

13 (5-19.5)
9 (4.5-16)
5 (4-9)

4 (1-10)
0 (0-4)

5 (1-14.2)

16 (7.75-20.5)
4 (0-9)

20 (11-29.2)

7 (5-11)
2 (1-3)
5 (2-8)
2 (1-4)
3 (1-5.2)

(IQR)

Median

Very preterm with BPD

6 (4-9)

(IQR)

Median

Vey preterm without BPD

0.702
0.002
0.002
0.005

0.048
0.230
0.058
0.004

0.87
0.87
0.54

0.29
0.37

0.29

1.00
0.67

1.00

0.71
0.64
0.59
0.37

Chi-square

0.641
0.001
0.002
0.005

0.006
0.004
0.143
0.009

0.42
0.69
0.69

0.56
0.37

0.39

0.05
0.99

0.11

0.09
0.96
0.10
0.11
0.34

Mann-Whitney

P value

Recurrent wheeze was defined as three or more episodes of wheeze. Bold values represent a statistically significant difference between very preterm infants with and without BPD.

54 (60.7)
54 (60.7)
23 (25.8)

Recurrent wheeze
Wheeze with ARI
Wheeze without ARI

4 (0-9)
0 (0-4)

4 (1-12.5)

11 (6-19.5)
4 (0-8)

18 (9-26)

6 (4-9)
2 (1-3)
4 (2-7)
1 (1-3)
2 (0-5)

(IQR)

n (%)

ARI (620)
URTI (194)
LRTI (426)
Non-wheezy (157)
Wheezy (269)

Median

Infants

Total very preterm infants

Table 3.4: Respiratory outcomes during the first year of life among very preterm infants with (N=34) and without BPD (N=55).
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Table 3.5: Perinatal, neonatal and postnatal characteristics of infants with and without recurrent
wheeze.
Recurrent wheeze (≥ three episodes of wheeze)

Yes
(n=54)

No
(n=35)

p value

37 (68.5)

17 (48.6)

0.060

1095 (796, 1482)

1120 (810, 1430)

0.973

0.24 (0.73)

0.04 (0.93)

0.166

27.9 (25.9, 30.3)

29 (26.3, 30.9)

0.246

28 (51.9)

13 (37.1)

0.174

Premature rupture of membrane, n (%)

20 (37.0)

9 (25.7)

0.266

Spontaneous vaginal delivery, n (%)

18 (33.3)

14 (40.0)

0.522

Chorioamnionitis, n (%) d

29 (53.7)

18 (51.4)

0.834

Antenatal corticosteroid, n (%) e

43 (79.6)

24 (68.6)

0.237

3 (5.6)

4 (11.4)

0.427

44 (81.5)

23 (65.7)

0.092

5 (9.3)

3 (8.6)

1.000

9 (16.7)

5 (14.3)

0.763

52 (96.3)

32 (91.4)

0.378

Mechanical ventilation, median days (IQR)

0.50 (0.01, 2.95)

0.88 (0, 15.7)

0.747

Continues positive airway pressure, median days (IQR)

25.8 (4.94, 46.5)

7.5 (1.9, 38.4)

0.076

Supplemental oxygen, median days (IQR)

6.46 (0.51, 53.4)

1.54 (0.08, 52.4)

0.229

11.2 (0, 18.1)

0 (0, 15.0)

0.044

Neonatal sepsis, n (%) g

11 (20.4)

5 (14.3)

0.465

Respiratory nosocomial infection, n (%)

10 (18.5)

2 (5.7)

0.115

Respiratory support after discharge, n (%)

3 (5.6)

4 (11.4)

0.472

Length of hospital stay, median days (IQR)

77.0 (53.0. 107.0)

64.0 (52.0, 102.0)

0.381

2.4 (1.8, 3.6)

2.2 (1.7, 3.4)

0.394

2 (3.7)

3 (8.6)

0.378

Duration of breastfeeding, median months (IQR)

2 (1, 6)

2 (1,5)

0.983

6 months of exclusive breastfeeding, n (%)

9 (16.7)

9 (25.7)

0.299

Presence of sibling, n (%) i

28 (51.9)

12 (34.3)

0.104

Day-care attendance, n (%)

12 (22.2)

5 (14.3)

0.352

Exposure to postnatal smoking, n (%)

7 (13.0)

3 (8.6)

0.734

Parental history of doctor -diagnosed asthma, n (%) j

21 (38.9)

10 (28.6)

0.318

Male, n (%)
Birth weight, median grams (IQR)
Birth weight, mean z score (SD)
Gestational age at birth, median weeks (IQR)
Extremely preterm, n (%)

b

Exposure to antenatal smoking, n (%)
Exogenous surfactant, n (%)
Postnatal corticosteroid, n (%)
Neonatal palivizumab, n (%)

f

Respiratory distress syndrome, n (%)

Humidified high-flow therapy, median days (IQR)

Age at hospital discharge, median months (IQR)

Prophylactic palivizumab, n

(%) h

16 (29.6)
7 (20.0)
0.311
Remote (rural location), n (%)
a Intrauterine growth restriction defined as <10 th percentile from gestational age-specific foetal growth curve by Fenton. b Extremely
preterm ≤28 weeks’ gestation. c premature rupture of the membrane at least 24 hours before delivery. d Chorioamnionitis was defined
based on histological findings of the placenta. e Antenatal corticosteroid was based on completed course of maternal steroid for more than
24 hours before delivery. f Neonatal palivizumab was based on single injection before discharge from birth hospitalisation. g Cultureconfirmed bacterial sepsis. h Prophylactic palivizumab defined as three or more doses of palivizumab during RSV season to prevent
community acquired RSV infection. i Number of siblings is based on siblings that did not arise from the current pregnancy. j Parental
history of asthma was based on doctor diagnosis of asthma. Bolded values represent a statistical significant difference between very
preterm infants with and without recurrent wheeze (p<0.05).
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Seventy-nine infants (89 %) presented to a health care provider for respiratory indications
at least once over the first year, equating to 419 presentations (Table 3.4). Of these presentations
287 (68.5 %) were to a general practitioner and 132 (31.5 %) were to a hospital, including 97
emergency presentations and 35 admissions. Twenty-two infants (25 %) were hospitalised at least
once for a respiratory indication, with two infants (2.25 %) being hospitalised three or more times
during the follow-up (Table 3.6). Infants with BPD presented more often to a general practitioner
(median (IQR) visits: 4.5 (2.0, 6.0) vs. 2.0 (1.0, 3.0); p=0.004), were more likely to be hospitalised
(30 (14 (41.2 %) vs. 8 (14.5 %); p=0.005) and to be prescribed asthma medications compared to
those without BPD (41.2 % vs. 12.7 %; p=0.002) (Table 3.4).

Table 3.6: Frequency of healthcare utilisation for respiratory indications during the 12 months
follow-up among very preterm infants with (N=34) and without BPD (N=55).
GP presentations

ED presentations

Hospital admission

Number of
presentations

Non-BPD

BPD

Non-BPD

BPD

Non-BPD

BPD

infants

infants

infants

infants

infants

infants

None, n (%)

12 (21.8)

4 (11.8)

34 (61.8)

14 (41.2)

47 (85.5)

20 (58.8)

Once, n (%)

8 (14.5)

3 (8.8)

6 (10.9)

9 (26.5)

4 (7.3)

10 (29.4)

Twice, n (%)

15 (27.3)

4 (11.8)

7 (12.7)

5 (14.7)

2 (3.6)

4 (11.8)

Three or more, n (%)

20 (36.4)

23 (67.6)

8 (14.5)

6 (17.6)

2 (3.6)

0 (0)

GP, general practitioner. ED, emergency department. There was no significant difference in the frequency of presentation to
healthcare facilities between very preterm infants with and without BPD using Chi-square test (all p >0.05).

51

3.5.3 Univariate analysis of early life risk factors

The univariate associations between antenatal, neonatal, early postnatal and environmental
factors and the main outcomes are summarized in (Table 3.7), (Table 3.8) and (Table 3.9). Briefly,
there was no association between perinatal factors and respiratory outcomes during the follow-up
except that receiving a completed course of antenatal corticosteroids was associated with increased
prescription of asthma medications and hospital emergency presentations. Neonatal factors
including lower gestational age, increasing birth weight z-score, increasing days of continuous
positive airway pressure, humidified high flow and oxygen supplementation were significantly
associated with increased frequency of presentation to a general practitioner and prescription of
asthma medications. Younger age at the time of first ARI was the most important postnatal risk
factor for increased numbers of ARI and hospital admissions over the 12-month follow-up (Table
3.7), (Table 3.8) and (Table 3.9).
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53
0.14 (0.190)

Parental history of atopy (47/89)
0.19 (0.067)

0.19 (0.073)

-0.01 (0.888)

0.14 (0.087)

-0.01 (0.964)

0.07 (0.489)

0.09 (0.356)

0.18 (0.084)

-0.04 (0.711)

0.21 (0.047)

0.05 (0.626)

0.16 (0.137)

-0.04 (0.709)

0.19 (0.070)

-0.017 (0.876)

0.07 (0.506)

-0.05 (0.626)

-0.12 (0.280)

0.00 (0.970)

-0.01 (0.902)

presentations

GP

Number of

0.01 (0.950)

0.29 (0.005)

0.03 (0.806)

0.21 (0.045)

-0.04 (0.710)

0.02 (0.869)

0.15 (0.162)

presentations

ED

Number of

-0.09 (0.375)

0.06 (0.544)

0.04 (0.732)

0.15 (0.165)

-0.08 (0.464)

-0.02 (0.884)

0.17 (0.121)

admissions

hospital

Number of

Data are presented as Spearman’s correlation coefficient (P value). GP, general practitioner. ED, emergency department. a Premature rupture of the
membrane at least 24 hours before delivery. b Chorioamnionitis was based on histological findings from the placental examination. c Antenatal
corticosteroid was based on completed course of maternal steroid for more than 24 hours before delivery. d Vaginal delivery was used as reference
(0=vaginal delivery, 1=caesarean section). Bold values represent statistically significant risk factors.

0.06 (0.554)

Parental history of asthma (31/89)

0.02 (0.820)

Antenatal corticosteroid c (67/89)

0.15 (0.163)

-0.09 (0.395)

Maternal smoking (7/89)

Caesarean section d (57/89)

0.03 (0.747)

Chorioamnionitis b (47/89)

0.08 (0.438)

medications

episodes
0.03 (0.747)

asthma

wheezing

ARI episodes

Number of

Number of

Number of

Premature rupture of membranes a
(29/89)

Perinatal and parental factors

Table 3.7: Antenatal risk factors for respiratory morbidity in the first year after very preterm birth (univariate analysis).
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0.05 (0.663)

Postnatal corticosteroid (8/89)

0.09 (0.357)

0.01 (0.894)

0.05 (0.620)

0.15 (0.147)

0.09 (0.449)

0.19 (0.069)

0.18 (0.099)

0.12 (0.266)

-0.14 (0.188)

0.16 (0.128)

0.17 (0.102)

0.12 (0.259)

0.18 (0.82)

-0.15 (0.158)

Number of
wheezing
episodes

0.31 (0.052)

0.19 (0.067)

0.05 (0.631)

0.39 (0.000)

0.21 (0.074)

0.24 (0.026)

0.22 (0.039)

0.23 (0.033)

-0.03 (0.785)

0.15 (0.148)

0.16 (0.135)

0.25 (0.019)

0.19 (0.064)

-0.22 (0.037)

Number of
asthma
medications

-0.05 (0.671)

0.23 (0.032)

0.08 (0.479)

0.14 (0.193)

0.16 (0.187)

0.29 (0.006)

0.27 (0.012)

0.35 (0.001)

-0.23 (0.027)

0.15 (0.152)

0.26 (0.013)

0.26 (0.013)

0.079 (0.463)

-0.28 (0.007)

Number of GP
presentations

0.01 (0.975)

0.07 (0.489)

0.01 (0.582)

0.01 (0.963)

-0.11 (0.387)

0.23 (0.030)

0.01 (0.938)

0.13 (0.237)

-0.21 (0.047)

0.01 (0.984)

0.01 (0.914)

-0.07 (0.497)

0.196 (0.065)

-0.15 (0.149)

Number of ED
presentations

-0.01 (0.895)

0.09 (0.370)

0.08 (0.472)

-0.14 (0.180)

0.01 (0.923)

0.20 (0.057)

0.23 (0.028)

0.19 (0.071)

-0.19 (0.075)

-0.05 (0.618)

0.01 (0.886)

-0.06 (0.545)

0.26 (0.012)

-0.14 (0.191)

Number of
hospital
admissions

Data are presented as Spearman’s correlation coefficient (P value). GP, general practitioner. ED, emergency department. a Female sex was used as reference (0=female,
1=male). b Birth weight z-scores were calculated with reference to the 2013 Fenton gestational age-specific fetal growth charts for preterm infants, which take into account
gestational age and gender. c Degree of gas exchange impairments was assessed around 36 weeks postmenstrual age based on the degree of the right shift of the arterial
oxygen saturation (SpO2) versus partial pressure of inspired oxygen (PIo2) curve. d Culture-confirmed bacterial sepsis. e Pentoxyphilline is an anti-inflammatory drug
aims at reducing or modulating the inflammatory response may decrease the incidence and severity of BPD. Bold values represent statistically significant risk factors.

0.04 (0.684)

Inhaled pentoxyphilline e (22/89)

0.17 (0.103)

Days of humidified high flow

-0.04 (0.695)

0.17 (0.111)

Days of continuous positive pressure

Neonatal palivizumab (14/89)

-0.19 (0.072)

Days of mechanical ventilation

0.05 (0.606)

0.13 (0.290)

Neonatal intubation (66/89)

Neonatal sepsis d (11/89)

0.18 (0.097)

Exogenous surfactant (67/89)

0.12 (0.325)

0.20 (0.054)

Birth weight z score b

Degree of gas exchange impairment c (69/69)

0.09 (0.363)

Sex, male a (54/89)

0.19 (0.061)

-0.16 (0.139)

Gestational age (w)

Days of oxygen supplementation

Number of
ARI episodes

Neonatal factors

Table 3.8: Neonatal risk factors for respiratory morbidity in the first year after very preterm birth (univariate analysis).

55
0.08 (0.463)
-0.04 (0.715)
-0.25 (0.017)

Discharged in Autumn (23/89)

Discharged in Winter (12/89)

Discharged in Spring (26/89)

-0.24 (0.024)

-0.091 (0.396)

0.041 (0.701)

0.26 (0.013)

-0.01 (0.936)

-0.18 (0.096)

0.16 (0.131)

0.17 (0.100)

0.02 (0.885)

-0.14 (0.198)

-0.07 (0.484)

0.16 (0.142)

0.11 (0.284)

-0.17 (0.112)

-0.05 (0.620)

0.14 (0.204)

-0.01 (0.919)

asthma
medications

Number of

Number of GP

-0.12 (0.256)

0.11 (0.325)

0.00 (0.981)

0.04 (0.716)

-0.09 (0.361)

-0.09 (0.372)

0.16 (0.134)

-0.04 (0.740)

-0.13 (0.241)

presentations

Number of ED

-0.34 (0.001)

-0.03 (0.774)

0.06 (0.597)

0.30 (0.004)

-0.08 (0.444)

-0.15 (0.160)

-0.06 (0.591)

0.07 (0.498)

-0.15 (0.169)

presentations

-0.25 (0.019)

0.07 (0.527)

0.05 (0.618)

0.14 (0.181)

-0.14 (0.196)

-0.21 (0.045)

-0.08 (0.469)

0.07 (0.500)

-0.01 (0.936)

hospital
admissions

Number of

Remote (rural location) (23/89)
-0.026 (0.808)
-0.065 (0.542) -0.193 (0.069) -0.099 (0.358)
-0.050 (0.644)
0.013 (0.902)
Data are presented as Spearman’s correlation coefficient (p value). GP, general practitioner. ED, emergency department. Antenatal corticosteroid
was based on completed course of maternal steroid for more than 24 hours before delivery. Bold values represent statistically significant risk
factors.

0.20 (0.057)

Discharged in Summer (28/89)

-0.32 (0.002)

Age at first ARI
-0.13 (0.236)

0.18 (0.083)

Number of siblings

Prophylactic palivizumab (5/89)

0.17 (0.105)

Passive smoke exposure (10/89)

-0.13 (0.213)

wheezing
episodes

episodes
-0.05 (0.625)

Number of

Number of ARI

Six months of breastfeeding
(18/89)

Postnatal factors

Table 3.9: Postnatal and early environmental risk factors for respiratory morbidity in the first year after very
preterm birth (univariate analysis).

3.5.4 Multivariate analysis of early life risk factors

Decreased time to first ARI following discharge from birth hospitalisation was the only
significant risk factor for increased total number of subsequent ARI in the multivariate analysis.
For each month of younger age at the time of first ARI, there was a 6.5 % increase in the total
number of ARI (p<0.001; Table 3.10). Similarly, each month reduction in the age at the time of
first ARI was associated with a 9.6 % increase in to hospital emergency presentation and 18.5 %
increase in hospital admission for respiratory indications. Parental history of asthma was the main
risk factor for increased number of wheezing episodes, both with and without ARI (RR, 1.82; 95
% CI, 1.02, 3.24; p=0.042). Boys were more likely to be prescribed asthma medications (RR, 9.48;
95 % CI, 2.43, 37.0; p=0.001), present to a hospital emergency department (RR, 1.76; 95% CI,
1.03, 3.01; p=0.038) and be hospitalised for respiratory indications (RR, 3.34; 95 % CI, 1.15, 9.88;
p=0.027), compared to girls during the follow-up period.

Every extra week of oxygen supplementation was associated with a 10.4 % increase in risk
of using asthma medication (RR, 1.10; 95 % CI, 1.02-1.20; p=0.020). Increased birth weight zscore was also associated with increased requirement of asthma medication during the follow-up
(RR, 3.95; 95 % CI, 1.66, 9.42; p=0.002). No association was found between gestational age,
smoking exposure or number of siblings and the risk of the investigated outcomes during the first
year following discharge from birth hospitalisation.
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0.486

1.01 (0.98- 1.02)

Supplemental
oxygen (w)

<0.001

0.97 (0.88-1.08)

1.17 (0.91-1.50)

1.82 (1.02-3.24)

2.05 (0.81-5.18)

1.01 (0.97-1.06)

0.93 (0.62-1.39)

1.64 (0.92-2.93)

0.99 (0.84-1.17)

RR (95 % CI)

0.610

0.215

0.042

0.127

0.530

0.729

0.094

0.944

P value

Wheezing episodes

0.93(0.76-1.16)

0.85 (0.52-1.41)

2.86 (0.96-8.54)

0.84 (0.16-4.50)

1.10 (1.02-1.20)

3.95 (1.66-9.42)

9.48 (2.43-37.0)

1.24 (0.92-1.67)

RR (95 % CI)

0.537

0.539

0.060

0.841

0.020

0.002

0.001

0.148

P value

Asthma medications

0.97 (0.99-1.04)

0.422

0.237

0.214

0.77(0.51, 1.16)

1.10 (0.94-1.30)

0.132

0.258

0.146

0.174

0.439

P value

0.60 (0.31-1.16)

1.02 (0.99-1.05)

1.22 (0.93-1.60)

1.31 (0.89-1.93)

0.95 (0.84-1.08)

RR (95 % CI)

GP presentations

0.90 (0.83-0.99)

1.00 (0.82-1.24)

2.12 (1.33-3.39)

1.63 (0.86-3.11)

0.99 (0.95-1.03)

0.72 (0.51-1.00)

1.76 (1.03-3.01)

0.89 (0.77-1.04)

RR (95 % CI)

ED presentations

0.022

0.962

0.002

0.137

0.722

0.053

0.038

0.144

P value

0.81 (0.67-0.95)

0.72 (0.45-1.16)

1.05 (0.48-2.30)

1.67 (0.66-4.22)

0.99 (0.93-1.04)

0.90 (0.47-1.37)

3.34 (1.15-9.88)

0.91 (0.72-1.15)

RR (95 % CI)

0.010

0.176

0.902

0.281

0.692

0.417

0.027

0.434

P value

Hospital admissions

The estimated effect of the risk factors is presented as relative risk (RR) (95% CI) and p value. GP, general practitioner. ED, emergency department. Days of oxygen supplementation are presented as
residual of independent regression against gestational age to remove collinearity. Parental history of asthma is based on doctor-diagnosed asthma. Age at first ARI is postnatal age in days at laboratory
confirmed nosocomial respiratory infection (N=11) or at first parentally reported ARI after discharge. Bolded values represent statistically significant risk factors.

0.93 (0.90-0.97)

Age at first ARI
(m)

0.248

0.797

1.03 (0.83-1.27)

1.05 (0.96-1.15)

0.473

1.13 (0.81-1.57)

Number of
siblings

Exposure to
passive smoking
(10/89)
Parental history
of asthma (31/89)

0.217

1.09 (0.94-1.26)

Birth weight zscore

0.467

1.08 (0.87-1.33)

Male (54/89)

0.884

P value

0.99 (0.93-1.06)

RR (95 % CI)

ARI episodes

Gestational age
(w)

analysis)

Table 3.10: Risk factors associated with poor respiratory outcome in the first year following very preterm birth (multivariate

3.6 Discussion
In this prospective community-based study, we report that infants born very preterm
experience significant respiratory morbidity beyond the neonatal period; reflected by high numbers
of ARI, respiratory symptoms, use of respiratory medications and healthcare utilisation for
respiratory indications. The high number of ARI and respiratory symptoms in our cohort was not
influenced by the neonatal classification of BPD, although it affected severity: indeed, infants with
BPD presented more often to general practitioner, were more likely to be prescribed asthma
medications and to be hospitalised for respiratory indications during the first year after discharge
from birth hospitalisation.

Previous studies report an increased incidence of respiratory morbidity during the first year
after preterm birth, with 42-44 % reporting wheeze [2, 23] and 14-28 % experiencing persistent
wheeze (≥ 3 episodes in the first year of life) [13, 24, 25]. In this cohort, we find comparatively
higher rates of wheeze (76.4 %) and recurrent wheeze (60.7 %) compared to previous reports.
However, comparing our findings to previous studies is hampered by the difference in study design,
with our study being prospectively collected via monthly questionnaire and previous studies being
largely retrospective [2, 12], or prospective with limited time-points of follow-up [13, 14, 25]. As
such, parent recall may have underestimated the burden of respiratory morbidity in the first year
following preterm birth in previous studies. Additionally, comparison is limited by differing
gestational age ranges [1, 23], exclusion criteria [26] and variations in the definition of BPD [14,
24]. Although we did not include a comparison of term-born infants in our study, the occurrence
of cough (97 % ) is equivalent to that found in a large unselected prospective cohort of term-born
infants during the first year of life (93-94 %), whereas the occurrence of wheeze (76.4 %) is
relatively higher in our cohort compared to term-born infants (35-46 %) [11, 27].
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The incidence of ARI in our preterm cohort (median= 6.0 episodes) is consistent with that
previously reported during the first year of life in community-based studies of term-born infants
(mean 5.0- 6.3 episodes) [11, 28, 29]. However, the reporting of lower respiratory tract symptoms
during ARI (68.7 % vs. 33.4 %) including wheeze (63.1 % vs. 28.9 %) is more than two times
higher in our cohort compared to a high-risk birth cohort of term-born infants with family history
of asthma and atopy, also recruited in Perth [17]. The long-term consequences of wheezy ARI
during the early life of a preterm infant, with comparatively immature lungs and immune system
remains unclear [30]. However, wheezy ARI during such a critical period of lung maturation may
result in chronic alterations and remodelling of the developing airways, independent of pre-existing
neonatal factors [31, 32] and subsequently increased rates of wheezing disorders, asthma diagnosis
and diminished lung function later in life [21, 33, 34].

Healthcare utilisation for respiratory indications following discharge from birth
hospitalisation was high in both primary care and the tertiary hospital setting, with just over half
of the cohort presenting to a tertiary hospital during this time and one-quarter being admitted.
Limited epidemiological data support these figures, with previous studies indicating that 30-40 %
of preterm infants present to a hospital emergency department during the first year of life [35-37]
and 11-50 % are readmitted to hospital for respiratory indications [2, 14, 25, 38]. To date,
documented use of primary healthcare services after preterm birth are limited, and not itemised for
respiratory presentations. However, we show that the proportion of infants presenting to a general
practitioner for respiratory indications during the first year following discharge from birth
hospitalisation is nearly double that previously reported in an Australian community-based study
of term-born infants [28]. Similarly, the proportions of hospital emergency presentation (46.0 %
vs. 5%) and hospital admission (25.0 % vs. 0.6%) for a respiratory indication in our cohort are
much higher than the proportions described in the community-based cohort of term-born
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infants[28]. Such increased need of healthcare services following preterm birth has been shown to
adversely impact on the quality of life of infant’s family [39].
Our study also noted increased use of both bronchodilators and steroidal asthma
medications among infants with BPD compared to those without BPD, which is consistent with
that previously reported in preterm infants and young children [2, 5, 9, 40, 41]. Although the
underlying mechanisms of prematurity associated wheeze are likely to be very different than that
for wheeze in asthmatics term-born children, 24 % of the infants in our cohort had received at least
one course of asthma medication during the first year following neonatal discharge. Although a
similar proportion of receiving asthma medications was reported in earlier cohorts [35, 38], the
proportion of preterm infants receiving asthma medication varies markedly in the literature and
both over-prescription [42] and under-prescription have been previously reported [4, 43]. However,
the prescription of asthma medication to treat airway disease in preterm infants remained
controversial due to the paucity of data to support improved long-term outcomes, with majority of
existing literature focusing on evolving BPD [44, 45].

The prospective, frequent data collection is a major strength of the present study, as it
minimises recall bias and provides more valid estimates of the burden of respiratory disease
following preterm birth. Additionally, the regular contact with families through monthly phone
calls as well as when infants were unwell comprehensively captured the burden ARI in the
community, including self-limiting and mild ARI that have not been previously studied due to the
reliance on hospital-based data in prior studies. This study also has an excellent retention rate for
an intensive one-year follow-up with 89.9 % of the enrolled infants completing every monthly
assessment.

It must be acknowledged that this study has some limitations. The main outcomes were
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largely based on parental reports, which carry the risk of reporting bias. However, families were
receiving weekly text messages to check their infant’s general heath and to minimise the risk of
reporting bias. Additionally, once families reported an ARI, the symptom data was entered into the
monthly questionnaire of that month to minimise recall bias. It is also must be acknowledged that
general practitioner visits were solely based on parent reports which might be subjective to recall
bias or misestimation. We are also aware that parent perception of wheeze may result in over- or
underestimation of the prevalence of wheeze. Nevertheless, parents were trained by the research
doctor to recognise symptoms of interest in order to minimise inaccuracy of reporting.in addition,
reporting of respiratory symptoms is used widely in community-based research [2, 46] and has a
good repeatability and reliability, supporting the validity of our findings [47, 48]. We are also aware
that the incidence of ARI is considerably influenced by the definition [49]. Therefore, we used a
specific definition for ARI including both URTI and LRTI without the inclusion of non-specific
symptoms, which may underestimate the number of ARI in our cohort, particularly those with nonspecific symptoms such as poor feeding or irritability. Additionally, the limited cohort size in the
present study may explain the absence of associations with previously known risk factors for poor
respiratory outcomes in preterm infants such as gestational age, chorioamnionitis, increased
number of siblings, and exposure to tobacco smoke. Furthermore, the limited numbers of infants
attending day-care (N=17 with a median starting age of 10.0 months), meant we were unable to
examine the effect of day-care attendance on respiratory outcomes in our cohort. Moreover,
multiple statistical testings were completed in this study which may increase the chances of type I
error (rejecting a true null hypothesis). However, only risk factors that show some evidence of
association were further investigated. Bonferroni correction of p values was not completed to
minimise type II error (a failure of detecting group differences that may have been truly present).
All statistical tests completed were reported in this thesis irrespective of significance to account for
type I error by allowing appropriate interpretation of findings [50].
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3.7 Conclusion
This study indicates that very preterm birth, irrespective of the neonatal diagnosis of BPD,
is associated with substantial respiratory morbidity that persists through the first year following
discharge from birth hospitalisation. The lifetime respiratory outcomes and the long-term impact
of ARI and associated respiratory morbidity during early life remain uncertain for those surviving
preterm birth but are likely to be of consequence when considering the prevention of declining lung
function trajectories through childhood. Therefore, longitudinal follow-up of this cohort would be
particularly helpful to provide more insight on the long-term impact of ARI on lung health and
function later in life. However, it is yet to be determined whether continuous follow-up identifies
a window of opportunity to intervene and improve trajectory of lung health and function in the
preterm population.
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Chapter Four
4

Environmental exposure and parental collection does not affect detection or
semi-quantitative load assessment of bacteria in nasal swab specimens from
children.
Nada Townsi, Shannon. J. Simpson, Chisha Sikazwe, Glenys Chidlow, Graham. L. Hall, J.
Jane Pillow, Andrew Wilson, David. W. Smith and Ingrid. A. Laing

Infect Dis (Lond). 2018 Jun;50(6):468-471. (Appendix F)

We tested the impact of environmental exposure on the sensitivity and quantitation of
common respiratory viruses, bacteria and a fungus in parent-collected nasal specimens from
preterm infants, compared to staff-collected and immediately frozen samples. Up to two
weeks of exposure to ambient conditions had no impact on the frequency of detection or
the semi-quantitative loads of detected respiratory bacteria in nasal specimens. This is
significant because it supports the use of parent collection and postage of nasal specimens
for study of respiratory pathogens in the community

67

4.1 Abstract
Objectives: To assess the impact of environmental exposure on the sensitivity and quantitation of
common respiratory viruses, bacteria and a fungus in parent-collected nasal specimens from
preterm infants, compared to staff-collected and immediately frozen samples.

Study design: Three consecutive nasal swabs were collected from each infant close to the time of
discharge from their birth hospitalisation. The first nasal swab was collected by research staff and
the following two by a parent. The staff-collected and a randomly assigned parent-collected swab
were immediately stored at -80 °C and the other was randomised into four groups. Each group was
exposed to ambient, non-air-conditioned room temperature for 3, 5, 7 or 14 days to simulate the
postage environment. Local relative humidity and ambient temperature were obtained daily from
the Bureau of Meteorology. Specimens were assessed for the detection of 16 viruses 7 bacteria and
a respiratory fungus using a real-time PCR assay.

Results: Mean daily temperature and relative humidity were 21ºC and 66%, respectively. Of the
760 molecular assays completed from 20 infants, A respiratory virus (parainfluenza type I) was
detected in one infant. The frequency of detecting pathogenic bacteria was 65% for Staphylococcus
aureus and 5% for Streptococcus pneumoniae. Prevalence and load of bacteria were similar in
parent-collected and environmentally exposed specimens versus staff-collected and frozen
specimens. Environmental exposure for up to 14 days did not affect the frequency of pathogenic
detection.

Conclusion: Parent-collected and posted nasal swabs, is a highly sensitive and reliable approach
for determining the burden of pathogenic bacteria in the community. However, its value for non-
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bacterial pathogens requires further assessment. Further studies are required to assess the effect
of exposure on respiratory viruses.
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4.2 Introduction

Acute respiratory illnesses are a leading cause of morbidity and mortality worldwide, with
a growing body of evidence indicating increased risk of chronic respiratory morbidity following
severe respiratory illness during infancy [1]. However, methodological difficulties in collection,
storage and transport of respiratory specimens has impeded understanding the significance of
respiratory illnesses in the community. The resultant focus on medically attended cases may greatly
underestimate the true burden of acute respiratory illnesses in the community.

Participant collection and postage of respiratory specimens is cost-effective, feasible, and
an acceptable approach for conducting community-based studies [2-7]. However, limited data are
available on the impact of community collection on the sensitivity and quantitation of respiratory
pathogens using real-time PCR [5-8].

Therefore, we aimed to (1) compare the sensitivity of detecting respiratory pathogens
between research staff and parent-collected nasal swabs using a semi-quantitative real-time PCR,
and (2) to determine the impact of environmental exposure on the sensitivity and quantitation of
respiratory pathogens. We hypothesised that: (1) the sensitivity of detecting respiratory viruses,
bacteria and fungus in parent-collected nasal swabs would be equivalent to that collected by
research staff, (2) there would be no difference in the proportion or load of respiratory viruses
between immediately frozen and environmentally exposed samples and (3) the frequency and load
of detecting bacteria and fungus would increase by prolonged environmental exposure.
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4.3 Methods
4.3.1 Study population
This study was conducted in Perth, Western Australia over a period of 12 weeks from midMarch to late May 2016. A total of 60 specimens from 20 very preterm infants, born at King
Edward Memorial Hospital at less than 32 weeks gestation, were included. General characteristics
of the study participants are summarised in Table 4.1. The study was approved by the Child and
Adolescent Health Service Ethics Committee at Princess Margaret Hospital and informed parental
consent was obtained (Ethics number: 2014083EP).

Table 4.1: Neonatal characteristics of the study participants.
Participants, n

20

Male, n (%)

14 (70.0)

Gestational age, median weeks (IQR)

29.0 (27.0, 30.0)

Birth weight, median grams (IQR)

1157 (904 to 1450)

Bronchopulmonary dysplasia*, n (%)

5 (25)

Mode of delivery, n (%)
Spontaneous vaginal delivery

9 (45)

Cesarean section

11 (55)

Respiratory support, median hours (IQR)
Mechanical ventilation

14.5 (0.9, 65.5)

Continuous Positive Airway Pressure

156.5 (76.5, 983.0)

Humidified High Flow therapy

113.5 (0.0, 307.5)

Supplemental oxygen

27.5 (0.0, 413.0)

*Bronchopulmonary dysplasia is a chronic lung disease of preterm infants, which is defined based on
the requirement of supplemental oxygen for at least 28 days after birth.

71

4.3.2 Specimen collection

Nasal specimens were obtained using flocked swabs (1 mL universal transport media
collection kit with flexible minitip FLOQSwabs catalog no. 361C; Copan, Italy). The universal
transport media in these kits specifically preserves viruses for pathogen detection (Copan,
California). Vancomycin, amphotericin B, and colistin are incorporated in the medium to inhibit
growth of competing bacteria and yeast. The presence of sucrose in the medium act as
cryoprotectant which aids in the preservation of viruses if specimens are frozen at -70 °C for
prolonged storage. Three consecutive anterior nasal swabs were collected from each infant close
to the time of discharge following birth hospitalisation (mean ±SD 36.1±2.2 weeks’ postmenstrual
age). The first swab was collected by research staff, to demonstrate the technique and to verified
parents’ collection technique, and swabs two and three were collected by a parent. The staffcollected and a randomly assigned parent-collected swab were immediately stored at -80 °C. The
other parent-collected swab was randomised and exposed to ambient conditions, which was a nonair-conditioned room in the research institute, for three, five, seven or 14 days, to simulate specimen
exposure during postage (Figure 4.1). Humidity, maximum, minimum and mean temperatures
were obtained daily from the local Bureau of Meteorology.

Simple randomisation

Figure 4.1: Schematic representation of the environmental exposure experiment.
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4.3.3 Molecular analysis

Nucleic acid was extracted using MagNA Pure 96 System and Viral NA small volume kit.
Primers and probes were used as previously published [9]. Extracts were tested using a single-step
duplex real-time PCR assay for the detection of 7 bacterial species, 19 respiratory viruses and 1
fungus. The analysis of bacteria included Staphylococcus aureus, Streptococcus pneumoniae,
Streptococcus pyogenes, Haemophilus influenzae, Mycoplasma pneumoniae, Chlamydophila
pneumoniae and several Bordetella species. The respiratory viral assays included respiratory
syncytial virus types A and B, rhinovirus, human bocavirus, influenza viruses A, B and C,
parainfluenzaviruses 1–4, coronaviruses OC43, 229E, HKU1 and NL63, human metapneumovirus,
KI and WU polyomaviruses as well as several adenovirus genotypes. The fungus included was
Pneumocystis jirovecii. Quanta qScript XLT 1-step RT-qPCR Toughmix (Quanta Cat No
CMO139-02K) or Quanta Perfecta qPCR Toughmix (Quanta Cat No 95112-02K) were used for
RNA-targeted and DNA-targeted assays, respectively. Every multiplex PCR run performed
included positive (PCR, inhibition and extraction positive controls) and negative control (method
blanks interspersed by 5 test samples).

The PCR assays were set up in 96-well plates (Axygen Scientific, USA) using a liquid
handling robot (CAS1200 Corbett Life Science, Australia) to add PCR reaction mix and the sample
or control nucleic acid extracts. The total reaction volume was 20µL including 8µL of the sample
or control nucleic acid. PCR cycling conditions for RNA-targeted assay were initial hold at 50°C
for 10 minutes and 95°C for 3 minutes, followed by 50 cycles of 95°C for 15 seconds and 55°C or
60°C for 60 seconds. whereas, cycling conditions for DNA-targeted assay were initial hold at 95°C
for 2 minutes, followed by 50 cycles of 95°C for 10 seconds and 55°C or 60°C for 60 seconds.
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The PCR cycling was completed on ViiA7 (Applied Biosystems) or CFX96 Touch (BioRad) real-time PCR detection systems and fluorescence specific for each pathogen was acquired
during the extension step. The result for each pathogen was recorded as Cycle threshold (Ct) value,
which is a relative measure of the concentration of target in the PCR reaction. Ct value represents
the intersection between an amplification curve and a threshold line. Ct value is a semi-quantitative
marker that is inversely related to the amount of target nucleic acid that is in the sample. Lower Ct
values indicate high amounts of targeted nucleic acid, while higher Ct values indicate lower target
levels. Generally, Ct values below 29 cycles indicate high concentration of nucleic acids, while Ct
values above 38 cycles indicate minimal amounts. In our PCR assay, samples with a Ct value of
less than 40 were considered positive. Standardised doses of equine herpesvirus type 4 (EHV4)
and MS2 RNA coliphage were added to the lysis buffer to monitor the efficiency of both nucleic
acid extraction and the removal of reverse transcription and PCR inhibitors as well as to ensure the
quality of complementary DNA production. Ct values in the specific real-time PCR assays for these
internal controls were monitored to avoid false-negative reports. Samples were considered of good
quality if the Ct values for the EHV4 and MS2 were between 15 and 20 cycles. Samples with Ct
values greater than 27 cycle were retested [9]. The PCR analysis was conducted in Path West
laboratory. Standard laboratory procedure was followed and validated according to the National
Pathology Accreditation Advisory Council guidelines.

4.3.4 Statistical analysis

The percentages of concordance between staff and parent-collected samples were estimated
with 95 % confidence intervals and the degree of agreement was summarized with the kappa (κ)
statistic. Paired sample t-test was used to compare the difference in the mean Ct values of positive
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results between the two methods and between the frozen and exposed specimens. A Ct difference
of 3.3 cycles, which represents a one log difference in nucleic acid load between paired samples,
was considered clinically significant [10].

The sample-size calculation was based on the primary outcomes of interest for the study,
which was the difference between the mean of the semi-quantitative load of detected bacteria
between research staff-collected and immediately frozen nasal swabs compared to parent-collected
and environmentally exposed samples. With a sample size of 20 pairs we had an 80 % power to
detect a difference of 3.3 cycles in the semi-quantitative load of pathogenic bacteria between paired
samples (α, 0.05). Statistical analyses were conducted using SPSS Inc., 2016, Chicago, USA,
version 24.0. A significance level of p < 0.05 was used throughout.

4.4 Results

4.4.1 Pathogen detection

A respiratory virus (parainfluenza virus type I) was detected in one infant, who was
symptomatic at the time of sampling (5 %). At least one bacterial species was identified in 13 (65
%) of the infants, including S. aureus (65 %) and S. pneumoniae (5 %). A P. jirovecii was also
detected in one infant (5 %). No pathogens of any type were detected in 7 (35 %) of the infants.

4.4.2 Concordance between research staff and parent collection

75

The sensitivity of detecting respiratory pathogens did not differ between research staff and
parent collection with a complete concordance of 100 % (κ =1). That is, there were no discordant
pairs for any of the pathogens detected between staff and parent-collected nasal swabs. Of the
positive results (n=16), there were no differences in the mean Ct values between the staff (29.9 ±
3.59) and the parent collection (31.0 ± 2.85), with a mean difference of -1.09 unit (95 % CI, -2.48
to 0.30; p =0.116). There was also no difference in the mean Ct values for specimens positive for
bacteria alone (n=14) comparing the staff (29.3 ± 3.22) with parent collection (30.7 ± 2.76), with
a mean difference of -1.36 unit (95 % CI, -2.91 to 1.95; p =0.082). Of note, there was no difference
in the mean Ct value when the staff-collected sample was compared with the parent-collected
sample for the single sample that had either a respiratory virus (37.1 vs 35.6, respectively) or fungus
detected (31.4 vs.31.4, respectively).

4.4.3 Impact of environmental exposure

The ambient temperature during the study ranged from 11 °C to 33 °C, with a mean of 21
± 3.7 °C. Humidity ranged between 29 % and 92 %, with a mean of 66 ±12.3 %. A change in the
media’s colour, which more likely related to the change in the pH of the medium, was noticed in
five (25 %) of the specimens. This leads us to speculate that the change in the pH might be related
to fungal outgrowth. Unfortunately, we could not explore this further as employing a pan-fungal
analysis was beyond the scope of the present study. Nevertheless, this observation was not related
to the duration of the exposure and did not impact on the overall detection rates, particularly since
no pathogen was detected in three of these samples (data not shown).

The overall sensitivity of detecting respiratory pathogens did not differ between
immediately frozen and environmentally exposed specimens with a complete concordance of 100
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% (κ =1). That is, there were no discordant pairs for any of the pathogens detected between
immediately frozen and environmentally exposed specimens. For positive specimens, there was
no difference in the semi-quantitative load of pathogenic bacteria between immediately frozen and
environmentally exposed specimens with a mean Ct value of 29.3 ± 3.22 for the former and 28.5
± 3.61 for the latter, and a mean difference of 0.81 unit (95% CI, -1.37 to 2.99, p =0.435). Similarly,
there was no difference in the Ct value of the fungus detected between the immediately frozen and
that exposed for 5 days (31.4 vs. 34.2, respectively). Of note, the Ct value of the respiratory virus
decreased from 37.1 in the immediately frozen specimen to 29.5 following 14 days of exposure.
This represents an increase in the semi-quantitative load with exposure. All negative specimens
with Ct values of more than 40 cycles remained negative despite exposure (Figure 4.2).
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Staphylococcus aureus

Parainfluenza virus type I

Streptococcus pneumoniae

Pneumocystis jirovecii

The cut-off value for positive real-time amplification assay.
Specimens with Ct value of 40 or greater were considered negative.

Figure 4.2: The change in Ct values for individual pathogen in positive specimens over the
duration of exposure to environmental conditions.
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4.5 Discussion
This is the first study to directly compare the load and sensitivity of detecting respiratory
viruses, bacteria and fungus in nasal swabs obtained by research staff and parents, as well as the
impact of environmental exposure on the detection and load of pathogens. Our study demonstrated
complete concordance for all the pathogen detected when staff-collected and immediately frozen
samples were compared to parent-collected and exposed samples. Similarly, there was no
difference in the semi-quantitative load of detected pathogens between staff and parent collected
samples as well as between immediately frozen and environmentally exposed samples for up to
two weeks. These findings suggest that parent collection and postage is likely to be a valid method
of sampling the bacteria circulating in the community.

Our study was limited by a single detection of a respiratory virus and fungus. Therefore,
we were unable to determine the impact of parent collection or environmental exposure on the
sensitivity and quantitation of these pathogens. However, a few earlier studies demonstrated the
limited impact of postage on the sensitivity of detecting respiratory viruses in parent collected nasal
specimens [2, 5-7]. Nevertheless, there is a lack of studies investigating exposure for extended
periods and across a broader range of temperatures [5, 7].

Of interest, the increased in the semi-quantitative viral load (decreased Ct value) that was
observed in our study with prolonged exposure to ambient conditions is in keeping with those of
an earlier study, which also demonstrated an unexpected increase in the virus detection rates with
increased mailing duration [5]. Although it is possible that pathogenic bacteria were able to
replicate during the exposure time, this cannot be true for respiratory viruses which are completely
depended on host cells to reproduce. However, giving the low frequency of detection of respiratory
viruses in our study, the reasons of our finding remains unclear.
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A potential limitation of our study is that we did not randomise the order of collection as
the staff swab was done first to demonstrate the technique. However, there are no data to suggest
that pathogen load is affected by repeating swabbing. In addition, the study was conducted in one
geographic area during autumn, when temperatures were considerably cooler than those that can
be reached in Perth during the summer months. Therefore, further studies across broader
temperature range would provide additional evidence for using community collection and postage
as a collection methodology worldwide. The PCR assay described in this thesis has the potential to
test for a much larger number of pathogens. In this study we were mainly focusing on a specific
type of respiratory viruses and bacteria. Additional studies apply to detect a broader range of
viruses, bacteria and fungi with parents performing the swabbing and mailing the swabs back to
the laboratory, with more than one swab collected at the same time and mailed back randomly at
different intervals, are required to provide better understanding on the impact of community-based
collection on pathogen detection. Similarly, further assessment of the role of novel or newly
described pathogen in respiratory disease, may lead to the removal of some pathogen-specific
primers from the PCR mix.

4.6 Conclusion
Our results suggest that community collection of nasal swabs, with appropriate transport
media, is a feasible method for the detection of respiratory pathogens that is unlikely to be
significantly impacted upon by the logistics of specimen collection. Home based-collection and
postage of respiratory samples offer the opportunity for more accurate assessment of the burden of
respiratory illnesses in the community, particularly among children at high risk including those
who were born preterm. Such approach would also expedite diagnosis and treatment, and
importantly reduce patient exposure to the healthcare setting. However, further studies
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investigating a broader range of respiratory viruses, bacteria and fungi across varying
environmental conditions are needed to confirm the quality of parents’ collection and postage of
nasal swabs.
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Chapter Five
5

Frequency, clinical characteristics and burden of respiratory pathogens
in preterm infants: A prospective community-based cohort study.

Nada Townsi, Shannon J. Simpson, PhD, Chisha T. Sikazwe, J. Jane Pillow, Andrew C.
Wilson, David W. Smith, Graham L. Hall and Ingrid A. Laing

This is the first study to provide community-based estimates on the frequency, type and
clinical significance of respiratory pathogens in the first year following discharge from birth
hospitalisation, not only in preterm infants hospitalised with ARI, but also those among

those infants living in the community.
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5.1 Abstract
Objectives: To describe the frequency and burden of respiratory pathogens in preterm infants
living in the community when asymptomatic and during ARI.

Study design: This was a community-based cohort of very preterm infants born at less than
32 weeks’ gestation in King Edward Memorial Hospital in Perth, Western Australia between
August 2015 and October 2016 and enrolled in the Preterm Infant Functional and Clinical
Outcome study. Infants were followed prospectively over the first year following discharge
from birth hospitalisation. ARI episodes were classified into upper respiratory tract infections
(URTI) or lower (LRTI), with and without wheeze, using symptom diaries, phone calls and
monthly respiratory questionnaires. Nasal swabs were collected by parents each month and
during ARI. Real-time PCR was used to detect 18 respiratory viruses, 7 bacteria and a fungus.
Frequencies were compared using the Chi-square test.

Results: We obtained 543 nasal swabs from 84 infants who completed the 12-month followup period. Respiratory viruses were detected in 234/380 (61.6%) of ARI and in 36/163 (22.1%)
asymptomatic periods. Virus co-detection (32 (8.4%) vs. 2 (1.2%); p=0.002) and viral-bacterial
co-detections were more common during ARI (161 (42.4%) vs 26 (15.9%); p<0.001) compared
to asymptomatic episodes. Overall, rhinovirus was the most frequently identified virus, during
asymptomatic periods (13.5 %) and ARI (52.2% URTI, 23.9% non-wheezy LRTI and 43.1%
wheezy LRTI) as well as for ARI’s that required medical attention (43.9% of presentations to
general practitioner, 31.3% of emergency department presentations, 28% of hospitalisation and
42.6% of all antibiotic prescriptions). RSV was more frequent in infants with LRTI versus
URTI (6.2% of all LRTI vs. 0.7%; p=0.011) and in those who presented to the emergency
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department (20.6%, p=0.011) or were hospitalised (17.4%, p=0.002) compared to those
managed at home (1.0%).

Conclusion: Preterm infants experience a significant health burden associated with respiratory
pathogens in early life. More research in this field is warranted to understand the long-term
impact of ARI on future lung health and also to guide development of preventative strategies
and therapeutic interventions, since options of effective antiviral measures are limited at
present.
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5.2 Introduction
Acute respiratory illnesses (ARI) continue to be a major cause of morbidity and
mortality in all infants, and particularly in those born preterm [1, 2]. The risk of hospitalisation
with an ARI is seven-fold higher in preterm infants than in their term-born counterparts during
the first year of life [3]. Preterm infants are also at increased risk of severe illness during
episodes of ARI, compared to those born at term, evidenced by increased disease severity,
greater utilisation of hospital resources and higher cost of care [4-6]. The increased severity of
ARI may be due to the disrupted maturation of the respiratory and immune systems resulting
from preterm birth [7], but the specific mechanisms remain unknown. The predisposing role of
early life hospitalisation with ARI to the subsequent development of poor respiratory outcomes
later in life in preterm infants is increasingly described [8-10]. However, the majority of studies
on preterm infants primarily focus on the disease burden related to respiratory syncytial virus
(RSV) [4, 5, 8, 11] and little is known about the clinical significance of other viruses such as
rhinovirus, parainfluenza and human metapneumovirus (hMPV) [12-14]. Moreover, much of
the evidence underpinning our understanding of the aetiology and burden of ARI following
preterm birth are based on convenience samples obtained from hospitalised infants [12, 15-18].
As such, these estimates are skewed by the focus on severe cases of ARI and may only
represent a fraction of the actual burden of ARI in the community [19]. Growing evidence from
studies of term born infants highlights the association between respiratory bacterial
colonisation and clinical severity of viral ARI [20, 21] and the risk of future childhood asthma
and wheezing disorders [22, 23]. However, the impact of bacterial and viral airway codetections on respiratory outcomes in preterm infants is yet to be elucidated. Improved
understanding of the epidemiology and burden of respiratory pathogens in preterm infants is
essential to identify which preterm infants are at increased risk of poorer outcomes during and
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after ARI in early life and therefore to guide improvements in prevention strategies and future
respiratory health.

5.3 Objectives
This prospective study sought to characterise the frequency of respiratory pathogens
during ARI and asymptomatic periods over the first year following discharge from the neonatal
intensive care unit in a cohort of very preterm infants. We recorded episodes of respiratory
symptoms and healthcare utilisation and examined the associations between respiratory
pathogens and clinical outcomes.

5.4 Methods
5.4.1 Study design and setting
This prospective, community-based cohort studied very preterm infants over the first
12-months following discharge from birth hospitalisation. The study was conducted in Perth,
Western Australia from September 2015 to January 2018 and involved collection and postage
of nasal swabs by parents each month when the infant was well, and during episodes of ARI.
Nasal swabs underwent detection assays for 18 respiratory viruses, 7 pathogenic bacteria and
a fungus. Inclusion criteria included infants born at less than 32 weeks’ gestation at King
Edward Memorial Hospital between August 2015 and January 2017 who were enrolled in the
Preterm Infant Functional and Clinical Outcomes (PIFCO) study (anzctr.org.au: ACTRN
12613001062718).

Infants

with

major

congenital

abnormalities

that

influence

cardiorespiratory function were excluded. The study was approved by the Princess Margaret
Hospital for Children Human Ethics Committee (2014083EP) and additional written informed
consent was obtained from the parents of all PIFCO infants enrolled into the viral surveillance
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sub-study. Details on requirement, perinatal and sociodemographic data were described in
section 3.4.1 and section 3.4.2 in Chapter 3.

5.4.2 Collection of ARI data
Parents were provided with a symptom diary card to record the occurrence of
respiratory symptoms, including runny or blocked nose, sneezing, dry or moist cough, wheeze
and difficulty breathing whenever their infant became unwell (Appendix D). Parents also
contacted the research team during symptomatic episodes and their infants were assessed by
the research doctor. Episodes of ARI were defined and classified according to the following
criteria:

ARI: Defined as two respiratory symptoms for one day, or one respiratory symptom
for three consecutive days. A new episode of ARI was demarcated by a window of ≥
7 symptom-free days.

Upper respiratory tract illness (URTI): Defined as an ARI episode associated with
nasal congestion/discharge and/or dry cough, or that had a doctor-diagnosis of either acute
otitis media or tonsillitis.

Lower respiratory tract illness (LRTI): Defined as an ARI episode associated with
moist cough, wheeze, difficulty breathing, shortness of breath, or a doctor-diagnosis of either
pneumonia or bronchiolitis.

Parents were also telephoned at the end of each month of follow-up to complete a
respiratory questionnaire. The questionnaire assessed measures of illness severity if an ARI
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was reported, including requirement for a medical consultation and/or therapeutic
interventions. A comprehensive hospital chart review was performed at the end of the followup to ensure that severe episodes of ARI were not missed during the course of the study.

5.4.3 Collection of nasal swabs
Prior to hospital discharge, parents were provided with a specimen collection bag
containing detailed instructions on sample collection, gloves, a reply-paid padded envelope and
a paediatric flocked nasal swab (1 mL universal transport media (UTM) collection kit with
flexible minitip FLOQSwabs catalog no. 361C; Copan, Italy). Parents also received appropriate
training on the procedure of anterior nasal swab collection, which included a demonstration of
the technique by research staff followed by a supervised collection by the parent. Briefly, a
flocked nasal swab was introduced into one nostril at a time until resistance was met followed
by a gentle rotation. This was then repeated into the other nostril using the same swab. The
swab was then placed into the 1 ml UTM medium provided in the kit and stored immediately
at - 80°C. The UTM in these kits specifically preserves viruses for pathogen detection (Copan,
California). Vancomycin, amphotericin B, and colistin are incorporated in the medium to
inhibit growth of competing bacteria and yeast. The presence of sucrose in the medium act as
cryoprotectant which aids in the preservation of viruses if specimens are frozen at -70 °C for
prolonged storage.

At the time of the monthly phone calls, parents were reminded to collect and post their
infants’ monthly nasal swab. The nasal swab collection was repeated each month over the first
12 months following discharge from birth hospitalisation. Parents were also asked to collect
and post a nasal swab within three days of the beginning of respiratory symptoms consistent
with an ARI. The swabs were posted to the laboratory at ambient temperature. Previously
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conducted pilot work by ourselves and studies conducted within Australia indicate that parental
collection and postage of nasal specimens is a reliable method for community based research
of respiratory pathogens [24, 25]. Nasal swabs were stored at − 80 °C from time of specimen
receipt at the research laboratory until analysis.

5.4.4 Molecular analysis

All nasal swabs obtained during ARI and two asymptomatic control samples per infant
were included in this analysis. The two control samples were selected carefully from the
infants’ monthly swabs where the infant had no respiratory symptoms for at least four weeks
before and two weeks after the swab was collected. In order to reduce the effect of age, one
swab was chosen during the first 2 months after discharge and the other one was selected
toward the end of the follow-up. The specimens were tested using a single-step duplex realtime polymerase chain reaction (PCR) assay for the detection of 19 respiratory viruses (RSV
types A and B, rhinovirus, human bocavirus (hBoV), influenza viruses A, B and C,
parainfluenza viruses 1–4, coronaviruses (hCoV) (OC43, 229E, HKU1 and NL63), human
metapneumovirus (hMPV), as well as human adenoviruses (hAdV) B and D, 7 pathogenic
bacteria (Staphylococcus aureus, Streptococcus pneumoniae, Streptococcus pyogenes,
Haemophilus influenzae, Mycoplasma pneumoniae, Chlamydophila pneumoniae and
Bordetella species) and one fungus (Pneumocystis jirovecii), as described previously [24].
Briefly, nucleic acid was extracted using MagNA Pure 96 System and Viral NA small volume
kit. Primers and probes used were as previously published [26]. The primer pairs reported by
Lee and colleagues were used for rhinovirus identification and genotyping [27]. All samples
were analysed by investigators blinded to the infants’ clinical status. Every multiplex PCR run
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performed included positive (PCR, inhibition and extraction positive controls) and negative
control (method blanks interspersed by 5 test samples).

The PCR assays were set up in 96-well plates (Axygen Scientific, USA) using a liquid
handling robot (CAS1200 Corbett Life Science, Australia) to add PCR reaction mix and the
sample or control nucleic acid extracts. The total reaction volume was 20µL including 8µL of
the sample or control nucleic acid. PCR cycling conditions for RNA-targeted assay were initial
hold at 50°C for 10 minutes and 95°C for 3 minutes, followed by 50 cycles of 95°C for 15
seconds and 55°C or 60°C for 60 seconds. whereas, cycling conditions for DNA-targeted assay
were initial hold at 95°C for 2 minutes, followed by 50 cycles of 95°C for 10 seconds and 55°C
or 60°C for 60 seconds.

Standardised doses of equine herpesvirus type 4 (EHV4) and MS2 RNA coliphage were added
to the lysis buffer to monitor the efficiency of both nucleic acid extraction and the removal of
reverse transcription and PCR inhibitors as well as to ensure the quality of complementary
DNA production. Ct values in the specific real-time PCR assays for these internal controls were
monitored to avoid false-negative reports. Samples were considered of good quality if the Ct
values for the EHV4 and MS2 were between 15 and 20 cycles. Samples with Ct values greater
than 27 cycle were retested [26]. The PCR analysis was conducted in Path West laboratory.
Standard laboratory procedure was followed and validated according to the National Pathology
Accreditation Advisory Council guidelines.

5.4.5 Statistical analysis
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Demographic data are presented as number and percentages for discrete variables, or
as mean and standard deviation or median and inter quartile range (IQR) for continuous
variables. The Chi-square or Fisher’s exact tests were used as appropriate to compare the
frequency of pathogens detected in symptomatic and asymptomatic nasal swabs as well as to
assess differences in the frequency of pathogens detected based on clinical characteristics of
infants during symptomatic episodes, including comparisons of URTI vs. LRTI as well as nonwheezy vs. wheezy LRTI. The Chi-square or Fisher’s exact tests were also used to determine
differences in the utilisation of different healthcare resources during symptomatic episodes of
ARI. Data were analysed using SPSS (V.25; IBM, Chicago, Illinois, USA). All statistical tests
were two-sided and comparisons with <5 % probability of error were considered significant.

5.5 Results
5.5.1 Characteristics of the study cohort
Of the 125 eligible very preterm infants approached, 89 were enrolled into the study
and 84 infants completed the full 12 months follow up (Figure 5.1). The median (IQR)
gestational age and birth weight for the 84 infants who completed the study were 28.3 (26.0,
30.5) weeks and 1095 (803, 1430) grams, respectively. Slightly more than half the infants were
male (N=50 (59.5 %)), one third were diagnosed with bronchopulmonary dysplasia (≥ 28 days
of oxygen dependency) in the neonatal period (N=33 (39.3 %)), more than half were the firstborn infant of the parents (N=43 (51.2 %)) and one fifth were breastfed exclusively for at least
6 months (N=18 (21.4 %)). A nosocomial respiratory pathogen, most commonly rhinovirus,
was detected during birth hospitalisation in 12 (14.3 %) infants. All the 12 infants had mild
upper airway symptoms. A total of 14 infants (16.7 %) received a single dose of palivizumab
(anti-RSV monoclonal antibody) treatment before their discharge from birth hospitalisation,
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which was restricted to infants born during the winter season at <28 weeks’ gestation, and 4
infants (4.8 %) received three or more doses of palivizumab during the first year of life. The
prescription of palivizumab during the first year of life was limited to very preterm infants with
BPD who were discharged on home oxygen. All infants were fully adherent to their scheduled
vaccinations in accordance with the West Australian immunisation program and almost one
third (N=26 (30.9 %)) also received at least two doses of influenza vaccine around 2-3 months
before the flu season, which is from July to October in Western Australia (Table 5.1).
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Eligible very preterm infants
N=125
Excluded from recruitment
N=10
Complex social status
N=6
Transferred for surgical
interventions
N=4

Approached for recruitment into the
follow-up study
N=115
Declined participation
N=15
Deceased
N=1
Enrolled and started respiratory follow-up
N=99

Did not complete follow-up
N=10

Completed 12 months of respiratory follow-up
N=89

Only consented for monthly
follow-up
N=5
Completed 12 months of respiratory follow-up with
nasal swabs collection
N=84

Figure 5.1: Flow chart of the PIFCO Viral surveillance study
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Table 5.1: Characteristics of the study cohort (N=84).
Male, n (%)

50 (59.5)

Birth weight grams, median (IQR)

1095 (802, 1430)

Birth weight z-score, mean (SD)

0.19 (0.84)

Gestational age at birth weeks, median (IQR)

28.3 (26.0, 30.5)

Antenatal corticosteroids administered, n (%)

64 (76.2)

Histologically confirmed chorioamnionitis, n (%)

46 (54.8)

Neonatal diagnosis of bronchopulmonary dysplasia, n (%) a

33 (39.3)

Received neonatal palivizumab, n (%) b

14 (16.7)

Culture positive neonatal sepsis, n (%)

15 (17.9)

Nosocomial respiratory infection, n (%)

12 (14.3)

Length of hospital stay, median days (IQR)

69.0 (53.2, 106.7)

Age at discharge from birth hospitalisation, median months (IQR)
Duration of breastfeeding (month), median (IQR)

2.3 (1.8, 3.6)
2 (1, 6)

3 months of exclusive breastfeeding

57 (67.9)

6 months of exclusive breastfeeding

18 (21.4)

Number of infants with siblings, n (%)

41 (48.8)

Received prophylactic palivizumab, n (%) c

4 (4.8)

Received influenza vaccine, n (%)

26 (30.9)

Exposed to tobacco smoke, n (%)

13 (15.7)

Antenatal

7 (8.3)

Postnatal

11 (13.1)

Childcare attendance, n (%)

17 (20.2)

At 6 months of age

1 (1.2)

At 9 months of age

2 (2.4)

At 12 months of age

14 (16.6)
21 (25.0 %)

Remote (rural location), n (%)
a

Neonatal diagnosis of BPD was based on oxygen requirement for at least 28 days after birth. b Neonatal
Palivizumab was based on single injection before discharge from birth hospitalisation. C Prophylactic palivizumab
defined as three or more doses of palivizumab during RSV season to prevent community acquired RSV infection.
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5.5.2 Characteristics of the ARI episodes and samples collected

A total of 592 episodes of ARI were reported by parents during the follow-up period,
including 179 (30.2 %) URTI, 153 (25.8 %) non-wheezy LRTI and 260 (44.0 %) wheezy LRTI.
Infants were clinically examined by the research doctor during 122 (20.6 %) of these episodes.
The rest of the episodes were assessed by phone. Of the 258 episodes that infants were assessed
by phone, 95 (36.8 %) assessed by GP, 19 (7.4 %) by ED doctor and 12 (4.6 %) were
hospitalised. Nasal swabs were collected during 380 (64.2 %) of these ARI episodes. Two
control nasal swabs were selected from the infants’ monthly swabs, with five infants only
having one nasal swab collected during an asymptomatic period (n=163 control swabs). The
median (IQR) time between sample collection and freezing in the laboratory was 3 (0, 6) days.

5.5.3 Frequency of respiratory pathogens in ARI and asymptomatic
periods

At least one respiratory virus was detected singly or in combination with other viruses
in 61.6 % of nasal swabs collected during an ARI and 22.1 % of nasal swabs collected when
infants were asymptomatic, with higher detection rates of both single virus (53.2 % vs 20.9 %
p=0.001) and virus co-detection (8.2 % vs. 1.2 %; p=0.002) during ARI episodes compared to
asymptomatic periods (Table 5.2). Rhinovirus was the most frequently identified virus during
ARI and when infants were asymptomatic, accounting for 61.5 % of all detected viruses during
ARI and (58.0 %) of all detected viruses during asymptomatic period, (Figure 5.2). The
detection of rhinoviruses, hBoV and hMPV was more frequent during ARI compared to when
infants were asymptomatic (all p<0.005). No differences were found in the frequency of hCoV,
RSV, influenza and parainfluenza viruses when symptomatic and asymptomatic samples were
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compared (Table 5.2). The seasonal distribution of respiratory viruses detected during both
ARI and asymptomatic periods are summarised in (Figure 5.3).

Pathogenic bacteria were highly prevalent in nasal swabs and equally detected during
ARI and when infants were asymptomatic (66.6 % vs. 66.3 %, p=0.942) (Table 5.2). Of all
detected bacteria, S. aureus followed by S. pneumoniae and H. influenzae were the most
commonly detected bacterium overall whereas B. pertussis and atypical bacteria including M.
pneumoniae and C. pneumoniae were rarely detected (Figure 5.4). The distribution of major
bacteria over the first year following discharge from birth hospitalisation is summarised in
(Figure 5.5).
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Table 5.2: Respiratory pathogens detected in nasal specimens obtained from very
preterm infants in the first year following discharge from birth hospitalisation (N=543
nasal swabs).
Asymptomatic periods
N=163

ARI episodes
N=380

p value

Pathogen type

N (%)

None (94/543)

44 (27.0)

50 (13.2)

<0.001

119 (73.0)

330 (86.8)

<0.001

Any virus (270/543)

36 (22.1)

234 (61.6)

<0.001

RV

22 (13.5)

168 (44.2)

<0.001

Human coronavirus

7 (4.3)

26 (6.8)

0.255

hMPV

1 (0.6)

19 (5.0)

0.013

Influenza A, B and C

0 (0.0)

7 (1.8)

0.109

Parainfluenza 1-4

4 (2.4)

11 (2.9) §

1.000

Human bocavirus

0 (0.0)

16 (4.2)

0.004

RSV

2 (1.2)

16 (4.2)

0.075

Human adenovirus

2 (1.2)

9 (2.4)

0.519

Any bacteria (361/543)

108 (66.3)

253 (66.6)

0.942

Staphylococcus aureus

87 (53.4)

153 (40.3)

0.005

Streptococcus pneumoniae

29 (17.8)

124 (32.6)

<0.001

Streptococcus pyogenes

0 (0.0)

7 (1.8)

0.109

Haemophilus influenzae

14 (8.6)

91 (23.9)

<0.001

Chlamydia pneumoniae

5 (3.1)

1 (0.3)

0.011

Mycoplasma pneumoniae

1 (0.6)

5 (1.3)

0.674

Bordetella pertussis

0 (0.0)

1 (0.3)

1.000

Pneumocystis jirovecii

1 (0.6)

20 (5.3)

0.010

Virus co-detections (34/543)

2 (1.2)

32 (8.4)

0.002

Bacterial co-detection (121/543)

20 (12.3)

101 (26.6)

<0.001

Virus-bacteria co-detection (187/543)

26 (15.9)

161 (42.4)

<0.001

Any virus or bacteria (449/543)

N (%)

RV indicates rhinoviruses; RSV - respiratory syncytial virus and hMPV - human metapneumovirus. §
parainfluenza 1 and 3 were co-detected in one swab. p value was obtained from a Pearson Chi-square or Fischer
Exact test as appropriate. Bolded values represent a statistical significant difference in the rates of detection of
respiratory pathogens between nasal swabs collected during ARI episodes compared to asymptomatic periods.
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ARI

hAdV; 3.3%
RSV; 5.9%
Human hBoV;
5.9%
PIV, 1-3; 4.4%

Influenza A, B and
C; 2.6%
hMPV; 7.0%
Rhinovius; 61.5%
hCoV; 9.5%

Asymptomatic
period RSV; 5%

hAdV; 5%

PIV, 1-3; 11%

hMPV; 3%
Rhinovirus;58%
hCoV; 18%

Figure 5.2: Frequencies of respiratory viruses detected singly or in combination with
other viruses in positive nasal swabs collected from very preterm infants in the first year
following discharge from birth hospitalisation.
Abbreviations: hAdV - human adenovirus; RSV - respiratory syncytial virus; hBoV - human
bocavirus; PIV - parainfluenza virus; hMPV - human metapneumovirus and hCoV - human
coronavirus.
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Proportion of nasal swabs detecting each virus

hBoV
hMPV

Rhinovirus
RSV
hAdV

Influenza
hPIV
hCoV

70
60
50
40
30
20
10
0

Figure 5.3: The seasonal distribution of respiratory viruses detected in very preterm
infants during both ARI and asymptomatic periods in the first year following discharge
from birth hospitalisation.
Abbreviations: hAdV - human adenovirus; RSV - respiratory syncytial virus; hBoV - human
bocavirus; PIV - parainfluenza virus; hMPV - human metapneumovirus and hCoV - human
coronavirus.
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B. pertussis;
0.3%

ARI

M. pneumonia; 1.3%

C. pneumonia; 0.3%
H. influenzae;
23.8%

S. aureus; 40.1%

S. pyogenes;
1.8%

S. pneumoniae;
32.5%

Asymptomatic
period

C. pneumonia;
3.7%

M. pneumonia;
0.7%

H. influenzae;
10.3%

S. pneumoniae;
21.3%

S. aureus; 64.0%

Figure 5.4: Frequencies of pathogenic bacteria detected singly or in combination with
other bacteria in positive nasal swabs collected from very preterm infants in the first year
following discharge from birth hospitalisation.
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Proportion of nasal swabs detecting each bacteria

S.aureus

S.pneumoniae

H.influenzae

60
50
40
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20
10
0
1

2
3
4
5
6
7
8
9
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11
Age (Months following discharge from birth hospitalisation)

12

Figure 5.5: The distribution of major bacteria over the first year following discharge from
birth hospitalisation

5.5.4 Frequency of respiratory pathogens in URTI and LRTI

At least one respiratory virus was detected in 63.8 % of URTI and of 62.4 % LRTI,
with no difference between the two groups (Table 5.3). Rhinovirus was the most frequently
detected virus during episodes of URTI and LRTI, with higher rates of detection in infants with
URTI (p=0.018). The frequency of RSV was significantly higher during LRTI compared to
URTI (6.2 % vs. 0.7 %, p=0.011). The only bacterium that was detected more frequently during
LRTI than URTI was H. influenzae (27.3 % vs. 18.1 %; p=0.004, respectively). There was no
difference in the rates of detection of other viruses, bacteria or the respiratory fungus between
URTI and LRTI. The detection of multiple viruses was observed more frequently during LRTI
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than URTI (11.2 % vs. 3.9 %; p=0.007). The frequency of viral-bacterial co-detection did not
differ between URTI and LRTI samples (Table 5.3).

5.5.5 Frequency of respiratory pathogens in non-wheezy and wheezy
LRTI

The detection of any respiratory virus was more frequent during episodes of wheezy
LRTI compared to non-wheezy LRTI (68.8 % vs. 43.9 %, p<0.001, respectively). The only
bacterium that was detected more frequently during wheezy than non-wheezy LRTI was H.
influenzae (31.9 % vs. 18.3 %; p=0.025, respectively). There was no difference in the rates of
detection of other viruses, bacteria or the respiratory fungus between wheezy and non-wheezy
LRTI.

The frequency of viral co-detection was not different between wheezy and non-wheezy
LRTI samples. Viral-bacterial co-detection was more frequent during wheezy (51.9 %)
compared to non-wheezy LRTI (24.4 %; p<0.001). During episodes of wheezy LRTI, the codetection of rhinovirus and S. aureus (37.3 %) was the most commonly identified followed by
rhinovirus and H. influenzae (31.3 %) and rhinovirus and S. pneumoniae (33.7 %) (Table 5.3).
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Table 5.3: Respiratory pathogens detected in nasal specimens obtained during episodes of
ARI in the first year following vey preterm birth (N=380 nasal swabs).
URTI
N=138

LRTI
N=242

N (%)
22 (15.9)

N (%)
28 (11.6)

0.225

N (%)
12 (14.6)

Wheezy
LRTI
N=160
N (%)
16 (10.0)

116 (84.1)

214 (88.4)

0.225

70 (85.4)

144 (90.0)

0.286

Any virus positive

88 (63.8)

146 (62.4)

0.508

36 (43.9)

110 (68.8)

<0.001*

Rhinovirus

72 (52.2)

96 (39.7)

0.018*

27 (32.9)

69 (43.1)

0.125

Human coronavirus

9 (6.5)

17 (7.0)

0.852

3 (3.7)

14 (8.7)

0.142

hMPV

3 (2.2)

16 (6.6)

0.056

3 (3.7)

13 (8.1)

0.186

Influenza A, B and C

3 (2.6)

4 (1.6)

0.708

2 (2.4)

2 (1.2)

0.606

Parainfluenza 1-4

1 (0.7)

10 (4.1)

0.063

2 (2.4)

8 (5.0)

0.502

Human bocavirus

4 (2.9)

12 (4.9)

0.336

4 (4.9)

8 (5.0)

1.000

RSV

1 (0.7)

15 (6.2)

0.011*

2 (2.4)

13 (8.1)

0.083

Human adenovirus

1 (0.7)

8 (3.3)

0.164

2 (2.4)

6 (3.7)

0.720

Any bacteria positive

85 (61.6)

168 (69.4)

0.120

54 (65.9)

114 (71.3)

0.388

Staphylococcus aureus

52 (37.7)

101 (41.7)

0.438

36 (43.9)

65 (40.6)

0.625

Streptococcus pneumoniae

43(31.2)

81 (33.5)

0.644

28 (34.1)

53 (33.1)

0.873

Streptococcus pyogenes

2 (1.4)

5 (2.1)

1.000

1 (1.2)

4 (2.5)

0.665

Haemophilus influenzae

25 (18.1)

66 (27.3)

0.044*

15 (18.3)

51 (31.9)

0.025*

Chlamydia pneumoniae

0 (0.0)

1 (0.4)

1.000

1 (1.2)

0 (0.0)

0.339

Mycoplasma pneumoniae

1 (0.7)

4 (1.6)

0.657

1 (1.2)

3 (1.9)

1.000

Bordetella pertussis

0 (0.0)

1 (0.4)

1.000

1 (1.2)

0 (0.0)

0.339

Pneumocystis jirovecii

6 (4.3)

14 (5.8)

0.546

4 (4.9)

10 (6.2)

0.778

Virus co-detections

5 (3.6)

27 (11.2)

0.011*

5 (6.1)

22 (13.8)

0.074

Bacterial co-detection

29 (21.0)

72 (29.8)

0.064

24 (29.3)

48 /930.0)

0.906

Virus-bacteria co-detection

58 (42.0)

103 (42.6)

0.919

20 (24.4)

83 (51.9)

<0.001*

Pathogen type
None
Any virus or bacteria

P value

Non-wheezy
LRTI N=82

P value

0.286

Data are presented as N positive swabs (% per ARI type). RSV - respiratory syncytial virus and hMPV - human
metapneumovirus. * indicates significant difference between number of pathogens detected using Pearson Chi-square
or Fischer Exact test as appropriate, with a p value < 0.05. Results are based on two sided tests.
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5.5.6 Healthcare utilisation during episodes of ARI

One-half of the episodes of ARI with matched nasal swabs 191 (50.3 %) were managed
at home without medical assistance. Of the remaining 189 medically attended episodes of ARI,
132 episodes (69.8 %) were managed in a primary care by a general practitioner, 32 episodes
(16.9 %) resulted in hospital emergency presentations and 25 episodes (13.2 %) required
hospital admission. The level of healthcare utilisation associated with the respiratory pathogens
detected during ARI are summarised in Table 5.4 and Figure 5.5. Briefly, 83.3 % of visits to
a general practitioner due to ARI were related to a documented respiratory pathogen, with at
least one respiratory virus, either single or in co-detection with other pathogens, being detected
in nearly two-thirds (60.6 %) of these visits. Likewise, at least one respiratory virus, either
single or in co-detection with other pathogens, was detected in 65.6 % nasal swabs that were
collected during ARI associated with hospital emergency presentations and 80.0 % of hospital
admissions over the first year following very preterm birth. Of the 25 nasal swabs collected
during hospital admissions due to ARI, 23 were positive for at least one respiratory pathogen
(Table 5.5) and 2 (8.0 %) were negative. Of the 23 positive nasal swabs, 7 (28.0 %) were
rhinovirus positive, 5 (20.0 %) were RSV positive, 4 (16.0 %) were positive for multiple
viruses and 14 (56.0 %) were positive for a viral-bacterial co-detection. The frequency and type
of pathogens identified in nasal swabs collected from hospitalised infants are summarised in
Table 5.5 below.

RSV was more likely to be detected in infants with severe ARI, accounting for 20.0 %
of all episodes that required hospitalisation, and 18.8 % of episodes requiring presentation to a
hospital emergency department compared to episodes that were managed at home (p≤0.001).
Likewise, the detection of parainfluenza viruses was more frequent in infants hospitalised due
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to ARI compared to those managed at home (12.0 % vs. 1.0 %; p=0.012). No differences were
found in the detection frequency of other viruses, pathogenic bacteria or the respiratory fungus
between nasal specimens collected during episodes of ARI based on the level of healthcare
utilisation. The frequency of viral co-detection and viral-bacterial co-detection was also not
different when samples were compared based on the level of healthcare utilisation (Table 5.4).
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Table 5.4: Type of healthcare utilisation required during ARI in the first year following
discharge from birth hospitalisation for each pathogen detected (380 ARI episodes).

Pathogen type

None
N=191
N (%)

GP presentation
N=132
N (%)
P*

ED presentation
N=32
N (%)
P **

Hospital admission
N=25
N (%)
P ***

None

23 (12.0)

22 (16.7)

0.238

3 (9.4)

0.664

2 (8.0)

0.746

Any virus or bacteria

168 (88.0)

110 (83.3)

0.238

29 (90.6)

0.664

23 (92.0)

0.746

Any virus positive

113 (59.2)

80 (60.6)

0.795

21 (65.6)

0.490

20 (80.0)

0.044

Rhinovirus

93 (48.7)

58 (43.9)

0.400

10 (31.3)

0.067

7 (28.0)

0.051

Human coronavirus

9 (4.7)

11 (8.3)

0.184

3 (9.4)

0.387

3 (12. 0)

0.149

hMPV

7 (3.7)

6 (4.5)

0.692

3 (9.4)

0.159

3 (12.0)

0.095

Influenza A, B and C

4 (2.1)

2 (1.5)

1.000

0 (0.0)

1.000

1 (4.0)

0.463

Parainfluenza 1-4

2 (1.0)

6 (4.5)

0.067

0 (0.0)

1.000

3 (12.0)

0.012

Human bocavirus

9 (4.7)

5 (3.8)

0.688

2 (6.3)

0.661

0 (0.0)

0.603

RSV

2 (1.0)

3 (2.3)

0.402

6 (18.8)

<0.001

5 (20.0)

<0.001

Human adenovirus

3 (1.6)

2 (1.5)

1.000

2 (6.3)

0.151

2 (8.0)

0.104

Any bacteria positive

129 (67.5)

84 (63.6)

0.467

22 (68.8)

0.892

18 (72.0)

0.653

Staphylococcus aureus

83 (43.5)

44 (33.3)

0.067

13 (40.6)

0.765

13 (52.0)

0.419

Streptococcus pneumoniae

65 (34.0)

43 (32.6)

0.785

8 (25.0)

0.416

8 (32.0)

0. 840

Streptococcus pyogenes

2 (1.04)

5 (3.8)

0.127

0 (0.0)

1.000

0 (0.0)

1.000

Haemophilus influenzae

42 (21.9)

32 (24.2)

0.636

9 (28.1)

0.444

8 (32.0)

0.264

Chlamydia pneumoniae

0 (0.0)

1 (0.7)

0.409

0 (0.0)

1.000

0 (0.0)

1.000

Mycoplasma pneumoniae

2 (1.04)

2 (1.5)

1.000

0 (0.0)

1.000

1 (4.0)

0.310

Bordetella pertussis

0 (0.0)

1 (0.7)

0.409

0 (0.0)

1.000

0 (0.0)

1.000

Pneumocystis jirovecii

10 (5.2)

8 (6.1)

0.751

1 (3.10)

1.000

1 (4.0)

1.000

Virus co-detections

13 (6.8)

10 (7.6)

0.792

5 (1.6)

0.150

4 (16.0)

0.117

Bacterial co-detection

52 (27.2)

32 (24.2)

0.548

8 (25.0)

0.793

9 (36.0)

0.359

Virus-bacteria co-detection

76 (39.8)

56 (42.4)

0.636

14 (43.8)

0.673

15 (60.0)

0.054

Data are presented as N (% healthcare service). RSV - respiratory syncytial virus and hMPV - human metapneumovirus. *
Based on Chi-square test comparing: GP presentation vs. none, ** ED presentation vs. none and *** hospital admission
vs. none. Bold values represent statistically significant difference (p<0.05).
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Figure 5.5: Healthcare utilisation required for each detectable respiratory virus in
preterm infants in the first year following discharge from birth hospitalisation.
Abbreviation: hAdV - human adenovirus; RSV - respiratory syncytial virus; hBoV - human
bocavirus; PIV - parainfluenza virus; hMPV - human metapneumovirus; hCoV - human
coronavirus and RV – rhinovirus.
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Table 5.5: Frequency of respiratory pathogens detected in positive nasal swabs
collected from hospitalised infants during the first year following discharge from birth
hospitalisation (23 nasal swabs).
Respiratory pathogens

Frequency

Single pathogen

6

hMPV

2

S. aureus

2

RSV

1

PIV

1

Two pathogens

6

Rhinovirus and S. aureus

3

RSV, hCoV

1

RSV and S. pneumoniae

1

Influenza and H. influenzae

1

Three pathogens

7

Rhinovirus, hAdV and H. influenzae

1

Rhinovirus, S. aureus and S. pneumoniae

1

RSV, H. influenzae and S. aureus

1

RSV, S. aureus, and S. pneumoniae

1

hCoV, S. aureus and P. jirovecii

1

PIV, H. influenzae and S. aureus

1

hMPV, H. influenzae and S. aureus

1

Four pathogens

4

Rhinovirus, hAdV, H. influenzae and S. aureus

1

Rhinovirus and S. aureus, S. pneumoniae and M. pneumoniae

1

RSV, S. aureus, S. pneumoniae and H. influenzae

1

PIV, hCoV, S. pneumoniae and H. influenzae

1

Median age (IQR) of hospitalised infants was 8.0 (4.5. 10.0) months following discharge from birth
hospitalisation.

Abbreviation: hAdV - human adenovirus; RSV - respiratory syncytial virus; PIV parainfluenza virus; hMPV - human metapneumovirus and hCoV - human coronavirus.

109

5.5.7 Therapeutic intervention during episodes of ARI
Of the 380 studied episodes of ARI, infants were prescribed antibiotics during 61
episodes (16.0 %), asthma medications during 39 episodes (10.3 %) and both treatments during
18 episodes (4.7 %). Ten infants required supplemental oxygen during hospitalisation, with 6
(60 %) of these episodes being associated with viral-bacterial co-detection (Table 5.6).

Table 5.6: Type of therapeutic intervention during episodes of ARI in the first year
following discharge from birth hospitalisation (380 episodes).

No treatment

Antibiotics
N=61*
N (%)

Asthma
medications
N=39*
N (%)

Supplemental
oxygen
N=10
N (%)

N=298
N (%)

None

42 (14.1)

6 (9.8)

8 (20.5)

0 (0.0)

Any virus positive

175 (58.7)

42 (86.9)

31 (79.5)

9 (90.0)

Any bacteria positive

197 (66.1)

43 (70.5)

25 (64.1)

7 (70.0)

Fungus positive

13 (4.4)

6 (9.8)

3 (7.7)

0 (0.0)

Virus co-detections

18 (6.0)

9 (14.8)

10 (25.6)

2 (20.0)

Bacterial co-detection

76 (25.5)

21 (34.4)

11 (28.2)

3 (30)

Virus-bacteria co-detection

117 (39.3)

33 (54.1)

21 (53.8)

6 (60.0)

Pathogen type

Data are presented as Number of episodes and (% per respiratory medication). *infants were prescribed both
antibiotics and asthma medication during18 ARI episodes.
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5.6 Discussion
In this prospective community-based study 543 specimens collected from very preterm
infants during symptomatic and asymptomatic periods over the first year following discharge
from birth hospitalisation were tested for the presence of 18 respiratory viruses, 7 bacterial
species and a respiratory fungus. Our findings indicate that, respiratory viruses and bacteria are
detected frequently in the first year following very preterm birth and placed a heavy burden on
healthcare services. At least one respiratory virus was associated with 61.6 % of ARI episodes
and 22.1 % of asymptomatic periods, with significantly higher detection rates during ARI.
Rhinovirus, followed by hCoV and hMPV, were the most commonly detected viruses in very
preterm infants over the first year following discharge from birth hospitalisation. However,
detection of RSV and parainfluenza viruses were significantly associated with a more severe
clinical outcome. Pathogenic bacteria, either as an isolated pathogen or simultaneously with a
respiratory virus, were highly frequent and equally detected during symptomatic and
asymptomatic periods. Detection of S. pneumoniae and H. influenzae was highly associated
with symptoms, while detection of S. aureus and C. pneumoniae was predominant during
asymptomatic assessments. To our knowledge, this is the first study that provides communitybased description of the frequency and burden of a wide range of respiratory pathogens in the
first year following discharge from birth hospitalisation.

Respiratory viruses were associated with substantial respiratory morbidity in the first
year following very preterm birth. At least one respiratory virus was associated with more than
two-thirds of acute wheezing episodes (68.8 %), 60.6 % of acute respiratory visits to a general
practitioner, 80 % of respiratory hospitalisations and 86.9 % antibiotic prescription. However,
the occurrence of viral wheeze in our cohort was not driven by any single virus. In part, our
findings may be a reflection of the low detection rates of several individual viruses. Although
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reports on the epidemiology and burden of respiratory viruses in non-hospitalised preterm
infants are limited, our finding are in line with community based studies of ARI in term-born
infants confirming the important role of rhinovirus in paediatric respiratory diseases [28, 29].
In addition, the prevalence of rhinovirus-associated ARI and respiratory hospitalisation
observed in our cohort (44.4 % and 28.0 %, respectively) is similar to that described earlier by
Miller et al, in a prospective study of preterm infants over the first year of life (44 % and 33
%, respectively) [13]. However, the earlier study only assessed a narrow panel of viruses and
included preterm infants at high risk of pulmonary disease. The high prevalence of rhinovirusassociated ARI observed in our cohort is also in line with a similar community based study of
both term and preterm infants [30]. However, the earlier study was limited to the first four
months after discharge. Hence our results broaden the scope of these findings and highlight the
importance of rhinovirus to respiratory morbidity in a more representative group of preterm
infants.

The low detection rate of RSV during ARI in our cohort (< 5 %) differ from the Houston
family study, which relied heavily upon serology, reporting that 68 % of infants had RSV in
the first 12 months of life [31]. Differences in the prevalence of RSV between studies can be
explained by differences in viral detection method, study design as well as variations in
intensity and duration of seasonal exposure. Although RSV infections are seasonal with a
distinct peak of activity during the winter months (June-August in Perth), our study was
spanned across 28 months, including two complete RSV seasons. Therefore, we believed that
our findings are representative and unlikely to be related to a single unrepresentative season.
However, an Australian birth cohort study using intensive sampling methods identified RSV
in only about 28% of term-born infants by the age of 12 months [32]. Similarly, 10.9 % and
7.0 % of ARI episodes were associated with RSV in community-based studies of term-born
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infants at high risk of asthma and atopy [28] and preterm infants at high risk of pulmonary
disease [13], respectively.

The association of RSV with severe respiratory symptoms and increased needs of
hospitalisation during ARI in our preterm cohort (20 %) is slightly lower than the 25 to 75 %
previously reported in preterm infants over the first year of life [12-14, 16, 18]. Differences in
the prevalence of RSV between studies can be explained by differences in study design, with
our study being community-based and most of previous studies being hospital-based
surveillance [12-14, 16, 18]. Although the high severity of illness associated with RSV might
be in part related to treatment failure as has been previously described in asthmatic children
[33] , our study extends and confirms the clinical significance of RSV in preterm infants and
reinforces the importance of improving the current RSV prophylaxis strategy among these
highly susceptible infants. In addition to RSV, other established viruses such as parainfluenza,
hMPV and hCoV, were also detected during severe outcomes during ARI, although detected
with lower frequency: each accounted for 12 % of hospitalisation in the first year following
very preterm birth. These findings are in line with previous hospital-based studies that
described the important contribution of parainfluenza, hMPV and hCoV to respiratory
morbidity in preterm infants [12, 14, 18].

In concordance with earlier studies, we also observed an association between bacterial
detection, particularly H. influenzae, and increased severity of respiratory symptoms during
ARI [34-38]. The detection of H. influenzae, either as an isolated pathogen or simultaneously
with a respiratory virus, was more frequent in very preterm infants with lower airway
symptoms including wheeze. However, it remains unclear whether the detection of bacterial
nucleic acids in our samples represent an active illness or airway colonisation, since most of
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the bacteria detected during ARI, including H. influenzae, are part of the airway commensal
community. Additionally, this study, and others, shows that asymptomatic carriage of
pathogenic bacteria is highly prevalent during early life [39, 40]. Therefore, caution must be
taken when extrapolating positive PCR findings for bacteria, particularly in the absence of
quantitative assessment of bacterial load.

To our knowledge, this is the first study to describe the prevalence of asymptomatic
carriage of respiratory viruses in preterm infants, with over 20 % of our asymptomatic
assessments being associated with a positive viral detection, most commonly rhinovirus. This
finding is consistent with the 12-47 % detection rates that was described previously in
asymptomatic term-born infants [28, 29, 41-44]. Given the observed prevalence of rhinovirus
in asymptomatic infants, it remains unclear whether the detection of rhinovirus always reflects
a clinical illness. Although rhinovirus A and C, but not B, are frequently associated with
symptoms in infants and young children [45], we were not able to determine the prevalence of
rhinovirus subtypes for this study and thus, sequence data and phylogenetic analyses of
rhinoviruses would provide better insight into possible strain-specific differences. However,
association doesn’t necessary imply causation particularly with the use of highly sensitive
detection methods, which make it possible to identify viral nucleic acids during incubation
period prior to the emergence of a clinical illness [46] or as a result of extended viral shedding
from a resolving illness [47]. Continued vial shedding has been demonstrated in
immunocompromised subjects [48] and given the known limitations to immune development
in infants born preterm [49], this may be a contributing factor to viral detection when infants
were asymptomatic in this study. Although our asymptomatic periods were carefully defined
considering history of symptoms both before and after the collection of asymptomatic nasal
swabs, we cannot exclude crossover effects from symptomatic episodes to our asymptomatic
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results. However, prolonged rhinovirus shedding is less frequent in infants and healthy children
[43] and thus, our findings are more likely to reflect asymptomatic carriage of respiratory
pathogens, which appear to be frequent in the first year after very preterm birth.

Pneumocystis jirovecii was detected in more than 5 % of the nasal swabs collected over
the first year following very preterm birth, with higher rates of detection during ARI. Although
early life colonisation with P. jirovecii has become increasingly evident with advances in
molecular techniques [50, 51], due to the low number of positives and the lack of pathogenic
load data, the role of P. jirovecii to the pathogenesis of respiratory illnesses remains uncertain.
Further research is essential to characterise the dynamic nature of the airway’s microorganisms,
including viruses, bacteria and fungi and how the functional and compositional alteration of
these organism may interact with the host’s immune response and affect the clinical outcome
of respiratory infection.

A major strength of our study is the broad panel of viruses, pathogenic bacteria and the
respiratory fungus included in the analysis and the extended follow up period. Our study
spanned for 28 months across two consecutive viral seasons, with infants followed over all four
seasons of the year and included infants, not only while hospitalised with an ARI, but also
while living in the community, both when well and ill with respiratory symptoms. The
prospective collection of data with close and frequent monitoring of respiratory symptoms and
healthcare utilisation provides detailed estimates of the potential relationship between these
pathogens and the burden of ARI in the community, including self-limiting episodes that are
often not studied due to the reliance on hospital-based data. Monthly home-based sample
collection as well as during clinical visits has enhanced our knowledge of the epidemiology of
respiratory pathogens not only during ARI but also during asymptomatic periods. Our study
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also has an excellent retention rate for an intensive one-year follow-up, with all infants included
in the analysis, completing every monthly assessment and returning 64.2 % of the swabs for
the reported ARI. Although all very preterm infants included in our analysis were recruited
from a single centre, the study centre is the sole tertiary centre that provides state-wide care to
all preterm infants across a wide geographic area, allowing for a high generalisability of the
study results. Additionally, the rates of detection of respiratory pathogens including viruses
and bacteria are similar to previous community-based reports in term infants [28, 29, 39] and
thus it is likely that our findings represent the spectrum of pathogen detection in preterm
infants. Future research should seek to determine the frequency of a wider range of respiratory
pathogens and burden of respiratory morbidity in other centres managing preterm infants
worldwide.

Despite the comprehensive assessment of our cohort, our study has limitations. First,
we are aware that the incidence of ARI is considerably influenced by the definition [52].
Therefore, we used a specific definition for ARI including both URTI and LRTI without the
inclusion of non-specific symptoms, which may underestimate the number of ARI in our
cohort, particularly those with non-specific symptoms such as poor feeding or irritability.
However, cannot discount for inter-parent differences in reporting since rattle or noisy
breathing may be misreported as wheeze by parents [53]. Other non-respiratory illnesses such
as post-nasal drip or gastroesophageal reflux can also be associated with wet cough. While
healthcare worker-validated symptoms might be more accurate, asking families to bring their infants
for clinical assessment during symptomatic episodes as well as at monthly timepoints would be very
burdensome on families and may have resulted in high drop-out rates. Additionally, we only

included one respiratory fungus and few pathogenic bacteria in our PCR panel and as such
further studies could include a wider range of respiratory viruses, bacteria and fungi would
enhance the knowledge of the role of respiratory pathogens in respiratory morbidity following
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preterm birth. Obtaining longitudinal symptoms and nasal swab collection from very preterm
infants can be challenging, especially with (n=23 (27 %)) of the cohort living > 230 km away
from Perth. Therefore, we are unable to comment on the pathogens associated with over onethird of ARI episodes (35.8 %), including 64.8 % of hospital emergency presentations, and
26.5 % of hospital admissions (representing the most severe infections) due to the
unavailability of nasal swabs and the lack of hospital laboratory testing. In addition, some
infants were lost to follow-up after hospital discharge and were excluded from analysis.
However, infants lost to follow-up didn’t differ statistically from the study population with
regard to their gestational age, birth weight, gender or the neonatal diagnosis of
bronchopulmonary dysplasia and therefore, we don’t believe this limitation substantially
biased our results. Our study adds to the sparse literature on the frequency of detection of
respiratory pathogens together with the morbidity and healthcare burden of ARI following very
preterm birth. It is the first study to provide community-based estimates on the frequency, type and
clinical significance of respiratory pathogens in the first year following discharge from birth
hospitalisation, not only in hospitalised infants, but also those among those infants living in the

community and highlights the risk of extrapolating hospital-based data to the community
setting.

5.7 Conclusion:
Preterm infants experience a large burden of respiratory pathogens in the first year
following discharge from birth hospitalisation. There is limited knowledge of the long-term
implications of detection of respiratory pathogens on later respiratory outcomes following
preterm birth. Effective preventative and therapeutic measures are not available. More research
in this field is warranted to guide the development of novel therapeutic interventions and/or
preventative strategies.
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Chapter Six
6 General discussion
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6.1 Summary of findings
This study is the first to provide comprehensive, prospectively collected data on
respiratory morbidity and respiratory pathogens in the first year following very preterm birth.
In this thesis, we show that very preterm infants experience a high burden of acute respiratory
illnesses (ARI) and respiratory symptoms in the first 12 months following discharge from birth
hospitalisation. Very preterm infants in this study were prescribed respiratory medications
frequently and incurred multiple hospitalisations, hospital emergency presentations and
general practitioner visits for acute respiratory exacerbations over the 12-month follow-up
period. This high burden of respiratory morbidity was accompanied by a high detection
frequency of a wide range of respiratory pathogens. The knowledge presented in this thesis
improves the current understanding of respiratory morbidity and the frequency of respiratory
viruses and bacteria in the first year following very preterm birth.

6.2 The

burden

of

respiratory

symptoms

and

the

role

of

bronchopulmonary dysplasia (BPD)
This study indicates that infants born very preterm experience a high burden of ARI
and additional respiratory symptoms without ARI over the first year following discharge from
birth hospitalisation. All infants had at least one episode of ARI, 97.8 % coughed, 76.4 %
wheezed and 60.7 % had recurrent wheeze in the first year following very preterm birth (Table
3.4). The high burden of respiratory symptoms observed in our cohort is consistent with a
number of earlier studies in preterm infants despite differences in study design and methods,
gestational age ranges and observational periods [1-3]. The burden of ARI and respiratory
symptoms in our cohort was not influenced by a neonatal diagnosis of BPD. This lack of
difference between infants with and without BPD was unexpected. However, it may highlight
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the independent impact of preterm birth on respiratory outcomes beyond the neonatal period,
or the poor predictive value of a BPD diagnosis during infancy (oxygen dependency for ≥ 28
days after birth). Although others have described an association between a neonatal diagnosis
of BPD and increased frequency and severity of respiratory symptoms over the first year of life
in preterm infants [4, 5], the limitation of the current BPD definition for prediction of future
respiratory health is recognised increasingly. Several longitudinal reports indicate persistent
respiratory morbidity and lung function impairments throughout childhood into early
adolescence irrespective of a neonatal diagnosis of BPD [6-10]. There was a range of BPD
severity in our cohort (with 15.7 % of infants classified as mild (breathing room air at 36 week),
8.99 % moderate (requiring < 30 % oxygen at 36 week) and 13.5 % severe BPD (requiring ≥
30 % oxygen at 36 week)) [11]. However, we were unable to comment on the impact of BPD
severity on respiratory outcome in the first year following very preterm birth due to the limited
subgroups sample size. Nevertheless, the impact of preterm birth on lung health appears to
represent a continuum. A simple dichotomous definition based on oxygen requirement at single
time-point without considering the chronicity of the infant’s condition carries the risk of
misclassification. The main limiting factors of the current standard BPD definition include the
wide range of accepted oxygen saturation levels between hospitals and physicians, as well as
the lack of objective measures to determine oxygen dependency and difficulties in classifying
infants with minimal lung disease who require respiratory support due to immature respiratory
control or non-pulmonary causes of respiratory insufficiency [12]. Several approaches have
been proposed to increase the prognostic value of BPD diagnosis such as delaying the time
point of assessment [13], using a physiological test to quantify disease severity [14], as well as
considering both contemporary modes of respiratory support and radiological confirmation of
lung disease[15]. However, there is no other established definition and the validity of the
proposed definitions require further assessment. While the proposed definitions of BPD may
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provide increased prognostic capability, due to the complex nature of lung disease associated
with preterm birth, it is unlikely that any single neonatal marker of disease severity would be
robust enough to predict future respiratory health and the data presented herein suggest that
very preterm infants have a high burden of respiratory symptoms regardless of the BPD
classification and thus may be a consequence of prematurity itself (and the associated
interruption to lung development).

This study is not the first to assess respiratory symptoms in preterm infants. However,
none of the previous studies assess the symptom profile of preterm infants with and without
ARI. Our study is the first to describe the combined burden of ARI and respiratory symptoms
in the first year following very preterm birth, highlighting the high burden of respiratory
symptoms even in the absence of an associated acute illness. More than two-thirds of the very
preterm infants in our cohort (67.4 %) reported cough, 27 % reported wheeze and 25.8 %
reported recurrent wheeze without a clinical history of ARI within the last 4 weeks (Table 3.4).
Most studies of respiratory symptoms following preterm birth have been based on retrospective
collection of data from parents using respiratory questionnaires. The results of such studies are
therefore, subject to recall bias. In contrast, close monitoring of respiratory symptoms
throughout the year was facilitated by the prospective design of our study, and the structured
follow-up measures that were completed, including frequent assessment of the infants’ health
using monthly phone calls and symptoms diary cards. Our study design minimised the recall
bias that is often associated with retrospective data collection [16]. Although we cannot account
for inter-parent differences in reporting since rattle or noisy breathing may be misreported as
wheeze by parents [17], a study of this scale is logistically prohibitive without parent
involvement. While healthcare worker-validated symptoms might be more accurate, asking
families to bring their infants for clinical assessment during symptomatic episodes as well as
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at monthly timepoints would be very burdensome on families and may have resulted in high
drop-out rates. Nevertheless, parent reporting of respiratory symptoms is used widely in
community-based research [9, 18] and has a good repeatability and reliability, supporting the
validity of our findings [19, 20].

6.3 Requirement of healthcare and respiratory medications
Seeking treatment from a healthcare provider for an acute respiratory exacerbation was
reported frequently by parents of very preterm infants in this cohort, particularly among infants
with BPD. Almost 90 % of the very preterm infants in our cohort required at least one acute
care visit with a healthcare provider for an acute respiratory exacerbation over the first year of
life, with a median (IQR) of 4 (2-7) healthcare visits per infant. Most healthcare visits were to
a general practitioner, with 82 % of the infants presenting at least once to a general practitioner
over the 12-month follow-up period. In addition, approximately 50 % of the infants presented
to a hospital emergency department and 25 % required hospital admission (Table 3.4).
Although a neonatal diagnosis of BPD did not influence the frequency of ARI or respiratory
symptoms, the number of hospital admissions and general practitioner visits following initial
discharge were significantly higher in the BPD group. Additionally, infants with BPD were
twice as likely to be hospitalised for an acute respiratory indication (41.2 %) compared to those
without BPD (14.5 %; p=0.004). The association between BPD diagnosis and increased
number of respiratory hospital admissions is consistent with previous reports describing a
higher frequency of hospitalisation among infants with BPD compared to those without BPD,
mainly in the first year of life [4, 21, 22]. It is worth mentioning that our study only assessed
use of healthcare resources, which may not necessarily reflect needs. The frequency and level
of healthcare resources accessed by parents are also influenced by several factors that could
not be assessed in the present study including parent’s perception of their infant’s need,
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financial barriers, as well as the availability of and satisfaction with healthcare services in the
community, particularly in remote regions [23]. Another confounding factor that could not be
assessed in the present study is that the physician’s awareness of the severity of an infant’s
neonatal lung disease may have influenced the medical decision making: infants with severe
neonatal history may have been offered additional medical services based on perception of
their worse prognosis [24].

We also noted increased prescription of asthma medications including inhaled
bronchodilators as well as inhaled and systemic corticosteroids among infants with BPD
compared to those without BPD (41.2 % vs. 12.7 %; p=0.002) (Table 3.4). The proportion of
very preterm infants treated for respiratory symptoms in our cohort (23.6 %) is comparable to
the 13 -25 % that had previously been described in preterm infants in the first year of life [9,
25]. Nonetheless, the use of asthma medications to treat prematurity-related airway symptoms
remains controversial and the effectiveness of these therapies is largely non-evidence based.
Although a component of variable airflow obstruction may present, the pattern of airflow
limitation observed in survivors of preterm birth is only partially reversed by inhaled
bronchodilators [26], suggesting a more stable remodelled airway disease than that observed
in asthmatics. Kotecha et al. reviewed the effectiveness of treatment with inhaled
bronchodilators in preterm born children and adults and reported a short-term improvement in
airway obstruction [27]. However, it remains unclear whether regular treatment with asthma
medications leads to a long-term improvement in respiratory outcomes following preterm birth,
with the majority of existing evidence focusing on infants with evolving BPD [28]. There is
also no current evidence to advocate widespread use of inhaled corticosteroids in preterm
infants or children beyond the neonatal period. Preterm infants, including those in our study,
often exhibit airway symptoms closely resembling those of asthmatic children: the underlying
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mechanisms probably related to structural airway abnormalities [29], oxidative injury [30] and
neutrophilic rather than eosinophilic inflammation [31, 32]. Therefore, future well-designed
and adequately powered studies are warranted to provide evidence-based guidelines to
appropriately manage prematurity-related airway symptoms and avoid untoward adverse
effects of cumulative therapy among this highly vulnerable population [33, 34].

Almost half the infants (41.6 %) in our cohort received an antibiotic when an ARImedical consultation occurred (Table 3.4). Although viruses are associated with a large
proportion of ARI, over prescription of antibiotic is common and play a major role in antibiotic
resistance among common bacterial pathogens. Antibiotics are often prescribed due to the
difficulty to accurately differentiate between viral and bacterial illnesses based on clinical
symptoms as well as the difficulty to identify the minority of infants with serious bacterial
illness that needs antibiotic. The extent of antibiotic exposure observed in our cohort is
comparable to that previously described in an Australian birth cohort of term-born infants [35].
The availability of rapid and accurate diagnostic methods to determine the etiology of ARI has
the potential to reduce the inappropriate antibiotic prescription and to improve targeted use of
antibiotic if required [36, 37]. However, in an era where such methods are limited, educating
families and physician on the viral nature of most ARI remains a priority to avoid untoward
adverse effects of inappropriate antibiotic prescriptions.

6.4 Association between early life risk factors and respiratory morbidity
This study shows that, in addition to prematurity, a range of risk factors are associated
with poor respiratory outcomes over the first year following very preterm birth. Male sex,
increased birth weight z score, parental history of asthma, prolonged oxygen dependency and
decreased age at first ARI were all significant risk factors for poorer outcome in at least one of
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the studied domains (Table 3.10). The association of respiratory morbidity with prolonged
oxygen dependency highlights the importance of refining respiratory support strategies and
identifying effective and safe neonatal treatments that minimise long term adverse impacts.
Our observation that boys have increased asthma medication use compared with girls is
consistent with previous reports [2, 38]. This finding may reflect the fact that, boys are more
likely to develop respiratory distress syndrome irrespective of gestational age, and are often
more severely affected than girls [39-41]. Although the underlying mechanism of the male
disadvantage is unclear, the proportionately narrower airways of boys relative to their lung size
may contribute to diminished airway function and higher prevalence of asthma and wheezing
disorders during early life compared to girls [42-44]. There is also some studies reporting sex
differences in the incidence and severity of ARI [45]. This study also noted increased
prescription of asthma medications with increased birth weight z score. Although this positive
association between birth weight z score and increased prescription of asthma medications is
contradictory to what has been commonly reported in respiratory studies [46], accelerated fetal
growth is a known risk factor for increased wheezing in preterm children [47]. More likely is
the possible confounding effect of BPD in our study, given that birth weight z score was
significantly higher among infants with BPD compared to those without BPD (Mean ± SD,
0.42 ±0.78 vs. 0.001 ±0.79; p=0.016). Better understanding of the pathogenic mechanisms and
risk factors responsible for the airway symptoms in preterm infants will help inform prevention
and intervention strategies to improve respiratory outcomes and preclude persistence of
respiratory symptoms later in life.

This study is the first to show that earlier age at the time of first ARI is strongly
associated with greater likelihood of severe respiratory morbidity in preterm infants; reflected
by increased number of subsequent ARI, hospital emergency presentations and hospitalisations
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in the first year of life (Table 3.10). It is possible that preterm infants particularly those with
more severe lung disease, pre-existing lung function abnormalities, might be particularly
susceptible to severe ARI during early life [48-51]. Severe ARI during such a critical period
of immune and lungs maturations can also adversely affect lung function at follow-up
irrespective of neonatal lung disease severity [52, 53]. Additionally, preterm birth is associated
with structural and functional deficiencies in nearly all aspects of immunity [54], whether this
extends further into infancy is yet to be elucidated, but may at least partially explain the
increased susceptibility to severe respiratory infection and poor respiratory outcomes following
infection (Figure 1.1). Long-term impact of early life ARI on lung health and function remains
uncertain for those surviving very preterm birth but is likely to be of a consequence when
considering the prevention of declining lung function trajectories through childhood [55].
Additionally, the deleterious long-term impact of early-life pneumonia and other ARI on
respiratory outcomes later in life is increasingly described in the general population [56-58]
and in children with cystic fibrosis [59, 60]. Delaying the onset of first ARI may significantly
reduce the burden of subsequent ARI and healthcare utilisation during the first year of life. One
of the few anti-viral preventative treatments used in preterm infants is palivizumab, which
helps to protect infants from severe RSV infection. Yet, due to its high cost and the uncertainty
about its effectiveness, preterm infants born at King Edward Memorial Hospital only received
palivizumab if they have a cardiac co-morbidity, discharged home on oxygen, or born less than
28 weeks gestation and have BPD diagnosis or indigenous heritage. Given the lack of effective
anti-viral measures, our findings emphasise the importance of implementing nonpharmaceutical measures to prevent respiratory infections. These measures may include
providing families with educational materials on the importance of oral hygiene and hand
washing, as well as advice on playgroup, exposure to tobacco smoke and day care attendance
[61]. Enhancing host resistance to infection during early life through maximising breastfeeding
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[62], ring fencing infants by vaccinating parents and older siblings and maximising uptake for
available vaccines and immunoprophylaxis [63] may offer a feasible, effective and affordable
approach to minimise the incidence of early ARI.

Our results suggest that community collection of nasal swabs, with appropriate
transport media, is a feasible method for the detection of respiratory pathogens that is unlikely
to be significantly impacted upon by the logistics of specimen collection. Home basedcollection and postage of respiratory samples offer the opportunity for more accurate
assessment of the burden of respiratory illnesses in the community, particularly among children
at high risk including those who were born preterm. Such approach would also expedite
diagnosis and treatment, and importantly reduce patient exposure to the healthcare setting.

6.5 The sensitivity and reliability of community-based collection and
postage of nasal swabs
The data presented in this thesis confirms that parent collection and mailing of nasal
swabs at ambient temperature has limited or no impact on the sensitivity of semi-quantitative
load of respiratory pathogens using semi-quantitative PCR assays (Figure 4.2). However, the
effect on non-bacterial pathogen require further investigation our study is the first to directly
compare the load and sensitivity of detecting respiratory viruses, bacteria and fungus in nasal
swabs obtained by research staff and parents, as well as the impact of environmental exposure
on the detection and load of pathogens. We demonstrated complete concordance for all the
pathogen detected when staff-collected and immediately frozen samples were compared to
parent-collected and exposed samples. Similarly, there was no difference in the semi-
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quantitative load of detected pathogens between staff and parent collected samples as well as
between immediately frozen and environmentally exposed samples for up to two weeks. These
findings suggest that parent collection and postage is likely to be a valid method of sampling
the bacteria circulating in the community. Home based-collection and postage of respiratory
samples offer the opportunity for more accurate assessment of the burden of respiratory
illnesses in the community, particularly among children at high risk including those who were
born preterm. Such approach would also expedite diagnosis and treatment, and importantly
reduce patient exposure to the healthcare setting.

6.6 The type and frequency of respiratory pathogens in the first year
following very preterm birth

To our knowledge, this is the first study that provides prospective community-based
description of the frequency and burden of a wide range of respiratory viruses, pathogenic
bacteria and a respiratory fungus during both symptomatic and asymptomatic periods over the
first year following birth hospitalisation. Our study is unique in assessing the frequency and
burden of respiratory pathogens associated with ARI, not only in very preterm infants
hospitalised with ARI, but also among those who are managed at the community. This
knowledge is important as respiratory infection might be associated with poor respiratory
outcomes in preterm infants, particularly after respiratory syncytial virus (RSV)-even if
hospital admission was not required [64]. We assessed the presence of 18 respiratory viruses,
7 pathogenic bacteria and a respiratory fungus in 543 nasal swabs collected from both
symptomatic and asymptomatic periods over the first year following very preterm birth using
home-based sampling by parents, in addition to samples collection during ARI. Respiratory
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viruses, both as a single detection and in co-detection with other respiratory pathogens, were
found in 61.6 % of ARI episodes and 22.1 % of asymptomatic periods, with higher frequency
of both single and co-detection during ARI episodes (Table 5.2). Rhinovirus was the most
common virus detected overall: rhinovirus was associated with nearly half (44.2 %) of all
episodes of ARI and 13.5 % of all asymptomatic periods. Although reports on the epidemiology
of community acquired respiratory pathogens in preterm infants are limited, our findings are
consistent with previous community-based studies in term-born infants highlighting the
important role of rhinovirus in ARI during infancy and early childhood [65, 66]. In addition to
respiratory viruses, pathogenic bacteria, either as an isolated pathogen or simultaneously with
a respiratory virus, were highly frequent and equally detected during symptomatic and
asymptomatic periods. Detection of S. pneumoniae and H. influenzae was highly associated
with symptoms, while detection of S. aureus and C. pneumoniae was predominant during
asymptomatic assessments. However, caution must be taken when extrapolating positive PCR
findings for bacteria, particularly in the absence of quantified pathogenic load, since most of
the bacteria detected during ARI are part of the airway commensal community. Although
pathogenic bacteria often reside harmlessly within the human nasopharynx, these organisms
have the potential to cause various diseases of the upper and lower respiratory tract such as
pneumonia, otitis media, sinusitis and self-limited bronchitis. However, what transforms these
bacteria from commensal to pathogenic infections is unknown [67].

To our knowledge, this is the first study to describe the prevalence of asymptomatic
detection of respiratory viruses in preterm infants. The clinical interpretation of positive PCR
results in asymptomatic infants have long been hampered by concerns that asymptomatic
detection of respiratory viruses may represent continued shedding from a recent infection [68]
or an incubation prior the emergence of symptoms [68]. We are aware that survival of viral
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nucleic acid in the airway may vary based on virus species identified [68-71]. However, others
have shown that prolonged shedding, >4 weeks, is unusual in infants and healthy children [72].
Additionally, the longitudinal nature of the present study and symptom-free windows kept both
before and after the control swab was taken, helped ensure that control specimens had not been
collected either in a recent convalescent or incubation period of an infant’s ARI, and minimised
the potential for the prolonged presence of viral nucleic acids during some of our asymptomatic
assessments. Therefore, the detection of respiratory viruses in asymptomatic infants is the
present study perhaps more likely to reflect an asymptomatic carriage. The validity of our
findings is supported by the consistency of the proportion of viral detection during
asymptomatic periods in our study (22.1 %) with the 23-28 % found in community-based
studies of both healthy and high-risk infants from other settings [65, 66, 73].

6.7 The clinical burden of respiratory pathogens in the first year following
very preterm birth

The occurrence of lower airway symptoms in our cohort was more likely to be
associated with the detection of RSV, H. influenzae and virus co-detection (Table 5.3). The
association of multiple viral infections and symptoms severity during ARI is documented in
term born infants [72, 74]. In our study, the detection of RSV was significantly more frequent
in infants with severe ARI, as reflected by significantly higher rates of detection in infants who
presented to the emergency department (20.6%, p=0.011) or were hospitalised (17.4%,
p=0.002) compared to those who were managed at home (1.0 %) (Table 5.4). The association
of RSV with severe ARI and greater need for hospitalisation is a consistent finding in most
previous studies of preterm infants in the first year of life, emphasising the importance of
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improving the current RSV prevention strategies among such infants [75-79]. Nevertheless,
our study indicates that numerous viruses including human metapneumovirus (hMPV),
parainfluenza and human coronavirus (hCoV) are detected frequently in preterm infants during
ARI, including severe illness requiring hospital admission.

The simultaneous detection of pathogenic bacteria with a respiratory virus was
associated with increased ARI’s severity in our cohort as indicated by a significantly higher
rate of detection during acute wheezing illnesses (51.9 %, p<0.001) (Table 5.3). Additionally,
60 % of the ARI episodes where infants required oxygen supplementation during hospital
admission were associated with viral-bacterial co-detection (Table 5.6). The association
between bacterial detection and increased severity of viral respiratory infection in young
children is gaining attention [80-82]. The exact interplay between viruses, bacteria and airway
immune responses are yet to be determined. Emerging experimental data indicates that
exposure of the airway epithelium to pathogenic bacteria, particularly H. influenzae, is
associated with increased susceptibility to viral infection and an altered inflammatory response
once infected with virus [83, 84]. Additionally, previous longitudinal studies affirm that early
life colonisation with S. pneumoniae and/or H. influenza in healthy term-born infants is
associated with increased risk of LRTI by the age of 3 years [85] and increased recurrent
wheeze during childhood and asthma at 5 years [86, 87]. It must be acknowledged that our
study is descriptive in nature and associations do not necessary imply causation. Therefore,
future mechanistic studies are essential to understand the dynamic nature of the lung
microbiome and the clinical significance of the complex interaction between airway pathogens
in defining the clinical severity of ARI, and to guide the development of novel preventative
and therapeutic approaches.
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6.8 Methodological limitations
We acknowledge some limitations to our study. Firstly, our sample size is smaller than
planned for this study. However, infants were recruited around the time of very preterm birth,
an extremely emotional and vulnerable time, which makes it difficult to approach some
families for participation, particularly those with very sick infants. Nevertheless, there was no
statistical difference between gestational age, birth weight or the duration of respiratory support
when recruited infants were compared to non-recruited (Table 3.1) or those who were lost to
follow-up (Table 3.2), and therefore our findings are unlikely to be biased by these factors.
The relatively small sample size might explain the lack of association with previously
identified predictors for poor respiratory outcomes following preterm birth such as gestational
age, histologically confirmed chorioamnionitis, number of siblings and exposure to tobacco
smoke. Furthermore, due to the low number of infants and short durations of day care
attendance (which was mainly toward the end of the follow-up) we were unable to assess the
association between day-care attendance and respiratory outcomes during the first year
following very preterm birth. Ideally, more infants should have been recruited in order to
reduce the risk of type II error (a failure of detect a group difference that may have been truly
present). However, a near significant p-value may not necessary become significant with a
bigger sample size [88]. Therefore, we avoid making any claims of trends toward significance
in the presentation of our results. All these factors are important to be considered when
interpreting our results, particularly group differences, which should be cautiously interpreted.
Future studies with larger sample size across multiple centres from different geographic
locations would provide further understanding of the burden of respiratory pathogens and
overall respiratory morbidity. Furthermore, we only included very preterm infants recruited
from a single centre, which may limit the generalisability of our findings to the broader preterm
population. Nevertheless, the study centre is the sole tertiary centre that provides state-wide
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maternity and neonatal healthcare to all preterm infants in a wide geographic area, allowing for
a high generalisability of the study results. Our study is also limited by the lack of term-born
control recruited at the same time as the very preterm group. However, the occurrence of cough
(97 %) is equivalent to that found in a large unselected prospective cohort of term-born infants
during the first year of life (93-94 %), whereas the occurrence of wheeze (76.4 %) is higher in
our cohort compared to term-born infants (35-46 %) [89, 90]. The incidence of ARI in our
preterm cohort (median 6.0 episodes) is consistent with that previously reported during the first
year of life in community-based studies of term-born infants (mean 5.0- 6.3 episodes) [35, 89,
91]. However, the reporting of lower respiratory tract symptoms during ARI (68.7 % vs. 33.4
%) including wheeze (63.1 % vs. 28.9 %) is more than two times higher in our cohort compared
to a high-risk birth cohort of term-born infants with family history of asthma and atopy, also
recruited in Perth [92]. Although reports on the epidemiology and burden of respiratory viruses
in non-hospitalised preterm infants are limited, our finding are in line with community based
studies of ARI in term-born infants confirming the important role of rhinovirus in paediatric
respiratory diseases [65, 66].

The lack of completed data on the duration of ARI is one of the limitations of the current
study. Several measures were taken to minimise the risk of both reporting and recall bias,
including reminders text messages and multiple phone calls between the monthly phone calls.
Families were also provided with a diary card to note down ARI symptoms whenever their
infants become symptomatic in order to minimise the risk of recall bias. Although the
adherence to the symptoms diary card was low, with only 10 (11.2 %) families returning a
completed diary, once families reported an ARI, the symptom data was entered into the
monthly questionnaire of that month to minimise recall bias. We are also aware that parent
perception of wheeze may result in over- or underestimation of the prevalence of wheeze.
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Nevertheless, parents were trained by the research doctor to recognise symptoms of interest in
order to minimise inaccuracy of reporting.in addition, reporting of respiratory symptoms is
used widely in community-based research [9, 18] and has a good repeatability and reliability,
supporting the validity of our findings [19, 20]. We are also aware that the incidence of ARI is
considerably influenced by the definition [93]. Therefore, we used a specific definition for ARI
including both URTI and LRTI without the inclusion of non-specific symptoms, which may
underestimate the number of ARI in our cohort, particularly those with non-specific symptoms
such as poor feeding or irritability. Getting further information on the duration of symptoms
during ARI would provide better description of the burden of ARI on infants and their families.
However, it would require more frequent contact with families which would be very
burdensome and may result in increased drop-out rate.

Our PCR findings were based on the detection of nucleic acids without commenting on
the load of detected pathogen, which may raise the question concerning the clinical relevance
of positive results. Nevertheless, the proportion of viruses and bacteria detected overall are
similar to previous community-based reports in term infants [65, 66, 94]. We were also unable
to recover any respiratory virus, bacteria and P. jirovecii from more than 10 % of nasal
specimens collected during ARI’s. Negative PCR findings during ARI could be explained by
poorer recovery of pathogen from nasal swabs compared to nasopharyngeal aspirates [95].
However, nasal swabs are less invasive, cause less distress to infants and their families and are
a more acceptable approach for community-based studies [96, 97]. Additionally, nasal swabs
have also been shown to yield an equivalent sensitivity of detection to nasopharyngeal
aspirates, particularly when using highly sensitive molecular diagnostic testing [98-100]. The
proportion of negative specimens in our study is comparable to that described previously in
similar community-based studies of term-born infants [18, 65, 101]. Therefore, infection with
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a respiratory pathogen that was not included in our PCR panel, particularly Moraxella
catarrhalis, or pathogens that are yet to be discovered are more likely contributors to negative
swabs in clinically unwell patients. This is especially possible as our PCR assay only included
one respiratory fungus and seven pathogenic bacteria, which may underestimate the frequency
and burden of other respiratory bacteria and fungi in the first year following very preterm birth.
sequence-based detection of other respiratory pathogens may uncover the complexity and
diversity of the lungs’ microbiome, and provide further insight into the epidemiology and
burden of respiratory pathogens not detected in the present study.

6.9 Future directions and concluding remarks
This thesis highlights the high burden of respiratory morbidity and respiratory
pathogens in the first year following very preterm birth. There are, however, a range of studies
required to guide the development of future evidence-based management of infants born
preterm. Improved characterisation of the extent of lung disease during the neonatal period
using a combination of biological, physiological and structural bedside measures that can be
easily and safely performed during infancy and then repeated during childhood would provide
more accurate and standardised definition of the complex multifactorial nature of lung disease
following preterm birth. The availability of dynamic lung function methods, combined with
imaging and biological measures that can capture and track lung disease from infancy
throughout childhood would provide an accurate identification and quantification of lung
disease prior to hospital discharge and would also offer the potential to accurately identify
infants at higher risk who may benefit from more structured respiratory follow-up with targeted
interventions, although the lack of effective preventative measures remains a challenge.
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Continued longitudinal follow-up of our cohort using biological, physiological and structural
measures to assess lung health and function will provide valuable insight into the long-term
impact of symptomatic and asymptomatic respiratory pathogens on lung health and function
later in life. Although the long-term implications of ARI during early life on lung health and
function following preterm birth are largely unknown, the predisposing role of viral infection,
particularly RSV, to suboptimal lung health and function in later childhood is increasingly
reported in the general population [102-104]. Long-term impact of rhinovirus-associated ARI
in preterm infants during early life is yet to be elucidated. However, rhinovirus might be of an
importance in the development of suboptimal lung health and function later in life considering
the ability of rhinovirus to induce prolonged and exaggerated inflammatory responses after in
preterm infants, particularly those with BPD [105, 106]. Preventing respiratory infection is
therefore, particularly important in preterm infants who are born with structural and functional
deficits of their respiratory function and often fail to reach optimal lung function during early
adulthood [107]. Only a few studies have provided longitudinal assessments of lung function
at multiple time-points throughout childhood and early adolescence. Although the nature of
airflow limitation observed in survivors of preterm birth is yet to be elucidated, findings from
our group have described declining lung function throughout childhood [55, 108]. Currently,
there is no effective vaccine or therapeutic treatment for rhinovirus, even in a vulnerable
population such as preterm infants. The genetic/antigenic diversity of rhinovirus, with more
than 150 strains/genotypes identified to date has complicated the development of effective
prophylactic interventions [109]. A successful cross-serotypes immunity against rhinovirus
would substantially reduce the burden of ARI among preterm infants, given that more than 44
% of ARI, 43 % of wheezing episodes and 28 % of hospitalization in our cohort were related
to rhinovirus. Anti-inflammatory intervention has been shown to reduce relapses of rhinovirusrelated wheeze in infants with high levels of eosinophilic inflammation and high risk of atopy
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[110], it is unclear if such approach would be effective in preterm infants with little evidence
of eosinophilic inflammation and low risk of atopy [31, 111]. Therefore, our finding highlights
the importance of developing a specific passive prophylactic or active therapeutic approaches
to minimize the burden of rhinoviruses and to prevent potential chronic respiratory morbidity.

There is also a large gap in the knowledge of the pathogenesis of prematurity associated
lung disease. Persistent airway inflammation might be an important candidate mechanism.
Markers of neutrophilic airway inflammation (neutrophils and IL-8 protein) in induced sputum
[32] addition to an elevated level of 8-isoprostane (a biomarker of oxidative stress) in exhaled
breath condensate [112] were described earlier in school-aged preterm children and
adolescents, respectively suggesting ongoing active airway disease. However, the clinical
significance of airway inflammation in preterm children and adolescents and whether airway
inflammation is chronic or intermittent are yet to be determined in adequately powered
longitudinal studies. Assessing markers of inflammation and oxidative stress was beyond the
scope of the current study. However, early life infection with respiratory pathogens may play
a role in setting-up such ongoing inflammation. Future longitudinal studies assessing airway
inflammation and correlates with respiratory symptoms may provide a better foundation for
research on the pathogenesis of prematurity-related wheeze and open new venues for more
targeted novel therapeutic approaches. Interventional approaches targeted towards neutrophilic
inflammation using anti-inflammatory macrolides such as azithromycin, which is effective in
other inflammatory lung diseases, might improve respiratory outcome following preterm birth
considering the neutrophilic phenotype of prematurity related-wheeze [113]. However, further
studies are needed to determine the effectiveness and safety of such potential therapies.

141

The development of culture-independent/ sequence-based bacterial identification
techniques has uncovered the complexity and diversity of the lungs’ microbiome, including
both commensal and potentially pathogenic bacteria, which have long been considered sterile,
and consequently improved our understanding of how alterations in the bacterial colonisation
pattern/composition of the lungs’ bacterial microbiome during early life can shape the immune
response to subsequent viral infection [114, 115]. Emerging experimental data indicate that
exposure of airway epithelium to pathogenic bacteria, particularly H. influenzae, is associated
with increased susceptibility and altered inflammatory response the epithelial cells to viral
infections [83, 84]. Additionally, previous longitudinal studies affirms that early life
colonization with S. pneumoniae and/or H. influenzae in healthy term-born infants is associated
with increased risks of LRTI by the age of 3 years [85] and childhood recurrent wheeze and
asthma at 5 years [86, 87]. A better understanding of the complex interaction between
pathogens’ interaction, the host immune response and the microbiome in defining the natural
course and potential respiratory morbidity following ARI is essential to guide the development
of novel preventative and therapeutic approaches.

6.10 Concluding remarks
The data presented in this thesis indicate that very preterm infants, irrespective of a
neonatal diagnosis of BPD, are subject to a substantial respiratory morbidity in the first year
following discharge from birth hospitalisation imposing a high burden of disease for infants,
parents and healthcare system. Although, individual healthcare and medication needs varied
significantly between infants with and without BPD, both groups experienced a heavy burden
of respiratory symptoms with and without ARI and required repeated acute clinical care for
respiratory indications. Although the prevention of very preterm birth remains the ideal way to
prevent respiratory morbidity, our findings highlight the importance of identifying modifiable
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risk factors that can be targeted to minimise the burden of respiratory morbidity in this highly
vulnerable population.

This study adds to the existing literature as the first prospective community-based study
providing comprehensive description of the burden of respiratory morbidity and respiratory
pathogens in the first year following very preterm birth. Studies aimed at understanding the
frequency and burden of ARI in preterm infants and the pathogens associated with those
illnesses in the community are limited by reliance on hospital-based surveillance. Adequate
collection and effective storage and transport of clinical specimens have long been the main
impediment for conducting respiratory research in the community. This thesis shows that
regular home-based collection and postage of anterior nasal swabs by parents is a feasible and
effective method for the detection of respiratory pathogens in the community: 89.9 % of the
enrolled infants completed 12-months of respiratory follow-up and 84.8 % completed 12months of both respiratory follow-up and nasal swabs collection. This study is also the first to
demonstrate a negative association between age at the time of first ARI and the risk of poor
respiratory outcome in the first year following very preterm birth, highlighting the important
role of ARI in respiratory morbidity among preterm infants.

Long-term impact of ARI and respiratory pathogens can only be ascertained through
longitudinal follow-up. Therefore, longitudinal follow-up of this cohort would be particularly
helpful to provide more insight on the long-term impact of ARI and the role of both
symptomatic and asymptomatic detection of respiratory pathogens on lung health and function
later in life. However, it is yet to be determined whether intensive follow-up identifies a
window of opportunity to intervene and improve trajectory of lung health and function in the
preterm population.

143

6.11 References
1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.
12.

13.

14.

Elder DE, Hagan R, Evans SF, Benninger HR, French NP: Recurrent wheezing in
very preterm infants. Archives of Disease in Childhood-Fetal and Neonatal Edition
1996, 74(3):F165-F171.
Blanken MO, Korsten K, Achten NB, Tamminga S, Nibbelke EE, Sanders EA et al:
Population-Attributable Risk of Risk Factors for Recurrent Wheezing in
Moderate Preterm Infants During the First Year of Life. Paediatric and perinatal
epidemiology 2016, 30(4):376-385.
de Mello RR, Dutra MVP, Lopes JMdA: Respiratory morbidity in the first year of
life of preterm infants discharged from a neonatal intensive care unit. Jornal de
pediatria 2004, 80(6):503-510.
Perez Perez G, Navarro Merino M, Romero Perez MM, Saenz Reguera C, Pons Tubio
A, Polo Padillo J: Respiratory morbidity after hospital discharge in premature
infants born at < or = 32 weeks gestation with bronchopulmonary dysplasia.
Anales de pediatria (Barcelona, Spain : 2003) 2004, 60(2):117-124.
Skromme K, Leversen KT, Eide GE, Markestad T, Halvorsen T: Respiratory illness
contributed significantly to morbidity in children born extremely premature or
with extremely low birthweights in 1999-2000. Acta paediatrica (Oslo, Norway :
1992) 2015, 104(11):1189-1198.
Saarenpää H-K, Tikanmäki M, Sipola-Leppänen M, Hovi P, Wehkalampi K, Siltanen
M et al: Lung function in very low birth weight adults. Pediatrics 2015:peds. 20142651.
Bentsen MH, Markestad T, Øymar K, Halvorsen T: Lung function at term in
extremely preterm-born infants: a regional prospective cohort study. BMJ open
2017, 7(10):e016868.
Verheggen M, Wilson AC, Pillow JJ, Stick SM, Hall GL: Respiratory function and
symptoms in young preterm children in the contemporary era. Pediatric
pulmonology 2016, 51(12):1347-1355.
Pramana IA, Latzin P, Schlapbach LJ, Hafen G, Kuehni C, Nelle M et al: Respiratory
symptoms in preterm infants: burden of disease in the first year of life. European
journal of medical research 2011, 16(5):223.
Skromme K, Vollsæter M, Øymar K, Markestad T, Halvorsen T: Respiratory
morbidity through the first decade of life in a national cohort of children born
extremely preterm. BMC pediatrics 2018, 18(1):102.
Jobe AH, Bancalari E: Bronchopulmonary Dysplasia. American journal of
respiratory and critical care medicine 2001, 163(7):1723-1729.
Poindexter BB, Feng R, Schmidt B, Aschner JL, Ballard RA, Hamvas A et al:
Comparisons and Limitations of Current Definitions of Bronchopulmonary
Dysplasia for the Prematurity and Respiratory Outcomes Program. Annals of the
American Thoracic Society 2015, 12(12):1822-1830.
Isayama T, Lee SK, Yang J, et al.: Revisiting the definition of bronchopulmonary
dysplasia: Effect of changing panoply of respiratory support for preterm
neonates. JAMA Pediatrics 2017, 171(3):271-279.
Quine D, Wong CM, Boyle EM, Jones JG, Stenson BJ: Non-invasive measurement
of reduced ventilation:perfusion ratio and shunt in infants with
bronchopulmonary dysplasia: a physiological definition of the disease. Archives of
disease in childhood Fetal and neonatal edition 2006, 91(6):F409-F414.

144

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Higgins RD, Jobe AH, Koso-Thomas M, Bancalari E, Viscardi RM, Hartert TV et al:
Bronchopulmonary Dysplasia: Executive Summary of a Workshop. The Journal of
Pediatrics 2018, 197:300-308.
Kuehni C, Brooke A, Silverman M: Prevalence of wheeze during childhood:
retrospective and prospective assessment. European Respiratory Journal 2000,
16(1):81-85.
Shanmugam S, Nathan AM, Zaki R, Tan KE, Eg KP, Thavagnanam S et al: Parents
are poor at labelling wheeze in children: a cross-sectional study. BMC pediatrics
2016, 16:80-80.
Lambert SB, Allen KM, Nolan TM: Parent-collected respiratory specimens—A
novel method for respiratory virus and vaccine efficacy research. Vaccine 2008,
26(15):1826-1831.
Strippoli M-PF, Silverman M, Michel G, Kuehni CE: A parent-completed
respiratory questionnaire for 1-year-old children: repeatability. Archives of
disease in childhood 2007, 92(10):861-865.
Chang AB, Gaffney JT, Eastburn MM, Faoagali J, Cox NC, Masters IB: Cough quality
in children: a comparison of subjective vs. bronchoscopic findings. Respiratory
Research 2005, 6(1):3.
Smith VC, Zupancic JA, McCormick MC, Croen LA, Greene J, Escobar GJ et al:
Rehospitalization in the first year of life among infants with bronchopulmonary
dysplasia. The Journal of pediatrics 2004, 144(6):799-803.
Lamarche‐Vadel A, Blondel B, Truffert P, Burguet A, Cambonie G, Selton D et al: Re‐
hospitalization in infants younger than 29 weeks’ gestation in the EPIPAGE
cohort. Acta Paediatrica 2004, 93(10):1340-1345.
Alexander KE, Brijnath B, Mazza D: Parents' decision making and access to
preventive healthcare for young children: applying A ndersen's M odel. Health
Expectations 2015, 18(5):1256-1269.
Schmidt B, Asztalos EV, Roberts RS, Robertson CM, Sauve RS, Whitfield MF: Impact
of bronchopulmonary dysplasia, brain injury, and severe retinopathy on the
outcome of extremely low-birth-weight infants at 18 months: results from the trial
of indomethacin prophylaxis in preterms. Jama 2003, 289(9):1124-1129.
Halterman JS, Lynch KA, Conn KM, Hernandez TE, Perry TT, Stevens TP:
Environmental exposures and respiratory morbidity among very low birth weight
infants at 1 year of life. Archives of disease in childhood 2009, 94(1):28-32.
Caskey S, Gough A, Rowan S, Gillespie S, Clarke J, Riley M et al: Structural and
Functional Lung Impairment in Adult Survivors of Bronchopulmonary
Dysplasia. Annals of the American Thoracic Society 2016, 13(8):1262-1270.
Kotecha SJ, Edwards MO, Watkins WJ, Lowe J, Henderson AJ, Kotecha S: Effect of
bronchodilators on forced expiratory volume in 1 s in preterm-born participants
aged 5 and over: a systematic review. Neonatology 2015, 107(3):231-240.
Clouse BJ, Jadcherla SR, Slaughter JL: Systematic review of inhaled bronchodilator
and corticosteroid therapies in infants with bronchopulmonary dysplasia:
implications and future directions. PloS one 2016, 11(2):e0148188.
Wong PM, Lees AN, Louw J, Lee FY, French N, Gain K et al: Emphysema in young
adult survivors of moderate-to-severe bronchopulmonary dysplasia. European
Respiratory Journal 2008, 32(2):321-328.
Filippone M, Bonetto G, Corradi M, Frigo AC, Baraldi E: Evidence of unexpected
oxidative stress in airways of adolescents born very pre-term. The European
respiratory journal 2012, 40(5):1253-1259.

145

31.

32.

33.

34.
35.

36.

37.

38.

39.
40.

41.
42.

43.

44.

45.

46.
47.

Baraldi E, Bonetto G, Zacchello F, Filippone M: Low exhaled nitric oxide in schoolage children with bronchopulmonary dysplasia and airflow limitation. American
journal of respiratory and critical care medicine 2005, 171(1):68-72.
Teig N, Allali M, Rieger C, Hamelmann E: Inflammatory markers in induced
sputum of school children born before 32 completed weeks of gestation. J Pediatr
2012, 161(6):1085-1090.
Wong CA, Walsh LJ, Smith CJ, Wisniewski AF, Lewis SA, Hubbard R et al: Inhaled
corticosteroid use and bone-mineral density in patients with asthma. Lancet
(London, England) 2000, 355(9213):1399-1403.
Suissa S: Number needed to treat in COPD: exacerbations versus pneumonias.
Thorax 2013, 68(6):540-543.
Sarna M, Ware RS, Sloots TP, Nissen MD, Grimwood K, Lambert SB: The burden of
community-managed acute respiratory infections in the first 2-years of life.
Pediatric Pulmonology 2016, 51(12):1336-1346.
Bonner AB, Monroe KW, Talley LI, Klasner AE, Kimberlin DW: Impact of the rapid
diagnosis of influenza on physician decision-making and patient management in
the pediatric emergency department: results of a randomized, prospective,
controlled trial. Pediatrics 2003, 112(2):363-367.
Byington CL, Castillo H, Gerber K, Daly JA, Brimley LA, Adams S et al: The effect
of rapid respiratory viral diagnostic testing on antibiotic use in a children's
hospital. Arch Pediatr Adolesc Med 2002, 156(12):1230-1234.
Keller RL, Feng R, DeMauro SB, Ferkol T, Hardie W, Rogers EE et al:
Bronchopulmonary Dysplasia and Perinatal Characteristics Predict 1-Year
Respiratory Outcomes in Newborns Born at Extremely Low Gestational Age: A
Prospective Cohort Study. The Journal of pediatrics 2017, 187:89-97.e83.
Ito M, Tamura M, Namba F, Japan NRNo: Role of sex in morbidity and mortality of
very premature neonates. Pediatrics International 2017, 59(8):898-905.
Mohey R, Johnsen SP, Andersen PL, Sørensen HT, Østergaard L: Gender differences
in hospitalization rates for respiratory tract infections in Danish youth AU Jensen-fangel, Søren. Scandinavian Journal of Infectious Diseases 2004, 36(1):31-36.
vom Steeg LG, Klein SL: Sex and sex steroids impact influenza pathogenesis across
the life course. Seminars in Immunopathology 2018.
Stocks J, Henschen M, Hoo AF, Costeloe K, Dezateux C: Influence of ethnicity and
gender on airway function in preterm infants. Am J Respir Crit Care Med 1997,
156(6):1855-1862.
Carey MA, Card JW, Voltz JW, Arbes Jr SJ, Germolec DR, Korach KS et al: It's all
about sex: male-female differences in lung development and disease. Trends in
endocrinology and metabolism: TEM 2007, 18(8):308.
Boezen HM, Jansen DF, Postma DS: Sex and gender differences in lung
development and their clinical significance. Clinics in chest medicine 2004,
25(2):237-245.
Falagas ME, Mourtzoukou EG, Vardakas KZ: Sex differences in the incidence and
severity of respiratory tract infections. Respiratory medicine 2007, 101(9):18451863.
Xu X-F, Li Y-J, Sheng Y-J, Liu J-L, Tang L-F, Chen Z-M: Effect of low birth weight
on childhood asthma: a meta-analysis. BMC pediatrics 2014, 14:275.
Lowe J, Kotecha SJ, Watkins WJ, Kotecha S: Effect of fetal and infant growth on
respiratory symptoms in preterm‐born children. Pediatric pulmonology 2018,
53(2):189-196.

146

48.

49.

50.

51.
52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

Broughton S, Sylvester KP, Fox G, Zuckerman M, Smith M, Milner AD et al: Lung
function in prematurely born infants after viral lower respiratory tract infections.
The Pediatric infectious disease journal 2007, 26(11):1019-1024.
Greenough A, Alexander J, Boit P, Boorman J, Burgess S, Burke A et al: School age
outcome of hospitalisation with respiratory syncytial virus infection of
prematurely born infants. Thorax 2009, 64(6):490-495.
Martinez FD, Morgan WJ, Wright AL, Holberg C, Taussig LM: Initial airway
function is a risk factor for recurrent wheezing respiratory illnesses during the
first three years of life. Am Rev Resp Dis 1991, 143(2):312-316.
Turner SW, Young S, Landau LI, Le Souëf PN: Reduced lung function both before
bronchiolitis and at 11 years. Archives of disease in childhood 2002, 87(5):417-420.
Drysdale SB, Lo J, Prendergast M, Alcazar M, Wilson T, Zuckerman M et al: Lung
function of preterm infants before and after viral infections. Eur J Pediatr 2014,
173(11):1497-1504.
Drysdale SB, Prendergast M, Alcazar M, Wilson T, Smith M, Zuckerman M et al:
Genetic predisposition of RSV infection-related respiratory morbidity in preterm
infants. European journal of pediatrics 2014, 173(7):905-912.
Melville JM, Moss TJ: The immune consequences of preterm birth. Frontiers in
neuroscience 2013, 7:79.
Simpson SJ, Turkovic L, Wilson AC, Verheggen M, Logie KM, Pillow JJ et al: Lung
function trajectories throughout childhood in survivors of very preterm birth: a
longitudinal cohort study. The Lancet Child & Adolescent Health 2018, 2(5):350-359.
Rantala AK, Jaakkola MS, Mäkikyrö EMS, Hugg TT, Jaakkola JJK: Early
Respiratory Infections and the Development of Asthma in the First 27 Years of
Life. American journal of epidemiology 2015, 182(7):615-623.
Chan JYC, Stern DA, Guerra S, Wright AL, Morgan WJ, Martinez FD: Pneumonia in
Childhood and Impaired Lung Function in Adults: A Longitudinal Study.
Pediatrics 2015, 135(4):607-616.
Homaira N, Briggs N, Pardy C, Hanly M, Oei J-L, Hilder L et al: Association between
respiratory syncytial viral disease and the subsequent risk of the first episode of
severe asthma in different subgroups of high-risk Australian children: a whole-ofpopulation-based cohort study. BMJ Open 2017, 7(11):e017936.
Pittman JE, Calloway EH, Kiser M, Yeatts J, Davis SD, Drumm ML et al: Age of
Pseudomonas aeruginosa acquisition and subsequent severity of cystic fibrosis
lung disease. Pediatric pulmonology 2011, 46(5):497-504.
Byrnes CA, Vidmar S, Cheney JL, Carlin JB, Armstrong DS, Cooper PJ et al:
Prospective evaluation of respiratory exacerbations in children with cystic fibrosis
from newborn screening to 5 years of age. Thorax 2013, 68(7):643-651.
Smith SMS, Sonego S, Wallen GR, Waterer G, Cheng AC, Thompson P: Use of nonpharmaceutical interventions to reduce the transmission of influenza in adults: A
systematic review. Respirology (Carlton, Vic) 2015, 20(6):896-903.
Bachrach V, Schwarz E, Bachrach L: Breastfeeding and the risk of hospitalization
for respiratory disease in infancy: A meta-analysis. Archives of Pediatrics &
Adolescent Medicine 2003, 157(3):237-243.
Nichol KL, Mallon KP, Mendelman PM: Cost benefit of influenza vaccination in
healthy, working adults: an economic analysis based on the results of a clinical
trial of trivalent live attenuated influenza virus vaccine. Vaccine 2003, 21(1718):2207-2217.

147

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.

74.

75.

76.

77.

78.

Broughton S, Roberts A, Fox G, Pollina E, Zuckerman M, Chaudhry S et al:
Prospective study of healthcare utilisation and respiratory morbidity due to RSV
infection in prematurely born infants. Thorax 2005, 60(12):1039-1044.
Kusel MM, de Klerk NH, Holt PG, Kebadze T, Johnston SL, Sly PD: Role of
respiratory viruses in acute upper and lower respiratory tract illness in the first
year of life: a birth cohort study. The Pediatric infectious disease journal 2006,
25(8):680-686.
Sarna M, Lambert SB, Sloots TP, Whiley DM, Alsaleh A, Mhango L et al: Viruses
causing lower respiratory symptoms in young children: findings from the
ORChID birth cohort. Thorax 2018, 73(10):969-979.
Margolis E, Yates A, Levin BR: The ecology of nasal colonization of Streptococcus
pneumoniae, Haemophilus influenzae and Staphylococcus aureus: the role of
competition and interactions with host's immune response. BMC microbiology
2010, 10:59.
Winther B, Hayden FG, Hendley JO: Picornavirus infections in children diagnosed
by RT-PCR during longitudinal surveillance with weekly sampling: Association
with symptomatic illness and effect of season. Journal of medical virology 2006,
78(5):644-650.
Regamey N, Kaiser L, Roiha HL, Deffernez C, Kuehni CE, Latzin P et al: Viral
etiology of acute respiratory infections with cough in infancy: a community-based
birth cohort study. Pediatr Infect Dis J 2008, 27(2):100-105.
Jartti T, Lehtinen P, Vuorinen T, Koskenvuo M, Ruuskanen O: Persistence of
rhinovirus and enterovirus RNA after acute respiratory illness in children. Journal
of medical virology 2004, 72(4):695-699.
Martin ET, Kuypers J, McRoberts JP, Englund JA, Zerr DM: Human Bocavirus 1
Primary Infection and Shedding in Infants. J Infect Dis 2015, 212(4):516-524.
Jartti T, Lee W-M, Pappas T, Evans M, Lemanske RF, Gern JE: Serial viral infections
in infants with recurrent respiratory illnesses. European Respiratory Journal 2008,
32(2):314-320.
Jansen RR, Wieringa J, Koekkoek SM, Visser CE, Pajkrt D, Molenkamp R et al:
Frequent Detection of Respiratory Viruses without Symptoms: Toward Defining
Clinically Relevant Cutoff Values. Journal of Clinical Microbiology 2011,
49(7):2631-2636.
van der Zalm MM, van Ewijk BE, Wilbrink B, Uiterwaal CS, Wolfs TF, van der Ent
CK: Respiratory pathogens in children with and without respiratory symptoms. J
Pediatr 2009, 154(3):396-400, 400.e391.
Klein MI, Coviello S, Bauer G, Benitez A, Serra ME, Schiatti MP et al: The Impact
of Infection with Human Metapneumovirus and Other Respiratory Viruses in
Young Infants and Children at High Risk for Severe Pulmonary Disease. The
Journal of Infectious Diseases 2006, 193(11):1544-1551.
Yeo KT, de la Puerta R, Tee NWS, Thoon KC, Rajadurai VS, Yung CF: Burden,
Etiology, and Risk Factors of Respiratory Virus Infections Among Symptomatic
Preterm Infants in the Tropics: A Retrospective Single-Center Cohort Study.
Clinical Infectious Diseases 2018:ciy311-ciy311.
Miller EK, Bugna J, Libster R, Shepherd BE, Scalzo PM, Acosta PL et al: Human
Rhinoviruses in Severe Respiratory Disease in Very Low Birth Weight Infants.
Pediatrics 2012, 129(1):e60-e67.
Anderson EJ, Simões EAF, Buttery JP, Dennehy PH, Domachowske JB, Jensen K et
al: Prevalence and Characteristics of Human Metapneumovirus Infection Among

148

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Hospitalized Children at High Risk for Severe Lower Respiratory Tract Infection.
Journal of the Pediatric Infectious Diseases Society 2012, 1(3):212-222.
Olabarrieta I, Gonzalez-Carrasco E, Calvo C, Pozo F, Casas I, García-García M:
Hospital admission due to respiratory viral infections in moderate preterm, late
preterm and term infants during their first year of life. Allergologia et
immunopathologia 2015, 43(5):469-473.
de Steenhuijsen Piters WA, Heinonen S, Hasrat R, Bunsow E, Smith B, Suarez-Arrabal
MC et al: Nasopharyngeal Microbiota, Host Transcriptome, and Disease Severity
in Children with Respiratory Syncytial Virus Infection. American journal of
respiratory and critical care medicine 2016, 194(9):1104-1115.
Suarez-Arrabal MC, Mella C, Lopez SM, Brown NV, Hall MW, Hammond S et al:
Nasopharyngeal bacterial burden and antibiotics: Influence on inflammatory
markers and disease severity in infants with respiratory syncytial virus
bronchiolitis. The Journal of infection 2015, 71(4):458-469.
Verkaik NJ, Nguyen DT, de Vogel CP, Moll HA, Verbrugh HA, Jaddoe VW et al:
Streptococcus pneumoniae exposure is associated with human metapneumovirus
seroconversion and increased susceptibility to in vitro HMPV infection. Clinical
microbiology and infection : the official publication of the European Society of Clinical
Microbiology and Infectious Diseases 2011, 17(12):1840-1844.
Gulraiz F, Bellinghausen C, Bruggeman CA, Stassen FR: Haemophilus influenzae
increases the susceptibility and inflammatory response of airway epithelial cells to
viral infections. The FASEB Journal 2014, 29(3):849-858.
Bellinghausen C, Gulraiz F, Heinzmann ACA, Dentener MA, Savelkoul PHM,
Wouters EF et al: Exposure to common respiratory bacteria alters the airway
epithelial response to subsequent viral infection. Respiratory Research 2016,
17(1):68.
Vissing NH, Chawes BL, Bisgaard H: Increased risk of pneumonia and bronchiolitis
after bacterial colonization of the airways as neonates. American journal of
respiratory and critical care medicine 2013, 188(10):1246-1252.
Bisgaard H, Hermansen MN, Buchvald F, Loland L, Halkjaer LB, Bønnelykke K et al:
Childhood asthma after bacterial colonization of the airway in neonates. New
England Journal of Medicine 2007, 357(15):1487-1495.
Teo Shu M, Mok D, Pham K, Kusel M, Serralha M, Troy N et al: The Infant
Nasopharyngeal Microbiome Impacts Severity of Lower Respiratory Infection
and Risk of Asthma Development. Cell Host & Microbe 2015, 17(5):704-715.
Wood J, Freemantle N, King M, Nazareth I: Trap of trends to statistical significance:
likelihood of near significant P value becoming more significant with extra data.
BMJ : British Medical Journal 2014, 348:g2215.
von Linstow M-L, Holst KK, Larsen K, Koch A, Andersen PK, Høgh B: Acute
respiratory symptoms and general illness during the first year of life: A
population-based birth cohort study. Pediatric Pulmonology 2008, 43(6):584-593.
Latzin P, Frey U, Roiha H, Baldwin D, Regamey N, Strippoli MP et al: Prospectively
assessed incidence, severity, and determinants of respiratory symptoms in the first
year of life. Pediatric pulmonology 2007, 42(1):41-50.
van der Zalm MM, Uiterwaal CSPM, Wilbrink B, de Jong BM, Verheij TJM, Kimpen
JLL et al: Respiratory Pathogens in Respiratory Tract Illnesses During the First
Year of Life. The Pediatric Infectious Disease Journal 2009, 28(6):472-476.
Kusel MM, de Klerk N, Holt PG, Landau LI, Sly PD: Occurrence and management
of acute respiratory illnesses in early childhood. Journal of paediatrics and child
health 2007, 43(3):139-146.

149

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Zoch B, Gunther A, Karch A, Mikolajczyk R: Effect of Disease Definition on
Perceived Burden of Acute Respiratory Infections in Children: A Prospective
Cohort Study Based on Symptom Diaries. Pediatr Infect Dis J 2017, 36(10):956961.
Tsai MH, Huang SH, Chen CL, Chiu CY, Hua MC, Liao SL et al: Pathogenic bacterial
nasopharyngeal colonization and its impact on respiratory diseases in the first
year of life: the PATCH Birth Cohort Study. Pediatr Infect Dis J 2015, 34(6):652658.
Chan KH, Peiris JS, Lim W, Nicholls JM, Chiu SS: Comparison of nasopharyngeal
flocked swabs and aspirates for rapid diagnosis of respiratory viruses in children.
Journal of clinical virology : the official publication of the Pan American Society for
Clinical Virology 2008, 42(1):65-69.
Meerhoff TJ, Houben ML, Coenjaerts FE, Kimpen JL, Hofland RW, Schellevis F et al:
Detection of multiple respiratory pathogens during primary respiratory infection:
nasal swab versus nasopharyngeal aspirate using real-time polymerase chain
reaction. European journal of clinical microbiology & infectious diseases : official
publication of the European Society of Clinical Microbiology 2010, 29(4):365-371.
Lambert SB, Whiley DM, O'Neill NT, Andrews EC, Canavan FM, Bletchly C et al:
Comparing nose-throat swabs and nasopharyngeal aspirates collected from
children with symptoms for respiratory virus identification using real-time
polymerase chain reaction. Pediatrics 2008, 122(3):e615-620.
Loens K, Van Heirstraeten L, Malhotra-Kumar S, Goossens H, Ieven M: Optimal
sampling sites and methods for detection of pathogens possibly causing
community-acquired lower respiratory tract infections. Journal of clinical
microbiology 2009, 47(1):21-31.
Heikkinen T, Marttila J, Salmi AA, Ruuskanen O: Nasal Swab versus
Nasopharyngeal Aspirate for Isolation of Respiratory Viruses. Journal of Clinical
Microbiology 2002, 40(11):4337-4339.
Spencer S, Gaglani M, Naleway A, Reynolds S, Ball S, Bozeman S et al: Consistency
of Influenza A Virus Detection Test Results across Respiratory Specimen
Collection Methods Using Real-Time Reverse Transcription-PCR. Journal of
Clinical Microbiology 2013, 51(11):3880-3882.
Zoch-Lesniak B, Ware RS, Grimwood K, Lambert SB: The Respiratory Specimen
Collection Trial (ReSpeCT): A Randomized Controlled Trial to Compare Quality
and Timeliness of Respiratory Sample Collection in the Home by Parents and
Healthcare Workers From Children Aged &lt;2 Years. Journal of the Pediatric
Infectious Diseases Society 2019.
Mauskopf J, Margulis AV, Samuel M, Lohr KN: Respiratory syncytial virus
hospitalizations in healthy preterm infants: systematic review. The Pediatric
infectious disease journal 2016, 35(7):e229.
Escobar GJ, Ragins A, Li SX, Prager L, Masaquel AS, Kipnis P: Recurrent wheezing
in the third year of life among children born at 32 weeks' gestation or later:
relationship to laboratory-confirmed, medically attended infection with
respiratory syncytial virus during the first year of life. Archives of pediatrics &
adolescent medicine 2010, 164(10):915-922.
Carbonell-Estrany X, Pérez-Yarza EG, García LS, Cabañas JMG, Bòria EV, Atienza
BB: Long-term burden and respiratory effects of respiratory syncytial virus
hospitalization in preterm infants—the SPRING study. PLoS One 2015,
10(5):e0125422.

150

105.

106.

107.

108.
109.
110.

111.

112.

113.

114.
115.

Perez GF, Pancham K, Huseni S, Jain A, Rodriguez-Martinez CE, Preciado D et al:
Rhinovirus-induced airway cytokines and respiratory morbidity in severely
premature children. Pediatric allergy and immunology : official publication of the
European Society of Pediatric Allergy and Immunology 2015, 26(2):145-152.
Megalaa R, Huseni S, Pancham K, Perez GF, Rodriguez-Martinez CE, Kilaikode S et
al: Premature Infants Have An Intrinsic Airway Secretory Signature
Characterized By Enhanced Production Of Airway Remodeling Growth Factors.
In: B98 SIGNALING, REMODELING AND CONTRACTION IN THE AIRWAY.
Volume 193, edn.: Am Thoracic Soc; 2016: A4313.
Townsi N, Laing IA, Hall GL, Simpson SJ: The impact of respiratory viruses on
lung health after preterm birth. European Clinical Respiratory Journal 2018,
5(1):1487214.
Chambers DC: Lung Function in Ex-preterm Adults. American journal of
respiratory and critical care medicine 2009, 179(6):517-517.
Lewis-Rogers N, Seger J, Adler FR: Human Rhinovirus Diversity and Evolution:
How Strange the Change from Major to Minor. Journal of Virology 2017, 91(7).
Jartti T, Lehtinen P, Vanto T, Hartiala J, Vuorinen T, Makela MJ et al: Evaluation of
the efficacy of prednisolone in early wheezing induced by rhinovirus or
respiratory syncytial virus. Pediatr Infect Dis J 2006, 25(6):482-488.
Barbarot S, Gras-Leguen C, Colas H, Garrot E, Darmaun D, Larroque B et al: Lower
risk of atopic dermatitis among infants born extremely preterm compared with
higher gestational age. The British journal of dermatology 2013, 169(6):1257-1264.
Filippone M, Bonetto G, Corradi M, Frigo AC, Baraldi E: Evidence of unexpected
oxidative stress in airways of adolescents born very pre-term. European
Respiratory Journal 2012, 40(5):1253-1259.
Nair V, Loganathan P, Soraisham AS: Azithromycin and other macrolides for
prevention of bronchopulmonary dysplasia: a systematic review and metaanalysis. Neonatology 2014, 106(4):337-347.
Hilty M, Burke C, Pedro H, Cardenas P, Bush A, Bossley C et al: Disordered
Microbial Communities in Asthmatic Airways. PLOS ONE 2010, 5(1):e8578.
O'Dwyer DN, Dickson RP, Moore BB: The Lung Microbiome, Immunity, and the
Pathogenesis of Chronic Lung Disease. Journal of immunology (Baltimore, Md :
1950) 2016, 196(12):4839-4847.

151

Appendices

152

Appendix A

The impact of respiratory viruses on lung health
after preterm birth

153

EUROPEAN CLINICAL RESPIRATORY JOURNAL
2018, VOL. 5, 1487214
https://doi.org/10.1080/20018525.2018.1487214

REVIEW ARTICLE

The impact of respiratory viruses on lung health after preterm birth
Nada Townsia,b,c , Ingrid A. Lainga,d, Graham L. Halla,e,f and Shannon J. Simpson a,e
aChildren’s

Lung Health, Telethon Kids Institute, Perth, Australia; bDivision Paediatrics, University of Western Australia,
Perth, Australia; c Department of Higher Education, Ministry of Education, Riyadh, Saudi Arabia; dSchool of Biomedical
Sciences, University of Western Australia, Perth, Australia; eSchool of Physiotherapy and Exercise Science, Curtin
University, Perth, Australia; f Centre of Child Health Research, University of Western, Perth, Australia

ABSTRACT

ARTICLE HISTORY

Children born preterm, less than 37 w eeks’ gestation, are at increased risk of viral respiratory
infections and associated complications both during their initial birth hospitalisation and in their first
years follow ing discharge. This increased burden of viral respiratory infections is likely to have long
term implications for lung health and function in individuals born preterm, particularly those w ith
bronchopulmonary dysplasia. Several hypotheses have been put forw ard to explain the association betw een early life viral respiratory infection and development of suboptimal lung health and
function later in life follow ing preterm birth. Although preterm infants w ith diminished lung function,
particularly small airw ays, might be particularly susceptible to asthma and w heezing disorders
follow ing viral infection, there is evidence that respiratory viruses can activate number of inflamma tory and airw ay re-modelling pathw ays. Therefore, the aim of this review is to highlight the perinatal
and early life risk factors that may contribute to increased susceptibility to viral respiratory infections
among preterm infants during early life and to understand how respiratory viral infection may
influence the development of abnormal lung health and function later in life.

Receiv ed 5 December 2017

Preterm birth and bronchopulmonary
dysplasia: an immature system
Every year, more than 11% of children are born preterm; equating to an estimated 15 million of the global
population. Complications of prematurity underlie more
than half of all neonatal deaths worldwide, such that over
one million infants die each year due to complications of
preterm birth [1]. For those who survive the neonatal
period, many face a lifetime of ongoing health problems
with a substantially increased risk of significant
respiratory morbidity that persists through life [2–4].
The risk and severity of lifelong morbidity and mortality
are accentuated by the level of prematurity [5,6], birth
weight [6] and the presence of bronchopulmonary
dysplasia (BPD) [7].
Chronic lung disease of prematurity, or BPD, was first
described by Northway over 50 years ago as a severe
pulmonary disease primarily caused by aggressive
mechanical ventilation and prolonged exposure to high
oxygen concentration in an era before the widespread use
of antenatal steroid and postnatal surfactant [8]. The
significant advances in neonatal care over the last decades
have resulted in increased survival at lower gestational age
and consequently a profound change in the clinical

CONTACT Shannon J. Simpson

Shannon.simpson@telethonkids.org.au

154

Accepted 3 June 2018

KEYWORDS
Viruses; respiratory infection;
preterm; lung; infants;
bronchopulmonary dysplasia

and pathological characteristics of BPD; leading to the
emergence of ‘new’ BPD [9–11]. New BPD is classified
in infants born <32 weeks gestation, based on the
require-ment for supplemental oxygen for at least 28
days after birth, with severity assessed at 36 weeks postmenstrual age [11]. Unlike the older description of
progressive fibroproliferative disease [8], new BPD is
characterised by premature interruption of alveolar and
micro-vascular maturation leading to fewer, immature,
larger and more simplified alveoli along with
dysmorphic pulmonary vas-cular development [10, 12].
Alongside the structural immaturity associated with
preterm birth and subsequent development of BPD,
many preterm infants have insufficient production and
composition of pulmonary surfactant [13]. Surfactant is
crucial for maintaining alveolar functional stability
through lowering surface tension at the air–liquid interface and, thereby preventing lung collapse at end-expiration [13]. The biological role of surfactant, however, in
modulating and maintaining pulmonary host defence
against infection and inflammation has become increasingly recognised [14], with several studies reporting
increased risk of infection and inflammation in termborn children and adults with surfactant deficiency or
inactivation (Figure 1) [15,16].
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Figure 1. Schematic diagram showing pathways whereby exposure to perinatal and early postnatal influences
associated with preterm birth may result in diminished immune responses and inc reased susceptibility to acute
respiratory infection and thereby, increased vulnerability to suboptimal lung health and function later in life.

In addition to pulmonary structural and functional
immaturity, preterm birth is also associated with
developmental immaturity of innate and adaptive
immune systems as well as a significant lack in
the functional interaction between the two
systems as outlined in Figure 1. During early life,
all infants rely heavily upon maternally
transferred antibodies as well as components of
the innate immune system as a first line of defence
and protection against invading pathogens due to
the relative immaturity of the pathogen-specific
adaptive immunity, which gradually develops
after birth [17–19]. However, these defences
against pathogens are severely compromised in
preterm infants [20]. Features of immaturity of
innate immunity following preterm birth
including a smaller pool of effector cells
(neutrophils, monocytes, natural killer cells and
antigen presenting cells) and

lower levels of inflammatory cytokines have been
reported by several studies [18,21,22]. In
addition, the levels of antigen specific
immunoglobulins are substantially reduced in
preterm infants, since these antibodies are largely
transferred across the placenta during the third
trimester, particularly after the 32nd week of
gestation [23]. Preterm birth is also associated
with limited production and function of
antimicrobial proteins, peptidases and soluble
cytokines [22,24,25].
Other perinatal and neonatal factors associated
with preterm birth have also been associated with
altered immune programming during early life,
which may result in lifelong adverse immune
consequences among survivor of preterm birth
[18]. Exposure to perinatal infection and
intrauterine inflammation have been associated
with increased production of inflammatory
cytokines and
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premature activation of the immune system which
can skew immune responses toward a
hyporesponsive (tolerant) phenotype and result in
long-term immune programming effects [26,27].
Similarly, exposure to other non-infectious
influences including oxidative stress and shear
forces generated from supplemental oxygen and
mechanical ventilation have also been associated
with increased secretion of pro-inflammatory
cytokines resulting in sustained systematic
inflammation and which can further compromise
immune responses [18]. Diminished ability to detect
and eliminate viruses and other pathogens due to
reduction in the number of circulating lymphocytes
have also observed in preterm infants following
antenatal corticosteroid administration, a wellestablished practise to improve foetal lung
maturation and reduce pulmonary complications
when preterm labour is suspected (Figure 1) [28].
The disruption to lung development and diminished
immune responses place survivors of preterm birth,
at increased risk of severe respiratory infection
during early life. Early-life exposure to such
pathogens is likely to have lifelong respiratory
consequences. Indeed, even in healthy term-born
infants, hospitalisation with acute respiratory
viruses in early life is associated with increased rates
of childhood asthma, wheezing disorders and
suboptimal lung function [29–31]. While preterm
infants are often labelled as asthmatic, the
underlying mechanisms of pre-maturity associated
wheeze are likely to be different [32] although the
long-term implications of exposure to acute
respiratory viruses during early life remains to be
elucidated in the preterm population. The following
sections will review what is known about the burden
and consequences of early-life infection with
respiratory viruses among preterm infants.

Viral infection in preterm infants during
the birth hospitalisation
The role of immature respiratory and immune
systems has a critical impact on susceptibility to
nosocomial infections and infection-related
complications during the birth hospitalisation
[33]. Although bacterial out-break has long been
the main focus of nosocomial infection during the
neonatal period, previous studies have
demonstrated that viral outbreaks can contribute
to an equivalent level of mortality (6.4% vs.
7.17% respectively) [33,34]. The role of viruses
in nosocomial infection has become increasingly

recognised, with several studies showing that 20
to 50% of very preterm infants, born at ≤ 32
weeks’ gestation, acquired a nosocomial infection
with a respiratory virus during their birth
hospitalisation, often in the absence of clinical
indicators of respiratory illnesses [35–37]. The
detection of asymptomatic respiratory viruses
was associated with deleterious outcomes, such
as prolonged hospitalisation, increased number of
clinical deterioration events as well as a greater
requirement and longer duration of supplemental
oxygen and ventilatory sup-port [33,34,36,37]. In
addition, the risk of developing a BPD diagnosis
was more than two-times higher among infants
with detected respiratory viruses during their
birth hospitalisation [36,37]. Collectively, such
findings may advocate for more comprehensive
routine testing for respiratory viruses in preterm
infants during the neonatal hospitalisation

Viral infection requiring readmission in
early life
Following the neonatal hospitalisation, the overall
risk of re-hospitalisation with an acute respiratory
infection remains at least three times higher during
the first year of life compared to infants born at term
[2,3,38,39]. The frequency of re-hospitalisation
during the first year of life among preterm infants
ranges from 6 to 50% [5,40–42] depending on the
cohort studied. Young chronological age is the main
predictor of infection-related morbidity among
preterm infants, with studies reporting increased risk
of infection, healthcare utilisation and hospital readmissions during the first 6 months of life [39,43,44].
Reduced gestational age is another well-known risk
factor for respiratory infection-related rehospitalisations during early life [39], with
community-based studies reporting increasing cost,
risk and severity of infection as gestational age
decreases [5,40,45]. In one series, pre-term infants
born at less than 25 weeks’ gestation had more than
twice the frequency of re-hospitalisation due to
acute respiratory infections and more than twice the
length of hospital admission compared to those born
in the late preterm period (31% and 12 days vs. 13%
and 5 days, respectively) [40]. More recent analysis
from a large population based, data-linkage study
reported a 12% increase in the overall frequency of
infection-related hospitalisation during childhood
for each week reduction in gestational age [6]. In
addition to reduced gestational age, low birth
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weight, although at least partly inter-dependent with
gestational age, has also been attributed to a 19%
increase in the proportion of infants hospitalised
with acute respiratory infection for each 500 g
reduction in birth weight [6,41].

Preterm infants with certain coexisting
morbidities, including BPD, congenital heart
disease or chronic oxygen dependency are
particularly at risk for severe infections and
infection-related hospitalisation during early life
[39]. Preterm infants with BPD have an increased
frequency, health care utilisation and hospital
admissions due to acute respiratory infections
com-pared to those without BPD [2,38,46].
Approximately, 50 to 73% of preterm infants with
BPD were re-hospitalised at least once with an
acute respiratory infection during the first 3 years
of life, which is nearly twice the frequency of rehospitalisation among those without BPD
[7,47,48]. The risk of re-hospitalisation due to
acute respiratory infection is significantly higher
among infants with BPD who remain oxygen
dependent after discharge during the first 3 years
of life, compared to those who are not oxygen
dependent at discharge (70% vs. 58%
respectively; P < 0.001) [48]. Similarly, the risk
of re-hospitalisation due to acute respiratory
infections is more than 4-fold higher among
preterm infants with congenital heart disease
compared to otherwise healthy preterm infants
[49].
Several other factors have been attributed to the
substantial vulnerability to respiratory infection
and infection-related hospitalisation in preterm
infants. Previous genetic studies have
demonstrated a significant association between
the inherited polymorphisms in several
immunological and surfactant protein genes and
the incidence of severe viral infection and level of
infection-related morbidity among preterm
infants [50,51]. Also, pre-existing impairments in
lung function have also been attributed to
increased susceptibility to severe viral infection
and infection-related morbidity among preterm
infants, particularly during early life [52–54].
Early-life infection with RSV

Nearly, all children become infected with RSV
during the first 2 years of life, yet only 1 %
requires hospitalisation [55]. However, incidence
of RSV-related hospitalisation among preterm
infants ranges from 10 to 19% during the first
year of life [55–60]. The risk of RSV-related
hospitalisation is significantly influenced by the
neonatal diagnosis of BPD, with studies reporting
a 2- to 7-fold increased risk of hospitalisation
during the first 2 years of life among preterm
infants with BPD compared to those without BPD
[60,61], and more than 7-fold increase compared
to healthy term-born infants [62]. In addition,
RSV-related morbidity is higher among preterm
infants, particularly those with BPD, with a
greater risk of increased clinical deterioration
events, higher therapeutic intervention scores,
prolonged
hospitalisation
and
greater
requirement for admission to the neonatal
intensive care unit (NICU) during RSV-related
hospitalisation compared to term-born infants
[43,59,63]. One particular study of clinical
outcomes during RSV-related hospitalisation
showed that preterm infants had significantly
longer hospital stays (17 vs. 8 days; P < 0.001) as
well as more frequent (41.4 vs. 12.6%) and longer
stays in the NICU for invasive respiratory support
(13 vs. 6 days; P < 0.001), compared to term-born
infants [64].
Increased clinical care for preterm infants
hospitalised with RSV translates to increased
morbidity, healthcare utilisation and costs of care
for respiratory illnesses later in life [65,66]. Earlylife hospitalisation with RSV infection among
preterm infants has been associated with more
than a 2-fold increase in the mean number of
subsequent hospitalisations during the 4 years
following the initial infection (1.28 vs. 2.96; P <
0.001), when compared with non-RSV-related
hospitalisation [67]. In addition, hospitalisation
with RSV infection during infancy is associated
with
increased
odds
of
subsequent
hospitalisations with non-respiratory conditions
including anaemia, anorexia and fever. Of
particular
importance,
RSV-related
hospitalisation in preterm infants has been
associated with more than 5-fold increase in the
risk of overall death within the first 4 years
following the initial infection (Odds ratio = 5.5;
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95% CI, 4.6–6.6; p=0.001), compared to nonRSV-related hospitalisation [67].
Early-life exposure to severe RSV infection has
also been identified as a main contributor in the
development of suboptimal lung health and
function later in life, with several studies
reporting increased risks of late-onset or
persistent wheezing phenotypes, asthma
diagnosis, and impaired lung function in
adolescents and young adults [29–31]. Even
though the majority of the data on the long-lasting
impact of RSV have been based on studies of
healthy term-born infants, limited studies have
demonstrated increased risk of asthma [68], recurrent wheeze [34,69,70] and lung function
impairments [66] in preterm children with a
history of RSV-related hospitalisation during
infancy. Early-life hospitalisation with RSV
infection in preterm infants has been associated
with more than twice the risk of ongoing
respiratory morbidity, with wheezing rates
ranging from 20.7 to 42.8%, 1–2 years following
RSV-related hospitalisation compared to 4.1 to
23% following non-RSV related hospitalisation
[43]. The risk of asthma, recurrent wheeze and
long-lasting impairments in lung function
following severe RSV-related respiratory illness
during infancy is more pronounced among
preterm infants with BPD [66,71] and those born
at a lower gestational age [68]. Although most
studies demonstrating persistent respiratory
morbidity following RSV-related respiratory
illness have focused on hospitalised infants, a
single study has demonstrated persistent airway
resistance at 1 year of age in preterm infants
following mild RSV infection that did not require
hospitalisation [72].
Although it is possible that the immature lungs in
preterm infants might be particularly susceptible
to long-term damage following severe RSVrelated respiratory illness during early life
[66,73], RSV infection during such a critical
period of lung growth and development can also
result in chronic alterations and remodelling of
the developing airways independent of preexisting neo-natal factors [50,72]. The underlying
mechanisms through which RSV could promote

the development of suboptimal lung health and
function later in life are yet to be fully elucidated.
Several mechanistic pathways have been
hypothesised to describe the potential role of
severe RSV-related respiratory illnesses in the
pathogenesis of asthma and wheezing disorders
later in life, including persistent activation of
atypical immune responses and alterations to the
structure and function of the developing airway
[50,72,74].
Mouse
models
have
also
demonstrated the ability of RSV to induce and
maintain prolonged inflammatory responses
leading to significant damage to the airway
epithelium, as well as chronic airway remodelling
and persistent airway hyperresponsiveness
following the initial infection [75–77].
Alterations of the local production of
immunoregulatory
cytokine,
particularly
interleukin-10, have also been identified as an
important contributor to the subsequent
development of recurrent wheeze and persistent
airway hyperresponsiveness following RSV
infection [78–80]. The ability to alter local
immune responses has also been proposed as a
key mechanism, with some evidence describing
the ability of RSV to redirect immune cells and
maintain a low level of replication in
immunologically privileged sites within the lung
(possibly involving neuronal or lymphoid cells) in
order to avoid recognition by the immune system
[76,77,81]. Such alterations in immune responses
sequentially result in latency and chronic
persistence of the RSV genome within the lung
for several weeks following the initial infection,
with studies reporting significant association
between the detected level of RSV within the lung
and the level of both airway hyperresponsiveness
and persistent airway inflammation [76,77].
Protection against RSV using palivizumab, a
humanised monoclonal antibody for RSV
prevention, can result in significant reductions in
both acute and chronic morbidity following RSVrelated illnesses in preterm infants, with previous
studies reporting up to a 50% reduction in the
frequency of hospitalisation and a 60 to 80%
reduction in the relative risk of recurrent
wheezing disorders during the first years of life
[82–84]. However, the use of palivizumab is
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currently restricted to high-risk infants, as the
American Academy of Pediatrics only
recommends
immunoprophylaxis
with
palivizumab during the first year of life for infants
born at <29 week’s gestation with coexisting
morbidities including BPD or hemodynamically
unstable cardiovascular disease [85]. Such
restricted use of palivizumab has been largely
related to the high cost of this treatment
(estimated cost for a single course approximately
$US 4458 per child), as well as the uncertainty
about cost-effectiveness, with recent studies
reporting limited or no effect of palivizumab
among otherwise healthy preterm infants born at
or after 29 weeks’ gestation [86–88]. To date,
there is no effective acute treatment for RSV,
even in high risk groups such as preterm infants.
Current recommendations advocate supportive
measures only such as respiratory support and
hydration [89]. Nevertheless, new RSV
treatments such as vaccines and therapeutic
agents are currently under development [90]. The
successful implementation of these agents will
depend on a comprehensive assessment of the
burden and risk factors for RSV illnesses and
morbidity, in preterm infants both in the
community as well as those admitted to hospitals,
so that vulnerable infants can be targeted for RSV
prevention interventions.

Early-life infection with RV
Studies of the burden and impact of non-RSV
respiratory viral illnesses on the subsequent
development of chronic respiratory morbidity in
preterm infants have been limited. Rhinovirus
(RV) is a major cause of acute respiratory
illnesses and wheezing episodes in infants and
young children and has been associated with an
increased health burden, particularly among
preterm infants [91–94]. Although RV infections
have long been thought to be limited to the
common cold and mild self-limiting upper
respiratory illnesses, the application of improved
viral molecular detection methods has
substantially improved understating of the
epidemiology and the clinical significance of RV,
particularly among high risk children [94–98]. In
a 2-year prospective study, RV was detected in

41% of all episodes of acute respiratory illnesses
and 33% of related hospitalisations during the
first year of life in a cohort of preterm infants [99].
The risk and severity of RV-related respiratory
illnesses are considerably elevated among
preterm infants with BPD, with a more than 5-fold
increased risk of RV-related hospitalisation
among infants with BPD compared to non-BPD
infants [99].
Similar to RSV, RV-related respiratory illness
during early life has also been associated with a
high risk of sub-optimal lung health and function
later in life [100–102]. Insight on the association
between RV-related respiratory illnesses and the
risk of future asthma originated from the
Childhood Origins of Asthma Study, a
prospective birth cohort of term-born infants at
high risk of asthma and atopy [103]. The
prevalence of asthma at 6 years of age was more
than three times higher in children who wheezed
in the first three years of life during RV-related
respiratory illnesses compared to RSV-related
respiratory illnesses (Odds ratio = 9.8 vs. 2.6; p <
0.05); even though the majority of these illnesses
did not require hospitalisation [104]. Another
finding from this cohort suggested that the
occurrence of RV-related wheezing illness in the
first three years of life is associated with
significant airflow limitation and lung function
impairment at 5 to 8 years of age [102].
Hospitalisation with RV-related respiratory
illness has been associated with a more than 3fold increase in the rate of recurrent wheeze
among healthy term-born infants during the
following year [105]. Similarly, hospital
presentation and/or admission with an RV-related
wheezing illness in childhood is associated with a
3-fold
increased
risk
of
subsequent
hospitalisation for another respiratory illness
[106] as well as a more than 4-fold increased risk
of subsequent asthma [100].
The long-lasting impact of early-life RV-related
respiratory illnesses among preterm infants
remains to be elucidated. Furthermore, despite
strong epidemiological evidence supporting the
role of RV in the pathogenesis of asthma, airway
reactivity and airflow limitation, the underlying
mechanisms are unclear. Although damage to the
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developing airways and altered immune
responses are thought to be the main mechanisms
through which RV could induce asthma and
airway hyperreactivity later in life [107,108],
others have suggested that early-life infection
with RV might be the first indication of the preexisting tendency in some children to develop
asthma, including among preterm infants
[109,110]. The ability of RV to induce prolonged
and exaggerated inflammatory responses after the
initial infection has been described as a potential
contributor to the development of chronic
respiratory morbidity among preterm infants,
with limited data demonstrating increased airway
secretion of inflammatory cytokines and
remodelling molecules during acute RV infection,
particularly among those with BPD [108,111].
The dysregulated immune response to RV
infection was associated longitudinally with more
severe
respiratory
morbidity,
increased
hospitalisation and requirement for intensive care
admission during the first 2 years of life [108].
The synergistic interaction between viral
infections, most commonly RV, and sensitization
to aeroallergens during early life has also been
linked to the risk of developing asthma later in life
in term-born children [101,103.104,112].
However, these interactions are less evident
among preterm-born children who show low
levels of exhaled nitric oxide and little evidence
of eosinophilic inflammation compared to termborn asthmatic children [114,115]. The
occurrence of atopy and allergic sensitization is
less frequent following pre-term birth, which
might be related to altered immune programming
during early life and the shift toward a more
tolerant immunophenotype [18]. Thus, different
pathophysiological mechanisms, other than
allergic sensitization, are proposed to underlie the
increased risk of asthma and wheezing disorders
following pre-term birth. This hypothesis has
been supported by studies describing the lack of
association between allergic sensitization, viral
infection and the risk of asthma and diminished
lung function later in life among pre-term-born
children [116–119].

Early-life infection with previously underrecognised and newly emerging viruses
Influenza-related respiratory infection has long
been considered as a leading cause of morbidity,
hospitalisations and mortality among the elderly.

However, equivalent levels of morbidity,
complications, hospitalisations and costs of care
have been attributed to influenza-related
respiratory illnesses in young children [119–121].
The burden of influenza is inversely related to
age,
with
50%
of
influenza-related
hospitalisations occurring in infants younger than
6 months of age [120,122]. Data from a wide
population-based study of children under 5 years
who were admitted to hospital or presented to
outpatient clinic with an acute respiratory illness,
over five influenza sea-sons, showed that 35% of
hospitalised children and 7% of outpatient
children had laboratory-confirmed influenza,
despite
the
extended
vaccination
recommendations in the population studied [123].
The long-term impact of influenza-related
respiratory illnesses during early life is largely
unknown, particularly among preterm infants.
The significance of several previously underrecognised and newly emerging viruses is yet to
be investigated. Human metapneumovirus
(hMPV) was first isolated in 2001 from young
children with a spectrum of clinical disease
similar to that of RSV [124] and has since been
considered as a major pathogen for acute
respiratory illnesses and recurrent wheeze in
young children, predominantly during the first
year of life [125–127]. The risk of hospitalisation
following hMPV infection is more common
among children with underlying comorbidities
including preterm birth [128]. Acute and chronic
morbidity
following
hMPV-related
hospitalisation is high among preterm infants,
with prolonged hospitalisation, increased need for
respiratory support compared to term children
[129] and abnormal lung function at 1 year of age
following initial infection [73].
Human bocavirus (hBoV) was first identified in
2005 from the nasopharyngeal aspirate of patients
with unresolved respiratory infection [130].
HBoV has also been associated with acute
respiratory illnesses, predominantly among
young children [131–133], and has been
suggested as a potential cause of acute respiratory
illnesses and recurrent wheezing episodes across
several studies of preterm infants and children
[134–136].
In summary, knowledge on the long-term impact
of viral infections during early life, particularly
among preterm infants remains limited. The vast
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improvements in molecular detection techniques
during the past few decades have shed light on
several previously under-recognised circulating
respiratory viruses as well as improved the
characterisation of newly emerging viruses.
However, the disease burden and long-term
clinical and functional impact of a variety of
early-life viral infections among preterm infants,
particularly those with BPD, has not been
comprehensively assessed.
Despite mounting clinical and experimental
evidence, the potential association of viral-related
acute respiratory illnesses during early life and the
subsequent development of suboptimal lung
health and function is still debated. It remains
unclear whether early-life infection with
respiratory viruses may induce long-term deficits
in the structure and function of the respiratory
system through damaging the airways, and
altering immune responses or whether these
illnesses simply unmask a pre-existing tendency
for chronic respiratory morbidity in children at
risk, including preterm infants. Although it is
likely that the significant immaturity of the
structure and function of the respiratory system in
preterm infants contributes to chronic respiratory
morbidity later in life, viral-induced acute
respiratory illnesses during a critical period of
lung growth and development may also be an
important stimulus for persistent airway
remodelling. Additional studies are needed to
characterise and assess the consequences of earlylife infection with respiratory viruses among
preterm infants – both symptomatic and
asymptomatic. Identifying the mechanistic role of
respiratory viruses in the development of chronic
respiratory morbidity is equally important and
may aid the design of more targeted therapeutic
strategies to reduce virus-induced pulmonary
morbidity, and potentially halt the progression of,
or even prevent the development of irreversible
airway disease.
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PARENT INFORMATION SHEET
The Preterm Infant Functional and Clinical Outcome (PIFCO) Study:
Understanding the relative contributions of the lung, respiratory muscles and the blood
vessels to severity of chronic lung disease in very preterm infants (follow-up study)
Dear Parents
Thank you for taking the time to read this information sheet. You and your baby have taken part in the
Preterm Infant Functional and Clinical Outcome study. The first part of this study took place at King Edward
Memorial Hospital (KEMH) neonatal intensive care unit when your baby was approximately 36 weeks
gestational age. As you were made aware of at that time, we would also like to see how your baby’s lung,
heart and diaphragm are working at 12-15 months corrected age compared to when they were a newborn.
Many of the tests will be similar to those performed on your baby in the first part of the study, but we will
tell you about them again in this parent information sheet.
We would also like to offer you the option of participating in an optional part of the study. This
optional part of the study aims to assess the role of respiratory viruses during the first year of life. It
is important that you take the time to read this information carefully, so you understand what each
part of the study involves and whether you would like your baby to take part.
Why are we doing the study?
Babies born before full term usually have immature body systems, including the lungs, heart and immune
system. Immature or underdeveloped lungs can result in breathing problems. In some babies these
breathing problems may continue for many weeks, months or years. Other babies may seem to recover
from their early breathing problems but still have less mature lungs than babies born full term.
We also know that the heart of some preterm babies is not fully prepared for life outside the womb.
We would like to know what changes happen to the heart in the first year of life. We are also
interested in the diaphragm, which is our main breathing muscle. This muscle may be very weak when
a baby is born preterm. It may also become damaged by the mechanical ventilation that is often
needed to keep very premature babies alive. Very little is known about how diaphragm injury and
weakness may contribute to breathing problems. Knowing more about the diaphragm could help us
to improve how we use ventilators.
Some researchers have suggested that the skin cells (epithelium) that line the inside of the airways
(including the nose, windpipe and lungs) do not function the same for preterm babies as in full term
babies and this may contribute to breathing problems. We would like to take a sample of these skin
cells from inside the nose and compare them to the same type of cells collected from babies born full
term.
Immature or underdeveloped immune systems can result in an increased risk of getting more frequent and
more severe viral respiratory infections, particularly during the first year of life. Such repeated infections
can injure your baby’s immature lungs and result in long-term damage, which can cause increased
respiratory symptoms, health care utilisation and hospital admissions later in life.

Therefore, measuring these systems over the first year of life will help us to understand how they
work together to influence the severity of lung disease. This will help doctors to find possible
treatments to prevent long term lung disease in preterm babies.
Who is carrying out the study?
This second part of the study is being carried out by Telethon Kids Institute and the Department of
Respiratory Medicine at Princess Margaret Hospital.
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What are the procedures being undertaken?
When your baby is 12-15 months corrected age, we will test how your baby’s lungs, heart, and
diaphragm are working. Most of the testing is similar to that which was carried out in the first
(neonatal) part of the study at KEMH. Most of the study will be done whilst your baby is asleep. This
will be done with the help of a mild sedative (oral chloral hydrate syrup). This medication is generally
very safe and has been used for more than 15 years in our hospital and is used throughout the world
when testing babies’ lungs.
The testing includes the following:
We will measure your baby’s breathing by placing some elasticated bands around their chest. Your
baby will become used to these bands very quickly and they should not cause any distress.
We will measure the signals resulting from breathing muscles, by placing some electrodes on the chest
and back. These electrodes are very similar to those used routinely to monitor your baby’s heart rate
and will not cause your baby any distress.
We will measure the strength of your baby’s diaphragm movements, by stimulating the nerve that
supplies the breathing muscle (diaphragm) with a brief magnetic pulse in the neck. This does not cause
your baby any pain or distress. We will measure the amount of movement in the diaphragm by
ultrasound and measure the pressure changes above and below the diaphragm after applying the
pulse. This requires us to insert a tiny pressure catheter into the oesophagus and the upper stomach.
The catheter is less than half the size of the feeding tubes your baby will have had in the past.
We will measure the volume of air in your baby’s lungs, how much oxygen is used and the removal of waste
gas (carbon dioxide) by placing a face mask over your baby’s mouth and nose. Your baby will sleep through
the procedure. When your baby is breathing regularly, we will measure the lung volume by having your
baby breathe air with a very small amount (4%) of an inert (harmless) gas called sulphur-hexafluoride (SF6).
Many babies have taken part in similar research around the world using this technique without any
problems.
We will measure your baby’s lung function using soundwaves from a speaker. How the soundwaves
behave in your baby’s lungs tells us how resistant the airways are and how stiff or elastic they are.
This is another way of measuring the way your baby’s lungs work.
We will measure the oxygen saturation of your baby’s blood by placing a sensor with a red light on a
thin part of their body, similar to when they were continually monitored in the NICU. We will vary the
oxygen your baby receives within a small range and compare the level of oxygen breathed in, to the
oxygen saturation in the blood. Your baby will breathe some different concentrations of oxygen during
the study to make the oxygen saturation of their blood change between the range of 88-95% so that
we can get an accurate estimate of the degree of lung disease that your baby has. The concentration
of oxygen given will therefore vary from infant to infant but will be in the range of normal room air
(21% to lowest 14% oxygen, which is still higher than in an aeroplane).
We will measure the level of inflammation in your baby’s lungs using a simple breathing test. Your
baby will breathe in room air through a mask and breathe out into a chilled collection tube. As the
exhaled breath is cooled it forms droplets that we will collect for analysis.
We will look at the way your baby’s heart works using echocardiography. Your baby is already likely
to have had at least one echocardiogram as part of routine care.
While your baby is still asleep, a small brush will be inserted into each of your baby’s nostrils and
rotated gently to collect a sample of skin cells from inside their nose.

Optional Virus Study
If you also wish to take part in the immune system component of the study to detect the presence of
viruses during the first year of life, you will be provided with nasal swab collection packs prior to
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hospital discharge. The packs will include the swabs, transportation tubes, gloves and detailed
instruction sheets. You will also be trained in the collection of nasal swabs from your baby. You will be
required to collect the nasal swab samples each month as well as when your baby has symptoms of a
respiratory illness, such as a runny nose, cough or fever. You will also be provided with reply paid
padded envelopes, so you can easily post the swab back to the research team for analysis. The swab
needs to be posted on the same day of collection to maintain the quality of the samples.
In addition, you will be contacted monthly via your method of your choice regarding respiratory
symptoms your baby may have had as well as to be reminded to collect the swab. We will also give
you the option to contact the research team whenever your baby becomes unwell in order to arrange
a time for medical assessment by one of the study doctors.
As part of this optional PIFCO study, we would like to collect 3mL of blood and a throat swab while
your baby is asleep during the lung function visit at 12-15 months corrected age. This is to study how
your baby’s immune system has responded to the viral infections and how these viruses interact with
other organisms in the airway (such as healthy bacteria). The blood sample will be stored at Telethon
Kids Institute for future assessments, which could involve gene expression.
How long will the study take?
When your baby is 12-15 months corrected age, lung, heart and diaphragm function testing will be
done while your baby is sleeping – or quietly awake (echocardiography). The amount of time to
complete all the lung, heart and diaphragm tests will vary for each baby depending on how long it
takes for the sedative to help your baby sleep. We expect the testing to take approximately 4 hours,
but it would be best to allow a full day to complete this study in case it takes a while for your baby to
sleep or to be awake enough to go home.
The virus study will take place during your baby’s first year and will begin after your baby is discharged
from hospital. The collection of nasal swab samples will take no longer than 1 minute each month or
when your baby is sick. Monthly questions will take approximately 5 minutes.
Why has my baby been chosen?
For this study we are aiming to enrol a total of 500 babies born before the age of 32 weeks gestation.
To make sure that we really understand the role that viruses may play in the progression of lung
disease and how the lungs, heart and diaphragm work in very preterm infants, it is important that we
recruit and study as many babies as possible. Only babies who took part in the first (neonatal) part of
the study at KEMH are eligible for this second part of the study.
What will the study tell us?
This study will help us to work out which systems contribute to worse outcomes in babies born
preterm.
When your baby is 12-15 months corrected age, we will look at the heart, lungs and diaphragm
function as well as collecting information from the previous testing that your baby had at KEMH. We
will also collect information about any significant health events that may have happened since your
baby’s last testing session. This kind of information may help us to predict which babies need closer
follow-up depending on the events after birth and may significantly contribute to our understanding
of how to maximise our preventative measures and more importantly, how to manage babies born
preterm in the future.
We will be looking at the number and types of viruses during the first year of life as well as collecting
clinical information to differentiate between upper and lower respiratory infections. We will also
collect prenatal and antenatal clinical information as well as any significant health events that may
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have happened since your baby’s last testing session. Lastly, we will also look at how your baby’s
immune system responds to pathogens.
Does my child have to take part?
It is entirely up to you to decide whether or not to allow your baby to take part in this second part of
the study. If you decide to allow your baby to take part, you will be given this information sheet to
keep and be asked to sign and date a consent form. If you decide not to allow your baby to take part,
it will not affect the care your baby is given at the hospital or the relationship you have with the
medical staff. Even if you decide that you would like your baby to take part in the study, you are still
free to withdraw your baby at any time without giving a reason. Similarly, this will not affect the
standard of care that your baby receives.
What will you be asked to do if you decide to take part in this study?
If you choose to participate in the study, we will make an appointment for you and your baby to attend
the Princess Margaret Hospital Respiratory Department on a date close to when your baby is 12-15
months corrected age. You can stay with your baby the whole time or, when they are asleep, you can
leave your contact details with us and take the opportunity for a coffee break in the hospital cafeteria.
If you wish to take part in the viral monitoring, we will arrange a time to provide bedside training at
KEMH before you go home with your baby on how to collect the nasal swabs and to supply you with
the nasal swabs collection packs. This should take approximately 15 minutes.
Is there likely to be a benefit to my child?
There is no immediate or direct benefit of participating in the study for your baby. However, you may
find it beneficial having continuous follow-up with a qualified doctor. After the conclusion of the study
and the analysis of the data we will be able to give you information about how your baby’s lungs, heart
and diaphragm work and how this compares to the measurements taken in the first (neonatal) part
of the study and which viruses your baby had in the first year of life.
Is there likely to be a benefit to other people in the future?
The knowledge gained in this study may, in the future, help us to better understand the underlying
causes of breathing problems and the role that viruses play in determining the overall respiratory
health in preterm infants. This means we may be able to target our clinical treatment strategy more
effectively and maximise clinical outcomes later in life. It may also help us to tell parents at discharge
what level of breathing problems their baby may have in the future.
What are the possible risks and/or side effects?
All of the monitoring procedures are either non-invasive (e.g. echocardiograms, breathing pattern,
oxygen saturation) or minimally-invasive techniques (orogastric tube insertion – the tiny pressure
catheter inserted into the oesophagus and upper stomach; application of a face mask). Although
sulphur-hexafluoride has a long name, it is a completely inert (does not cross over into your baby’s
blood or other tissues) gas which has been used extensively for lung function measurements in infants,
children and adults with no clinical consequences. The magnetic stimulation of the nerve supplying
the diaphragm muscle is also non-painful. The doctor will monitor your baby for any clinical problems
during the study period. In the very unlikely event of any problems occurring, the doctor will
immediately treat the problem and may decide to stop any further testing.
Sedation
When your baby was a newborn at KEMH they spent the majority of their time in a natural sleep state. In
addition, because they were an inpatient in the NICU/SCN, there were more opportunities for testing
to take place. As such we were able to perform the tests without the need for sedation. With older
babies we unfortunately cannot rely on natural sleep for these tests as many babies do not sleep
deeply enough. In order to be able to do the tests we have to give the babies a sedative to help them
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sleep deeply. This sedative is called chloral hydrate. We have used this medicine for more than 15
years and in that time, have performed lung function tests on many babies with no problems.
However, there is a small risk of a serious adverse event due to sedation in about 1 in 10,000 cases.
The risk of death or brain damage due to sedation is so low that it is difficult to measure with certainty.
Your baby will be monitored in order to decrease the risk of any adverse event occurring.
Approximately 10% of children fail to fall asleep following sedation with chloral hydrate. In this event
the tests will be cancelled.
During sedation there will be close observation and monitoring by suitably trained staff. These staff
will ensure that your baby has fully recovered from the effects of sedation prior to discharge and is
safe to go home.
What are the possible discomforts and/or inconveniences?
When your baby is 12-15 months corrected age, a possible inconvenience is travel to the hospital for
when we test your baby’s lung, heart, and diaphragm; however, we will provide parking at the
Telethon Kids Institute.
During the lung function testing, the facemask will be on your baby’s face briefly (1.5 min) 3-5 times
for the lung volume test. The facemask will also be used for periods of about 10 seconds on 3 to 5
occasions while we see how your baby’s lungs work. Your baby will breathe fresh air whilst the face
mask is on. The insertion of the pressure catheter into the oesophagus and stomach causes brief mild
discomfort but this is very similar to insertion of the feeding tube your baby will have needed as a
newborn in the NICU/SCN. The nasal brushing may also cause brief mild discomfort, but the procedure
takes less than a minute and will be carried out while your baby is still under sedation, so it is unlikely
they will be disturbed by it. Brushings may induce sneezing which resolves quickly.
If you choose to participate in the virus part of the study, a possible inconvenience will be travel to
the hospital for clinical assessment when your baby is sick; however, parking will be provided at the
Telethon Kids Institute and you may find the regular contact with medical professionals reassuring.
The visit is likely to take approximately 30 minutes and this medical assessment is entirely optional.
Another possible inconvenience is the collection and the postage of the nasal swabs. The collection
might tickle or even irritate your baby; however, it is very quick and doesn’t last long. You will also be
provided with reply paid padded envelopes, so you can easily post the swabs after collection.
Where is your information kept?
All records are kept confidentially at Telethon Kids Institute. It will be necessary to access the
information collected at KEMH during the first (neonatal) part of the study so we are able to make
comparisons between the measurements.
What about my privacy?
You and your baby’s information will be treated as confidential and those who have access to it will
be required to maintain its confidentiality. Doctors, nurses, and clinical research staff from Telethon
Kids Institute and PMH, members of regulatory authorities and members of the Ethics Committee of
PMH may have access to the study files. Other than as specified above or as required in a medical
emergency or required or authorised by law, any use or disclosure of you or your baby’s information
(for example, in any report of the study) will not identify you or your baby. The results of the study
will be published in medical journals or at medical conferences. No information that could lead to your
own or your baby’s identity will be provided.
Who has approved the study?
This study has been approved by the Human Research Ethics Committee of the Child and Adolescent
Health Service, Princess Margaret Hospital.
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Who to contact for more information about this study:
If you would like any more information about this study, please do not hesitate to contact one contact
one of the research team. They are very happy to answer your questions.
Name
Dr Nada Townsi
Ms Naomi Hemy
Dr Ingrid Laing
Dr Shannon Simpson
Prof Graham Hall

Contact Number
9489
9489
9489
9489
9489

7819/0421 386 729 (Optional virus study)
7819 (Lung function follow-up)
7706/0405 352 952 (Optional virus study)
7822 (Lung function follow-up)
7816

Who to contact if you have any concerns about the organisation or running of the study?
If you have any concerns or complaints regarding this study, you can contact the Director of Medical
Services at PMH (Telephone No: (08) 9340 8222). Your concerns will be drawn to the attention of the
Ethics Committee who is monitoring the study.
What to do next if you would like your child to take part in this research:
If you would like to take part in this research study, please read and sign the consent form provided.
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PARENT CONSENT FORM
Understanding the role of respiratory viruses during the first year of life (Optional PIFCO
virus study)
FORM OF CONSENT
(For Parent/Guardian)

PLEASE NOTE THAT PARTICIPATION IN RESEARCH STUDIES IS VOLUNTARY AND SUBJECTS
CAN WITHDRAW AT ANY TIME WITH NO IMPACT ON CURRENT OR FUTURE CARE.
I ................................................................................................................................. have read the
Given Names
Surname

information explaining the study entitled:

Understanding the role of respiratory viruses during the first year of life (optional
PIFCO study).
I have read and understood the information given to me. Any questions I have asked, have been
answered to my satisfaction.
I understand my child may withdraw from the study at any stage and withdrawal will not interfere
with routine care.
I agree that research data gathered from the results of this study may be published, provided that
names are not used.
I am happy for my baby (………………………………………………………………………………………) to be involved in the
Given Names

Surname

following components of the follow-up study:
Collection and analysis of nasal swab samples for viral detection

▪
▪

Collection of relevant clinical information via phone, email or mail
Visit to Telethon Kids Institute during a respiratory illness

I am happy for the research team to access existing data collected throughout the study
I am happy to be contacted about involvement of my baby in future related research studies

Dated ................................... day of .................................................................20 ..........
Parent or Guardian’s Signature ....................................................

I, ................................................................................... have explained the above to the signatories who
(Investigator’s full name)

stated that he/she understood the same.
Signature ...............................................................................................
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Confidential
Page 1 of 9

Virus Study Monthly Questionnaire
Please complete the survey below.

Thank you!

Date:
__________________________________
(Date questionnaire completed)

Please answer the following questions based on the last month (or since last phone call):
RESPIRATORY SYMPTOMS
Has your baby had a runny nose in the last month?

No
Once
Twice
Three times
More than three times

Has the runny nose ever lasted for 3 or more days?

No
Once
Twice
Three times
More than three times

Has your baby had a snuffly (congested) nose in the
last month?

No
Once
Twice
Three times
More than three times

Has the snuffly nose ever lasted for 3 or more days?

No
Once
Twice
Three times
More than three times

Has your baby been sneezing in the last month?

No
Once
Twice
Three times
More than three times

Has the sneezing ever lasted for 3 or more days?

No
Once
Twice
Three times
More than three times

Has your baby had a dry cough in the last month?

No
Once
Twice
Three times
More than three times

181

182

183

184

185

186

187

188

189

Appendix F

Environmental exposure and parental collection does
not affect detection or semi-quantitative load
assessment of bacteria in nasal swab specimens from
children
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To the Editor,
We read with interest a recent report in the present
journal, in which flocked nasal swab was compared
with nasopharyngeal aspirate with regard to
sensitivity for detection of respiratory pathogens by
multiplex PCR [1]. The two sampling methods did not
differ significantly in yield and the less invasive
sampling by flocked nasal swab was suggested to be
preferable in certain situations. We here extend this
research with microbiological assessment of nasal
flocked swabs obtained by parents and exposed to
environmental conditions compared to staffcollected and immediately frozen samples.
Participant collection and postage of respiratory
specimens is cost-effective, feasible and an
acceptable approach for conducting communitybased studies [2–7]. However, limited data are
available on the impact of community collection on
the sensitivity and quantitation of respiratory
pathogens using a real-time PCR [5–8].
Therefore, we aimed to compare the sensitivity of
detecting respiratory pathogens as well as the load
of detected pathogens using a semi-quantitative
real-time PCR between (1) immediately frozen
research staff and parent-collected nasal swabs and
(2) immediately frozen and environmentally exposed
nasal swabs. We hypothesised that: (1) the
sensitivity of detecting respiratory viruses, bacteria
and fungus in parent-collected nasal swabs would be
equivalent to that collected by research staff, (2)
there would be no difference in the proportion
detected or load of respiratory viruses between
immediately frozen and environmentally exposed
samples and (3) the frequency and load of detecting
bacteria and fungus would increase with exposure to
environmental conditions.
This study was conducted in Perth, Western
Australia over a period of 12 weeks from mid-March
to late May 2016.

A total of 60 specimens from 20 very preterm infants,
born at King Edward Memorial Hospital at less than
32

weeks

gestation,

characteristics

of

the

were
study

included.

General

participants

are

summarised in Table 1. The study was approved by
the Child and Adolescent Health Service Ethics
Committee at Princess Margaret Hospital and
informed parental consent was obtained (Ethics
number:

2014083EP).

Nasal

specimens

were

obtained using flocked swabs (1 mL universal
transport media collection kit with flexible minitip
FLOQSwabs catalog no. 361C; Copan, Italy). The
universal transport media in these kits specifically
pre-serves viruses for pathogen detection. Three
consecutive nasal swabs were collected from each
infant close to the time of discharge following birth
hospitalisation (mean ± SD 36.1 ± 2.2 weeks’
postmenstrual age). The first swab was collected by
research staff, to demonstrate the technique, and
swabs two and three were collected by a parent. The
staff-collected and a randomly assigned parentcollected swab were immediately stored at 80 C. The
other parent-collected swab was randomised and
exposed to ambient conditions, which was a non-airconditioned room, for three, five, seven or 14 days,
to simulate specimen exposure during postage.
Humidity,

maximum,

minimum

and

mean

temperatures were obtained daily from the local
Bureau of Meteorology. Nucleic acid was extracted
using MagNA Pure 96 System and Viral NA small
volume kit. Primers and probes were used as
previously published [9]. Extracts were tested using
a single-step duplex real-time PCR assay for the
detection of 7 bacterial species, 16 respiratory viral
species and 1 fungus. The analysis of bacteria
included Staphylococcus aureus, Streptococcus
pyogenes, Haemophilus influenzae, Mycoplasma
pneumonia
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Table 1. Participant demographics.
Participants, n
20
Male, n (%)
14 (70)
Gestational age (weeks)
29 (27–30)
Birth weight (grams)
1157 (904–1450)
Bronchopulmonary dysplasiaa, n (%)
5 (25)
Mode of delivery, n (%)
Spontaneous vaginal delivery
9 (45)
Caesarean section
11 (55)
Respiratory support (hours)
Ventilation
14.5 (0.93–65.5)
Continuous Positive Airway
Pressure
156.5 (76.5–983)
Humidified High Flow therapy
113.5 (0.0–307.5)
Supplemental oxygen
27.5 (0.0–413)
Participant demographics are presented as median (IQR)
unless otherwise indicated as number (% of population).
a
Bronchopulmonary dysplasia, is a chronic lung disease of
preterm infants, which is defined based on the requirement
of supplemental oxygen for at least 28 days after birth.

Chlamydophila pneumoniae and several bordetella
species. The respiratory viral assays included
respiratory syncytial virus types A and B, rhinovirus,
human bocavirus, influenza viruses A, B and C,
parainfluenza viruses 1–4, coronaviruses OC43,
229E, HKU1 and NL63, human metapneumovirus,
KI and WU polyomaviruses as well as several
adenovirus genotypes. The fungus included was
Pneumocystis jirovecii. Quanta qScript XLT 1-step
RT-qPCR Toughmix (Quanta Cat No CMO139-02K)
or Quanta Perfecta qPCR Toughmix (Quanta Cat No
95112-02K) were used for RNA-targeted and DNAtargeted assays, respectively.
PCR cycling was completed on ViiA7 (Applied
Biosystems) or CFX96 Touch (Bio-Rad) real-time
PCR detection systems and fluorescence specific for
each pathogen was acquired during the extension
step. The result for each pathogen was recorded as
Cycle threshold (Ct) value, which is a semiquantitative marker with higher Ct values
representing lower target levels. Samples with a Ct
value of less than 40 were considered positive.
The percentages of concordance between staff- and
parent-collected samples were estimated with 95%
confidence intervals and the degree of agreement
was summarized with the kappa (κ) statistic. Paired
sample t-test was used to compare the difference in
the mean Ct values of positive results between the
two methods and between the frozen and exposed
specimens. A Ct difference of 3.3 cycles, which
represents a one log difference in nucleic acid load
between paired samples, was considered clinic-ally
significant [10]. Statistical analyses were conducted
using SPSS Inc., 2016, Chicago, IL, version 24.0. A
significance level of p < .05 was used throughout.
A respiratory virus (parainfluenza virus type I) was
detected in one infant, who was symptomatic at the
time of sampling (5%). At least one bacterial species

was identified in 13 (65%) of the infants, including
Staphylococcus aureus (65%) and Streptococcus
pneumoniae (5%). A Pneumocystis jirovecii was also
detected in one infant (5%). No pathogens of any
type were detected in 7 (35%) of the infants.
The sensitivity of detecting respiratory pathogens did
not differ between research staff and parent
collection with a complete concordance of 100%
(κ=1). That is, there were no discordant pairs for any
of the pathogens detected between staff- and parentcollected nasal swabs. Of the positive results (n=16),
there were no differences in the mean Ct values
between the staff (29.9 ± 3.59) and the parent
collection (31.0 ± 2.85), with a mean difference of
1.09 unit (95% CI, 2.48 to 0.30; p= 0.116). There was
also no difference in the mean Ct values for
specimens positive for bacteria alone (n=14)
comparing the staff (29.3 ± 3.22) with parent
collection (30.7 ± 2.76), with a mean difference of
1.36 unit (95% CI, 2.91 to 1.95; p =0.082). Of note,
there was no difference in the mean Ct value when
the staff-collected and parent-collected samples
were compared for the single specimen that had
either a respiratory virus (37.1 vs. 35.6, respectively)
or fungus detected (31.4 vs. 31.4, respectively).
The ambient temperature during the study ranged
from 11 C to 33 C, with a mean of 21 ± 3.7 C.
Humidity ranged between 29% and 92%, with a
mean of 66 ± 12.3%. A change in the media’s colour
was noticed in five (25%) of the specimens.
Nevertheless, this observation was not related to the
duration of the exposure and did not impact on the
overall detection rates, particularly since no
pathogen was detected in three of these samples
(data not shown).
The overall sensitivity of detecting respiratory
pathogens did not differ between immediately frozen
and environmentally exposed specimens with a
complete concordance of 100% (κ= 1). That is, there
were no discordant pairs for any of the pathogens
detected between immediately frozen and
environmentally exposed specimens. For positive
specimens, there was no difference in the semiquantitative load of pathogenic bacteria between
immediately frozen and environmentally exposed
specimens with a mean Ct value of 29.3 ± 3.22 for
the former and 28.5 ± 3.61 for the latter, and a mean
difference of
0.81 unit (95% CI,1.37, to
2.99, p=0.435). Similarly, there was no difference in
the Ct value of the fungus detected between the
immediately frozen and that exposed for 5 days (31.4
vs. 34.2, respectively). Of note, the Ct value of the
respiratory virus decreased from 37.1 in the
immediately frozen specimen to 29.5 following 14
days of exposure. This represents an increase in the
semi-quantitative load with exposure. All
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Figure 1. The change in Ct values for individual pathogen in positive specimens over the duration of exposure to
environmental conditions.
negative specimens with Ct values of more than 40
cycles remained negative despite exposure (Figure
1).
This is the first study to directly compare the load and
sensitivity of detecting respiratory viruses, bacteria
and fungus in nasal swabs obtained by research staff
and parents, as well as the impact of environmental
exposure on the detection and load of pathogens.
Our study demonstrated complete concordance for
all the pathogens detected when staff-collected and
immediately frozen samples were compared to
parent-collected and exposed samples. Similarly,
there was no difference in the semi-quantitative load
of detected pathogenic bacteria between staff and
parent collected samples as well as between
immediately frozen and environmentally exposed
samples for up to two weeks. These findings suggest
that parent collection and postage is likely to be a
valid method of sampling the bacteria circulating in
the community.
Our study was limited by a single detection of a
respiratory virus and fungus. Therefore, we were
unable to determine the impact of parent collection
or environ-mental exposure on the sensitivity and
quantitation of these pathogens. However, a few
earlier studies demonstrated the limited impact of
postage on the sensitivity of detecting respiratory
viruses in parent collected nasal specimens [2,5–7].

Nevertheless, there is a lack of studies investigating
exposure for extended periods and across a broader
range of temperatures [5,7].
A potential limitation of our study is that we did not
randomise the order of collection as the staff swab
was done first to demonstrate the technique.
However, there are no data to suggest that pathogen
load is affected by repeating swabbing. In addition,
the study was conducted in one geographic area
during
autumn,
when
temperatures
were
considerably cooler than those that can be reached
in Perth during the summer months. Therefore,
further studies across broader temperature range
would provide additional evidence for using
community collection and postage as a collection
methodology worldwide.
In summary, our results suggest that community collection of nasal swabs, with appropriate transport
media, is a highly sensitive, feasible and reliable
approach for the detection of respiratory pathogens
that is unlikely to be significantly impacted upon by
the logistics of specimen collection. Home basedcollection and postage of respiratory samples offer
the opportunity for more accurate assessment of the
aetiology and burden of acute respiratory illnesses in
the community, particularly among children at high
risk including those who were born preterm. Such
approach would also expedite diagnosis and
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treatment, and importantly reduce patient exposure
to the healthcare setting.
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