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ABSTRACT Respiratory infections are a major cause of pulmonary decline in children with cystic
fibrosis (CF). We compared the prevalence of infection in early life at geographically distant CF treatment
centres participating in the same surveillance programme in Australia.

Lower airway microbiology, inflammation and structural lung disease at annual review were evaluated
for 260 children 0–8 years old with CF at 1032 visits to CF treatment centres in Melbourne or Perth.

Melbourne patients were more likely to be culture-positive for common respiratory pathogens at all age
groups (odds ratio (OR) 1.85, 95% CI 1.33–2.58). Subjects <2 years old in Melbourne were also more likely
to have neutrophil elastase present (OR 3.11, 95% CI 1.62–5.95). Bronchiectasis (OR 2.02, 95% CI
1.21–3.38) and air trapping (OR 2.53, 95% CI 1.42–4.51) in subjects 2–5 years old was more common in
Melbourne subjects. The severity of structural lung disease was also worse in Melbourne patients >5 years
old. Patients at both centres had a similar rate of hospitalisations and prescribed antibiotics.

No procedural differences were identified that could explain the disparity between pathogen prevalence.
Geographical differences in early acquisition of infection may contribute to variability in outcomes
between CF centres.
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Introduction
Cystic fibrosis (CF) remains the most common life-limiting genetic condition occurring in Caucasian
populations. In patients with CF, progressive pulmonary damage occurs as a consequence of repeated
airway infection and inflammation leading to respiratory failure. Lung disease starts early in life in
individuals with CF, characterised by abnormal lung function [1–3], pulmonary infection and inflammation
[4–6], and structural lung abnormalities including bronchiectasis [7, 8]. While widespread introduction of
newborn screening programmes has led to earlier diagnosis and improved nutritional status, treatment
strategies aimed at halting disease progression during these formative years remain largely undefined.

The Australian Respiratory Early Surveillance Team for Cystic Fibrosis (AREST CF) was established to improve
understanding of early CF lung disease and identify aspects of disease progression that may benefit from earlier
intervention [7]. We now know that persistent structural changes occur within the lung much earlier than
thought previously [7, 8], and are associated with pulmonary infection, worsening inflammation [9] and poorer
nutritional status [10]. Inflammation has been linked to a reduction in infant lung function [2] and can
be present either in the absence of pulmonary infection [11] or in association with specific infecting
pathogens [12]. Infections have also been linked to reduced lung function throughout childhood [13].
Technological advances in the field of diagnostics have shown that microorganisms are present in the lower
respiratory tract of children who are asymptomatic [7]. The epidemiology of respiratory tract infections in
persons with CF has changed in recent years [14] and thus a clearer understanding of these pathogen
populations will be imperative to directing the most suitable approaches to treatment.

In the present study we sought to monitor trends in pathogen prevalence by comparing two AREST CF
patient cohorts attending treatment centres that are geographically distant, but which share similar
approaches to treatment and use of antimicrobial prophylaxis. As we had shown previously that geographical
differences occur in the first acquisition of infection with Pseudomonas aeruginosa at a single centre [15], we
hypothesised that prevalence of infection would also be different at geographically distant CF centres.

Methods
Subjects
This study was a retrospective analysis of data collected as part of the AREST CF early surveillance
programme. Infants and young children with CF were recruited to the AREST CF early surveillance
programme from CF clinics in Melbourne (Royal Children’s Hospital) and Perth (Princess Margaret
Hospital for Children) in Australia. Participants underwent clinical assessment that included a chest
computed tomography (CT) scan (at age 1, 3 and 5 years), bronchoscopy and bronchoalveolar lavage (BAL;
performed annually from diagnosis up to 6 years old) for determination of pulmonary inflammation and
infection. Research ethics committees at each of the participating institutions approved the early
surveillance programme (Melbourne HREC25054; Perth 1762/EP) and consent of the parent/guardian of
each patient was obtained. A detailed description of the methods is provided in the supplementary material.

Data collection and analysis
Bronchoscopy and BAL were performed under general anaesthesia, as described previously [5, 6], and the
first recovered aliquot from each of the right middle lobe and lingula was sent to the central clinical
laboratory for microbiological processing to detect bacterial, fungal and viral pathogens. Specimens were
reported as culture-positive if there was growth of at least one predominant organism at a density
⩾104 CFU·mL−1 . Total cell counts were measured at each centre. Differential cell counts and inflammatory
markers (interleukin 8 (IL-8) and neutrophil elastase (NE)) were assessed at the Perth centre as described
previously [16]. The limit of detection for NE activity was 200 ng·mL−1. For analytical purposes all samples
with undetectable levels of NE were assigned an arbitrary value of 100 ng·mL−1. Chest CT was performed at
the time of the bronchoscopy. Scans were scored by an experienced paediatric thoracic radiologist at the
Perth centre as described by MOTT et al. [9]. Demographics, mode of diagnosis, respiratory hospitalisations
and CF transmembrane conductance regulator (CFTR) genotype were also recorded.

Infection control and treatment
Patients at both centres were seen at clinic every 3 months, and had equivalent infection control policies
and treatment strategies in terms of prophylactic antibiotics, chronic medication use and airway clearance
techniques. Both centres had a clinical policy to use anti-staphylococcal prophylaxis for a minimum of the
first 2 years of life using amoxicillin/clavulanic acid to cover both Staphylococcus aureus and Haemophilus
influenzae; however, adherence to this policy was not determined objectively. During exacerbations
treatment with amoxicillin/clavulanic acid was usually maintained for at least 2 weeks before being
changed to a second-line antibiotic if required. Perth and Melbourne AREST CF centres had an early
detection and eradication programme for P. aeruginosa; once detected the child would receive 2 weeks of
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intravenous anti-pseudomonal antibiotics followed by 4 weeks of oral antibiotics and 1–2 months of
inhaled tobramycin (supplementary table S1).

Statistical analysis
Differences in infection, inflammation and structural lung disease prevalence between centres were
calculated using logistic regression models with infection, inflammation or structural lung disease presence
as an outcome, with clustering for repeated observations on individuals. To assess the extent of structural
lung disease, mixed-effect models with random intercepts were fitted to CT outcomes as a continuous
variable, allowing for differences between individuals when they had repeated measures. Confounders were
selected based on p<0.05 in univariate analyses of outcomes and biologically plausible variables. To avoid
collinearity only the stronger associated variable was included in the final model. All multivariate models
were adjusted for age and pancreatic sufficiency. Presence and extent of inflammation and structural lung
disease were also assessed separately in the age groups <2, 2–5 and >5 years. In all cases, model
coefficients, 95% confidence intervals and p-values were reported. Analyses were performed using Stata
version 13.0 (Stata, College Station, TX, USA).

Results
Patient demographics
Microbiology and inflammatory data on 1037 BAL samples collected from 259 patients between January
2006 and December 2012 were included in this analysis. Data were available from 495 BAL samples
collected from 111 Melbourne patients and 537 BAL samples from 149 Perth patients (table 1). Both
cohorts were of a similar age; there were more males in Melbourne and more patients presenting by family
history in the Melbourne group compared with Perth (table 1). Each centre tested a similar number of
samples (on average 71 in Melbourne and 77 in Perth) from a similar number of patients (on average 64
in Melbourne and 72 in Perth) per year during the study period.

Pathogen prevalence
The Melbourne clinic reported more culture-positive samples per year: 56% of Melbourne samples and
42% of Perth samples per year on average (odds ratio (OR) 1.85, 95% CI 1.33–2.85; p<0.001), and
recorded the presence of mixed oral flora more often than the clinic in Perth (67% Melbourne, 45% Perth;
OR 2.46, 95% CI 1.86–3.25; p<0.001) (table 2). The majority of respiratory pathogens screened for were
more prevalent among the Melbourne cohort, including S. aureus (OR 2.93, 95% CI 1.67–5.15; p<0.001)

TABLE 1 Study population

Melbourne Perth

Subjects 111 149
Visits 495 537
Age at first BAL years 0.3±0.1 0.3±0.1
Age at last BAL years 6.0±0.1 6.2±0.3
Male 66 (59.6) 67 (45.2)
BMI at first BAL kg·m–2 15.7±1.7 15.3±2.3
BMI at last BAL kg·m–2 16.1±1.6 15.7±1.7
Mode of presentation
Newborn screening 70 (63.6) 122 (85.9)
Meconium ileus 21 (19.1) 8 (5.63)
Family history 8 (7.3) 1 (0.7)
Respiratory symptoms 3 (2.7) 2 (1.4)
Failure to thrive 1 (0.9) 6 (4.2)
Other 7 (6.4) 3 (2.1)

Genotype
Homozygous Phe508del/Phe508del 61 (55.0) 68 (45.6)
Heterozygous Phe508del 39 (35.1) 72 (48.3)
Other 11 (9.9) 9 (6.0)

Hospitalisation and treatment
Patients with hospitalisation data 66 (59.4) 66 (44.3)
Patients with no respiratory admissions 75 (67.4) 96 (64.0)
Antibiotics prescribed 105 (94.1) 131 (87.9)

Data are presented as n, mean±SD or n (%). BAL: bronchoalveolar lavage; BMI: body mass index.
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and H. influenzae (OR 3.00, 95% CI 1.80–5.11; p<0.001) (table 2). Methicillin-resistant S. aureus was
rarely reported in either group (0% Melbourne, 0.3% Perth) and the prevalence of P. aeruginosa infection
was not difference between the two centres (OR 0.75, 95% CI 0.43–1.30; p=0.30) (table 2). The higher
prevalence of infection for pathogens screened in the Melbourne study centre compared with Perth
remained nearly constant over time (figure 1).

Treatment effects
We next assessed treatment measures by comparing the annual number of respiratory admissions and
antibiotic use that were entered in the national CF data registry for each of the patients included in the
study. For both centres the majority of patients did not require hospitalisation for respiratory reasons (on
average 67% of patients per year in Melbourne and 64% of patients per year in Perth) (table 1). The
number of patients recorded to have prescribed antibiotics in any given year was also comparable (on
average 94% patients per year in Melbourne and 88% patients per year in Perth; includes antimicrobial
prophylaxis and treatment of respiratory exacerbations) (table 1).

Disease severity
To establish whether increased rates of infection were linked to poorer health outcomes, we then compared
markers of pulmonary inflammation and measures of structural changes between patients attending either

TABLE 2 Differences in infection prevalence between Melbourne and Perth as detected in
bronchoalveolar lavage at annual review

Melbourne Perth OR (95% CI) p-value

Samples 495 537
Any infection excluding mixed oral flora 56.0 (277) 42.1 (226) 1.85 (1.33–2.58) 0.001#

Aspergillus fumigatus 9.5 (47) 9.1 (49) 1.05 (0.61–1.82) 0.85
Aspergillus species 2.4 (12) 4.5 (24) 0.58 (0.28–1.23) 0.16
Candida albicans 0.4 (2) 3.5 (19) 0.11 (0.03–0.48) 0.01#

Escherichia coli 4.2 (21) 0.7 (4) 5.09 (0.96–26.96) 0.06
Haemophilus influenzae 15.6 (77) 6.3 (34) 3.00 (1.80–5.01) 0.001#

Moraxella catarrhalis 3.0 (15) 0.7 (4) 4.26 (1.53–11.87) 0.01#

Mixed oral flora 66.7 (330) 44.9 (241) 2.46 (1.86–3.25) 0.001#

Pseudomonas aeruginosa 8.3 (41) 10.8 (58) 0.75 (0.43–1.30) 0.30
Staphylococcus aureus 18.4 (91) 8.0 (43) 2.93 (1.67–5.15) 0.001#

Data are reported as n or % (n), unless otherwise stated. OR: odds ratio. #: p<0.05.

FIGURE 1 Infection prevalence with
age in Perth and Melbourne. Data
is presented as proportion of
children (0–1) at each age with a
respiratory infection (pathogen
density ⩾104 CFU·mL−1 excluding
mixed oral flora) for Perth and
Melbourne centres.
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treatment centre. There was high variability in the measures obtained but overall, similar total cell counts
and levels of IL-8 were observed for BAL taken from patients at both centres (table 3). Melbourne patients
<2 years old were more likely to have detectable NE activity (OR 3.11, 95% CI 1.62–5.95; p=0.001) (table 4).
There was no significant difference between centres in the presence of IL-8 in any age group (table 4).

Comparison of structural disease revealed that the proportion of children with bronchiectasis and air
trapping detected on chest CT was higher for Melbourne than Perth in patients 2–5 years old (OR 2.02,
95% CI 1.21–3.38; p<0.01 and OR 2.53, 95% CI 1.42–4.51; p<0.01, respectively) (table 4). In terms of
extent, total CT damage, bronchiectasis and air trapping were more severe in the Melbourne cohort
>5 years old when measured by volumetric scan on inspiration (table 5).

Discussion
In this study we found significant and consistent differences between the rates of lower respiratory tract
infections reported at annual review for two geographically distant cohorts of young children with CF.
This was despite both groups being treated similarly with regard to disease surveillance, infection control,
protocols for procedures, treatment of exacerbations and use of antimicrobial prophylaxis. Although the
pathogens most commonly identified at both centres were those traditionally associated with infections
occurring during infancy and early childhood [17], the relative difference in frequency was surprising and
was corroborated by findings of increased numbers of individuals with detectable lower respiratory free NE
and increased presence and extent of structural lung disease.

Geographical variability in the prevalence of lower airway infection in patients with CF has been described
previously. A comparison between adults attending British and American CF clinics revealed significant
differences in the composition, abundance and diversity of the microorganisms present in the lungs of
these two patient populations [18]. In a single-centre study we showed that children with CF residing in
regional areas had an increased risk for first P. aeruginosa acquisition compared with their
metropolitan-based counterparts [15]. In contrast, multicentre cohort studies conducted throughout
Europe [19] and the USA [4] were unable to detect differences in the centre-specific prevalence of
Burkholderia cepacia complex or common respiratory pathogens, respectively, due to the high diversity of
species or strains among these pathogen populations. Notably, these studies focussed their investigations
on either entire bacterial communities or a single pathogen, and generally used upper airway specimens to

TABLE 3 Inflammatory markers detected in bronchoalveolar lavage at annual review by age group

<2 years 2–5 years >5 years

Melbourne Perth Melbourne Perth Melbourne Perth

Samples 183 160 224 233 82 136
Total cell count ×106 mL−1 1.75 (0.68–3.42) 1.57 (0.85–2.49) 3.95 (2.25–6.63) 3.72 (2.42–5.67) 4.75 (2.33–8.13) 4.31 (2.56–7.52)
IL-8 concentration ×102 pg·mL−1 6.6 (2.8–18.1) 6.7 (2.2–13.4) 14.8 (4.6–33.9) 12.3 (3.8–31.1) 12.8 (7.0–23.4) 13.3 (5.4–26.5)
Detectable NE activity 51/180 (28) 18/155 (12) 77/223 (34) 52/215 (24) 27/82 (35) 52/128 (41)
NE concentration ×102 ng·mL−1 5.2 (2.7–21.6) 16.7 (4.0–28.3) 16.1 (4.9–3.4) 25.5 (10.7–40.0) 22.9 (14.8–28.4) 19.6 (7.9–41.4)

Data reported as n, median (interquartile range) or n/N (%), unless otherwise stated. IL-8: interleukin-8; NE: neutrophil elastase.

TABLE 4 Difference in inflammatory markers detected in bronchoalveolar lavage and presence of structural lung disease
detected by computed tomography scans by age group

<2 years 2–5 years >5 years

OR (95% CI) p-value OR (95% CI) p-value OR (95% CI) p-value

NE presence 3.11 (1.62–5.95) 0.01# 1.43 (0.81–2.55) 0.22 0.70 (0.34–1.46) 0.34
IL-8 presence 1.24 (0.57–2.72) 0.59 0.85 (0.31–2.40) 0.76 2.53 (0.25–25.58) 0.43
Bronchiectasis presence 1.30 (0.70–2.42) 0.41 2.02 (1.21–3.38) 0.01# 1.68 (0.57–4.93) 0.35
Air trapping presence 1.98 (1.09–3.60) 0.03# 2.53 (1.42–4.51) 0.01# 1.18 (0.41–3.34) 0.76
Bronchial wall thickening presence 1.05 (0.58–1.90) 0.87 1.32 (0.60–2.86) 0.49 1.33 (0.27–6.54) 0.73
Mucus plugging presence 1.36 (0.51–3.65) 0.54 1.44 (0.34–6.08) 0.62

OR: odds ratio; NE: neutrophil elastase; IL: interleukin. #: p<0.05.
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study strain distribution. Our study is therefore one of the first reports to investigate region-specific
prevalence of pathogens in the lower airways of similarly matched cohorts of young children with CF. The
present study is unique in that it evaluated very young children at two centres united by a common
disease surveillance programme and treatment protocols. Interestingly, these findings may contribute to
explaining consistently better lung function for Perth subjects versus Melbourne subjects recorded in the
national data registry [20], suggesting that these differences in disease outcomes may have their origins in
part during the pre-school years.

In comparison with registry data, which record all exacerbation events, our surveillance cultures were
performed once annually at a time when patients were relatively healthy. Although routine surveillance
provides an opportunity to detect infection prior to the onset of symptoms, a limitation of this approach is
the reduced likelihood of detecting species, such as Stenotrophomonas maltophilia and Alcaligenes
xylosoxidans, that tend to only transiently infect the CF airways [21] and may explain why these
organisms were rarely identified in surveillance cultures. Nevertheless, surveillance testing also allows the
tracking of pathogen trends irrespective of exacerbation rates.

We did not take into account seasonality, which is known to influence acquisition of organisms such as
P. aeruginosa [22], but this is unlikely to have explained centre differences in infections as surveillance
BALs were performed throughout the year and not during exacerbations, which are more likely during the
winter months. A study of the US and Australian CF registries found that higher ambient temperature was
associated with earlier P. aeruginosa infection and lower lung function [23]. In addition, data from a large
US study suggest that macro-environmental factors, such as temperature, humidity and air pollution, may
contribute to the risk of P. aeruginosa acquisition [24]. It is possible that differences in macro-
environmental factors between Perth and Melbourne centres contributed to the difference in infection
rates between the two centres.

The prevalence of S. aureus and H. influenzae infections has increased in recent years [25]. While this may
reflect a change in strain prevalence or population exposure, such increases could also result from changes
to diagnostic and/or reporting procedures. A detailed examination of S. aureus infections among this
cohort revealed high diversity among the bacterial strain population and failed to identify any dominant
clones that were specifically associated with respiratory infection in CF [26]. In addition, strain prevalence
rates among the AREST CF cohort did not surpass those reported for the Australian CF population as a
whole. As the aggressive use of antibiotics is a strong driver of changes to microbial community diversity,
the emergence or expansion of specific species can often be attributed to alterations in the treatment being
provided [27], but we were unable to detect such differences between centres, with the vast majority being
prescribed amoxycillin/clavulanic acid as prophylaxis and a similar-sized minority being admitted for
intravenous antibiotics to each centre or undergoing therapy to eradicate infection with P. aeruginosa.

For both centres involved in the AREST CF surveillance programme, early detection and eradication of
P. aeruginosa infection has become routine practice, and it is clinical policy to use anti-staphylococcal
prophylaxis for the first 2 years of life. That said, the prescription of the relevant antimicrobials is still
dependent on preference of the treating physician and the willingness of parents to administer long-term
treatment to well-looking children. Hence, subtle variations both within and between centres likely existed [10],
but it is unclear whether these are substantial enough to explain such significant differences in the detection of
lower respiratory infections treated by these antibiotics or the increased pulmonary inflammation and
structural changes identified in the lungs of these very young subjects.

The prevalence of meconium ileus was higher in infants with CF from Melbourne (19%) compared with
Perth (6%). It is still unclear whether individuals with meconium ileus at presentation have a worse prognosis

TABLE 5 Structural lung disease extent as detected by computed tomography (CT) scans at annual review by age group

<2 years 2–5 years >5 years

OR (95% CI) p-value OR (95% CI) p-value OR (95% CI) p-value

Total CT score −0.10 (−1.58–1.38) 0.89 1.73 (−0.55–4.00) 0.14 5.14 (1.46–8.83) 0.01#

Bronchiectasis score 0.03 (−0.30–0.35) 0.86 0.80 (−0.05–1.65) 0.07 1.57 (0.04–3.11) 0.04#

Air trapping score 0.90 (0.19–1.62) 0.01# 1.50 (0.72–2.29) 0.001 1.53 (0.37–2.68) 0.01#

Bronchial wall thickening score −0.92 (−1.82–−0.01) 0.04# −0.46 (−1.50–0.58) 0.39 1.14 (−0.33–2.60) 0.13
Mucus plugging score 0.00 (−0.10–0.09) 0.93 −0.15 (−0.46–0.17) 0.36 0.42 (−0.26–1.11) 0.23

OR: odds ratio. #: p<0.05.
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than those without meconium ileus [28–30]. However, a previous study from the AREST CF group found
that meconium ileus at presentation was a significant risk factor for the presence of bronchiectasis on chest
CT at 3 years old [31]; therefore, centre differences in the prevalence of meconium ileus may have contributed
to the observed differences in clinical status. We could not identify any procedural differences in sample
collection or laboratory protocol that could explain our findings. Both the accredited laboratories meet
national standards and are experienced laboratories for detection of CF infections. Our assessment of the
administration of and adherence to treatment was, however, limited. An additional limitation of our study
was that our analysis was restricted to the culture-based detection of a select number of respiratory pathogens
and therefore did not take into account the entire lung microbiota that is currently under intense investigation
utilising culture-independent techniques. Whether or not the nature of these complex polymicrobial
communities influences disease progression is not yet known and so the presence and prevalence of
organisms not studied here will be an important consideration for future investigations.

In addition to the detection of common respiratory pathogens, a large number of BAL specimens also grew
mixed oral flora despite considerable care having been taken to avoid contamination from the upper airways.
The significance of mixed oral flora to pulmonary disease in CF remains unclear. In a 3-year study
investigating the ability of oropharyngeal cultures to predict infection within the lower airways most BAL
cultures contained low numbers of organisms associated with the upper airways [32]. This was in contrast to
earlier findings that BAL specimens did not contain mixed oral flora from a similar investigation comparing
upper and lower CF airway microbiology [33]. Although not traditionally considered as pathogens, we have
recently shown that the presence of mixed oral flora in the lower CF airways is associated with an increased
inflammatory response [12]. While both centres aimed to record upper respiratory tract flora regardless of
whether or not another pathogen was also reported, it is difficult to explain such disparity between the two
groups without assuming some differences between diagnostic interpretation and reporting exist. However,
having considered that variation in sample collection, processing and reporting may have occurred through
employment of different bronchoscopists or diagnostic laboratories we reviewed all methodologies and were
unable to identify any variation in procedures. Further research incorporating culture-independent
techniques would assist in identifying what role, if any, mixed oral flora plays in early CF airway disease.

Although the extent of bronchiectasis was more severe among Melbourne patients, the use of two different
scanners means that there may be subtle differences in image quality. However, the same investigator
reviewed all CT scans, thus reducing the likelihood of differences in interpretation between centres.
Volumetric chest CT scans provide a more comprehensive and detailed assessment of structural change
within the airways than limited-slice imaging. Limited-slice protocols, which were used more in the
Melbourne centre, are more likely to underestimate structural disease prevalence and extent, so it is
unlikely that differences in scanning techniques accounted for these results.

In summary, we demonstrated that two CF treatment centres performing identical disease surveillance and
utilising similar standardised treatment protocols had different prevalence of early respiratory infection.
The centre with the higher infection rates also had a higher prevalence of free NE and worse chest CT
findings. This study provides evidence for potential geographical variability in the acquisition of early
lower respiratory infection in CF. Differences in rates of infection during the first few years of life may be
associated with poorer disease outcomes, and warrant specific surveillance and intervention. Future, larger
studies may identify that geographical differences in acquisition of infection contribute to the variability in
outcomes that occurs between CF centres.
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