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ABSTRACT Measures of ventilation distribution are promising for monitoring early lung disease in
cystic fibrosis (CF). This study describes the cross-sectional and longitudinal impacts of pulmonary
inflammation and infection on ventilation homogeneity in infants with CF.

Infants diagnosed with CF underwent multiple breath washout (MBW) testing and bronchoalveolar
lavage at three time points during the first 2 years of life.

Measures were obtained for 108 infants on 156 occasions. Infants with a significant pulmonary infection
at the time of MBW showed increases in lung clearance index (LCI) of 0.400 units (95% CI 0.150–0.648;
p=0.002). The impact was long lasting, with previous pulmonary infection leading to increased ventilation
inhomogeneity over time compared to those who remained free of infection (p<0.05). Infection with
Haemophilus influenzae was particularly detrimental to the longitudinal lung function in young children
with CF where LCI was increased by 1.069 units for each year of life (95% CI 0.484–1.612; p<0.001).

Pulmonary infection during the first year of life is detrimental to later lung function. Therefore,
strategies aimed at prevention, surveillance and eradication of pulmonary pathogens are paramount to
preserve lung function in infants with CF.
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Introduction
Neutrophil-dominated airway inflammation and infection are the main predictors of structural lung damage
and subsequent decline in lung function in cystic fibrosis (CF) [1]. Neutrophils are probably drawn to the
lung by a chemotactic protein, interleukin (IL)-8, both of which are elevated in young children with CF [2].
Abnormalities in pulmonary inflammation, endobronchial infection [3, 4] and chest computed tomography
(CT) [5] have been reported during the first months of postnatal life in infants diagnosed with CF by
newborn screening and often in the absence of respiratory symptoms [6, 7]. Despite these abnormalities,
data from the Australian Respiratory Early Surveillance Team for Cystic Fibrosis (AREST CF) have
previously shown that infants diagnosed by newborn screening largely have normal expiratory flows and
volumes in the first 6 months of life, with lung function deteriorating after this time [8], particularly
following a significant pulmonary infection [9]. In contrast, other groups have reported that a significant
proportion of infants diagnosed with CF clinically have reduced flows and volumes early in life [10–12].

Measures of lung function have the potential to offer a noninvasive marker of early respiratory
dysfunction. Consequently, assessment of the lung clearance index (LCI), a measure of ventilation
homogeneity obtained from multiple breath inert gas washout (MBW) has gained popularity over the past
decade for monitoring the progression of CF lung disease in the early years [10, 13, 14]. The MBW is a
simple to perform, noninvasive test which is ideal for longitudinally monitoring disease since it can be
applied from infancy to adulthood [15]. The majority of preschool and school-aged children with CF
demonstrate an elevated LCI [16–19], which is more sensitive than spirometry for detecting the presence
of lung disease in this age group [17, 20, 21] and is predictive of lung function outcomes later in
childhood [18, 22]. In addition, the LCI may be a suitable clinical tool for examining the response to
therapeutic interventions [23–25], since LCI has been reported to increase with Pseudomonas aeruginosa
infection in preschool children [16] and improves following antibiotic therapy [26]; however, the role of
LCI in monitoring patients during pulmonary exacerbations remains unclear [27].

While data are limited, the utility of the LCI during infancy in CF is even less clear. Fewer than a quarter of
infants diagnosed with CF by newborn screening demonstrate abnormal LCI at 3 months of age [28]. In
addition, the presence of bronchiectasis on chest CT [29] or pulmonary infection detected by
bronchoalveolar lavage (BAL) [30] show no association with increased LCI during early life in a small
population. However, weak associations between elevated LCI and increased markers of airway inflammation
are noted [30], as are associations with other indices of ventilation distribution such as moment ratios [29].
As pulmonary inflammation and infection are an important part of the pathophysiology of early CF, the aim
of this study was to determine how their presence impacts on ventilation distribution throughout early life.
We hypothesised that pulmonary inflammation and infection should result in elevated markers of ventilation
homogeneity including the LCI at the time of detection (cross-sectional) and that pulmonary inflammation
and infection should impact on subsequent (longitudinal) measures of ventilation distribution, assessed by
MBW, in infants diagnosed with CF.

Methods
Study subjects
Infants diagnosed with CF following newborn screening were studied soon after diagnosis (median age
3.6 months), at 12 months and 24 months of age as part of the AREST CF surveillance programme, the full
details of which have been published elsewhere [6]. Assessment included infant lung function testing 1–3 days
prior to BAL and chest CT. All infants in the AREST CF programme are prescribed amoxicillin–clavulanic
acid prophylactically (Augmentin Duo (Aspen Pharmacare Pty Ltd, St Leonards, Australia) 11.25 mg·kg−1

twice daily), and parents were not asked to stop the antibiotic treatment prior to bronchoscopy.

Infant lung function testing
Infants were studied asleep following oral chloral hydrate (60–100 mg·kg−1). MBW testing was performed
using 4% sulphur-hexafluoride tracer gas and flow was measured using an ultrasonic flowmeter
(Ecomedics AG, Duerton, Switzerland) as previously described [31, 32]. A temperature model [33] and
deadspace correction were applied to technically acceptable data and the functional residual capacity
(FRC), LCI and moment ratios (M1/M0 and M2/M0) were derived [34, 35]. MBW outcomes from infants
with three or more acceptable measurements (FRC within 25% of median and LCI within one lung
turnover) or two acceptable measurements (FRC within 10% of the highest value and LCI within one lung
turnover) were averaged for inclusion in the analysis.

BAL
BAL was performed when infants were clinically well, as previously published by our group [6]. While
acute pulmonary exacerbations are rare in this age group, annual research BALs are routinely delayed until
∼6 weeks after resolution of the exacerbation if these events coincide. Briefly, three aliquots of saline
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(1 mL·kg−1) were instilled into the right middle lobe, and one aliquot into the lingual or worst-affected
lobe on CT, and retrieved using low-pressure suction [36]. Two aliquots (one right and worst) were
cultured for the identification of bacteria, fungi and viruses. The remaining two aliquots were stored on ice
for assessment of inflammation, which occurred within 3 h.

BAL inflammatory profile
Inflammatory analyses were performed as previously described [5, 6, 37] and included assessments of total
and differential cell count, IL-8 level by ELISA (BD OptEIA; BD Biosciences, San Diego, CA, USA) and
detection of free neutrophil elastase activity using an enzyme activity assay. Inflammatory response scores
were derived using a weighted average of the above markers using a principal components analysis [38].

Microbiology
BAL was cultured on blood, cysteine lactose electrolyte deficient agar, Fildes agar and Sabouraud agar with
chloramphenicol. Bacterial and fungal densities were analysed, where 103 cfu·mL−1 is the lowest reported
density. A density of ⩾105 cfu·mL−1 with a specific organism is indicative of significant infection with that
organism. Positive cultures lacking a predominant organism, largely consisting of organisms expected to
be present in the mouth or upper airway, such as oral Neisseria and Streptococcus species, were classified
as mixed oral flora (MOF) regardless of density. Pro-inflammatory pathogens were defined as those
previously shown to elicit a pro-inflammatory response (P. aeruginosa, Staphylococcus aureus,
Haemophilus influenzae, Streptococcus pneumoniae and Aspergillus species) [38].

Clinical characteristics
Respiratory symptoms were determined by history and examination on the day of the BAL. CF
transmembrane conductance regulator (CFTR) genotype was classified as severe (at least one class I, II or
III mutation) or mild (class IV or V), as previously described [39–42].

Statistical analysis
Measures of ventilation inhomogeneity (LCI, M1/M0 and M2/M0) were analysed as continuously
distributed outcomes using linear mixed effects models. Associations between these outcomes and
pulmonary infection, inflammation, current respiratory symptoms and severe CFTR genotype were
determined using separate mixed effects models with random subject effects for each exposure variable
and were adjusted for age at BAL. Continuous inflammatory markers were transformed to the natural
logarithmic scale to achieve approximate normality. The coefficients of the fixed effects of the linear mixed
models with 95% confidence intervals and p-values are presented.

To investigate the change of ventilation inhomogeneity over time, linear mixed effects models were fitted,
assessing the association between measures of ventilation inhomogeneity and presence of pulmonary
infections and inflammatory markers (one marker at the time). Models were adjusted for age at BAL and
an interaction between infection (or inflammation) marker and age. For simplicity, only the coefficients of
interaction effects between age and the presence/absence of infection (or inflammation) are reported, along
with the 95% confidence intervals and p-values. In the longitudinal analyses patients that had a positive
BAL at any point in the past were classified as having had a past infection. All analyses were performed
using Stata 13.0 (StataCorp, College Station, TX, USA).

Results
Study population
Paired measures of ventilation inhomogeneity derived from MBW tests and markers of inflammation and
pulmonary infection status were obtained in 108 infants on 156 occasions, with 66 children having one
visit, 36 children having two visits and six children having three visits. While most of the 108 infants
attended BAL visits at ages ∼3 months, 1 year and 2 years (n=296 (91%) out of an ideal 324 BALs), not all
infants had a successful MBW result due to lack of consent for sedation, failure of the infant to sleep after
sedation or lack of acceptable, repeatable data (n=156 (53%) out of a possible 296 visits). There were no
differences in age, height, sex or prevalence of inflammatory and infection outcomes between children that
had successful MBW and those that did not, with the exception of the presence of pro-inflammatory
pathogens (26% in children with MBW compared to 36% without MBW; p=0.05). There were no
significant differences in the prevalence of any of the individual pathogens.

Of the 108 children, 89.4% had a severe genotype (class I, II or III mutations). IL-8 was present in 125
(85.6%) BAL samples and free neutrophil elastase was detected in 19 (12.9%) samples at the time of
MBW. Micro-organisms other than MOF were cultured from BAL fluid in 56 (35.9%) samples at the time
of lung function testing, with significant pulmonary infection (⩾105 cfu·mL−1) evident at 25 (16%) visits.
The pro-inflammatory pathogens [38] P. aeruginosa (4.5%), Aspergillus spp. (5.1%), H. influenzae (7.7%),
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S. aureus (9.0%) and S. pneumoniae (2.6%) were cultured in 28.8% of the samples at MBW visits. Further
demographic and clinical characteristics of the study population can be found in table 1 and a complete
infection record is available for each child at the time of BAL in the online supplementary material. There
were no differences between sites for any characteristics after adjusting for age at BAL.

Cross-sectional analyses of ventilation inhomogeneity in the presence of inflammation and
infection
Pulmonary inflammation
Generally, measures of pulmonary inflammation including total cell and neutrophil counts, presence/
extent of neutrophil elastase and IL-8 were not associated with increased LCI or moment ratios in infants
and young children with CF (aged 0–2 years). However, weak associations with the presence of IL-8 (M2/
M0; p=0.045) and total cell count (LCI; p=0.030) were evident (table 2).

Pulmonary infection
Significant pulmonary infection (⩾105 cfu·mL−1) was associated with increased LCI (mean difference 0.400;
p=0.002) in infants diagnosed with CF following newborn screening (fig. 1 and table 2). Furthermore,
infection with Aspergillus spp. or H. influenzae was particularly concomitant with elevation of all measures
of ventilation inhomogeneity, while the detection of P. aeruginosa, S. aureus or mixed oral flora in BAL
samples was not associated with increased MBW outcomes (table 2).

Clinical characteristics
Neither respiratory symptoms, as determined by history and examination on the day of the BAL nor
severe genotype were associated with increased LCI or moment ratios (table 2).

Longitudinal analysis of ventilation inhomogeneity in the presence of inflammation and infection
Pulmonary inflammation and genotype
In general, the direction of the interaction terms in the models suggested a greater decline in lung function
over time (increased ventilation inhomogeneity) in those children with a “severe” CFTR genotype (fig. 2c)

TABLE 1 Demographic and clinical characteristics of the study population at time of multiple
breath washout visit

Demographics
Children n 108
Visits n 156
Age at visit years 1.06±0.66 (0.12–2.54)
Male 55 (50.9)

Clinical characteristics
Severe genotype# n/N (%) 84/94 (89.4)
Respiratory symptoms at visit 28 (19.3)

Microbiology at visit
No isolated infection at BAL 100 (64.1)
Any infection at BAL (excluding MOF) 56 (35.9)
Significant infection at BAL (⩾105 cfu·mL−1) excluding MOF 25 (16.0)
MOF only 42 (26.9)
Pro-inflammatory pathogens
Aspergillus spp. 8 (5.1)
Haemophilus influenzae 12 (7.7)
Pseudomonas aeruginosa 7 (4.5)
Staphylococcus aureus 14 (9.0)
Streptococcus pneumoniae 4 (2.6)

Inflammatory markers at visit
IL-8 detected 125 (85.6)
IL-8 pg·mL−1 490 (50–141000)
NE detected 19 (12.9)
NE ng·mL−1 100 (100–9300)

Data are presented as n, mean±SD (range), n (%) or median (range), unless otherwise stated. BAL:
bronchoalveolar lavage; MOF: mixed oral flora; IL: interleukin; NE: neutrophil elastase. #: some cystic
fibrosis transmembrane conductance regulator (CFTR) mutations have unknown effects on CFTR function
and some subjects are yet to have mutations identified on both genes.
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TABLE 2 The effect of current pulmonary infection, inflammation and clinical characteristics on measures of ventilation inhomogeneity in infants

LCI M1/M0 M2/M0

Difference p-value Difference p-value Difference p-value

Pulmonary infection
No infection Reference Reference Reference
Any infection excluding MOF 0.211 (0.031–0.391) 0.102 0.045 (−0.007–0.097) 0.089 0.331 (−0.064–0.725) 0.100
MOF only 0.125 (−0.052–0.302) 0.168 −0.003 (−0.054–0.048) 0.911 −0.008 (−0.397–0.381) 0.967
Significant infection excluding MOF ≥105 cfu·mL−1 0.400 (0.150–0.648) 0.002 0.121 (0.049–0.193) 0.001 0.959 (0.414–1.504) 0.001
Any infection with a pro-inflammatory pathogen 0.270 (0.063–0.476) 0.011 0.070 (0.010–0.130) 0.022 0.477 (0.021–0.932) 0.040
Aspergillus spp. infection 0.738 (0.359–1.112) <0.001 0.146 (0.035–0.257) 0.010 1.139 (0.295–1.982) 0.008
Haemophilus influenzae infection 0.483 (0.154–0.811) 0.004 0.164 (0.071–0.258) 0.001 1.180 (0.456–1.894) 0.001
Pseudomonas aeruginosa infection −0.059 (−0.479–0.361) 0.783 −0.024 (−0.144–0.097) 0.700 −0.183 (−1.098–0.732) 0.695
Staphylococcus aureus infection 0.054 (−0.253–0.360) 0.732 0.015 (−0.073–0.103) 0.746 0.069 (−0.601–0.739) 0.840

Pulmonary inflammation
TCC ×103 ·mL−1 (for a doubling) 0.084 (−0.008–0.160) 0.030 0.011 (−0.011–0.033) 0.312 0.085 (−0.083–0.253) 0.321
Neutrophils ×103·mL−1 (for a doubling) 0.039 (−0.007–0.085) 0.095 0.002 (−0.011–0.016) 0.746 0.023 (−0.081–0.129) 0.677
NE level (for a doubling) 0.026 (−0.043–0.095) 0.464 0.002 (−0.018–0.022) 0.845 0.028 (−0.124–0.179) 0.722
Presence of NE −0.017 (−0.271–0.237) 0.898 0.019 (−0.056–0.094) 0.618 0.218 (−0.334–0.769) 0.439
IL-8 level (for a doubling) 0.020 (−0.006–0.028) 0.228 0.007 (−0.004–0.019) 0.224 0.071 (−0.016–0.157) 0.107
Presence of IL-8 0.155 (−0.085–0.395) 0.206 0.064 (−0.007–0.134) 0.075 0.526 (0.012–1.040) 0.045
Inflammatory response score 0.029 (−0.030–0.088) 0.343 0.009 (−0.009–0.026) 0.303 0.078 (−0.048–0.204) 0.224
Cumulative mean inflammatory response score 0.013 (−0.062–0.090) 0.729 0.006 (−0.017–0.028) 0.616 0.052 (−0.114–0.219) 0.538

Clinical characteristics
Respiratory symptoms 0.025 (−0.190–0.240) 0.818 0.009 (−0.054–0.071) 0.790 0.083 (−0.374–0.541) 0.721
Severe genotype 0.097 (−0.183–0.377) 0.498 0.057 (−0.030–0.143) 0.199 0.438 (−0.193–1.070) 0.174

Data are presented as mean (95% CI), unless otherwise stated. Data presented in bold are statistically significant. LCI: lung clearance index; M1/M0: 1st to 0th moment ratio; M2/M0: 2nd
to 0th moment ratio; MOF: mixed oral flora; TCC: total cell count; NE: neutrophil elastase; IL: interleukin.
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or where free neutrophil elastase was detected (fig. 2b). However, the confidence intervals were wide for
the estimates of the interaction terms and statistical significance was not reached (table 3).

Pulmonary infection
Infants with CF who remained free of detectable pulmonary infection in BAL over the first 2 years of life
showed a decrease in LCI, M1/M0 and M2/M0 during this time (table 4). Children who had ever been
identified with a pulmonary infection, either at the time of the visit or at a previous visit, demonstrated
accelerated lung function decline (increased ventilation inhomogeneity) when compared to those who
had never been identified with a pulmonary infection (fig. 2 and table 3). The increase in ventilation
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TABLE 3 The longitudinal effects of pulmonary infection and inflammation on measures of ventilation inhomogeneity in infancy

LCI M1/M0 M2/M0

Interaction between infection
status and age (95% CI)

p-value# Interaction between
infection status and age (95% CI)

p-value# Interaction between infection
status and age (95% CI)

p-value#

Never infected Reference Reference Reference
Current infection and no past infection 0.361 (−0.06–0.768) 0.082 0.132 (0.016–0.249) 0.026 0.938 (0.046–1.830) 0.039
Current infection and past infection 0.656 (0.180–1.132) 0.007 0.181 (0.044–0.317) 0.009 1.208 (0.165–2.250) 0.023
No current infection and past infection 0.699 (0.061–1.337) 0.032 0.243 (0.060–0.426) 0.009 1.614 (0.213–3.015) 0.024
Infection with any pro-inflammatory
pathogen

0.449 (0.160–0.738) 0.002 0.124 (0.041–0.207) 0.003 0.943 (0.313–1.574) 0.003

Aspergillus spp. −0.044 (−0.619–0.531) 0.882 0.001 (−0.165–0.164) 0.996 0.052 (−1.195–1.300) 0.935
Haemophilus influenzae 1.069 (0.548–1.591) <0.001 0.285 (0.134–0.436) <0.001 2.130 (0.981–3.278) <0.001
Pseudomonas aeruginosa 0.087 (−0.561–0.736) 0.792 −0.036 (−0.221–0.150) 0.705 −0.287 (−1.697–1.123) 0.690
Staphylococcus aureus 0.343 (−0.016–0.702) 0.061 0.076 (−0.028–0.179) 0.154 0.585 (−0.205–1.375) 0.147
Absence of free NE Reference Reference Reference
Presence of free NE 0.204 (−0.125–0.533) 0.225 0.042 (−0.053–0.136) 0.386 0.319 (−0.394–1.031) 0.381
Absence of IL-8 Reference Reference Reference
Presence of IL-8 0.066 (−0.432–0.564) 0.796 0.021 (−0.123–0.165) 0.774 0.173 (−0.919–1.264) 0.757
Non-severe genotype Reference Reference Reference
Severe genotype 0.374 (−0.073–0.821) 0.101 0.134 (0.009–0.258) 0.035 0.926 (−0.019–1.870) 0.055

Data represent the interaction effects between age and infection status on lung function (lung clearance index (LCI), 1st to 0th moment ratio (M1/M0) and 2nd to 0th moment ratio (M2/
M0)). Data presented in bold are statistically significant. Longitudinal infection variables take into account all microbiology data available prior to the last multiple breath washout (MBW)
visit, even for the visits where MBW was not performed/successful and therefore “never infected” subjects are children that were not infected with any pathogen including mixed oral
flora at the current bronchoalveolar lavage (BAL) and all past BALs. See the online supplementary material for further infection information. NE: neutrophil elastase; IL: interleukin.
#: p-value for the interaction between infection status and age.
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inhomogeneity was particularly apparent if one of the bacterial pathogens known to elicit a pro-inflammatory
response (P. aeruginosa, S. aureus, H. influenzae, S. pneumoniae and Aspergillus species) [38] was isolated
from the lower respiratory tract, with a mean increase of 0.449 LCI units for every 1 year after the isolation
(fig. 2a). The greatest effects were associated with isolation of H. influenzae (1.069 LCI units; p<0.001).
Infants who were free from any detectable infection at the time of testing, but who had previously exhibited a
positive bacterial culture recorded a mean increase of 0.699 LCI units per year compared to those who
remained uninfected.

Discussion
This study demonstrates that significant pulmonary infection is associated with increased ventilation
inhomogeneity, measured using inert gas washout in infants diagnosed with CF by newborn screening. A
longitudinal assessment of our unique dataset demonstrated the impact of pulmonary inflammation and
infection on ventilation distribution in infants with CF over time. Children with prior pulmonary infection
exhibited accelerated lung function decline (increase in LCI, M1/M0 and M2/M0) when compared to those
infants who remained free of detectable pulmonary pathogens over the first 2 years of life. Increased
ventilation inhomogeneity was marked in the presence of infection with those pathogens previously shown
to elicit a strong inflammatory response [38], and in particular infection with H. influenzae significantly
impacted on the longer-term lung function in young children with CF.

The LCI as an outcome measure for the detection of early CF lung disease has been supported by a
number of studies that demonstrate that LCI is increased, even in the presence of a normal forced
expiratory volume in 1 s, in young school-aged children [16, 43]. However, the role of LCI in CF during
infancy remains unclear, with >80% infants with CF reporting an LCI within normal limits at 3 months of
age which increases with increasing age [10, 30]. Reference values of LCI tend to be higher in infancy than
in older children [15, 16], with the upper limit of normal defined as 8.3 in 3-month-old infants [44]. We
report that none of the 3-month-old infants in this study demonstrated an LCI >8.3 regardless of infection
or inflammation status. An important caveat is that the reference data were collected on different,
non-commercially available, equipment and therefore may not be directly comparable to this population
and that adequate reference values for data using commercially available equipment suitable for
measurement in infants are not currently available.

The LCI is potentially a suitable clinical tool for surveillance of disease, detecting pulmonary exacerbations
and examining the response to therapeutic intervention in older children with CF [23, 24, 45]. In this study
we have shown that significant pulmonary infection is associated with increased LCI during infancy (mean
difference 0.400 LCI units), which is an important first step to demonstrate the surveillance and intervention
potential of this technique during the early years of life. The LCI would be a particularly attractive clinical
trial end-point during infancy, since the MBW is relatively simple to perform, unlike other infant lung
function tests such as the raised volume rapid thoracic compression technique, and is comparatively less
invasive than BAL. However, beyond the first few months of life, sedation of the subject is still required. A
sensitive, reproducible and feasible clinical trial end-point that can be used during infancy is crucial for trials
of disease-modifying therapies that are intended for lifelong use commencing soon after diagnosis.

We report worse outcomes (increase in LCI, M1/M0 and M2/M0) in children at 2 years of age where a
pulmonary infection was ever isolated, even in the absence of a concurrent infection at the time of testing.
Infection with H. influenzae was particularly detrimental to the respiratory health of young children with
CF, with an increase of 1.069 LCI units for each year after its isolation in BAL when compared to those
who remained free of pulmonary infection. While a common isolate in young children with CF, the
specific role that H. influenzae plays in the development or progression of early CF lung disease currently
remains unclear. However, this study in addition to our recent publication showing that infection with

TABLE 4 Ventilation inhomogeneity in children with cystic fibrosis where an infection was never
detected in bronchoalveolar lavage fluid

<6 months 6–18 months >18 months

Subjects n/N 23/49 12/72 3/35
LCI 7.15±0.51 6.79±0.70 6.36±0.05
M1/M0 2.09±0.17 1.96±0.19 1.83±0.09
M2/M0 7.79±1.23 6.87±1.38 5.88±0.70

Data are presented as mean±SD, unless otherwise stated. LCI: lung clearance index; M1/M0: 1st to 0th
moment ratio; M2/M0: 2nd to 0th moment ratio.
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H. influenzae in early life leads to reduced spirometry at school age [46] provides some evidence that
early-life infection with H. influenzae may worsen the prognosis of the disease. Such detriment may be
attributed to the genetic diversity of H. influenzae, with some isolates from young children with CF
proving to be strong biofilm producers [47]. In light of our findings, further studies would be helpful to
determine whether antibiotic prophylaxis or the development of specific eradication protocols directed
against the other pro-inflammatory pathogens such as H. influenzae and S. aureus [48] are worth pursuing
in order to limit decline in lung function in early life. With the exception of P. aeruginosa, current
protocols for the management of early CF would not necessarily lead to antibiotic or antifungal treatment
after the detection of these pathogens, especially in asymptomatic individuals [49].

We were unable to elucidate the effect of antibiotic prophylaxis on bacterial profiles in BAL and impact on
longitudinal lung function as all of the infants in the AREST CF programme are prescribed prophylactic
antibiotics and no data on adherence were available. As a result of prophylactic antibiotic use, it is also
possible that the bacterial profiles described in our cohort may differ to other centres where the use of
prophylactic antibiotics in CF does not form part of routine clinical care.

Our group has previously shown that pulmonary infection is associated with a greater rate of lung
function decline by forced expiratory flows and volumes in a newborn screening population [7], and it
should be noted that a small subset of infants are common to both studies. While there is evidence to
suggest that reduced lung function by spirometry tracks from infancy into the preschool years [50] and
that LCI measured at 3–5 years predicts subsequent abnormal lung function during the early school years
[18] in those clinically diagnosed with CF, it remains speculation that those with faster declining lung
function in infancy have poorer clinical outcomes later in life.

While it is known that pulmonary infection results in an excessive inflammatory response in CF airways
[38, 51], the possible role of inflammation as an independent contributor to early CF pathophysiology has
also been established [4, 52]. In the current study, the presence of IL-8 or neutrophil elastase was not
significantly associated with accelerated lung function decline. This may in part be due to the limited
number of specific areas of the lung that were sampled for inflammatory analysis in this study, with the
right middle lobe or worst affected lobe being used for microbiology rather than inflammation analyses. In
addition, only 13% of the population had detectable levels of free neutrophil elastase, while 86% had
detectable IL-8 levels. Alternatively, since inflammation is known to increase with age regardless of the
presence of pulmonary infections in CF [53], the relatively low levels in infancy may not have reached
some “critical point” whereby they impact upon ventilation distribution. These data suggest that the
functional measurement of MBW is less sensitive than the structural disease observed on chest CT as a
measure of the effects of inflammation on lung structure during infancy.

This study demonstrated increased ventilation inhomogeneity (moment ratios) over time in infants with
severe CFTR genotype compared to those with mild genotype. The impact of genotype on the severity of
lung disease is complicated by the influence of environmental and secondary genetic factors, although
there is some evidence to suggest that patients with mild CFTR mutations show reduced rates and delayed
acquisition of pulmonary infections [54] as well as less severe progression of pulmonary disease than those
patients carrying severe genotypes (class I, II and III CFTR mutations) [55–57].

While the present study may be criticised for the lack of healthy control infants, it was our intention to
determine the impact of pulmonary infection and inflammation on measures of ventilation distribution in
infants who have early CF lung disease. We therefore do not believe that this design feature alters the
significance of the observations, but does highlight the need for healthy reference ranges derived from
measurements on commercially available equipment in this age group [58]. We recognise that without the
longitudinal assessment of healthy infants we remain unable to comment on whether children with CF
remaining free of pulmonary infection experience increased ventilation inhomogeneity over time.
Additionally, these data are limited by a lack of information available regarding any possible pulmonary
exacerbations between BAL visits, including viral exacerbations. While acute pulmonary exacerbations are
relatively rare among young infants, we do not have measures between BAL samples; in part because there
is evidence to suggest that the micro-organisms present in the upper airway do not adequately reflect the
lower airway [59].

Our findings support the notion that acquisition of any pulmonary infection within the first year of life is
potentially a critical factor in predicting long-term lung function decline in children with CF. Therefore,
early intervention such as antimicrobial prophylaxis, surveillance for pulmonary infections and the
eradication of isolated pathogens may benefit the clinical management of patients with CF during early
life. As any infection, even if subsequently eradicated, seems to be associated with persisting decline in
lung function, better targeting of the underlying pathology, or other features consequent to the basic
biochemical defect in CF [60] are perhaps also warranted in infants with CF. In addition, the data
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presented here provide evidence that measures of ventilation inhomogeneity may offer potential as a
suitable outcome for use in clinical trials in infants with CF. Although CT is the current gold standard for
demonstrating small structural changes and early progression of lung disease, CT is not a feasible outcome
measure for frequent monitoring of disease status. Our data demonstrate that the LCI is affected by the
same pathobiological factors that are associated with progression of structural lung disease and therefore
might be useful for longitudinal monitoring of lung disease severity.
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