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Abstract
Background: Chest computed tomography (CT) is the gold standard for detecting
structural lung disease in cystic fibrosis (CF). However there has been a lack of
validated measures that are appropriate for young children. The aim of this PhD
project was to develop and validate a quantitative, CT-based measure of structural
lung disease extent in children aged below 6 years. We hypothesised that a) this
outcome measure is biologically relevant, i.e. associated with clinical measures of
lung disease including infection, inflammation, and lung function; b) CT trapped
air extent is associated with lung disease but not necessarily representative of lung
ventilation; and c) chronic pulmonary infection and inflammation is associated with
worse CT outcomes later in life.
Methods: Subjects aged up to six years undergoing annual clinical surveillance
(chest CT, bronchoalveolar lavage (BAL), and multiple breath washout testing
(MBW)) were recruited. To assess structural lung disease extent, a new quantitative assessment of CT scans, PRAGMA-CF, was developed. In brief, a grid was
overlaid over ten equidistant CT slices, and grid cells were annotated hierarchically for the presence of bronchiectasis, mucous plugging, bronchial wall thickening,
and atelectasis (inspiration scan) and trapped air (expiration scan). The extents of
bronchiectasis (%Bx), overall structural disease (%Dis), and trapped air (%TA) were
determined by dividing the number of cells annotated with the relevant pathology by
the total number of annotated cells, as a percentage. Linear mixed model analysis
was used to compare CT measures to clinical, BAL, and MBW outcomes.
Results: 675 scans from 255 patients were included in the final analysis. %Dis and
%Bx were significantly associated with the presence of inflammatory biomarkers
from BAL. Lung clearance index (LCI) from MBW was associated weakly with CT
outcomes in preschool aged children, but not in infants. %TA was associated with
%Dis, but not lung volumes or MBW outcomes. Longitudinally, the number of visits
with a positive neutrophil elastase detection and the number of visits with a positive
proinflammatory pathogen detection were each associated with %Dis, adjusted for
age.
Discussion: PRAGMA-CF is a sensitive tool to monitor structural lung disease in
young children with CF. It is associated with clinically relevant measures of lung
disease, including infection and inflammation. There is a weak association with LCI
in children, but not infants. Trapped air extent measurements are clinically relevant,
but do not necessarily reflect ventilation parameters of the lung, suggesting that
CT trapped air may actually represent a number of pathologies. Early pulmonary
inflammation and infection is associated with worse structural lung disease later in
life, highlighting the importance of early surveillance and intervention in CF.
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1
Review of the literature

Cystic fibrosis (CF) is a common autosomal recessive disease found mainly in Caucasians, with an incidence of approximately 1 in 2500 live births [1]. A mutation in
the gene that regulates the cystic fibrosis transmembrane regulator (CFTR) protein
results in reduction or loss of its function as a chloride ion channel. This defect leads
to a range of clinical consequences, particularly in the pulmonary and gastrointestinal systems. With the advent of newborn screening and nutritional supplementation
to alleviate many of the gastrointestinal effects, respiratory disease has become the
dominant cause of morbidity and mortality: 85% of deaths are related to respiratory
failure resulting from advanced structural lung disease [2]. Therefore, the respiratory system is the most important therapeutic target to improve and extend the life
of individuals with CF.

1.1 Early CF lung disease
Cystic fibrosis lung disease has a complex pathophysiology that is not yet fully understood [3, 4], however at its core is an ongoing cycle of chronic inflammation,
infection and airway obstruction. A common view of the early pathobiology is that
the defective CFTR ion transport leads to a reduction in airway surface liquid volume and tenacious airway mucous [5–8], impairing ciliary function and mucosal
clearance, and thus causing a combination of airway inflammation and increased
susceptibility to respiratory infection [9]. This chronic inflammation and infection
causes damage to airway structure and airway obstruction, further increasing inflammation and infection, creating a self-sustaining cycle. The final result is progressive,
permanent structural lung disease and loss of function, eventually necessitating lung
transplantation.
The process of progressive lung disease in CF begins at birth and is initially mild,
15
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before progressing rapidly throughout childhood and adolescence [10–12]. Evidence
of structural lung disease is common even in infancy: 80% of newborn screened
infants as young as six weeks of age have abnormal chest computed tomography
(CT) – the gold standard for assessing structural lung disease – even in the absence of respiratory symptoms [10–12]. However, relatively little is known about the
pathophysiology of structural lung disease in infancy and early childhood, nor the
contributing factors that lead to its acceleration.
Bronchiectasis, or irreversible dilation of the airways due to a loss of structural
integrity, is the hallmark characteristic of CF lung disease and the main cause of
morbidity and mortality [13]. Because reversibility cannot be determined from a
single CT scan, radiologic bronchiectasis is defined based on relative airway size
alone, i.e. as any airway with a diameter larger than its accompanying artery (an
airway-artery diameter ratio >1). This cut-off was determined from scans of healthy
adults, and may not be appropriate for young children. In addition, it is not clear
whether the airway inner or outer diameter should be measured, although in CF
the presence of intraluminal mucous makes the measurement of inner diameter problematic [14, 15]. Data from the Australian Respiratory Early Surveillance Team for
CF (AREST CF) have shown that using an outer diameter cut-off ratio of 1, the
majority of bronchiectasis is either persistent or progressive [16]. Although some
patients did have apparent “resolution” of bronchiectasis, this could be ascribed to
the limited slice CT technique used in the study: limited slice CT scans have poor
lung coverage, resulting in lower sensitivity to detect bronchiectasis compared to
volumetric scans [16, 17]. Bronchiectasis is relatively uncommon in infants with
CF, with a prevalence below 10%, however by the age of 6 years the prevalence
rises to over 50% [12]. Because of the presumed irreversibility, high clinical importance, and rapid increase in prevalence of bronchiectasis during early childhood,
early intervention to prevent its onset is a logical therapeutic goal.
Earlier signs of structural lung disease can be used to evaluate lung disease severity
in children who have not yet developed bronchiectasis, the most common of which
is bronchial wall thickening [12]. Bronchial wall thickening is either intraluminal
mucous impaction or airway wall oedema due to inflammation, or most likely a
combination of both, and often accompanies bronchiectasis [18]. Although there are
many radiological definitions of bronchial wall thickening on CT [19–25], the small
size of airways in young children relative to the resolution of CT precludes direct
measurement of airway wall properties. Thus, a subjective increase in CT density (i.e. “brightness”) of the airway walls is the most appropriate method to assess
bronchial wall thickening in early life [26, 27]. Bronchial wall thickening is very common in early life, present in 30-50% of newborn screened infants [12]. In addition,
it is more prevalent and extensive in children with free neutrophil elastase detected
from bronchoalveolar lavage (BAL), suggesting that it is a sign of pulmonary in16
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flammation [10]. Unlike bronchiectasis, it is potentially reversible following effective
therapy [28]. However, due to the subjectivity of identifying bronchial wall thickening in young children, measurements of its extent have poor repeatability, limiting
its utility as an outcome measure.
An indirect sign of structural lung disease commonly observed in CF is trapped air.
Trapped air on chest CT is defined as geographic regions of hypodensity, and is best
assessed at end-expiration (and ideally with a spirometer) [29–32]. It is common in
CF early in life, being present on CT in over half of infants diagnosed by newborn
screening, [12] is associated with respiratory exacerbations [33] and is universally
present in end-stage CF lung disease [34]. Although trapped air can vary in extent
and location from scan to scan, around one third remains fixed in successive CT
scans [35]. Trapped air extent can be reduced with effective therapy [36]. Whether
fixed and transient trapped air have different clinical implications has not yet been
investigated. In general, trapped air progression is correlated with progression of
structural lung disease [27].
Trapped air is thought to be a measure of peripheral airway disease (in airways
too small to directly visualise) [31, 37]. As its name suggests, trapped air is generally believed to be the result of localised hyperinflation due to airway obstruction
[18]. However, heterogeneous pulmonary hypoperfusion has recently been demonstrated in children with CF, using lung magnetic resonance imaging (MRI) [38, 39].
Hypoperfusion and trapped air both lead to geographic hypodensity and are indistinguishable on CT, but have differing clinical consequences. For example, the
selection of inhaled versus systemic delivery of therapeutics may depend on whether
the primary defect is hypoventilation, hypoperfusion, or a combination of both.
Further research using methods that directly measure ventilation and perfusion, for
example with MRI, are required to answer this important question.

1.2 Scan acquisition
Choice of modality
Chest CT is the gold standard for assessing structural lung disease and the best
validated imaging modality in children with CF. Due to its greater sensitivity than
conventional chest x-ray and its ubiquity in CF centres, CT is the modality of choice
for monitoring structural lung disease in the clinical setting [37, 40–42]. Lung MRI,
however, is an emerging modality for assessments of CF-related structural lung
disease. Although lung MRI can assess functional as well as structural abnormalities,
including ventilation and perfusion mapping, its sensitivity to structural lung disease
is lower than that of CT [43–46]. In addition, compared to CT, MRI imaging of
17
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the lung is less well developed as a modality. There has been minimal validation
in young children, and due to long scan times requires sedation for infants and
uncooperative young children. Furthermore, due to its high magnetic susceptibility
and low proton density, MRI scans of the lung suffer from poor signal to noise ratio
and image artefacts. New techniques have become available to address these issues
and improve image quality, but are generally vendor-specific, making standardisation
difficult, and are not yet clinically available [46–49].
Novel imaging modalities, such as tomographic x-ray velocimetry [50], optical coherence tomography [51], electrical impedance tomography [52], and phase contrast
x-ray [53], may offer new insight into CF lung disease pathobiology. Although
promising, these techniques are currently well in the research domain, and are not
available at many sites. Substantial validation of their physiological and clinical
relevance is required before these techniques will enter mainstream use.

Lung volume standardisation
Due to increasingly rapid acquisition, breath-holding is no longer necessary to obtain
CT scans without motion artefact [54], and respiratory gating can standardise lung
inflation during CT and MRI to functional residual capacity (FRC). However, lung
volume level and volume history have a significant effect on airway morphology
[55] sensitivity of CT to detect airways disease [56] and CT density measurements
for detecting regional hypoattenuation [56, 57]. Acquisition of CT scans during
a maximal inspiration breath-hold for CT or MRI scan acquisition can easily be
achieved in children aged over 5 years using voluntary manoeuvres, preferably with
spirometry control [58–61]. However, because of the level of cooperation required,
these techniques are not possible for very young children.
Controlled-ventilation CT under either general anaesthesia [12] or sedation [62, 63]
allows the simulation of an inspiration manoeuvre by applying a positive airway pressure during the scan, and expiration by releasing the pressure [64]. Studies have reported a subjective increase in CT image quality using this technique [62, 65, 66], as
well as an increased sensitivity to detect bronchiectasis and trapped air, but not airway wall thickening, compared to tidal breathing scans [56]. However, bronchiectasis
in these studies was defined as an airway larger in diameter than its accompanying
artery, which likely isn’t appropriate for the lung volume levels of quiet breathing.
It is possible that an alternative definition of bronchiectasis could improve the sensitivity of tidal breathing scans, however there have not been any published studies to
directly compare airway-artery measurements in children at different lung volumes
[67]. Therefore, although the elimination of anaesthesia/sedation is desirable, at
this point in time, controlled ventilation CT scanning remains the gold standard for
18
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structural lung disease assessment in early life CF.

CT slice spacing
Limited slice CT protocols, i.e. the acquisition of a fixed number of axial slices (often
3-5) [16, 68, 69], can be used to reduce the radiation dose incurred by paediatric
chest CT as compared to volumetric (helical, whole-volume) scans. The number
of (and hence spacing between) slices has a significant effect on the sensitivity and
reliability of detecting the mild structural lung disease seen in early life CF. As well
as reducing the likelihood of imaging an abnormality, large slice spacing precludes
tracking of the bronchial tree. This makes it difficult to distinguish abnormal from
normal airway morphology, for example between endobronchial mucous plugs and
arteries, and prevents the assessment of airway-artery diameter ratios, as it is not
possible to determine which generation of airway and artery is being assessed.
A slice spacing greater than 10 mm was shown by de Jong and colleagues to reduce
sensitivity to detect CF-related structural lung disease in a study of 20 children
aged 3 to 17 years [68]. Because of the wide variety of ages and disease severities
that were encompassed by this study, it is not clear whether this same cut-off can
be applied to infants and children with mild disease. Loeve and colleagues used
similar methodology to assess trapped air quantification, and found that the effect
of slice spacing was dependent upon the scoring method used [70]. Because the total
number of slices is dependent upon height, a fixed slice spacing potentially results in
insufficient lung coverage in smaller children. These issues can be avoided by using
volumetric CT, which provides whole-lung coverage with isotropic resolution [71].
Volumetric CT also facilitates automated image analysis and allows 3D reconstructions of the bronchial tree, enabling quantitative measures of airway dimensions to
determine the extent and severity of bronchiectasis, bronchial wall thickening, and
other structural abnormalities [15, 72, 73].

CT/MRI protocols
There is substantial heterogeneity in CT and MRI protocols among paediatric centres. This is in part due to the rapid pace of technological advancement, leading
to a wide variety of hardware and software capabilities between manufacturers and
scanners. New CT techniques such as high pitch scanning, automated dose modulation and iterative reconstruction allow faster scan times, reduced radiation dose
and higher quality images, but may not be available on all scanners. However, using
CT phantoms and image noise analysis, image quality can be readily standardised
across sites. Unlike CT, MRI sequences such as ultra-short echo time (UTE) [74,
19
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75] and PROPELLER [76] are often manufacturer-specific, available only as research
protocols on selected hardware. Because these technologies are not available at all
centres and do not always produce equivalent images, standardisation of protocols is
more challenging on MRI than CT. Ideally, standardised, CF-specific CT and MRI
protocols should be developed, and interpreted by an observer trained specifically
in identifying early CF lung disease.

1.3 Outcome measures
Scoring systems
A number of scoring systems have been developed in order to quantify CF lung
disease, [12, 19, 20, 23, 26, 40, 77] with the most commonly used being the CF-CT
scoring system [23]. CT scores are repeatable and show good correlation with clinical
and physiological outcomes in children aged over 6 [21–24, 32, 34, 37, 42]. Similar
MRI scoring systems have been developed and found to be comparable to, but less
sensitive than, CT scores [76]. However, neither CT nor MRI scoring methods have
been designed for and validated in infants and preschool aged children. In general,
scores are categorical based on disease severity and extent, with the lowest extent
category being one third to one half of a lobe. Because CF lung disease is mild and
sparse in the first few years of life, infants and preschool children rarely exceed the
lowest score threshold, effectively reducing scores to a binary measure of presence
or absence of structural abnormalities. The inability of current scoring systems to
resolve small changes in structural lung disease extent reduces their suitability as
an outcome measures for longitudinal follow-up or intervention studies in the first
few years of life [78].

PRAGMA-CF
In order to conduct trials aimed at preventing early structural lung disease, quantitative outcome measures that can resolve small differences in structural lung disease
extents are needed for use in clinical trials and longitudinal studies in young children with CF [78–80]. The recently developed PRAGMA-CF method is the first
such measure that has been developed specifically for and validated using CT scans
from children below 6 years of age [27]. The extent of structural disease measured
by PRAGMA-CF has been shown to be related to markers of inflammation and
progression of bronchiectasis, and has high inter- and intra-observer repeatability.
In later childhood, PRAGMA-CF outcomes are related to lung clearance index: a
measure of ventilation heterogeneity [81]. In addition, sample size calculations show
20
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that multicentre clinical trials in young children are feasible using PRAGMA-CF as
an outcome [27]. Automated techniques based on PRAGMA-CF, for example using
texture analysis [82], will further improve on this method.

Novel outcomes in early life
Other promising novel outcomes, such direct airway-vessel ratio measurements [15],
automated airway detection [73], and quantification of trapped air volume [36, 83],
are yet to be tested and validated in young children. Specific challenges remain
in translating these techniques to the younger age group, due to for example the
generally lower radiation doses used (resulting in greater noise) and smaller airway
calibre that approaches the resolution of CT. However, with further development it
is likely that these outcomes will substantially contribute to the understanding of
lung pathobiology in CF.

1.4 Radiation considerations
The use of routine CT for monitoring CF lung disease progression involves regular exposure to ionising radiation, of which young children are most susceptible to.
Medical imaging should always follow the as low as reasonably achievable (ALARA)
radiation exposure mantra. However, current and ongoing developments in CT technology, particularly model-based iterative reconstruction techniques, allow volumetric chest CT scans to be acquired at extremely low dose, as little as 0.15 mSv [84].
Although the cumulative effect of repeated exposure to medical radiation should not
be ignored, [32, 37, 85] doses in this range are likely to be of negligible risk, as per
the position statement of The American Association of Physicists in Medicine [86,
87]. MRI offers a radiation-free alternative, however the requirement for sedation in
young children offsets this advantage. Although the clinical benefit of routine chest
CT is early CF is yet to be established with evidence-based studies, the low nature
of the risk of ionising radiation should be considered when deciding whether and
how often to image.

1.5 Conclusions
Although there are substantial challenges involved with chest imaging in very young
children and infants, new technologies and outcome measures have made the use of
CT and MRI in this age group feasible. The increasing use of imaging as a clinical
and research tool in early life CF has created an urgent need for standardisation
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of techniques and outcome measures. Volumetric, pressure-controlled CT remains
the gold standard for assessing mild CF-related structural lung disease as it is easily standardised, has high sensitivity to early disease, and can be performed with
minimal patient risk.
There is now a convincing body of evidence that structural lung disease commences
soon after birth, is progressive and contributes to the ongoing morbidity in CF.
The development and implementation of new therapies that promise to alter the
trajectory of CF lung disease [88, 89] has highlighted the need for early intervention
studies and the development of sensitive and accurate outcome measures. Therefore, the work presented in this thesis describes the development and application of
PRAGMA-CF: a novel, quantitative method to assess early structural lung disease
extent in young children with CF. In order to determine the validity and utility of
this method and better understand the pathobiology of early CF lung disease, we
hypothesised that:
• PRAGMA-CF has a high intra- and interobserver reliability,
• PRAGMA-CF is associated with biomarkers of CF lung disease, including lung
inflammation,
• clinical trials using PRAGMA-CF as an outcome measure are feasible,
• lung function measures, including multiple breath washout, are associated with
PRAGMA-CF,
• trapped air measured using PRAGMA-CF is associated with increased resting
lung volume (hyperinflation), and
• early and repeated detection of lung inflammation and infection is associated
with worsening structural disease.
In Chapter 2 the PRAGMA-CF methodology, development process, and repeatability analysis are described. Associations between PRAGMA-CF outcomes and
lung inflammation biomarkers are presented, along with sample size calculations for
clinical trials.
In Chapter 3, the association between PRAGMA-CF and the multiple breath
washout technique is presented in three major stages of childhood: infancy (0 –
2 years), preschool (3 – 6 years), and school-age (7+ years).
Chapter 4 compares PRAGMA-CF outcomes to lung volumes measured on CT, in
order to determine the contribution of hyperinflation to trapped air.
Finally, the effects of chronic (i.e repeated detections of) pulmonary inflammation
and infection on PRAGMA-CF outcomes are assessed in Chapter 5.
Chapters 4 and 5 not only provide insight into CF pathophysiology, but also act as
examples of how PRAGMA-CF can be used to answer a range of physiological and
clinical research questions. The overall impact of this body work, and directions for
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future research, are discussed in Chapter 6.
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Abstract
Rationale: Chest computed tomography (CT) is the gold standard for
demonstrating cystic fibrosis (CF) airways disease. However, there are no
standardised outcome measures appropriate for children under 6 years.
Objectives: We developed the Perth-Rotterdam Annotated Grid Morphometric Analysis for CF (PRAGMA-CF), a quantitative measure of
airways disease, and compared it to the commonly used CF-CT scoring
method.
Methods: CT scans from the Australian Respiratory Early Surveillance
Team for CF (AREST CF) cohort in Western Australia were included.
PRAGMA-CF was performed by annotating a grid overlaid on ten axial
slices for the presence of bronchiectasis, mucous plugging or other airway abnormalities (inspiratory scans) and trapped air (expiratory scans).
The separate proportions of total disease (%Dis), bronchiectasis (%Bx)
and trapped air (%TA) were determined. Thirty scans were used for
observer reliability, and thirty paired scans obtained at 1 and 3-years
old were used for comparison with a validated standard and biological
plausibility.
Measurements and Main Results: Intraobserver, intraclass correlation coefficients (95% confidence interval) for %Dis, %Bx and %TA were
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0.93 (0.86 – 0.97), 0.93 (0.85 – 0.96) and 0.96 (0.91 – 0.98), respectively.
The change in %Dis (P=0.004) and %Bx (P=0.001) with PRAGMA-CF
was related to neutrophil elastase (NE) presence at age 3, whereas only
the change in bronchiectasis score was related to NE (P<0.001) with
CF-CT. Sample size calculations for various effect sizes are presented.
Conclusions: PRAGMA-CF is a sensitive and reproducible outcome
measure for assessing the extent of lung disease in very young children
with CF.

2.1 Introduction
Structural lung disease (SLD) in cystic fibrosis (CF) begins early in life, is progressive, and is often the only evidence of respiratory disease in children less than
6 years of age [1–4]. Chest computed tomography (CT) is the gold standard for
demonstrating CF-related SLD. However, there are no validated quantitative outcomes based on CT that are appropriate for young children with early lung disease.
Therefore, in an era that promises new disease modifying therapies, an accurate and
sensitive assessment tool is urgently needed both for monitoring disease progress and
for clinical trials.
Several CT scoring systems for CF have been developed for adults and children
over the age of 6, with CF-CT being the most comprehensively examined [5–8].
These methodologies are semi-quantitative, and have not been designed for assessing
subtle appearances and low extents of structural changes found early in life [4]. In
particular, the extent scores for components of SLD are generally based on the
approximate proportion of the lung affected, with the smallest increment being
one third to one half of a lobe [4, 5]. The majority of young children have isolated
disease, only the mildest severity of lung abnormalities, and lobar disease extent that
is well below 50% [9–11]. This creates, using currently available scoring systems,
a binary outcome measure for each lobe in the majority of scans. Therefore, a
quantitative measure that is sensitive to early SLD is essential for use in clinical
trials or longitudinal assessment in this young age group.
This paper introduces the Perth-Rotterdam Annotated Grid Morphometric Analysis
method (PRAGMA-CF): a novel quantitative measure of CT SLD that specifically
targets early CF lung disease. We assessed the intra- and interobserver agreement for
PRAGMA-CF, relations with factors known to be associated with the development
and progression of SLD and compared the strengths of the associations using both
PRAGMA-CF and CF-CT methods.
We hypothesised that during the first 3 years of life, the PRAGMA-CF approach
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compared to the CF-CT algorithm will have better repeatability, be more sensitive to disease progression and more strongly correlate with airway inflammatory
biomarkers.
Some of the results of these studies have been previously reported in the form of
abstracts [12–14].

2.2 Methods
Study population and image selection: The children in this study were participants in the Australian Respiratory Early Surveillance Team for Cystic Fibrosis
(AREST CF) early surveillance programme. In order to determine the minimum
number of annotated slices required for accurate analysis, we selected twenty volumetric inspiratory and expiratory scans representing a range of SLD extents (setslice ):
ten scans from patients aged below 6 years with the highest CF-CT bronchiectasis
score (“severe” cases), and ten scans randomly selected from patients aged 3 and
under (“mild” cases). To determine intra- and interobserver repeatability, thirty
additional volumetric inspiratory and expiratory scans were randomly selected from
patients aged below 6 years (setrep ). Random scan selection was performed by assigning all eligible CTs scan a pseudorandom number in the interval [-1, 1], sorting
the list of scans based on this value, and selecting the required number of scans
with the lowest rank (ensuring that the same patient was not included more than
once).
In order to assess biological plausibility and assess PRAGMA-CF as a potential
clinical trial outcome for infants, we examined data from all patients who had paired
volumetric inspiratory CT scans (and either volumetric or limited slice expiratory
scans) acquired at both the ages of 1 and 3 years (setbio ).
CT image acquisition: Chest CT scans were obtained under general anaesthesia
as previously described [4].
CT scoring: CT scans were scored using a simplified version of the CF-CT scoring
system [9, 15] and the PRAGMA-CF algorithm.
Quantitative CT analysis: We developed PRAGMA-CF based on the severe
advanced lung disease method described by Loeve et al [16]. Using the thinnest
slice reconstruction (0.8-1.0mm) of the inspiratory scan, ten slices equally spaced
between the apex and the base of the lung were selected for annotation and overlaid
with a square grid. We corrected for lung size by setting the grid cell size equal
to 1/20th of the lung width at the carina (rounded to the nearest mm), measured
with electronic callipers using Myrian software (Intrasense, Montpellier, France).
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This size was chosen as it approximately corresponds to the size of the largest
airways.
For each grid cell that was at least 50% covered by the lung field, any presence of
airways disease was annotated according to a hierarchical system, from highest to
lowest priority: bronchiectasis (outer edge bronchus-artery cross-sectional area ratio
>1); mucous plugging (high density airway occlusion or tree-in-bud appearance);
bronchial wall thickening (assessed subjectively as airway walls that are thicker or
have increased signal intensity relative to normal airways); atelectasis; or normal
lung structure (Figure 2.1 A, B). Although only select slices were annotated, the
observer was permitted to scroll through the entire lung volume to assist in classification, for example to distinguish between an occluded airway and an artery. Cells
containing atelectasis were annotated but excluded from all analyses as they are
likely related to general anaesthesia rather than pathology [17]. The primary outcomes from this method are the volume proportion of the lung with airways disease
(%Dis), determined by dividing the number of cells annotated with either bronchiectasis, mucous plugging or airway abnormality by the total number of annotated cells
(excluding atelectasis), and the volume proportion of the lung with bronchiectasis
(%Bx), determined by dividing the number of cells annotated with bronchiectasis
by the total number of annotated cells (excluding atelectasis).
Trapped air was assessed with a similar methodology on the expiratory scans. A
Minimum Intensity Projection (MinIP) reconstruction was performed prior to analysis with a slice thickness of 4 to 5 mm, depending on the clinical protocol at the
time. This projection increases visibility of low intensity regions and facilitates visualisation of trapped air [18, 19]. Cells were annotated according to whether trapped
air represented 50% or more of the lung field in the cell (trapped air) or less than
50% (healthy) (Figure 2.1 C, D). The primary outcome was the volume proportion
of the lung with trapped air (%TA), determined by dividing the number of trapped
air cells by the total number of annotated cells.
Prior to 2010, clinical procedure was to acquire expiratory scans using a three-slice
protocol. For these scans, the lung width was measured on the second (middle) slice,
and all three slices were annotated for the presence of trapped air. Because MinIP
reconstructions are not possible on three-slice scans, standard 1mm slice thickness
lung reconstructions were used for all expiratory scans in setbio to minimise the effect
of scan technique on longitudinal assessment of trapped air.
Slice annotation interval: Scans from setslice were assessed using PRAGMA-CF,
with slices annotated at 5mm intervals in order to determine the most accurate estimate of %Dis, %Bx and %TA. Every second annotated slice was then removed from
analysis, representing PRAGMA-CF at 10mm intervals, and then again representing PRAGMA-CF at 20mm intervals. The maximum distance between annotated
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Figure 2.1: A) Slice from inspiratory CT scan with overlaid
grid. B) Slice annotated with PRAGMA-CF (inspiratory): red =
bronchiectasis; yellow = mucous plugging; orange = bronchial wall
thickening; pink = atelectasis; green = no abnormality seen. C)
MinIP filtered slice from expiratory CT scan with overlaid grid. D)
Slice annotated with PRAGMA-CF (expiratory): blue = trapped
air, green = not trapped air.

slices was determined by finding the largest interval that did not result in a significant change in PRAGMA-CF outcomes. Based on these results, a fixed number
of 10 annotated slices was chosen as the standard for PRAGMA-CF. This standard
was used for assessing all other data sets, and takes approximately 20 minutes to
analyse.
Observer reliability: The primary observer for this study (TR) was a PhD student, trained in CF-CT scoring, with more than 3 years of experience in early CF
lung disease. A second observer (MO), a medical student previously trained in CFCT scoring, was provided with a detailed instruction manual on PRAGMA-CF and
a practise set of 6 batches of 5 CT scans to annotate. Detailed feedback based on
visual assessment of the annotations was given after each batch. To determine interobserver reliability, scans from setrep , were de-identified and scored in random order
with PRAGMA-CF independently by both observers. This set was re-randomised
and rescored after one month (to reduce recall bias) by the primary observer in order
to determine intraobserver repeatability.
Biological validation: We reasoned that any new assessment of SLD should reflect
known pathobiological factors. We therefore compared relations between inflammatory biomarkers and both the PRAGMA-CF and CF-CT outcomes. Following the
CT scan, bronchoalveolar lavage (BAL) was performed to determine interleukin-8
(IL-8) concentration, neutrophil count and neutrophil elastase (NE) presence, as
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previously described [2, 20].
Statistical analysis: Slice annotation interval scores were analysed pairwise by
spacing, using the intraclass correlation coefficient (ICC). Inter- and intraobserver
reliability was assessed using the ICC (two-way mixed effects model) and BlandAltman analysis [21]. In general, ICC between 0.4 and 0.6 is in general considered
moderate, between 0.6 and 0.8 good, and greater than 0.8 excellent [22]. CF-CT
scores were treated as continuous variables for all analyses. PRAGMA-CF and
CF-CT scores were compared against binary and continuous outcomes using the
Wilcoxon rank-sum test and Spearman’s rank correlation (ρs ), respectively. All
analyses were performed using Stata version 13.0 (Stata Corp., College Station,
TX).

2.3 Results
Slice annotation interval: Median (range) PRAGMA-CF outcomes for setslice for
%Dis, %Bx and %TA at 5mm intervals were 3.54 (0.00 – 23.76), 1.76 (0.00 – 16.91)
and 2.05 (0.00 – 51.51), respectively. ICCs between 5mm and 10mm, and 5mm and
20mm intervals exceeded 0.99 for all outcome measures (see online supplement).
Ten slices was chosen as the standard for PRAGMA-CF, so that the volume of lung
annotated is standardised across lung heights, and thus ensuring that annotation
intervals are <20mm for this age group.
Observer reliability: Median (range) PRAGMA-CF outcomes for setrep for %Dis,
%Bx and %TA were 3.99 (0.72 – 11.59), 0.00 (0.00 – 6.84) and 1.52 (0.00 – 55.36),
respectively. The ICC was greater than 0.8 for all outcomes, both for intra- and
interobserver reliability (Table 2.1).
Biological validation: Thirty patients had paired volumetric inspiratory scans at
the ages of 1 and 3 (Table 2.2). Of these, six patients had volumetric expiratory
scans at age 1, and 25 at age 3; the remainder of expiratory scans were three-slice
(Table 2.3) A change in expiratory scan methodology (volumetric vs three-slice)
between visits was not related to the change in %TA (P=0.576).
Inflammation: There were significant cross-sectional relationships between all inspiratory CT outcomes and inflammatory markers (Table 2.4). For expiratory scans,
%TA was significantly related to neutrophil count and NE presence; whereas no relationships were found with CF-CT trapped air score. Longitudinal change in %Dis
was significantly related to neutrophil count and NE presence at age 3; however total
CF-CT score was related only to IL-8 concentration. The change in both %Bx and
CF-CT bronchiectasis score were significantly related to all inflammatory markers
at age 3 (Table 2.5). Additional graphical data are provided in Appendix A.
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Table 2.1: ICCs and Mean Difference between
Observations for Intraobserver and Interobserver
Reliability of PRAGMA-CF Outcomes in 30 Computed
Tomography Scans.
ICC (95% CI)

Mean Difference∗

Intraobserver reliability
%Dis

0.929 (0.857 - 0.966)

n/s

%Bx

0.928 (0.854 - 0.965)

0.32 (P=0.005)

%TA

0.960 (0.916 - 0.981)

2.03 (P=0.001)

Interobserver reliability
%Dis

0.851 (0.710 - 0.926)

0.78 (P=0.006)

%Bx

0.907 (0.815 - 0.955)

-0.38 (P=0.006)

%TA

0.938 (0.873 - 0.970)

n/s

Definition of abbreviations: %Bx = volume proportion of the lung
with bronchiectasis; %Dis = volume proportion of the lung with
airway disease; %TA = volume proportion of the lung with
trapped air; CI = confidence interval; ICC = intraclass correlation
coefficient; n/s = not significant.
∗ Mean difference between rescores (intraobserver) or raters
(interobserver) and P values from t test.

Bronchiectasis progression: %Dis at age 1 was significantly related to the change
in %Bx (ρs = 0.44, P=0.016). This relationship was also present between total
CF-CT score at age 1 and the change in CF-CT bronchiectasis score (ρs = 0.36,
P=0.050). No other CT outcomes at age 1 were related to bronchiectasis progression.
Trapped air: There were significant correlations between %TA and %Dis (ρs =
0.50, P<0.001), and %TA and %Bx (ρs = 0.42, P<0.001). These relationships
were not significant between CF-CT trapped air score and total score (ρs = 0.22,
P=0.091) or bronchiectasis score (ρs = 0.17, P=0.197). Longitudinally, the change
in %TA was significantly related to the change in %Dis (ρs = 0.62, P<0.001) and
the change in %Bx (ρs = 0.47, P=0.008). These relationships were not significant
between changes in CF-CT trapped air score and total score (ρs = 0.12, P=0.533)
or bronchiectasis score (ρs = 0.30, P=0.107).
Sample size estimates: We performed power calculations based on a range of
effect sizes. The mean (SD) %Dis at 3 years was 2.62 (2.59); we calculated sample
sizes based on trials aiming to reduce this by 75, 50 and 25%. In addition, 46% of
patients either developed or had progression in the extent of bronchiectasis; we also
calculated sample sizes aimed at reducing this proportion to 10, 20 and 30% (Table
2.6).
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Table 2.2: Clinical and inflammatory outcomes from
setbio .
Clinical characteristics
N
Sex, M/F
Severe genotype∗†
Pancreatic sufficient†
Respiratory symptoms†
Age 1
Age 3
Inflammation
Neutrophils
Age 1
Age 3
IL-8
Age 1
Age 3
NE present†
Age 1
Age 3

30
10:20
22/27 (81%)
7 (23%)
6 (20%)
7 (25%)

1.06 (0.03 - 31.61)
4.03 (0.00 - 223)
0.48 (0.05 - 5.84)
1.38 (0.05 - 30.95)
2/30 (7%)
6/30 (20%)

Definition of abbreviations: CF = cystic fibrosis; NE = neutrophil
elastase.
Data are presented as median (range) unless otherwise specified.
Neutrophils = cell count/ml × 106 , IL-8 = ng/ml.
∗ Severe genotype based on mutation class; data not available on
three patients.
† Data presented as prevalence (%).

Table 2.3: Computed tomography outcomes from setbio .
Outcome

Age 1

PRAGMA-CF outcomes
%Dis
0.79 (0.00 - 4.88)
%Bx
0.00 (0.00 - 0.62)
%TA
4.21 (0.00 - 29.79)
CF-CT scores
Total
Bx
TA

4 (0 - 19)
0 (0 - 5)
2 (0 - 5)

Age 3

Change

1.86 (0.00 - 10.53)
0.00 (0.00 - 6.72)
1.32 (0.00 - 59.79)

0.82 (-1.06 - 5.64)
0.00 (-0.22 - 6.36)
-1.63 (-20.29 - 47.34)

11 (0 - 29)
1 (0 - 10)
1 (0 - 11)

7 (-1 - 16)
1 (0 - 8)
0 (-5 - 10)

Definition of abbreviations: Dis = Disease; Bx = Bronchiectasis, TA = trapped air.
Data are presented as median (range). PRAGMA-CF outcomes represent percentage of
lung volumes. Total CF-CT score is out of 36, Bx and TA subscores are out of 12.
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Table 2.4: Cross-sectional relationships between CT outcomes and
inflammatory markers in 60 scans from 30 patients.

PRAGMA-CF
%Disease
Age 1
Age 3
Combined
%Bronchiectasis
Age 1
Age 3
Combined
%Trapped air
Age 1
Age 3
Combined
CF-CT scores
Total
Age 1
Age 3
Combined
Bronchiectasis
Age 1
Age 3
Combined
Trapped air
Age 1
Age 3
Combined

IL-8

Neutrophils

NE

0.39 (0.035)∗
0.39 (0.036)∗
0.40 (0.002)∗

0.37 (0.045)∗
0.44 (0.015)∗
0.38 (0.003)∗

0.025∗
0.002∗
<0.001∗

0.21 (0.264)
0.48 (0.069)
0.45 (<0.001)∗

0.15 (0.426)
0.66 (<0.001)∗
0.48 (0.001)∗

0.014∗
<0.001∗
<0.001∗

0.09 (0.622)
0.27 (0.142)
0.12 (0.367)

0.38 (0.041)∗
0.39 (0.035)∗
0.36 (0.005)∗

0.243
0.032∗
0.017∗

0.38 (0.040)∗
0.54 (<0.001)∗
0.55 (<0.001)∗

0.28 (0.137)
0.52 (0.003)∗
0.40 (0.002)∗

0.153
0.002∗
<0.001∗

0.20 (0.295)
0.41 (0.023)∗
0.41 (0.001)∗

0.15 (0.444)
0.63 (<0.001)∗
0.43 (0.001)∗

0.124
0.001∗
<0.001∗

-0.03 (0.865)
0.36 (0.052)
0.18 (0.168)

-0.12 (0.518)
0.21 (0.260)
0.06 (0.643)

0.232
0.651
0.938

Definition of abbreviations: CF = cystic fibrosis; CT = computed tomography; NE =
neutrophil elastase.
IL-8 (concentration) and neutrophil (count) data presented as Spearman ρs (P value).
NE (presence) presented as P values from Wilcoxon rank sum analysis.
∗ P<0.05
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Table 2.5: Longitudinal relationships between CT outcomes over 2 years and
inflammatory markers at age 3 in 30 patients.

PRAGMA-CF
∆%Disease
∆%Bronchiectasis
∆%Trapped air
CF-CT scores
∆Total
∆Bronchiectasis
∆Trapped air

IL-8

Neutrophils

NE

0.18 (0.340)
0.41 (0.026)∗
0.06 (0.740)

0.41 (0.025)∗
0.63 (<0.001)∗
0.18 (0.330)

0.004∗
0.001 ∗
0.058

0.37 (0.047)∗
0.43 (0.016)∗
0.30 (0.100)

0.31 (0.096)
0.59 (<0.001)∗
0.32 (0.090)

0.110
<0.001∗
0.640

Definition of abbreviations: CF = cystic fibrosis; CT = computed tomography; NE =
neutrophil elastase.
IL-8 (concentration) and neutrophil (count) data presented as Spearman ρs (P value).
NE presence presented as P values from Wilcoxon rank sum analysis.
∗ P<0.05.

Table 2.6: Estimate of sample sizes required for clinical
trials using PRAGMA-CF as an outcome at age 3.
Sample size
Relative reduction in %Dis
75%
50%
25%

46
100
390

Proportion with %Bx progression
10%
20%
30%

36
76
208

Definition of abbreviations: %Bx = volume proportion of the lung
with bronchiectasis; %Dis = volume proportion of the lung with
airway disease.
Sample sizes calculated based on equally sized treatment and
placebo arms, with an 80% power at a significance level of α =
0.05.
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2.4 Discussion
This study presents the first quantitative method for assessing SLD on chest CT
designed specifically for young children and infants with CF. We confirmed that
although the prevalence of SLD early in life is high [1, 2, 4], the extent is relatively
low, with a median proportion of lung volume affected being 0.87% and 1.86% at
age 1 and 3, respectively. The most important findings of this study are that the
quantitative PRAGMA-CF outcomes:
• have high intra- and interobserver agreement;
• are better correlated to neutrophilic inflammation than CF-CT scores; and,
• show stronger relationships between structural changes and trapped air progression.
Measures of agreement: ICCs were all greater than 0.90 for intraobserver and
greater than 0.85 for interobserver comparisons, similar to previously published intraobserver repeatability for simplified CF-CT scores of bronchiectasis and trapped
air [9]. The mean differences between raters and between the first and second scoring attempts, although significant, were small in magnitude, and likely skewed by
a few high-scoring patients. Although there is no direct comparison between CFCT outcomes and %Dis, it is as repeatable as the other PRAGMA-CF outcomes.
PRAGMA-CF therefore is at least as repeatable as CF-CT, but over a much more
sensitive range (several percent of the lung compared to a binary per-lobe score of
present/absent).
Inflammation: The number of patients with detectable NE was low, and therefore
further studies are required in order to determine the true relationship between
CT and neutrophil elastase. Cross-sectional relationships between inflammatory
markers were similar for PRAGMA-CF and CF-CT scores, with the exception of
trapped air, where PRAGMA-CF was better correlated. Longitudinally, the change
in %Dis was related to the presence of NE and the neutrophil count at age 3, whereas
the change in total CF-CT score was only related to IL-8. Because CF-CT is not
quantitative, it is not clear how much of the total score relationship is driven by the
bronchiectasis component. The change in both %Bx and the CF-CT bronchiectasis
score were significantly related to all inflammatory markers at age 3 (Table 2.5).
This suggests that PRAGMA-CF is more sensitive than CF-CT derived scores in
assessing early changes in lung structure due to inflammation.
Progression: %Dis at the age of 1 was significantly related to the change in %Bx
over the two years, suggesting that patients with worse baseline disease have faster
progression of bronchiectasis. Therefore, PRAGMA-CF performed at the age of 1
year can potentially be used to identify patients at high risk for disease progres41
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sion.
Trapped air: Trapped air assessed using PRAGMA-CF was significantly related
to other CT outcomes (both cross-sectionally and longitudinally), but not when
assessed with CF-CT scores. Although the relationship between trapped air and
bronchiectasis progression has been previously demonstrated in children [1, 23], the
progression of SLD in general and trapped air in children aged below 3 years has not
been observed. Our data suggest that this is because of the semi-quantitative nature
of CF-CT and related scoring systems, rather than pathobiological reasons.
Sample size estimates: These data suggest that PRAGMA-CF could be an appropriate clinical trial outcome in young children, particularly for therapies aimed at
reducing early inflammatory SLD. Because clinical trials have not previously been
available for infants, the clinical impact of SLD extent in infancy is unknown. However, the sample sizes presented for a range of potential effect sizes suggest that
multicentre trials in children between 1 and 3 years run over one to two years are
feasible, with PRAGMA-CF as an outcome.
Further development: Grid cell size was arbitrarily chosen to be 1/20th of the
lung width. This size was selected as it approximately represents the size of the
largest assessable airway in the lung. Although objective comparisons between grid
resolutions could determine the optimum cell size, the current value is already sufficient to demonstrate the utility of PRAGMA-CF. Future studies should be undertaken to assess the repeatability of PRAGMA-CF in a variety of age groups and
disease severities, as it is possible that patients with mild disease or of young age,
as in this study, may have a larger relative variability of PRAGMA-CF outcomes
compared to older subjects with more severe disease. PRAGMA-CF lends itself to
automations, such as by using textural analysis [24], which will mitigate observer
variability. However, even without further development, significant relationships
between %Dis at age 1 and inflammation and bronchiectasis at age 3 were present,
suggesting that PRAGMA-CF results at 1 year are likely to be clinically relevant
and therefore relevant as a trial endpoint.
A limitation of the study with regard to trapped air assessments was that some
expiratory scans were performed using a three slice protocol. Because we found no
statistical difference in %TA in patients who had the same expiratory scan method
on both visits, as compared to those who had a different method, we pooled the data
for biological validation. Another limitation is that that MinIP reconstructions were
not used for biological validation. Because MinIP reconstructions improve visualisation of low intensity regions, and hence reduce observer variability, we are likely to
have underestimated any relationships between disease markers and PRAGMA-CF
trapped air measurements.
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The CF-CT scoring system has been used to evaluate SLD in young children with CF
[4, 25–27], but is relatively insensitive to mild disease. Our data using PRAGMACF demonstrate that reliable quantitative estimates of lung disease can be obtained
in young children. These observations are significant because young children may
stand to benefit the most from new, disease modifying drugs that are becoming
available, where until now, there has been a lack of a suitable outcome measures
to enable clinical trials [15]. Our data suggest that PRAGMA-CF is a promising
candidate as a standardised outcome measure for use in intervention studies and
clinical trials in young children.
We believe that the circumstances now exist to make CT a rational choice as a
primary outcome measure in clinical trials involving very young children with CF.
Technological advances have resulted in improvements in CT image quality for a
given radiation dose and improvements are likely to continue [28]. In an intervention
study that requires images at two time points, the estimated excess risk of cancer is
so low as to be incalculable [29–31]. Furthermore, using PRAGMA-CF, the sample
sizes required for an intervention study with a relatively short duration i.e., two
years, and the ubiquitous access at CF centres to CT scanners, mean that multiple
studies can be undertaken simultaneously around the world. This is an important
consideration given the low incidence of CF and the exciting prospects that now
exist with regard to the development of disease modifying interventions.
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Abstract
Rationale: The lung clearance index is a measure of ventilation distribution from the multiple breath washout technique. Lung clearance
index has been suggested as a surrogate for chest computed tomography
to detect structural lung abnormalities in individuals with cystic fibrosis,
however the associations between lung clearance index and early structural lung disease are unclear.
Objective: We assessed the ability of lung clearance index to reflect
structural lung disease on chest computed tomography across the entire
paediatric age range. Methods: Lung clearance index was assessed in 42
infants (0-2y), 39 preschool (3-6y), and 38 school-aged (7-16y) children
with cystic fibrosis prior to chest computed tomography, and 72 healthy
controls. Scans were evaluated for CF-related structural lung disease
using the PRAGMA-CF quantitative outcome measure.
Measurements and Main Results: In infants with cystic fibrosis,
lung clearance index is insensitive to structural disease (Kappa -0.03 (0.05, 0.16)). In preschool children with cystic fibrosis, lung clearance
index correlates with total disease extent. In school-aged children lung
clearance index correlates with extent of total disease, bronchiectasis,
and air trapping. In preschool and school aged children, lung clearance
index has a good positive (83-86%), but poor negative (50-55%), predictive value to detect the presence of bronchiectasis.
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Conclusions: These data suggest lung clearance index may be a useful surveillance tool to monitor structural lung disease in preschool and
school age children with cystic fibrosis. However, lung clearance index
cannot replace chest imaging using computed tomography to screen for
bronchiectasis in this population.

3.1 Introduction
Structural lung abnormalities develop early in individuals with cystic fibrosis (CF)
and progress rapidly into irreversible structural disease [1–3]. To delay the onset
and progression of lung disease interventions should ideally commence early in life.
However, effective and personalised interventions require accurate and simple means
to monitor disease severity [4]. As such there is a clear imperative for the development of minimally invasive and sensitive markers of structural lung disease that can
be applied routinely in the clinical setting.
Chest computed tomography (CT) is the gold standard for assessing the presence
and extent of CF-related structural lung disease [1, 3], and outcome measures appropriate for infants and young children with mild disease have recently been developed
[5]. However, despite ongoing improvements in technology resulting in lower doses
[6, 7], the use of ionising radiation limits the frequency at which CT can be performed. Alternative techniques, such as lung function measurements, may allow
the assessment of lung disease at more frequent intervals, reduce the number of CT
scans required for the monitoring of structural lung disease progression in early life,
and serve as endpoints for clinical trials.
Spirometry, particularly forced expiratory volume in 1 second (FEV1 ), is the most
widely used method of monitoring CF lung disease. However FEV1 is insensitive to
detect the onset and progression of early CF lung disease [8], and difficult to obtain
reliably in infants and young children [9, 10].
Lung clearance index (LCI) is a marker of global ventilation distribution derived
from the multiple breath washout technique (MBW). LCI is elevated in a small
proportion of infants [11, 12], and the majority of preschool [13, 14] and school aged
[8, 15] children with CF. In older children with CF, LCI has been shown to be more
sensitive than FEV1 to detect the presence of structural lung disease [8, 16, 17].
However, there are only weak correlations between LCI and structural lung disease
in infants with CF [18] and there are no data on the ability of LCI to indicate the
presence or severity of structural lung disease in preschool children aged three to six
years. This is arguably the most important age group due to the rapid progression
of structural disease during this period [3]. For LCI to be considered as a routine
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clinical investigation or outcome measure for intervention trials, further evidence
regarding the ability of LCI to accurately reflect structural lung damage in infants
and children with CF of all ages is required. The aim of this study was to assess the
associations between MBW outcomes and CF-related structural lung disease across
the entire paediatric age range. We hypothesized that the associations between
MBW outcomes and structural lung disease would be age dependent, with stronger
associations seen in older children with more established CF-related lung disease.
Some of the results of these studies have been previously reported in the form of
abstracts [19, 20].

3.2 Methods
Study population: Infants and children with CF undergoing annual surveillance
or clinically indicated chest CT scan at Princess Margaret Hospital in Perth and
the Royal Children’s Hospital in Melbourne, Australia were eligible to take part in
this study (detailed methods are provided in the online data supplement: Appendix
B). Healthy children without CF over the age of two years were recruited from
the local population in Perth to undertake lung function measurements. The ethics
committee of each institution approved the study, and parents gave written informed
consent to each aspect of the study separately.
Multiple breath washout: The Exhalyzer D system was used for MBW data
collection (Ecomedics AG, Duernten, Switzerland). Infant MBW (3 months to two
years) was performed in the supine position using 4% sulphur hexafluoride (SF6 )
while asleep following chloral hydrate sedation [18, 21]. In children over two years,
MBW was performed using 100% oxygen to wash out resident nitrogen gas from
the lungs [22]. Functional residual capacity (FRC), LCI, the first (M1/M0) and
second (M2/M0) moment ratios were derived from visits with at least two acceptable
measurements with no evidence of leak or irregular breathing pattern [23]. The
lung clearance index was considered the primary outcome from MBW testing in
this study.
Chest computed tomography: Chest CT was only obtained in patients with CF.
CT scans in infants and preschool children were performed prior to bronchoalveolar lavage collection under intravenous general anaesthetic. Volumetric inspiratory
scans were obtained at a positive airway opening pressure of 25 cm H2 0, and volumetric or limited slice expiratory scans obtained at an airway opening pressure of
0 cm H2 O (i.e. relaxed end expiratory volume) [3, 24]. In school-aged children,
spirometry-assisted volumetric chest CT scans were obtained, whereby inspiratory
scans were obtained at total lung capacity and expiratory scans were collected at
residual volume [25].
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To assess CT-determined structural lung disease, the quantitative PRAGMA-CF
scoring method was used (see Chapter 2). Briefly, a grid overlaid on ten equidistant
axial slices is annotated for the presence of bronchiectasis (outer edge bronchusartery cross-sectional area ratio >1), mucus plugging (high density airway occlusion or tree-in-bud appearance), bronchial wall thickening (assessed subjectively as
airway walls that are thicker or have increased signal density relative to normal
airways) on inspiratory scans, and trapped air (geographic low density regions) on
expiratory scans [5]. The extents (represented as volume proportions of the lung)
of total airways disease (%Disease), bronchiectasis (%Bronchiectasis) and trapped
air (%TrappedAir) were calculated and considered the primary outcome from chest
CT. Chest CT scans were also scored for the presence and extent of bronchiectasis, mucus plugging, bronchial wall thickening, and air trapping using a simplified
CF-CT scoring method as described previously [2, 3].
Statistical analysis: The upper limit of normal for MBW indices were calculated
from a prospective healthy control population of preschool and school aged children
(n = 72) and published reference equations for infants (LCI only as there are no
reference data available for moment ratios in infants) [26]. The agreement between
MBW indices and the presence of bronchiectasis and air trapping was assessed using the Kappa coefficient of agreement and receiver operating characteristic (ROC)
curves. Sensitivity, specificity, positive and negative predictive values were calculated together with 95% exact binomial confidence intervals. Associations between
MBW indices and the extent of structural lung disease were assessed using linear
mixed effects models with random intercepts for repeated visits to account for clustering. The coefficients of the fixed effects of the linear mixed models, with 95%
confidence intervals and P-values are presented. All analyses were performed using
Stata 13.0 (Stata Corp. 2013, College Station, TX).

3.3 Results
Study population: Matched MBW and chest CT data were available for 49 visits
in 42 infants (3 months to two years), 52 visits in 39 preschool children (three to
six years) and 48 visits in 38 school-aged children (seven to 16 years) with CF
(Table 3.1). In addition, MBW data were available on a prospective healthy control
population of 72 preschool and school aged children (three to 15 years) with no
history of respiratory disease (Table B.1 in Appendix B). In the control population
LCI, M1/M0 and M2/M0 were found to be independent of height or age (Figure 3.1).
We found that 22% of infants, 58% of preschool and 58% of school-aged children
with CF had an LCI above the upper limit of normal (Table 3.2).
Agreement between MBW indices and the presence of bronchiectasis: The
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Table 3.1: Demographics of CF study population.
Characteristics
Number of children
Number of visits
Age, yr
Sex, n (M:F)
Height, Z-score∗
Weight, Z-score∗
FEV1 , L∗
FEV1 , Z-score∗
FVC, L∗
FVC, Z-score∗
Phe508del/Phe508del
Phe508del/other
Severe genotype
Multiple breath washout
FRC
Lung clearance index
First moment ratio
Second moment ratio
PRAGMA-CF scores
Bronchiectasis present
Air trapping present
%Disease
%Bronchiectasis
%TrappedAir

Infants

Preschool

School age

42
49
0.94 (0.57)
16:26
0.03 [-0.20, 0.28]
-0.12 [-0.33, 0.53]

39
52
5.42 (1.05)
16:23
0.08 [-0.20, 0.34]
0.19 [-0.13, 0.51]

58% (25/42)
36% (16/42)
88% (38/42)

62% (25/39)
30% (12/39)
91% (35/39)

38
48
9.77 (2.48)
21:17
-0.20 [-0.44, 0.04]
0.26 [-0.04, 0.55]
1.80 [1.65, 1.95]
-0.13 [-0.51, 0.26]
2.19 [2.03, 2.34]
0.23 [-0.12, 0.57]
54% (21/38)
35% (14/38)
88% (34/38)

0.19 (0.08)
7.81 (0.80)
2.30 (0.28)
11.02 (4.16)
20% (10/49)
58% (29/49)
1.35 (1.05)
0.18 (0.34)
1.35 (2.73)

0.91
8.17
1.78
8.80

(0.19)
(1.22)
(0.24)
(2.05)

69% (36/52)
85% (44/52)
4.26 (4.29)
1.88 (3.38)
6.37 (12.02)

1.51
8.35
1.95
7.19

(0.77)
(1.78)
(0.91)
(3.41)

69% (33/48)
94% (45/48)
4.86 (5.13)
2.05 (3.21)
20.8 (21.34)

CI = confidence interval;
Data are presented as mean (SD) or percentage (proportion) unless otherwise stated.
Height, weight, and body mass index Z-scores were calculated using World Health
Organization growth standards.
∗ Data presented as mean, 95% confidence interval.
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Figure 3.1: Lung clearance index (LCI) plotted against age for
healthy control children (circles) and children with cystic fibrosis
(triangles). Horizontal lines indicate the upper (7.7) and lower (5.7)
limits of normal for LCI.
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Table 3.2: Agreement between LCI and presence of bronchiectasis on the
basis of chest CT using PRAGMA-CF scores.

LCI ULN
Abnormal LCI
Bronchiectasis present
Concordance
κ-coefficient
Sensitivity, %
Specificity, %
PPV, %
NPV, %

Infants

Preschool

School age

See Lum et al. [26]
22% (11/49)
20% (10/49)
65% (32/49)
-0.03 (-0.05 - 0.16)
20 (2.5 - 56)
77 (61 - 89)
18 (2.3 - 52)
79 (63 - 90)

7.7
58% (30/52)
69% (36/52)
69% (36/52)
0.35 (0.10 - 0.60)∗
69 (52 - 84)
69 (41 - 89)
83 (65 - 94)
50 (28 - 72)

7.7
58% (28/48)
69% (33/48)
73% (35/48)
0.42 (0.20 - 0.64)∗
73 (55 - 87)
73 (45 - 92)
86 (67 - 96)
55 (32 - 77)

Definition of abbreviations: CT = computed tomography; LCI = lung clearance index;
NPV = negative predictive value; PPV = positive predictive value; ULN = upper limit
of normal.
Values in parentheses are counts or 95% confidence intervals. The upper limit of normal
for LCI in preschool and school-age children was derived from a prospective healthy
population (Table B.1 in Appendix B).
Bold values are statistically significant.
∗ P <0.05.

agreement between LCI and the presence of bronchiectasis on chest CT is shown
in Table 3.2. An abnormal LCI and detectable bronchiectasis was uncommon in
infants with CF resulting in a low sensitivity and low positive predicted value.
The majority of preschool and school aged children with CF had an LCI above
the upper limit of normal (58%) and had bronchiectasis detected on CT (69%),
resulting in a high concordance between the two measures (approximately 70%). In
these older age groups LCI had a sensitivity and specificity of approximately 70%
to detect bronchiectasis. The positive predictive value for LCI was high indicating
that in over 80% of visits when LCI is abnormally elevated bronchiectasis can be
detected on chest CT. However, the negative predictive value of LCI was low (5055%) indicating that in half of the visits where LCI is within the normal range
bronchiectasis was still detected on CT. The results for the moment ratios were
similar to that of LCI and are presented in Table B.2 in Appendix B. In addition,
we performed an ROC analysis for LCI and the presence of bronchiectasis (Table
B.3 in Appendix B). We determined the optimal LCI value (calculated to maximise
sensitivity and specificity) to detect bronchiectasis to be 7.8 lung turnovers for each
age group.
Agreement between MBW indices and the presence of air trapping: The
agreement between LCI and the presence of air trapping on chest CT is shown in
Table 3.3. The prevalence of air trapping increased with age from 58% in infants,
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Table 3.3: Agreement between LCI and presence of air trapping on the basis
of chest CT using PRAGMA-CF scores.

LCI ULN
Abnormal LCI
Air trapping present
Concordance
κ-coefficient
Sensitivity, %
Specificity, %
PPV, %
NPV, %

Infants

Preschool

School age

See Lum et al. [26]
22% (11/49)
58% (29/49)
65% (32/49)
0.30 (0.06 - 0.54)∗
38 (19 - 59)
92 (74 - 99)
82 (48 - 98)
61 (43 - 76)

7.7
58% (30/52)
85% (44/52)
60% (31/52)
0.15 (-0.13 - 0.43)
63 (45 - 79)
53 (28 - 77)
73 (54 - 88)
41 (21 - 64)

7.7
58% (28/48)
94% (45/48)
56% (27/48)
-0.02 (-0.16 - 0.14)
58 (42 - 72)
33 (0.84 - 91)
93 (77 - 99)
5 (0.13 - 25)

Definition of abbreviations: CT = computed tomography; LCI = lung clearance index;
NPV = negative predictive value; PPV = positive predictive value; ULN = upper limit
of normal.
Values in parentheses are counts or 95% confidence intervals. The upper limit of normal
for LCI in preschool and school-age children was derived from a prospective healthy
population (Table B.1 in Appendix B).
Bold values are statistically significant.
∗ P <0.001.

85% in preschool children, and 94% in school-age children. There was significant
agreement between LCI and the presence of air trapping on CT in infants with CF.
However the sensitivity of LCI to detect air trapping on CT was only 38%. There
was no agreement between LCI and air trapping presence in preschool and schoolaged children with CF. In preschool children, LCI had a lower positive (73%) and
negative (41%) predictive value to detect air trapping presence than in infants. In
school-aged children, LCI had a high positive (93%), but almost negligible negative
(5%) predictive value to detect air trapping. The results for the moment ratios were
similar to that of LCI and are presented Table B.4 in Appendix B.
Associations between MBW outcomes and extent of structural disease:
We examined the association between MBW outcomes and the extent of structural
disease abnormalities on chest CT using PRAGMA-CF scores (Table 3.4; Figure
3.2). In infants with CF, LCI and M1/M0 did not correlate with any structural
disease extent scores. There was, however, a significant association between M2/M0
and the extent of bronchiectasis and air trapping. In preschool children with CF,
LCI positively correlated with total structural disease extent but not the extent of
bronchiectasis or air trapping. Both M1/M0 and M2/M0 in preschool children correlated with total structural disease and bronchiectasis extent, but not air trapping.
In school-aged children with CF, LCI and M2/M0 positively correlated with total
disease, bronchiectasis, and air trapping extent. M1/M0 did not correlate with any
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Table 3.4: Associations between MBW outcomes and extent of structural
disease on the basis of CT using PRAGMA-CF scores.

Infants
%Disease
%Bronchiectasis
%TrappedAir
Preschool
%Disease
%Bronchiectasis
%TrappedAir
School age
%Disease
%Bronchiectasis
%TrappedAir

LCI

M1/M0

M2/M0

0.03 (-0.14 - 0.20)
-0.33 (-0.82 - 0.16)
0.04 (-0.04 - 0.12)

0.00 (-0.01 - 0.01)
0.01 (-0.02 - 0.04)
0.00 (-0.00 - 0.01)

0.02 (0.04 - 0.16)
0.31 (0.18 - 0.45)∗
0.05 (0.03 - 0.08)∗

0.10 (0.02 - 0.19)†
0.11 (0.00 - 0.22)
0.02 (-0.01 - 0.05)

0.02 (0.00 - 0.04)†
0.02 (0.00 - 0.05)†
0.00 (0.00 - 0.01)

0.17 (0.03 - 0.31)†
0.20 (0.01 - 0.39)†
0.02 (-0.03 - 0.07)

0.18 (0.10 - 0.27)∗
0.29 (0.14 - 0.43)∗
0.06 (0.04 - 0.07)∗

0.03 (-0.02 - 0.08)
0.04 (-0.05 - 0.13)
0.01 (-0.01 - 0.02)

0.36 (0.19 - 0.53)∗
0.55 (0.28 - 0.83)∗
0.10 (0.06 - 0.14)∗

Definition of abbreviations: CT = computed tomography; LCI = lung clearance index;
M1/M0 = first moment ratio; M2/M0 = second moment ratio; MBW = multiple breath
washout.
Values in parentheses are 95% confidence intervals. Coefficients indicate the increase in
MBW outcomes for each unit increase in CT outcomes. Bold values are statistically
significant.
∗ P <0.001
† P <0.05.

disease extent scores in school-aged children. We found similar associations between
MBW outcomes and structural disease extent scores using the simplified CF-CT
scoring method (Table B.5 in Appendix B).

3.4 Discussion
The objective of this study was to determine the ability of MBW measures of ventilation distribution to act as a minimally invasive surrogate for structural lung disease
in children with CF. We compared MBW outcomes against chest CT, the current
gold standard method to detect structural lung disease in CF. We found that LCI
is relatively insensitive to the presence and extent of early structural abnormalities
in infants with CF. In preschool and school-aged children, LCI had good agreement
and correlation with the presence and extent of structural abnormalities on CT.
However, the low negative predictive value of LCI for the presence of bronchiectasis and air trapping in infants and children with CF suggests that LCI should not
be used as a surrogate for chest CT to indicate the presence of structural disease.
Despite the limitations of LCI to identify lung damage, LCI could be a useful tool
for monitoring early lung disease in CF, and therefore longitudinal assessments of
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Figure 3.2: Scatter plots of lung clearance index (LCI) data plotted against percentage
disease, bronchiectasis and air trapping scores in infants (A, red circles), preschool children
(B, green circles) and school age children (C, blue circles) with cystic fibrosis.
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LCI in relation to other clinical outcomes including inflammation, infection and
structural lung disease trajectory are needed.
We found that LCI was relatively insensitive to the presence and extent of structural lung disease in infants with CF. This supports data from a previous study by
our group, that examined associations between LCI, moment ratios and structural
lung disease on limited slice chest CT scans scored using a CF-CT scoring method
modified for use in children [18]. This study found a weak correlation between LCI,
moment ratios and the extent of air trapping on CT [18]. Our current study utilised
volumetric chest CT scans, that have been shown to be more sensitive to detect early
structural lung disease, and the PRAGMA-CF scoring method that quantifies early
structural disease [5]. We found that LCI was relatively insensitive to detect the
presence of bronchiectasis and air trapping on chest CT, and did not correlate with
any structural disease extent parameter in infants with CF. There was, however, a
correlation between M2/M0 and bronchiectasis and air trapping extent, suggesting
that moment ratio analysis may be more sensitive to the extent of early disease
than LCI. Structural lung disease in the first two years of life in infants with CF
following newborn screening and treatment in a specialist centre is mild; only 20%
of infants in our study had detectable bronchiectasis and the mean percentage of
the lung affected by bronchiectasis was 0.2%. The prevalence of bronchiectasis in
this study is higher than that previously reported by our group [3], which is likely
due to the greater sensitivity to detect bronchiectasis in volumetric scans compared
with the 3-slice technique used previously. While the extent of structural disease
in infants with CF is low, we have previously shown that disease extent is associated with more rapid progression of lung disease over the subsequent two years in
infants with CF, and thus is likely to be clinically relevant [5]. The LCI may be
more useful as a tool to reflect potentially reversible changes in the lungs associated
with inflammation and infection in this age group [11, 27], but the results from our
current study indicate that MBW indices are not sufficiently sensitive to be used
as a surrogate for the detection and monitoring of early structural lung disease in
infants with CF.
This study is the most comprehensive examination of the relationships between LCI
and structural lung disease in infants and preschool children with CF. This developmental period is associated with increasing prevalence and extent of structural
lung disease along with worsening ventilation inhomogeneity (increased LCI) [1, 13,
14]. The prevalence of bronchiectasis in our population was 69% in preschool children, compared with only 20% in infants with CF. Given the rapid increase in the
prevalence of bronchiectasis in the preschool years, this period arguably represents
a window of opportunity for interventions aimed at preventing or slowing the development of irreversible structural disease. In the present study MBW outcomes,
LCI and moment ratios had good agreement, sensitivity and specificity to detect the
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presence of bronchiectasis on chest CT. We also found positive correlations between
MBW outcomes and the extent of structural lung disease. These data suggest that
MBW outcomes could be used as a surveillance tool for the monitoring of established structural disease in children with CF. However, we advise caution regarding
the use of LCI as a screening tool or surrogate for chest CT to detect the presence
of structural lung disease. While we found that the majority of children with an
abnormal LCI had bronchiectasis detected on their CT (positive predictive value =
83%), we found that only half of the children with an LCI within the normal range
did not have bronchiectasis detected on CT (negative predictive value = 50%). This
means that a significant portion of children would be misdiagnosed as not having
bronchiectasis if LCI was used as the sole screening/detection tool. We believe that
the LCI would be ideally suited as a non-invasive monitoring tool for preschool children with CF that could be applied regularly in the clinical setting in conjunction
with imaging techniques for the detection and monitoring of structural disease.
These data support previous studies regarding the ability of LCI to reflect structural
disease in school-aged children with CF. We found that LCI and moment ratios
correlated with the presence and extent of structural lung disease in school-aged
children with CF, as has been reported previously [8, 16, 17]. We found that over
85% of children with an abnormal LCI had bronchiectasis detected on chest CT.
However, the negative predictive value of LCI was again low (55%) indicating that
in half of the visits where LCI was normal, bronchiectasis was still detected on CT.
In a study of individuals with CF aged five to 19 years, LCI had a lower positive
(71%) and higher negative predictive (69%) to detect the presence of bronchiectasis
on CT compared with the present study [8]. In individuals with CF aged six to 26
years with a normal FEV1 (>80% predicted), LCI had a positive predictive value
of 88% and negative predictive value of 63% to detect an abnormal chest CT [16].
Similarly, in a younger cohort of school-aged children (6 – 10 years) LCI had a
positive predictive value of 88% and negative predictive value of 44% to reflect an
abnormal chest CT [17]. It is important to note that positive and negative predictive
values are dependent on the prevalence of structural lung disease in the population
and may not be generalizable to a population with a different prevalence. Together
these data support the notion that an abnormal LCI is highly predictive of the
presence of structural lung disease, however, an LCI within the normal range does
not rule out structural lung disease detected on chest CT.
Strengths of the present study include the use of a prospective healthy control cohort for the calculation of upper limits of normal for LCI and moment ratios in
preschool and school-aged children. In infants with CF, the second moment ratio
was more strongly correlated with the extent of structural lung disease than LCI,
possibly because moment ratios can detect more peripheral ventilation inhomogeneity at the latter portion of the washout compared with LCI. As a result moment
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ratios may be most valuable to calculate in early life where the disease is dominated
by small changes to the peripheral airways. We also utilised the novel PRAGMACF quantitative CT scoring method, aimed specifically at quantifying the extent
of early structural abnormalities in early CF lung disease [5]. While we did not
see any appreciable difference in the structure-function extent relationships between
PRAGMA and CF-CT scores, we believe that the PRAGMA-CF is the most appropriate method for assessing CT scans in young children with CF. Limitations of
the current study include the differences in the MBW testing in infancy (sedated,
supine, SF6 gas) compared with children (awake, seated, 100% oxygen to washout
resident nitrogen gas). Sedation during lung function may have caused atelectasis
or air trapping. It is also possible that the use of an exogenous tracer gas (SF6 )
for MBW testing in infancy could underestimate ventilation inhomogeneity due to
the SF6 gas not penetrating occluded lung units. In addition there were difference
in chest CT scanning techniques in infants and preschool (anaesthetised, expiratory
scan at functional residual capacity) and school-age (awake, spirometry-assisted,
expiratory scan at residual volume). Our study aimed to determine if LCI could
be used as a surrogate for chest CT to detect structural disease, and thus was not
designed to examine the effect of clinical variables, such as pulmonary infection
status, inflammation, or exacerbations on the associations between MBW and CT
outcomes. All the children in our study, including the three adolescent patients who
underwent clinically indicated chest CT scans, were clinically stable at the time of
CT and MBW testing. Current studies that have examined relations between LCI
and structural lung disease have been cross-sectional in nature, and thus we are not
yet able to determine whether LCI can track the development and progression of
structural lung disease over time.
Treatment and monitoring of lung disease should commence early in life in individuals with CF in order to prevent the onset and/or slow the progression of lung
disease. The LCI is a promising lung function outcome that can be measured across
the entire paediatric age range. The results from this study suggest that the LCI
is sensitive to detect the presence and extent of structural lung disease detected
by chest CT in preschool and school-aged children with CF, but is not sensitive to
detect mild structural abnormalities in infancy. While LCI may be a useful surveillance tool in CF and potentially a feasible clinical trial outcome, our data indicate
that LCI should not be used as a surrogate to chest imaging for the detection of
bronchiectasis in children with CF.
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Trapped air in early CF lung disease does CT tell the full story?
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Abstract
Introduction: Mosaic attenuation on expiratory chest computed tomography (CT) is common in early life cystic fibrosis (CF) and often
referred to as “air trapping.” It is presumed to be localised hyperinflation due to small airway obstruction. In order to test this assumption,
we compared air trapping extent to lung volumes measured on CT in
young children with CF.
Materials and Methods: Children aged below 7 years undergoing inspiratory/expiratory CT were recruited from the Australian Respiratory
Early Surveillance Team for Cystic Fibrosis cohort. Automated lung
segmentation was used to determine functional residual capacity (FRC),
total lung capacity (TLC), and their ratio (FRC/TLC). Structural lung
disease (%Disease) and air trapping (%TrappedAir) extent were assessed
using PRAGMA-CF. Lung clearance index (LCI), an index of ventilation
heterogeneity, was measured. Linear mixed model analysis was used to
determine associations.
Results: 73 scans from 55 patients were obtained. %TrappedAir was
associated with %Disease (0.19 [0.07, 0.31]; P=0.003) and LCI (0.22
[0.04, 0.39]; P=0.016), but not FRC/TLC (0.00 [-0.02, 0.02]; P=0.931).
Discussion: CT mosaic attenuation is associated with CF lung disease, however it is not always accompanied by physiologic hyperinflation. Other pathologies may contribute to mosaic attenuation. A better
understanding of these factors could guide future therapies.
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4.1 Introduction
Mosaic attenuation on expiratory computed tomography (CT) scans is a common
finding in young children with cystic fibrosis (CF) [1, 2]. Over half of children
diagnosed by newborn screening aged below six years have this feature present on
surveillance CT, many of whom are asymptomatic [2]. In CF, mosaic attenuation is
a clinically relevant finding: it is thought to be an indirect marker of small airways
disease [3, 4], is associated with future progression of structural lung disease [5], and
although at least one third is persistent over time [6], can be reversed with effective
therapy [7]. In end-stage lung disease, mosaic attenuation occupies a substantial
proportion of the lung [8]. However, its underlying physiology in CF is not well
studied, particularly in young children who have otherwise mild structural lung
disease.
Mosaic attenuation on expiration CT is often referred to as “air trapping” [9–11].
As the term implies, air trapping is presumed to be the result of heterogeneous
emptying of the lung due to obstruction, leading to hypoattenuated areas of relative hyperinflation. However, mosaic perfusion is an alternative potential cause of
mosaic attenuation, either as a primary defect or secondary to regional hypoventilation. Lung perfusion defects have been directly observed using MRI in CF, but
direct comparisons between the extent and location of hypoperfusion with mosaic
attenuation on CT have not been made [12–14]. A non-ventilatory cause of mosaic
attenuation may explain the variable relationships seen with lung function measures
of ventilation heterogeneity in young children [15, 16]. Determining whether mosaic
attenuation on expiratory CT is primarily related to ventilation, perfusion, or a
combination of both has implications for our understanding of CF pathophysiology
and the management of CF lung disease in early life.
In the presence of “true” (i.e. physiologic) air trapping, resting lung volume (functional residual capacity, FRC) is elevated relative to total lung capacity (TLC),
leading to areas of relative hypoattenuation on CT. Therefore, in this study we
hypothesised that hyperinflation (increased FRC/TLC ratio) would be associated
with the extent of air trapping (i.e. the extent of the hypoattenated areas) on CT in
young children with CF. Body plethysmography is the most commonly used method
to measure lung volumes, however due to the need for complex voluntary breathing
manoeuvres it is difficult to perform in young children. Therefore, to determine lung
volumes we used CT lung volumetrics in anaesthetised children with CF undergoing
routine annual surveillance scans. Lung volumes of children measured with CT have
been shown to accurately estimate those measured using whole-body plethysmography, and unlike gas dilution techniques, include lung compartments not in communication during tidal breathing [17, 18]. In order to determine whether mosaic
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Table 4.1: Measured lung volumes and their definitions.
Lung volume

Measured by

Description

FRCCT

CT scan

Functional residual capacity; measured at end expiration

FRCMBW

MBW

Functional residual capacity; measured at end expiration

TLCCT

CT scan

Total lung capacity; measured at full lung inflation

FRC/TLCCT

CT scan

Ratio between FRC and TLC

TAvol

CT + MBW

Difference between FRCCT and FRCMBW

CT = computed tomography, MBW = multiple breath washout.

attenuation is primarily a ventilation defect, we compared CT-measured FRC/TLC
to air trapping (%TrappedAir) and structural lung disease extent (%Disease) measured using the PRAGMA-CF technique [5]. Additionally, regional (as opposed
to global) hyperinflation implies uneven gas mixing in the lung. Therefore to investigate the relationship between mosaic attenuation and uneven ventilation (and
therefore hyperinflation), we compared CT lung volumes (FRC and FRC/TLC)
to ventilatory outcomes from multiple breath washout (MBW): the lung clearance
index (LCI) and moment ratios.

4.2 Methods
Study population: This study was performed as part of the Australian Respiratory Early Surveillance Team for Cystic Fibrosis (AREST CF) early surveillance
programme [2]. All children aged 6 years or below, recruited at Princess Margaret
Hospital for Children (Perth, Western Australia), with matched volumetric in- and
expiratory CT scans and multiple breath washout (MBW) were included in this
study. This study was approved by the local ethics committee. Parents/carers
were provided with detailed information sheets and discussed the procedures with a
researcher, prior to providing their written consent.
CT scan acquisition: CT scans were performed with a pressure-controlled volumetric (helical) technique under general anaesthesia, as previously described [2, 5].
In brief, a standardised recruitment manoeuvre was performed in order to minimise
procedure-related atelectasis. Then, an inspiratory scan was obtained under a positive pressure of 25 cm H2 O, followed by an expiratory scan at 0 cm H2 O. Scans
were reconstructed with 1mm thick slices using a lung kernel (for structural lung
disease extent measurement). To minimise automated segmentation errors due to
noise, 3mm thick slices using a soft tissue kernel (Philips B30 or Siemens i71f) was
used to measure lung volumes. A 5mm minimum intensity projection (MinIP) filter
was used for mosaic attenuation extent measurement on the expiratory scan only.
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Scans were deidentified following acquisition to prevent observer bias.
Structural lung disease and trapped air measurement: To determine the
extents of structural lung disease and trapped air on CT, scans were analysed using
the PRAGMA-CF method [5]. Briefly, a square grid with each cell of size 1/20th
of the lung width at the carina was overlaid on ten equidistant axial slices of both
the thin slice reconstruction (inspiratory scan, for structural lung disease) and the
MinIP reconstruction (expiratory scan, for trapped air). Cells within the grid were
manually annotated hierarchically according to whether they contained bronchiectasis, mucous plugging, atelectasis, or trapped air (inspiratory scan), and whether
they comprised mostly of trapped air or normal parenchyma (expiratory scan). The
proportions of bronchiectasis (%Bx), overall disease (%Dis), atelectasis (%Atel) and
air trapping (regions with relative hypoattenuation, %TA) were calculated.
CT lung volume measurement: Lung volumes were measured on the 3mm reconstruction slice thickness inspiratory and expiratory CT scans using the automated
lung segmentation tool in the medical image analysis platform, Myrian (Intransense,
France). The associated coloured mask was overlaid for visual assessment of segmentation accuracy (Figure 4.1). Regions erroneously included in the segmentation,
for example the stomach, were manually removed using the eraser tool, as were the
trachaea and hilar airways. The resulting lung volumes (in litres) reported by Myrian for both the inspiratory (TLCCT ) and expiratory scan (FRCCT ) were recorded,
and the FRC/TLCCT ratio calculated. A summary of lung volumes measured and
their definitions is presented in Table 4.1.
Multiple Breath Washout: Multiple breath washout measurements were performed using the Exhalyzer D system (Eco Medics AG, Dürnten, Switzerland). For
infants (aged 2 years and below), 4-5% sulfur hexafluoride (SF6 ) was used as the inert tracer gas, under chloral hydrate sedation [15]. Children aged 3 years and above
performed MBW using 100% oxygen (O2 ) gas to wash out resident nitrogen gas from
the lungs [19]. Testing was performed according to current consensus standards for
inert gas washouts in children [20]. FRCMBW and LCI were determined. The first
(M1/M0) and second (M2/M0) moment ratios were also calculated. Moment ratios
are alternative representations of ventilation heterogeneity with increased weighting
on the latter part and hence the contribution of small airways [21].
FRC measured by MBW includes only lung compartments in communication during
tidal breathing [20]. In contrast, FRC measured by CT includes all lung compartments [18]. In order to quantify this difference in lung volume measures, we calculated an air trapping TAvol , representing the volume of non-communicating lung
compartments, by subtracting FRCMBW from FRCCT .
Statistical analysis: All statistical analyses were performed using R version 3.2.5
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Figure 4.1: A) Example inspiratory CT slice; B) Lung field from A
is automatically segmented, a visual mask overlaid, and lung volume
calculated; C) Example expiratory CT slice with moderate trapped
air; D) Segmented lung volume from C.

(R Foundation for Statistical Computing, Vienna, Austria) with the lme4 and
lmerTest packages [22–24]. Right-skewed variables were log-transformed and linear mixed effects model analysis was used to determine associations between CT
and MBW outcomes, with random intercepts fitted to represent repeated visits. To
determine whether TAvol was sensitive enough to measure the volume of air trapping, or just reflective of random variation between CT and MBW measures of
FRC, we used the Student’s t-test to determine if TAvol was significantly different
from zero. Because atelectasis reduces lung volume and is most likely the result of
general anaesthesia, the extent of atelectasis (%Atel) was included as a covariate in
all analyses of CT lung volumes. Height was included as a covariate in analyses of
TLCCT and FRCCT but not FRC/TLCCT . Fixed effects model coefficients (β) and
their 95% confidence intervals were determined, with P-values below 0.05 considered
significant.

4.3 Results
Study population: A total of 79 pressure-controlled, volumetric in- and expiratory
CT scans with matched MBW data were identified for inclusion in this study. Four
scans were excluded due to lung segmentation failure, one scan due to a misplaced
endotrachaeal tube causing the occlusion of one lung, and one scan due to severe
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Table 4.2: Patient demographics and measurements.
Cohort characteristics
Number of scans (patients)
Age (years)
Sex (Male)
Severe genotype†
Height (m)
Weight (kg)
Lung function measures
LCI
M1/M0
M2/M0
FRCMBW (L)
CT measures
%Dis∗
%Bx∗
%Atelectasis∗
%TA∗
FRCCT (L)
TLCCT (L)
FRC/TLCCT
TAvol (L)

73 (55)
3.5 (2.3)
22/55 (40%)
37/45 (82%)
0.95 (0.21)
15.7 (6.5)

7.64
1.89
7.17
0.59

(1.21)
(0.25)
(1.87)
(0.37)

2.53 (0.00 - 10.40)
0.81 (0.00 - 5.42)
0.24 (0.00 - 21.14)
0.37 (0.00 - 29.35)
0.61 (0.29)
1.19 (0.57)
0.52 (0.08)
0.02 (0.14)

Data are presented as prevalence (percentage) or mean (standard
deviation) as appropriate, unless otherwise stated.
∗ Data presented as median (range). † Genotype severity unknown
in 10 patients.

atelectasis. Therefore, 73 scans (from 55 patients) were included in the final analysis
(Table 4.2).
Relationships between lung volumes, structural lung disease and CT
trapped air: When assessed separately, FRC/TLCCT was not associated with
either age (β = 0.004 [-0.004, 0.012]; P = 0.351) or height (β = 0.000 [-0.001, 0.001];
P = 0.556). %TA was significantly related to structural lung disease extent: both
%Dis and %Bx. However, no significant relationships were found between %TA and
either CT lung volumes or FRC/TLCCT (Table 4.3, Figure 4.2). Regression data
between air trapping and other CT outcomes are presented in Table 4.3.
Relationships between CT and MBW outcomes: FRCCT was associated with
LCI, however no other significant relationships between CT lung volumes and indices
of ventilation heterogeneity were found. LCI, but not moment ratios, was associated
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Figure 4.2: Association between CT-measured Functional Residual Capacity to Total Lung Capacity ratio (FRC/TLC) and trapped
air extent (%TA). %TA plotted on a log-scale.

Table 4.3: Adjusted linear mixed effects model
coefficients between trapped air extent and CT outcomes.
Parameter

Coefficient [95% CI]

P-value

%Dis∗
%Bx∗
FRCCT ‡
TLCCT ‡
FRC/TLCCT †

0.19 [0.07, 0.31]
0.26 [0.15, 0.37]
0.01 [-0.02, 0.03]
0.02 [-0.03, 0.07]
0.00 [-0.02, 0.02]

0.003
<0.001
0.485
0.440
0.931

Coefficients [95% confidence intervals] represent the increase in the
listed parameter for each unit increase in log(%TA). Bold values
indicate statistical significance.
CI = confidence interval; %Dis = structural lung disease extent;
%Bx = bronchiectasis extent; FRC = functional residual capacity;
TLC = total lung capacity.
∗ Parameter log-transformed. † log(%Atelectasis) included in model.
‡ Height and log(%Atelectasis) included in model.
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Figure 4.3: Association between the extent of trapped air on CT
(%TA) and lung clearance index (LCI). Closed circles represent infants (age below 2.5 years), open circles represent preschool aged
children (age above 2.5 years). %TA plotted on a log scale.

with all PRAGMA-CF outcomes (Fig 4.3). The mean TAvol was not significantly
different from zero (0.020 [-0.012, 0.05]; P=0.223). TAvol was not related to %TA (β
= -1.25 [-2.73, 0.23]; P=0.102) or %Dis (β = -0.27 [-1.09, 0.55]; P=0.517). Regression
data between MBW and CT outcomes are presented in Table 4.4.

4.4 Discussion
We compared CT air trapping extent with both CT volumetrics and measures of
ventilation heterogeneity using the MBW technique in prospectively recruited, newborn screened, young children with cystic fibrosis. Our data suggest that both CT
air trapping extent and ventilation heterogeneity reflect underlying disease pathobiology, as both %TA and LCI were related to the extent of structural lung disease.
There was an association between %TA and LCI, however, we did not observe any
associations between CT air trapping and hyperinflation (increased FRC/TLC ratio,
measured on CT). Therefore, it is likely that the mosaic attenuation on expiratory
scans is at least partly representative of other pathology.
Air trapping observed on CT images is a clinically relevant finding that is associated
with decreased pulmonary function and quality of life in patients of school age or
older [11, 16], correlates with structural lung disease [5], and can be reduced with
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Table 4.4: Adjusted linear mixed effects model coefficients between CT
outcomes and indices from MBW.
CT Parameter

LCI

M1/M0

M2/M0

%Dis∗

0.14 [0.05, 0.24]
P = 0.004

-0.03 [-0.53, 0.46]
P = 0.892

0.03 [-0.04, 0.09]
P = 0.395

%Bx∗

0.17 [0.08, 0.26]
P <0.001

-0.05 [-0.52, 0.42]
P = 0.343

0.04 [-0.02, 0.10]
P = 0.207

%TA∗

0.22 [0.04, 0.39]
P = 0.016

0.06 [-0.81, 0.93]
P = 0.897

0.05 [-0.07, 0.16]
P = 0.412

FRCCT ‡

0.02 [0.00, 0.04]
P = 0.031

0.10 [-0.01, 0.20]
P = 0.069

0.01 [-0.00, 0.02]
P = 0.056

TLCCT ‡

0.01 [-0.03, 0.06]
P = 0.507

0.02 [-0.20, 0.23]
P = 0.868

0.01 [-0.02, 0.03]
P = 0.690

FRC/TLCCT †

0.01 [-0.00, 0.03]
P = 0.154

0.02 [-0.05, 0.09]
P = 0.595

0.00 [-0.01, 0.01]
P = 0.379

Coefficients represent the increase in CT parameter per unit increase in MBW
parameter. Bold values indicate statistical significance.
LCI = lung clearance index; M1/M0 = first moment ratio; M2/M0 = second moment
ratio; %Dis = structural lung disease extent; %Bx = bronchiectasis extent; FRC =
functional residual capacity; TLC = total lung capacity.
∗ Parameter log-transformed. † log(%Atelectasis) included in model. ‡ Height and
log(%Atelectasis) included in model.
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effective therapy [7]. However, the reason for the lack of or weak associations seen
between CT air trapping extent and pulmonary function [15, 16] – the outcome that
should best reflect air trapping – in young children with CF is unclear. The results
of this study shed some light on this conundrum, by questioning the assumption
that mosaic attenuation on expiratory CT is primarily representative of physiologic
air trapping (i.e. regional hyperinflation due to small airway obstruction). Our
observations suggest alternative pathobiology contributes to mosaic attenuation,
and that the term “air trapping” is a misnomer in young children without significant
structural disease.
A strength of this study is the use of standardised, pressure-controlled CT scans
for determining lung volumes and measures of structural lung disease. Lung inflation was performed at a set pressure rather than relying on voluntary inspiratory
and expiratory manoeuvres. Although this means that the true TLC may be underestimated relative to a maximal inhalation, it means that scans were acquired
at a stable lung volume landmark, determined by the balance of elastic forces in
the lung and thorax. This removes the effect of patient coordination and compliance on measured lung volumes. Because this method was performed identically
on all children and was used primarily to normalise FRC, it is unlikely to substantially affect our results. Another advantage of this technique is that air trapping is
measured at approximately the same lung volume level as with MBW (FRC), as opposed to residual lung volume with a forced exhalation, thereby avoiding one factor
that could otherwise contribute to differences in outcomes using the two different
methodologies. Additionally, structural lung disease (PRAGMA-CF) outcomes are
best measured at or close to TLC, as this increases the visibility of airways and
improves the detection of lung abnormalities [25, 26]. The lung volume and lung
structural assessments were performed on the same scan and therefore not influenced
by the as yet unknown short-term variability of chest CT.
Reference values are currently not available for CT lung volumetrics in young children. Although our data were corrected for height, the use of Z-scores from reference
data may improve the relationships between lung volumes and trapped air / clinical
outcomes, and may be an explanation for why FRCCT , but not FRC/TLCCT , was
associated with LCI in this study. The techniques used for MBW differ markedly
between infants and pre-schoolers, including position (supine vs seated), tracer gas
(SF6 vs O2 ), measurement technology (molar mass vs gas concentration), and sedation level (sedated vs unsedated). However, our comparisons between MBW and
trapped air are consistent with existing literature, and subgroup analyses did not
alter the relationships (data not shown).The ventilation properties of lung compartments that are not in communication during tidal breathing are not accounted for
when using MBW, and this may influence the relationship between CT trapped air
and LCI. However, this would still not explain why the FRC/TLCCT ratio was not
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increased. Individuals with CF have a range of lung pathologies and therefore the
correlation between CT air trapping and LCI may be because both are increased in
severe CF phenotypes.
In order to further investigate whether we could measure physiologic trapped air,
we estimated the non-communicative lung volume (TAvol ): the difference between
FRC measured with CT and MBW. The TAvol was not associated with %TA, and
in fact was not significantly different from zero. This suggests that the volume of
non-communicating lung compartments is below the variability of our measurement
techniques in this cohort.
This study was performed on young children who were clinically well undergoing
annual surveillance, and thus have relatively mild lung disease. The results of this
study may not necessarily generalise to older children or during pulmonary exacerbations; further research is required to determine whether our conclusions hold true
for acute disease.
Structural lung disease was positively correlated with hypoattenuation extent, implying that CF pathology causes hypo-, rather than hyper-density on expiration
CT. The most probable alternative cause of mosaic attenuation is therefore regional
hypoperfusion. Perfusion defects have been demonstrated in CF using MRI [12, 14].
The exact pathophysiology of CF-related hypoperfusion is unknown, but the most
plausible theory is vasoconstriction due to localised hypoxia resulting from partial,
but not complete, airway obstruction. This theory is supported by the observed
association between MRI-detected perfusion defects and LCI in CF [13]. Functional
lung units with long time constants (increased emptying time) may have poor oxygenation but still completely empty in the time it takes to initiate an expiratory CT
scan. Because MBW is a global measure of ventilation heterogeneity, the poor gas
mixing of these regions may be compensated for by otherwise healthy lung. Alternatively, areas of hypoperfusion may represent previously obstructed regions that have
since had ventilation restored, for example following effective therapy. How rapidly
perfusion recovers following reoxygenation of a lung region is as yet unknown. An intriguing possibility is that areas of mixed hypoventilation/hypoperfusion predate irreversible structural lung disease. Our longitudinal assessments of structure-function
relations in young children will provide important insight regarding this issue.
There are several implications if mixed hypoventilation and hypoperfusion contribute
to mosaic attenuation on CT. Determining the proportion that is hypoventilation
vs hypoperfusion, as well as the geographic distribution, can help us to understand
the natural history of CF lung disease. Further insight may lead to new therapies
being developed to specifically target pulmonary perfusion. Improved pulmonary
perfusion may increase delivery of systemic medication, particularly antibiotics, to
the more severely affected lung regions. Co-administration of therapies that treat
73

CHAPTER 4. TRAPPED AIR
pulmonary perfusion may increase the efficacy of traditional therapies, by improving
ventilation-perfusion matching. Better measurement techniques may also lead to
more personalised treatment, as the selection of systemic vs inhaled therapies may be
based on the ventilation and perfusion properties of areas of the lung most affected
by disease. Further studies that directly measure ventilation and perfusion, for
example using MRI, are needed to elucidate the role that each plays in CF lung
pathophysiology.
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5
The cumulative effect of inflammation and
chronic infection on structural lung disease
in young children with CF

Abstract
Background: Pulmonary inflammation and infection are important
clinical and prognostic markers of lung disease in cystic fibrosis (CF).
Although inflammation and infection with proinflammatory organisms
are often detected in surveillance bronchoalveolar lavage (BAL) of young
children with CF, there is little consensus on whether these findings warrant treatment. In fact, whether chronic inflammation and infection in
this age group are transient findings or have cumulative, long-term impacts on respiratory health is largely unknown. Therefore, we aimed to
determine whether repeated detection of pulmonary inflammation and
infection in the first six years of life has a deleterious effect on structural
lung disease on chest computed tomography (CT).
Methods: All children in the Australian Respiratory Early Surveillance
Team for Cystic Fibrosis with matched CT and BAL data were included.
We determined structural lung disease extent on CT (%Disease) using
the PRAGMA-CF method. Neutrophil elastase (NE) and proinflammatory infection presence at the time of CT were determined from BAL.
In addition, the number of times NE and infection were detected in annual surveillance BAL prior to the CT were counted, to represent the
cumulative BAL history. Linear mixed model analysis (coefficient [95%
confidence interval]), accounting for repeat visits and adjusted for age,
was used to determine associations.
Results: Two hundred and sixty five children (683 scans) were included
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for analysis, with BAL history comprising of 1161 visits. %Disease was
significantly associated with both NE (1.36 [0.99, 1.74]; P <0.001) and
infection presence (0.64 [0.27, 1.01]; P <0.001) at the time of CT. Furthermore, %Disease was significantly associated with the number of prior
NE (0.39 [0.19, 0.60]; P <0.001) and infection (0.26 [0.03, 0.47]; P =
0.021) detections.
Conclusion: There is little consensus on clinical management of infants and pre-school children with cystic fibrosis. We have shown that
detection of pulmonary inflammation and infection in surveillance BAL
have cumulative effects on structural lung disease extent. This provides
a strong rationale for trials of anti-inflammatory and antibiotic use in
young children, with the aim to prevent the progression of structural
lung disease.

5.1 Background
Lung disease in CF begins early in life and is characterised by an ongoing cycle of
pulmonary inflammation, infection, and structural lung disease [1, 2]. Markers of
inflammation, including neutrophil elastase (NE), and interleukin-8 (IL-8), as well
as infection with various pathogenic organisms can be detected in bronchoalveolar
lavage (BAL) fluid, even in asymptomatic infants diagnosed by newborn screening
[3–6]. In young children, the presence of these markers is associated with lung
function at the time of measurement and its subsequent decline, as well as both
structural lung disease extent and the onset of bronchiectasis [2, 4, 6–10]. However
the impact of chronic inflammation and infection on the trajectory of structural lung
disease in children below six years of age is not yet well characterised. In particular,
it is not known if subclinical (i.e. detected by surveillance rather than upon clinical
suspicion) inflammation and infection in this age group are transient, leading to
temporary changes in respiratory health, or have cumulative, long-term impacts.
Findings with long-term implications for disease warrant more aggressive treatment,
and as a result there is little consensus on therapeutic strategies for young children.
Optimising early intervention strategies, prior to the development of permanent
structural lung disease, is likely to be critical to the long-term preservation of lung
function and quality of life of patients with CF.
With the recent development of age-appropriate, sensitive outcomes measures based
on CT, such as PRAGMA-CF [9], it is now possible to determine how these early
measurements relate to the progression of structural lung disease throughout early
childhood. The Australian Respiratory Early Surveillance Team for Cystic Fibrosis
(AREST CF) has collected annual matched CT scans, markers of pulmonary in78
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flammation, and pulmonary infection in newborn screened CF patients across two
centres (Princess Margaret Hospital for Children in Perth and The Royal Children’s
Hospital in Melbourne) since 2005. These data provide an extensive history of inflammation and infection, are therefore ideally suited to determine the cumulative
effect of pulmonary inflammation and infection on structural lung disease progression
throughout early childhood. The aim of this study was to determine the relationship between chronic (i.e. repeated detection of) early inflammation and infection
on structural lung disease outcomes in the first six years of life. We hypothesised
that the extent of structural lung disease measured throughout this age period will
be associated with cumulative inflammation and infection history, which we defined
as the number of times the inflammatory markers (neutrophil elastase (NE) and
interleukin-8 (IL-8)) and infection with proinflammatory organisms were detected
in annual surveillance BAL.

5.2 Methods
Subjects: The children in this study were participants in the AREST CF early
surveillance programme (ESP), of whom greater than 90% of newborn screened infants are included [11]. The ESP includes BAL and CT scan performed at three
months of age and then annually until the age of six years. In Melbourne, the CT
scan component is only performed every two years, starting at age one year. For the
CT analysis, all surveillance visits prior to 22nd August 2015 that included a volumetric inspiratory CT scan were included. Volumetric CT scanning was instituted
in 2007 (Perth centre) and 2010 (Melbourne centre), and hence the CT component
this study covers a time period of approximately seven years. To determine inflammatory and infective history, all surveillance visits were included, regardless of
whether a CT was performed.
CT acquisition: All CT scans were obtained under general anaesthesia with
pressure-controlled inspiratory and expiratory series, as previously described [9, 11].
Inspiratory scans were only analysed if they were performed with a volumetric protocol. Both limited slice and volumetric expiratory scans were analysed, so long as
the accompanying inspiratory scan was performed with a volumetric protocol. Scans
were reconstructed with a 0.9 – 1.0 mm slice thickness. For volumetric expiratory
scans, a 4 – 5 mm minimum intensity projection filter was applied, to aid in trapped
air visualisation [9].
CT analysis: The PRAGMA-CF analysis method was used to determine the extent of structural lung disease [9]. In brief, a square grid was overlaid on ten axial
CT slices of the inspiratory scan. Grid cells were annotated in a hierarchical manner for the presence of bronchiectasis, mucous plugging, airway wall thickening,
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or atelectasis. The overall extents of lung disease (%Disease) and bronchiectasis
(%Bronchiectasis) were calculated by dividing the number of cells with any airway
disease or specifically bronchiectasis, respectively, by the total number of annotated
cells (excluding atelectasis), expressed as a percentage. The extent of trapped air
(%TrappedAir) was determined in the same manner on the expiratory scan. If less
than ten slices were available on the expiratory scan (limited slice technique), all
slices were annotated.
Scans were de-identified and randomly allocated to one of two trained observers for
assessment with PRAGMA-CF. However, scans that were previously scored by one
of the observers for previous studies were not rescored. In addition, a random subset
of 30 scans was scored by both observers, to determine inter-observer reliability.
Intra-observer reliability for PRAGMA-CF outcomes in this age group has already
been published [9].
Inflammation and infection: Pulmonary inflammation and infection were determined from BAL, as previously described [2]. For the assessment of inflammation/infection history, all annual surveillance visits were included, regardless of
whether a CT was performed. Visits were excluded if they were not part of the annual surveillance routine, for example BAL performed post Pseudomonas aeruginosa
eradication therapy.
To determine inflammation levels, NE activity and IL-8 concentration were measured, as previously described [11]. Visits were defined as NE positive and IL-8
positive if the concentrations were above the lower limit of detection. To determine
cumulative inflammation history, we calculated the number of prior annual surveillance visits where there was a positive NE detection and the number of visits with
a positive IL-8 detection, separately.
A significant proinflammatory infection was defined as a detection of at least 104
cfu/ml of one of the following pathogens previously reported to be associated
with pulmonary inflammation: Pseudomonas aeruginosa, Staphylococcus aureus,
Haemophilus influenzae, Streptococcus pneumoniae, and Aspergillus species [12]. To
determine infection history, we calculated the number of prior annual visits where
at least one significant proinflammatory infection was detected. Multiple organisms
detected in one visit were not counted twice.
Statistical analysis: All statistical analyses were performed using R version 3.2.5
(R Foundation for Statistical Computing, Vienna, Austria) with the lme4 and
lmerTest packages [13–15]. Inter-observer repeatability for PRAGMA-CF was assessed using the concordance correlation coefficient (CCC), with a value of 0.8 or
above considered excellent, 0.6 – 0.8 good, and 0.4 – 0.6 moderate agreement [16].
Linear mixed model analysis was used to determine the relationships between CT
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and BAL outcomes, adjusting for age and with random intercepts fitted to represent
repeated visits. Both cross-sectional and interval (change in PRAGMA-CF outcomes
over year, ∆%Disease, ∆%Bronchiectasis, ∆%TrappedAir) analyses were performed.
In addition, the cumulative effects of inflammation and infection on structural lung
disease were assessed by determining the associations between PRAGMA-CF for a
given visit and the cumulative BAL results from all prior visits.

5.3 Results
Study population: Two hundred and sixty-five patients were included in this
study, with 683 scans available for analysis at a mean (SD) age of 3.3 (1.8) years.
Of these scans, 664 had matched inflammation data and 620 had matched infection data. Interval CT data were available in 127 patients (342 scans). There
were 1161 BALs (with or without matched CT) to determine cumulative inflammatory/infective history in these patients. The most common causes for missing
data were insufficient BAL fluid collected for analysis, equipment failure, or sample
contamination. CT scans were only performed biennially in Melbourne, so one-year
interval data were only available in the Perth cohort (127 patients, 342 scan pairs).
There was no significant difference between Perth and Melbourne in PRAGMA-CF
outcomes, NE presence, or IL-8 concentration, however the presence of proinflammatory infection was significantly more common in Melbourne (mixed model coefficient
0.35 [0.26, 0.44], P <0.001). Demographic and key cohort outcomes are presented
in Table 5.1.
Observer reliability: Prior to analysis, the inter-observer reliability between the
two PRAGMA-CF scorers was determined by duplicate scoring, in a random order,
30 randomly selected scans. The CCCs (95% confidence intervals) for each component were: %Disease 0.804 (0.695, 0.877); %Bronchiectasis 0.629 (0.521, 0.718);
%TrappedAir 0.889 (0.787, 0.944).
Cross-sectional relationships between CT outcomes and BAL: All
PRAGMA-CF outcomes were significantly associated with age. In addition, all
PRAGMA-CF outcomes were significantly associated with inflammatory markers,
i.e. IL-8 concentration and NE presence. %Disease and %TrappedAir, but not
%Bronchiectasis, were associated with the presence of a proinflammatory infection.
Cross-sectional correlation data are presented in Table 5.2.
Relationships between interval CT outcomes and BAL: To determine the
short-term effect of inflammation on structural lung disease progression, we compared the change in PRAGMA-CF outcomes over one year to the presence of NE
and concentration of IL-8 at the follow-up scan, adjusted for age and for baseline
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Table 5.1: Patient demographics and measurements.
Cohort characteristics
Number of scans (patients)
Total number of BALs
Age at CT scan (yrs)
Centre (Perth:Melbourne)
Sex (M:F)
Severe genotype∗
Pancreatic insufficient∗
CT measures
%Disease
%Bronchiectasis
%TrappedAir
Number of interval scan pairs†
∆%Disease†
∆%Bronchiectasis†
∆%TrappedAir†
BAL measures
NE present∗
IL-8 present∗
IL-8 concentration (ng/mL)∗
Proinflammatory infection present∗
Previous NE detections‡
Previous IL-8 detections‡
Previous infections‡

683 (265)
1161
3.30 (1.78)
154:111
135:130
192 / 210 (91%)
199 / 243 (82%)

3.19 (2.29)
0.37 (1.21)
4.30 (7.39)
340
0.82 (2.35)
0.18 (1.22)
0.79 (8.22)

135 / 664 (20%)
632 / 663 (95%)
2.87 (7.69)
158 / 620 (25%)
0.55 (0.93)
2.45 (1.70)
0.57 (0.86)

Data are presented as counts, ratios, fraction (percentage) or mean
(standard deviation) as appropriate.
CT = Computed tomography, BAL = bronchoalveolar lavage, NE
= neutrophil elastase.
∗ Data for some patients and/or visits is unknown or not recorded.
† Changes in CT measures over time are from all patients with two
CT scans, one year apart.
‡ Number of NE and IL-8 detections or proinflammatory infections
recorded from annual visits performed prior to the CT scan.
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Table 5.2: Adjusted linear mixed effects model coefficients between CT and
BAL outcomes.
%Disease

%Bronchiectasis

%TrappedAir

Age

0.54 [0.46, 0.63]
P <0.001

0.14 [0.10, 0.19]
P <0.001

0.69 [0.41, 0.97]
P <0.001

NE presence

1.36 [0.99, 1.74]
P <0.001

0.65 [0.44, 0.86]
P <0.001

5.70 [4.44, 6.95]
P <0.001

IL-8 (log)

0.32 [0.22, 0.42]
P <0.001

0.10 [0.04, 0.15]
P <0.001

1.04 [0.69, 1.39]
P <0.001

Infection∗

0.64 [0.27, 1.01]
P <0.001

0.13 [-0.08, 0.33]
P = 0.240

2.76 [1.46, 4.05]
P <0.001

#NE detections†

0.39 [0.19, 0.60]
P <0.001

0.28 [0.17, 0.40]
P <0.001

1.59 [0.90, 2.27]
P <0.001

#IL-8 detections†

0.21 [0.03, 0.39]
P = 0.026

0.06 [-0.04, 0.16]
P = 0.215

0.66 [0.05, 1.27]
P = 0.035

#Infections†

0.26 [0.03, 0.47]
P = 0.021

0.23 [0.11, 0.35]
P <0.001

0.83 [0.09, 1.57]
P = 0.029

Linear mixed model data between CT and bronchoalveolar lavage measures of infection
and inflammation. Data presented as coefficients [95% confidence intervals] and P-values.
Age is included as a fixed effect in each model, and random intercepts fitted to represent
repeat visits. NE = neutrophil elastase.
∗ Infection = detection of significant colonisation of a proinflammatory pathogen.
† Number of detections of NE and proinflammatory infections in annual surveillance BAL
performed prior to the CT scan.
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Table 5.3: Associations between one year CT interval data and
bronchoalveolar lavage measures.
∆%Disease

∆%Bronchiectasis

∆%TrappedAir

Age

0.16 [0.02, 0.30]
P = 0.028

0.11 [0.03, 0.19]
P = 0.004

0.44 [-0.04, 0.91]
P = 0.072

NE presence

1.76 [1.19, 2.33]
P <0.001

0.84 [0.52, 1.17]
P <0.001

6.85 [4.88, 8.83]
P <0.001

IL-8 (log)

0.38 [0.22, 0.54]
P <0.001

0.06 [-0.03, 0.16]
P = 0.184

1.10 [0.48, 1.73]
P <0.001

Infection∗

0.94 [0.35, 1.52]
P = 0.002

0.39 [0.06, 0.72]
P = 0.022

3.32 [1.23, 5.40]
P = 0.002

Linear mixed model data between change in CT outcome over one year and
bronchoalveolar lavage measures of infection and inflammation at the follow-up scan.
Data presented as coefficients [95% confidence intervals] and P-values. Both age and
baseline CT measure are included as fixed effects in each model, and random intercepts
fitted to represent repeat visits. NE = neutrophil elastase.
∗ Infection = detection of significant colonisation of a proinflammatory pathogen.

PRAGMA-CF score. The same analysis was performed for proinflammatory infections. Data were available for 340 scan pairs. For all CT outcomes, the progression
over one year was associated with the presence of NE, concentration of IL-8, and
the presence of proinflammatory infection (Table 5.3).
Relationships between CT and BAL history: To determine the cumulative
effects of chronic inflammation on structural lung disease, we separately compared
PRAGMA-CF outcomes to the number of times NE and IL-8 were detected in
visits prior to the CT scan, adjusted for age. The same analysis was performed for
proinflammatory infections. With the exception of between %Bronchiectasis and
the number of IL-8 detections, all CT outcomes were associated with the number of
NE and IL-8 detections and the number of proinflammatory infections (Table 5.2,
Figure 5.1.

5.4 Discussion
These data provide unique insight regarding the cumulative effects of chronic inflammation and infection on structural lung disease in young children with CF. We
demonstrated that not only is structural lung disease associated with the detection
of inflammation and infection, but that repeated detections of each are associated
with worse outcomes. This implies that ongoing inflammation and infection in
the first six years of life play a substantial role in the pathogenesis of CF-related
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Figure 5.1: The association between the PRAGMA-CF measure
%Disease and age.
Top: Colour scale indicates the number of times neutrophil elastase
(NE) was detected in annual surveillance bronchoalveolar lavage
prior to the CT date.
Bottom: Colour scale indicates the number of times a proinflammatory infection was detected in annual surveillance bronchoalveolar
lavage prior to the CT date.

85

CHAPTER 5. CUMULATIVE INFLAMMATION AND INFECTION
structural lung disease. These data present a strong case for trials of prophylactic
anti-inflammatory and antibiotic therapy in this age group, with the aim to prevent
structural lung disease by the age of six years.
Structural lung disease: The variability in structural lung disease extent between
patients seen in this study is consistent with the heterogeneous nature of CF lung
disease. Nevertheless, as expected an overall progression over time was observed,
with %Disease increasing by around 0.5 per year. Although this provides a useful
estimate for future studies in this age group and may inform clinical trial design,
all children in this study were part of a standardised, extensive early surveillance
programme. Therefore, these results may not be directly comparable to other centres
with different monitoring and treatment regimens.
Relationships between CT and inflammation/infection: As expected, we
found that all CT outcomes were associated with NE presence, IL-8 concentration,
and infection presence in cross-sectional analyses. We also found that CT outcomes
increased in the one year interval prior to the detection of NE or infection. These results are consistent with previous studies relating CT to lower airway samples [2, 9,
17, 18]. The most important finding from this study was that structural lung disease
extent was associated with the number of previous visits with BAL-detected NE,
IL-8, and infection, even when adjusted for age. There is currently no consensus on
whether pulmonary inflammation and infection in young children are transient effects, with little long-term consequence, or clinically important findings that warrant
treatment. The results of this study seem to suggest the latter, although prospective
clinical trials are needed to confirm whether structural lung disease can be prevented
with targeted interventions.
Comparison between inflammation and infection: The results of this study
show that inflammation has a stronger correlation with and larger effect on structural lung disease than infection. Therefore, treating lung inflammation has additional potential for reducing structural lung disease compared with using antiinfective therapies alone. Despite this, detection of NE or another marker of lung
inflammation is rarely acted upon, whereas pulmonary infection with for example
Pseudomonas aeruginosa is often considered to be a clinically significant finding
necessitating eradication therapy [19]. Numerous studies have shown that eradication of this organism when first detected leads to delayed onset of chronic infection
and improved clinical outcomes throughout childhood [20–24], and there is mounting evidence that eradication of other organisms such as Staphylococcus aureus may
also be indicated [25]. However, aggressive Pseudomonas eradication strategies fail
to prevent the high prevalence of bronchiectasis seen at five years of age [26], suggesting that chronic inflammation, regardless of the triggers, is a critical factor in
the development of structural lung damage [27]. Prophylactic anti-inflammatory
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therapy is rarely included in routine management early in life, although in children
over six years and in adults there is evidence for clinical benefits and its use is included in some clinical guidelines [28, 29]. However, although the side-effects profile
of ibuprofen limits its use in newborns and infants, there are significant opportunities for repurposing a number of alternative anti-inflammatory molecules. The
COMBAT-CF study of prophylactic azithromycin from diagnosis provides a template for studies of repurposed molecules to prevent lung disease. Such an approach
could result in the relatively expeditious implementation of new anti-inflammatory
interventions for young children with CF.
Limitations: Although both NE and IL-8 are important indicators, their absence
does not imply an absence of pulmonary inflammation. For example, IL-8 was
present in the majority of BALs. In addition, the binary classification of NE into
present/absent may mask the effects of inflammation severity on structural lung
disease. A comprehensive survey of biochemical measures and cell counts would
provide a more holistic view of lung inflammation. Furthermore, BAL samples
are taken from individual lobes and may not be representative of the entire lung.
Nevertheless, NE in particular is a known risk factor for structural lung disease
in early life CF [2] and its repeated detection from BAL provides a simple yet
meaningful summary of inflammatory history.
Our data were acquired as part of annual surveillance snapshots, and thus may not
accurately reflect the course of CF lung disease in the intervening year between
visits. Because visits were scheduled while the child was clinically well at regular
intervals, the measurements made are essentially a random sample. As a result,
selection bias is unlikely to affect the results presented.
Due to differences in clinical protocol, CT scans were only performed every second
year in Melbourne, but annually in Perth. As a result, the associations reported
will be more heavily weighted towards data from the Perth centre, with the oneyear interval data exclusively from Perth. Both centres performed BAL annually,
so the cumulative inflammation and infection results are not affected, and therefore although there is a Perth bias, this does not affect the interpretation of our
results.
Finally, there were a number of visits where inflammation and/or infection measurements were not available, either through failure to collect adequate sample or
non-attendance at the scheduled BAL. Missed visits will result in an underestimation of inflammatory/infective history, particularly if the visit was missed due to
the patient being too unwell. However the number of missed visits was small, and
unlikely to influence the results substantially.
Conclusion: We have shown that chronic inflammation and infection play impor87
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tant roles in the trajectory of structural lung disease throughout the first six years of
life. These data present compelling evidence that ongoing pulmonary inflammation,
particularly NE, throughout early life is a key prognostic indicator. Therefore, early
life anti-inflammatory prophylaxis could be a useful strategy to improve long-term
outcomes and further trials aimed at preventing lung disease are urgently needed in
this young age group.
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6
General discussion

The development of a sensitive tool to monitor lung disease in young children with
cystic fibrosis (CF) is a critical step to improve long-term respiratory health outcomes. The relatively mild nature of early disease and the need for active cooperation make many of the standard measures of lung disease inappropriate for use in
children with CF aged below six years of age. With an increasing focus on early
intervention and a range of new, potentially disease-modifying therapies becoming
available, the need for an accurate and reliable measure of lung disease severity in
this age group has never been more urgent. This thesis describes PRAGMA-CF:
the first fully quantitative measure of structural lung disease that is specifically
designed for young children with CF. In particular, the methodology, validation,
and feasibility are detailed, along with how PRAGMA-CF has improved our understanding of CF pathophysiology and how we can translate this knowledge into
clinical practice.

6.1 Performance as an outcome measure
The development of PRAGMA-CF was motivated primarily by the poor performance of CT scores when applied to young children [1, 2]. Although there are numerous possible explanations, the most important reason is their semi-quantitative
nature, resulting in a poor resolution at the mild end of the disease spectrum. Typically, CT scores measure component disease extents (e.g. bronchiectasis, bronchial
wall thickening, etc.) on a per-lobe basis, in increments of between one third and
one half of a lobe [1, 3, 4]. Young children rarely have lobar disease extents greater
than the minimum score for each component (i.e. they rarely receive a score greater
than one), and thus the scores are effectively reduced to a binary measure of presence/absence. Not only does this lead to poor discrimination between patients, it
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masks progression: once an abnormality is detected, the score is effectively capped
and thus changes in extent over time are not captured. Furthermore, the nonlinearity of CT scores leads to difficulty interpreting change over time. Large changes
in disease extent can result in no score increase (for example a lobar disease extent
increasing from 5% to 40% still receives a score of one), and small changes can result
in substantial changes in score (for example lobar disease extent increasing from 45%
to 55%). Additionally, PRAGMA-CF outcomes are more easily interpreted: unlike
the complexity of CT scores, the simple percentage of disease extent reported by
PRAGMA-CF is easily understood by both clinicians and patients, and reporting
its change over time is unambiguous.
The key feature of PRAGMA-CF is that it is fully quantitative and thus does not
suffer from the limitations of CT scores. The data from Chapter 2 show that structural lung disease is indeed mild in young children and far below the minimum
resolution of CT scores; the majority of children aged three years and below had
structural lung disease extents below 2% [5]. The relationships between CT and pulmonary inflammation were stronger when PRAGMA-CF was used rather than CT
scores, particularly in the longitudinal analysis. This confirms that the limitations
of CT scores are not merely theoretical, and are mitigated by using PRAGMA-CF.
The most striking example was when comparing trapped air extent to structural
lung disease: there was a strong association between the PRAGMA-CF outcomes
%TrappedAir and %Disease, but no relationship when comparing trapped air and
total CT score. This may explain why other studies often report that trapped air
is only weakly associated with structural lung disease or other clinical measures in
young children [6–8].
An important strength of PRAGMA-CF is its practicality. An ideal outcome measure should be reliable (i.e. repeatable), time- and cost-effective, and easily implemented. The repeatability analysis performed in Chapter 2 shows that PRAGMACF outcomes have a high level of both intra- and inter-observer repeatability, with
intraclass correlation coefficients of 0.8 and above, representing excellent agreement
[9]. This is at least as good as, and in the cases of total score and bronchial wall
thickening, superior to, CF-CT scores applied to young children [2, 4, 7]. The time
taken to perform PRAGMA-CF analysis is in the order of 10-15 minutes per scan,
which is comparable to that of CF-CT and significantly shorter than many other
clinical tests, including lung function measurements. New observers, even those
naïve to CT lung abnormalities, can be trained to reliably perform PRAGMA-CF
analysis with high interobserver agreement with experienced experts in a matter of
weeks. With regular reliability “check-ups,” PRAGMA-CF can be implemented in
a standardised manner across multiple centres, facilitating comparative and multicentre studies. The sample size calculations performed in Chapter 2 and later
confirmed in children aged up to 6 years [10] show that using PRAGMA-CF as an
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outcome measure, multicentre trials of new therapies targeted at young children
are feasible. As a result, there are now several clinical trials of therapies in young
children underway where PRAGMA-CF is the primary outcome.

6.2 Comparison to pulmonary function tests
Structural lung disease, in particular bronchiectasis, is the primary pathology responsible for morbidity and mortality in CF [11]. Although chest CT is the most
direct way to measure structural lung disease, its use of ionising radiation (albeit in
small doses) reduces the frequency at which it can be performed and is a barrier to
its widespread adoption as a surveillance tool. The use of pulmonary function testing as a noninvasive measure of lung disease to replace CT is therefore an attractive
possibility. The multiple breath washout technique (MBW) is a sensitive pulmonary
function test to detect early CF lung disease [12, 13], and its main outcome, the
lung clearance index (LCI), is perhaps the best prospect as an alternative or surrogate measure to CT. The data presented in Chapter 3 show that although by school
age there is a clear relationship between PRAGMA-CF “disease extent” and LCI in
children aged above six years, the association is weaker in children aged below six
and not detected in infants aged below three. The association that is seen in school
aged children appears to be present even in patients with low PRAGMA-CF and
LCI values, implying that the lack of association in infancy is not merely the result
of the mild disease in this age group [14]. Thus, LCI is unsuitable as a surrogate
measure of structural lung disease extent in the very young. The data in Chapter
3 also show that MBW would be a poor screening tool to determine whether a CT
scan is needed due to the suspicion of bronchiectasis. In infants, LCI had a poor
positive predictive value of only 18% and a negative predictive value of 79%, which
given the 20% prevalence of bronchiectasis, is no better than random chance. In
preschool and school aged children the negative predictive value was around 50%;
thus half of bronchiectases would be missed if a CT scan was foregone due to a
normal LCI value. The poor associations and concordance between CT and MBW
is perhaps unsurprising, given that CT and MBW measure fundamentally different
aspects of pathophysiology. Rather, the techniques might be complementary and
future research should assess how different modalities might be used in conjunction
with clinical variables to inform decision making [15].

6.3 Impact on research studies
Chapters 4 and 5 present studies that demonstrate how PRAGMA-CF can be used
to understand CF pathophysiology and inform clinical practice. In Chapter 4 the
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underlying cause of mosaic attenuation on CT was examined, by comparing the
extent of hypodensity on expiratory scans (measured using PRAGMA-CF) to lung
volume measurements and the gas mixing index, LCI, in children aged below 6 years.
Because the extent was neither associated with hyperinflation nor ventilation heterogeneity, the traditional view that hypodensity on expiratory CT in early CF results
directly from so-called “gas trapping” was challenged. Although not conclusive on
the exact nature of mosaic attenuation, this study is “hypothesis generating,” in that
it provides a strong case for future research into the interplay between ventilation,
perfusion, and CF lung disease [16]. This sort of analysis is not possible without a
quantitative method to measure CT lung disease such as PRAGMA-CF.
Because the outcomes from PRAGMA-CF are relatively straightforward and easily
interpreted, the technique strongly lends itself to translational research. For example, in Chapter 5, the effect of repeated detection of pulmonary inflammation
and infection in BAL on structural lung disease was investigated. Although it has
been well established that BAL-detected pulmonary inflammation and infection are
strong prognostic markers for children with CF [17–20], the relationship of chronic
(i.e. repeated detection of) inflammation and infection with structural lung disease
over time was unclear. Specifically, it was not known whether these are transient
events that lead to temporary changes in structural lung disease, or if they have
long-term consequences. The data presented in Chapter 5 demonstrate that inflammation and infection have a cumulative effect on structural lung disease that persists
at least throughout early childhood. These results provide an impetus to trials of
anti-inflammatory and anti-infective therapy or prophylaxis in young children, and
suggest that aggressive treatment in early life is likely to result in long-term improvement to lung health. This type of study demonstrates how PRAGMA-CF can be
used to design highly translatable research that, due to the lack of sensitive outcome
measures, was previously not possible.

6.4 Limitations
There are several important limitations to the PRAGMA-CF method, and CT in
general, that warrant discussion. The most obvious of these is the issue of radiation
exposure. This is described in more detail subsequently in this chapter, however
the carcinogenic effects of ionising radiation limits the frequency at which CT scans
can be performed. Therefore, CT (and hence PRAGMA-CF) can only be used for
medium-to-long term clinical monitoring or research studies. Acute disease processes
that necessitate high frequency monitoring, such as clinical assessment during an
exacerbation, require an alternative modality to assess lung disease that is more
suited to repeat testing over a short time period.
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Chest CT is only capable of detecting structural lung disease, which is one of several
facets of CF lung disease in general. Although CT-detected trapped air is suggestive
of lung dysfunction [21], direct measurements of flow distribution, gas mixing and
pulmonary perfusion are not possible. Structural lung disease is highly prognostically relevant [8, 22–25], but does not fully encompass all aspects of lung disease in
CF. In fact, there is probably no single measure that can comprehensively determine
the clinical severity of CF lung disease. Pulmonary function tests, microbiological
pathogen detection and biochemical measures of inflammation provide complementary information to CT, and can be used together as a multimodal suite of tests to
monitor clinical status [15, 26].

A significant limitation of the PRAGMA-CF method itself is its reliance on human
observers. Although both intra- and inter-observer repeatability is high [5], there is
the potential for drift in scores over time between observers. Batch scoring of scans
at the end of studies lessens the impact of this drift, at the cost of end-of-study
workload [10]. Additionally, training and ongoing evaluation results in a substantial
cost to centres beginning to use PRAGMA-CF or for collaborative studies. In large
cohorts with ongoing recruitment, retention of observers for the entire study duration
may not be possible. In these instances, determining whether an observed change in
PRAGMA-CF outcomes over time is “real” or a result of interobserver differences
may be challenging. This can be again solved with batch scoring or with multiple
scorers assessing overlapping subsets, but may increase overall costs.

Due to its hierarchical design, PRAGMA-CF allows accurate assessment of total
lung disease extent, i.e. the volume proportion of the lung with structural abnormalities. The drawback to this method is that other than for bronchiectasis, the
individual contribution of specific aspects of structural disease such as mucous plugging, cannot be determined. In early life this is unlikely to be of significance, since
the majority of non-bronchiectatic abnormalities are thickened bronchial walls, with
mucous plugging only contributing a small proportion to the total disease extent
[4]. As disease severity increases, the types of structural abnormalities diversify, and
their classification may become more important [3, 27–29]. One possible solution
to this is to modify the PRAGMA-CF methodology such that individual structural
disease aspects are separately counted, and the hierarchy abandoned. Although this
will enable stratification of lung disease severity according to structural abnormality
subtype, interpretation of the results becomes challenging, creating similar problems
to that of CF-CT total score.
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6.5 Issues related to radiation
The burden of ionising radiation resulting from medical procedures is of particular
concern in modern medicine, particularly in the context of paediatric exposure [30–
33]. This is especially relevant in chronic diseases such as CF, where treatment
burden is high and frequent assessments are needed. This thesis neither advocates
for routine CT surveillance nor does it attempt to prescribe when CT scans of the
lung should be obtained: it merely offers a novel and sensitive way to analyse scans
when they are available. The decisions of when CT should be performed and how
(if) CT should be used in clinical trials is up to individual clinicians and ethics
boards to make, based on risk/benefit analysis. However, it is important to keep in
mind that the carcinogenic risk from the low-dose CT scans used for CF is extremely
small [34]. Kuo and colleagues calculated that the excess risk of fatal cancer due to
a single inspiration/expiration CT study is around 0.023%, assuming a Computed
Tomography Dose Index (CTDIvol,32 ) of approximately 2 milliGray: several times
larger than the doses used for data in this thesis [5, 14, 35]. At these doses the
risk of cancer is only theoretical, and performing a study to determine the effect of
these exposure levels would be impractical [35]. As CT technology improves, the
radiation dose required to produce diagnostically acceptable images decreases, and
thus so does the projected risk over time of repeat scanning [36].

6.6 Future directions
This thesis outlines the development and validation of PRAGMA-CF and provides
template studies demonstrating its practicality and utility. There are, however, still
some unanswered questions that remain. One such question is: what is a clinically
relevant change in PRAGMA-CF? As with all biological measures, outcomes such
as %Disease will fluctuate over time, partly due to change in clinical status, but also
due to natural variability, observer reliability, etc. Knowing whether a change in
PRAGMA-CF is indicative of a change in clinical status necessitating intervention
or representing effective treatment will not only influence clinical decision making,
but also aid in clinical trial design. Some preliminary data to help answer this
question are presented in Chapter 5, where progression of PRAGMA-CF outcomes
over the first six years of life are presented. However, longitudinal studies and data
from completed intervention trials of effective therapies (some of which are currently
ongoing) are needed to determine what represents a clinically relevant change.
Computerised automation of PRAGMA-CF analysis would mitigate the limitations
resulting from manual scoring by human observers, and enable a wider and more
rapid uptake of the technique. Automated assessment of grid cells using texture
98

6.6. FUTURE DIRECTIONS
analysis has already been trialled in adult CF lung disease, with some success [27].
Although paediatric disease is milder and thus more challenging to discriminate from
healthy lung tissue than adult disease, this technique could theoretically be applied
to PRAGMA-CF. Other computerised measurements of CF lung disease severity,
such as airway-artery diameter measurement [10, 37–39] and airway counting techniques [40], could supplement PRAGMA-CF outcomes, creating a comprehensive
survey of the lung from a single CT scan.
Because PRAGMA-CF is a visual scoring system, it is not inherently limited by the
properties of the imaging methodology. As a result, the outcomes are not particularly sensitive to CT technique. In addition, PRAGMA-CF is not limited merely to
CT scans, and could be applied to any morphologic imaging technique. Magnetic resonance imaging (MRI) of the lung is a research area undergoing rapid development,
particularly in the context of cystic fibrosis [16, 41–45]. Although it is currently not
as sensitive as CT to detect structural lung abnormalities in CF [46, 47], its lack of
ionising radiation makes it an attractive prospect for lung disease surveillance. In
addition, functional MRI allows the measurement of pulmonary perfusion, ventilation, and inflammation [16, 48–51]. PRAGMA-CF can easily be applied to these
imaging techniques, without substantial modification. This will facilitate and expedite the use of MRI in research studies and also allow direct comparison between
CT and MRI using identical outcomes.
Finally, PRAGMA-CF is not necessarily limited for use in CF, or even the lungs.
Any disease with heterogeneously distributed, progressive structural abnormalities
can be assessed using the PRAGMA technique by altering the hierarchical disease categories. The same validation process that was used in the development
of PRAGMA-CF can be performed: identify characteristic structural abnormalities, determine the disease hierarchy (from clinical knowledge), determine the minimum slice spacing, and validate against biological markers of disease. Development
of PRAGMA-PCD (primary ciliary dyskinesia) and PRAGMA-BPD (bronchopulmonary dysplasia) in established cohorts is already underway in several centres. The
PRAGMA technique outlined in this thesis therefore not only effectively resolves the
urgent and critical need for outcome measures in early life CF, but will be an important tool in understanding and treating a wide range of paediatric and adult
diseases.
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AREST CF Early Surveillance Programme
AREST CF includes all children diagnosed with CF in Western Australia, managed at Princess Margaret Hospital, Perth and in Victoria (other than the south
metropolitan area), managed at the Royal Children’s Hospital, Melbourne. The diagnosis of CF is made following newborn screening, and greater than 95% of eligible
children participate in the early surveillance programme (ESP). The ESP protocol
begins at age 3 months, and continues annually as close as possible to the child’s
birthday until the age of 6 years. Annual assessment involves:
• Pressure controlled inspiratory and expiratory chest CT scan under general
anaesthesia, to assess structural lung disease;
• Bronchoalveolar lavage (BAL) immediately following the chest CT, to assess
pulmonary infection and inflammation;
• Trachaeal and nasal brushings obtained bronchoscopically, to harvest primary
epithelial cells; and
• Age-appropriate pulmonary function testing, including infant lung function
performed under sedation and preschool-aged multiple breath washout testing.
Parents are informed that this programme is clinically directed, with some research
components, and are offered the opportunity to consent for clinical and research
aspects separately. Informed consent is also acquired for the use of medical records
and access to raw CT scans for research purposes.
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Bronchoalveolar lavage technique
Three aliquots of 1 mL of saline per kilogram of body weight were instilled into the
right-middle lobe, and one aliquot into either the worst-affected lobe (determined
from the CT scan) or the lingula. The second and third aliquots were pooled and
neutrophil elastase (NE) presence, neutrophil concentration and interleukin-8 (IL-8)
concentration were determined, as previously described [1, 2].

CT acquisition technique
Briefly, a standardised recruitment manoeuvre was performed in order to prevent
procedure-related atelectasis. Following this, an inspiratory scan was obtained under
a positive airway pressure of 25 cm H2 O, after which an expiratory CT scan was
obtained at end expiration (0 cm H2 O). All inspiratory scans were obtained with
a volumetric protocol. Expiratory scans were obtained with either a three-slice
protocol (prior to 2010) or a volumetric protocol (from 2010).

Simplified CT scoring method
A simplified CF-CT scoring procedure was used, which is more focussed on the
abnormalities seen in young children, and has previously been validated in this
age group [2–4]. Chest CT scans were scored by a single dual-fellowship-trained
paediatric and thoracic radiologist (CM) with over 10 years of experience in CF-CT
scoring, who was blinded to clinical status other than the diagnosis of CF. In brief,
each lung was divided into 6 lobes (with the lingula considered as a separate lobe)
and scored for the presence of bronchiectasis, bronchial wall thickening, mucous
plugging and trapped air. For each component of structural lung disease, a score of
0 indicated no presence, 1 indicated an extent of ≤ 50% of the airways or lung field,
and 2 indicated an extent of >50% of the airways or lung field. The lobe scores for
each component were summed to produce a score out of 12. The total score was
defined as the sum of all scores other than trapped air, out of 36.

Radiation issues
The current CF chest CT protocol used in our centre results in a CT dose index
(CTDI32cm ) of 0.5 – 0.6 mGy, and a dose-length product (DLP32cm ) of around 10 –
12 mGy cm, for a volumetric inspiratory and volumetric expiratory scan (total dose
for both scans combined). This corresponds to an equivalent dose of around 0.3 –
0.4 mSv [5]. A recent review by Kuo et al [6] reported a 0.023% increase in lifetime
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Table A.1: CT settings prior to 2012 (Philips Brilliance 64).
Inspiratory

Expiratory

Expiratory

Volumetric

Volumetric

Limited slice

Rotation time (ms)

400

400

400

Pitch

0.61

1.20

-

Slice thickness (mm)

0.9

0.9

0.9

Increment (mm)

0.45

0.45

-

Collimation (mm)

0.63

0.63

0.63

Tube voltage (kVp)

120

120

120

Current-time product

25

12

60

CTDIvol (mGy)

1.51 (0.06)

0.80 (0.06)

0.63 (0.11)

Dose-length product (mGy cm)

34.75 (4.01)

18.17 (1.55)

3.09 (2.16)

CTDIvol and Dose-Length Product based on a 32-cm phantom and reported as mean
(standard deviation).

cancer risk from a single scan with a 2.1mGy CTDI32cm , around 3-4 times higher
than the Perth AREST CF protocol. Because these exposures are so far below what
has been reported in any real-life studies, we do not believe that we can reliably
estimate cancer risk at doses required for chest CT in CF [7]. In addition, with the
introduction of third generation model-based iterative reconstruction techniques [8]
and other advances in CT technology, we expect radiation doses applied in chest CT
to continue to decrease over time. Therefore we believe that a CT scan acquired at
two time points is an appropriate strategy for designing clinical trials in early CF
lung disease.
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Table A.2: CT settings from 2012 (Siemens Definition
Flash).
Inspiratory

Expiratory

Volumetric

Volumetric

Rotation time (ms)

280

280

Pitch

3.0

3.0

Slice thickness (mm)

1.0

1.0

Increment (mm)

0.7

0.7

Collimation (mm)

0.63

0.63

Tube voltage (kVp)

100

100

Current-time product

10

4

CTDIvol (mGy)

0.46 (0.00)

0.15 (0.01)

Dose-length product (mGy cm)

12.33 (0.58)

3.33 (0.58)

CTDIvol and Dose-Length Product based on a 32-cm phantom and
reported as mean (standard deviation).

Table A.3: PRAGMA-CF slice spacing comparisons.
Outcome
%Disease
%Bronchiectasis
%TrappedAir

5-10 mm

5-20 mm

0.999 (0.998 - 1.000)
0.998 (0.995 - 0.999)
0.999 (0.998 - 1.000)

0.998 (0.996 - 0.999)
0.995 (0.987 - 0.998)
0.997 (0.993 - 0.999)

Intraclass correlation coefficients (95% confidence intervals)
between annotations taken with 5 and 10 mm spacing, and 5 and
20 mm spacing, in 20 CT scans.
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Figure A.1: Spaghetti plots showing the effect of spacing between
slices on PRAGMA-CF outcomes.
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inter- (RIGHT column) observer reliability of PRAGMA-CF outcomes.
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Figure A.6: Change in %Dis (left) and total score (right) in the
presence or absence of neutrophil elastase at age 3. NE = neutrophil
elastase.
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Methods
Study population
Infants and children with CF who attended an annual review or clinically indicated
chest CT scan at Princess Margaret Hospital (PMH) in Perth or the Royal Children’s Hospital (RCH) in Melbourne, Australia were eligible to take part in this
study. The infants and preschool children in this study were all diagnosed with
CF following newborn screening and were enrolled in the Australian Respiratory
Early Surveillance Team for Cystic Fibrosis (AREST CF) early surveillance program. This program starts at diagnosis (approximately 3 months) and involves
annual age-appropriate (infant or preschool) lung function testing 2-4 days prior
to a chest CT and bronchoalveolar lavage (BAL) until the age of six. School-aged
children attending chest CT scans as part of their annual review or when clinically
indicated were recruited to perform lung function testing on the day of their scan.
Healthy children without CF over the age of two years were recruited from the local
population in Perth. Children were excluded from the healthy group if they had
a history of asthma, bronchiolitis, bronchitis, three or more occurrences of lower
respiratory illnesses per year of life, were born less than 36 weeks gestation, or had
a coexisting heart, lung or neuromuscular disorder. The ethics committee of each
institution approved the study and parents gave written informed consent to each
aspect of the study separately.
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Multiple breath washout
Infant lung function testing was performed in the supine position, following sedation
with oral chloral hydrate (60-100mg/kg) between the ages of 3 months and 2 years.
Multiple breath washout testing was performed with 4% sulphur-hexafluoride (SF6 )
as a tracer gas using the Exhalyzer D ultrasonic flow meter and Spiroware 2 software
(Ecomedics AG, Duernten, Switzerland) as previously described [1]. Data were
corrected using a temperature model and analysed using the end-inspiratory molar
mass step response with Wbreath software (ndd Medical Technologies AG, Zurich,
Switzerland). Multiple breath washout in children over 2 years was performed using
100% oxygen to washout resident nitrogen (N2 ) from the lungs using the Exhalyzer
D hardware and Spiroware 3.1 software (Ecomedics AG, Duerten, Switzerland) as
described previously [2]. Functional residual capacity (FRC), lung clearance index
(LCI), the first moment ratio (M1/M0) and second moment ratio (M2/M0) were
derived. Visits with at least two acceptable measurements with no evidence of
leak or irregular breathing pattern were included in this analysis according to the
consensus statement [3].

Chest CT scans
Chest CT scans in infants and preschool children were performed prior to BAL
collection, under intravenous general anaesthetic. Volumetric inspiratory chest CT
scans were obtained at a positive airway opening pressure of 25 cm H2 O (100 kVp;
10 mAs; pitch 3; estimated radiation dose = 0.3 – 0.5 mSv) [4]. Volumetric or
limited slice expiratory chest CT scans were obtained at an airway opening pressure of 0 cm H2 O (i.e. at functional residual capacity). In school-aged children,
spirometry-assisted volumetric inspiratory and expiratory chest CT was performed
[5]. An experienced respiratory scientist trained the children to perform the breathing manoeuvres for the CT scan using a portable spirometer. For the inspiratory
scan children were instructed to take a full inspiration to total lung capacity from
residual volume and breath-hold for 5 seconds. For the expiratory chest CT scan
children were instructed to exhale to residual capacity from total lung capacity and
breath-hold for 5 seconds. Inspiratory and expiratory chest CT scans were initiated
once 90% of the target vital capacity (best repeatable vital capacity value from the
training) was reached.

PRAGMA-CF scoring method
The quantitative PRAGMA-CF scoring method was used to quantify early structural lung disease on chest CT scans. The method was performed by annotating
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a grid, which had been overlaid on ten equidistant axial slices, for the presence
of bronchiectasis, mucous plugging or bronchial wall thickening (inspiratory scans)
and trapped air (expiratory scans) [6]. The volume proportion of the lung with
airways disease (%Disease) was determined by dividing the number of cells annotated with bronchiectasis, mucous plugging or bronchial wall thickening by the total
number of annotated cells. The volume proportion of the lung with bronchiectasis
(%Bronchiectasis) was determined by dividing the number of cells annotated with
bronchiectasis by the total number of annotated cells, and the volume proportion
of the lung with trapped air (%TrappedAir), determined by dividing the number of
trapped air cells by the total number of annotated cells.

CF-CT scoring method
Chest CT scans were scored by a single dual-fellowship-trained paediatric and thoracic radiologist (CM) with over 10 years of experience in CF-CT scoring, who was
blinded to clinical status other than the diagnosis of CF [7, 8]. In brief, each lung was
divided into 6 lobes (with the lingula considered as a separate lobe) and scored for
the presence of bronchiectasis (outer edge bronchus-artery cross-sectional area ratio
>1), mucous plugging (high density airway occlusion or tree-in-bud appearance),
bronchial wall thickening (assessed subjectively as airway walls that are thicker or
have increased signal intensity relative to normal airways) on the inspiratory scan,
and trapped air (geographic low density regions) on the expiratory scan. For each
component of structural lung disease, a score of 0 indicated no presence, 1 indicated
an extent of ≤50% of the airways or lung field, and 2 indicated an extent of >50%
of the airways or lung field. The lobe scores for each component were summed to
produce a score out of 12. The total score was defined as the sum of all scores other
than trapped air, out of 36.

Statistical analysis
The upper limit of normal (ULN) for MBW indices were calculated from a prospective healthy control population of pre-school and school aged children (n = 72) and
published reference equations for infants [9]. The agreement between MBW indices
(LCI, M1/M0 and M2/M0) and the presence of bronchiectasis and air trapping was
assessed using the Kappa coefficient of agreement. Sensitivity, specificity, positive
predictive value (PPV), and negative predictive value (NPV) were calculated together with 95% exact binomial confidence intervals. Associations between MBW
indices and the extent of structural lung disease (as measured by both PRAGMACF and CF-CT scoring methods) were assessed using linear mixed effects models
with random intercepts for repeated visits. The coefficients of the fixed effects of
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Table B.1: Demographic and MBW outcomes from
healthy control population.
Healthy control characteristics
Sample size (n)
Age

72

(years)∗

3.0 - 14.6

(m)∗

0.92 - 1.66

Height

Height (m)

1.28 (0.18)

LCI

6.71 (0.51)

LCI ULN

7.71

M1/M0

1.50 (0.10)

M1/M0 ULN
M2/M0
M2/M0 ULN

1.70
4.47 (0.54)
5.53

Data presented as mean (standar deviation).
SD = standard deviation; LCI = lung clearance index; ULN =
upper limit of normal (mean + 1.96 SD.
∗ Data presented as range.

the linear mixed models, with 95% confidence intervals and P-values are presented.
LCI sample size calculations were performed assuming one sided, 2 group Student
t-test study design, with absolute LCI group differences, 1:1 allocation ratio, power
of 0.80 and significance level of 0.05. All analyses were performed using Stata 13.0
(Stata Corp. 2013, College Station, TX).
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Table B.2: Agreement between moment ratios and the presence of
bronchiectasis on chest CT using PRAGMA-CF scores.
M1/M0
(ULN = 1.70)
Preschool
School age

M2/M0
(ULN = 5.53)
Preschool
School age

0.40†
[0.15, 0.65]

0.41†
[0.19, 0.63]

0.39†
[0.10, 0.60]

0.39†
[0.14, 0.64]

Sensitivity

69%
[52, 84]

67%
[48, 82]

78%
[61, 90]

70%
[51, 84]

Specificity

75%
[48, 93]

80%
[52, 96]

63%
[35 ,85]

73%
[45, 92]

PPV

86%
[68, 96]

88%
[69, 98]

82%
[66, 93]

85%
[66, 96]

NPV

52%
[31, 73]

52%
[31, 73]

56%
[31, 79]

52%
[30, 74]

Kappa

Data presented as Kappa coefficient or percentage agreement [95% confidence intervals],
as appropriate. Only preschool and school age data presented; upper limits of normal for
infants are not available.
M1/M0 = first moment ratio; M2/M0 = second moment ratio; NPV = negative
predictive value; PPV = positive predictive value; ULN = upper limit of normal.
∗ P <0.05; † P <0.01; ‡ P <0.001.

Table B.3: Agreement between LCI and the presence of bronchiectasis on
chest CT using ROC analysis.

Infant
Preschool
School age

AUC

LCI cut-off

Sensitivity

Specificity

0.54
0.75
0.81

7.81
7.79
7.87

50%
69%
70%

69%
81%
87%

AUC = area under curve. The optimal LCI cut-off was the value with the highest
sensitivity and specificity to detect bronchiectasis.
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Table B.4: Agreement between moment ratios and the presence of trapped
air on chest CT using PRAGMA-CF scores.
M1/M0
(ULN = 1.70)
Preschool
School age
Kappa

M2/M0
(ULN = 5.53)
Preschool
School age

0.20
[0.00, 0.40]

0.05
[0.00, 0.10]

0.01
[-0.05, 0.07]

-0.03
[-0.17, 0.23]

Sensitivity

63%
[45, 79]

53%
[38, 68]

66%
[48, 81]

56%
[40, 70]

Specificity

59%
[33, 82]

67%
[9, 99]

33%
[13, 59]

33%
[1, 91]

PPV

76%
[57, 90]

96%
[80, 100]

68%
[50, 83]

93%
[76, 99]

NPV

44%
[23, 66]

9%
[2, 28]

33%
[13, 59]

5%
[0, 24]

Data presented as Kappa coefficient or percentage agreement [95% confidence intervals],
as appropriate. Only preschool and school age data presented; upper limits of normal for
infants are not available.
M1/M0 = first moment ratio; M2/M0 = second moment ratio; NPV = negative
predictive value; PPV = positive predictive value; ULN = upper limit of normal.
∗ P <0.05; † P <0.01; ‡ P <0.001.
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Table B.5: Associations between MBW outcomes and extent of structural
disease on the basis of CT using CF-CT scores.

Infants
Total
Bronchiectasis
Air trapping
BWT
Mucus
Preschool
Total
Bronchiectasis
Air trapping
BWT
Mucus
School age
Total
Bronchiectasis
Air trapping
BWT
Mucus

LCI

M1/M0

M2/M0

0.04 (-0.02, 0.09)
0.10 (0.00, 0.19)†
0.00 (-0.04, 0.04)
0.00 (-0.03, 0.03)
0.30 (-0.00, 0.60)

-0.01 (-0.03, 0.01)
0.04 (0.01, 0.04)†
0.00 (-0.02, 0.01)
0.01 (-0.01, 0.01)
0.08 (-0.02, 0.17)

-0.12 (-0.34, 0.10)
0.35 (0.11, 0.58)†
0.00 (-0.11, 0.11)
-0.01 (-0.09, 0.06)
0.7 (-0.03, 1.50)

0.13)†
0.31)∗
0.38)∗
0.32)∗
0.47)∗

0.02 (0.01, 0.03)∗
0.04 (0.00, 0.08)†
0.04 (-0.02, 0.09)
0.05 (0.00, 0.09)†
0.05 (-0.01, 0.12)

0.14
0.42
0.39
0.33
0.66

0.11 (0.07, 0.16)∗
0.12 (0.04, 0.21)†
0.11 (0.01, 0.22)†
0.10 (0.00, 0.19)†
0.28 (-0.06, 0.62)

0.01 (-0.01, 0.05)
0.03 (0.08, 0.04)†
0.02 (-0.01, 0.04)
0.02 (0.00, 0.04)†
0.04 (-0.03, 0.11)

0.21 (0.12, 0.31)∗
0.21 (0.07, 0.35)†
0.17 (-0.01, 0.35)
0.17 (0.02, 0.30)†
0.40 (-0.18, 0.98)

0.08
0.22
0.26
0.21
0.32

(0.03,
(0.13,
(0.13,
(0.10,
(0.17,

(0.07,
(0.24,
(0.15,
(0.10,
(0.37,

0.22)∗
0.56)∗
0.64)†
0.55)†
0.95)∗

Definition of abbreviations: BWT = bronchial wall thickening; CT = computed
tomography; LCI = lung clearance index; M1/M0 = first moment ratio; M2/M0 =
second moment ratio; MBW = multiple breath washout.
Values in parentheses are 95% confidence intervals. Coefficients indicate the increase in
MBW outcomes for each unit increase in CT outcomes. Total score is the sum of
bronchiectasis, bronchial wall thickening and mucus scores. Bold values are statistically
significant.
∗ P <0.001
† P <0.05.
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List of abbreviations

List of abbreviations
Note that, due to differing journal guidelines, some terms in published work have
multiple alternative abbreviations.

Abbreviation

AREST
(%)Atel
AUC
BAL
BPD
(%)Bx
CCC
CF
CFTR
CI
CT
CTDIvol,32
(%)Dis
ESP
FEV1
FRC
FVC
ICC
IL-8
kVp
LCI
M1/M0
M2/M0
mAs

Description
Australian Respiratory Early Surveillance Team
(Percent) Atelectasis
Area under the curve
Bronchoalveolar lavage
Bronchopulmonary dysplasia
(Percent) Bronchiectasis
Concordance correlation coefficient
Cystic fibrosis
Cystic fibrosis transmembrane regulator
Confidence interval
Computed tomography
Computed tomography dose index (32cm phantom)
(Percent) Disease
Early surveillance programme
Forced expiratory volume in one second
Functional residual capacity
Forced vital capacity
Intraclass correlation coefficient
Interleukin-8
kiloVolt peak
Lung clearance index
First moment ratio
Second moment ratio
milliAmp seconds
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MBW
MinIP
MRI
mSv
n/s
N2
NE
NPV
PCD
PMH
PPV
RCH
ROC
SD
SF6
SLD
(%)TA
TLC
ULN
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Multiple breath washout
Minimum intensity projection
Magnetic resonance imaging
milliSieverts
Not significant
Nitrogen
Neutrophil elastase
Negative predictive value
Primary ciliary dyskinesia
Princess Margaret Hospital
Positive predictive value
Royal Children’s Hospital
Receiver operating characteristic
Standard deviation
Sulfur hexafluoride
Structural lung disease
(Percent) Trapped air
Total lung capacity
Upper limit of normal
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