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Abstract

Introduction:

Non-CF, non-PCD bronchiectasis in children is a chronic, suppurative lung disease diagnosed
by high resolution computed tomography (HRCT) imaging of the lungs. Spirometry can be
abnormal in bronchiectasis but has been shown to be insensitive to early disease in other
related conditions such as cystic fibrosis. Lung clearance index (LCI) could have a role in

assessment of the disease.

Lung clearance index is calculated from multiple breath washout tests. There are limited data
on the normative values expected using some devices, in a range of ages, and between ethnic

groups.

The aim was to establish normative values in children aged between 6 years and 12 years, to
investigate differences between ethnic groups, and to establish the relationship between lung

clearance index and other measures of disease in children with bronchiectasis.

Methods:

Healthy children were recruited from a range of settings and reviewed to ensure no previous
lung disease. Children with bronchiectasis diagnosed on HRCT were recruited from the

outpatient service of Birmingham Children's Hospital.

All participants performed lung function tests including LCI and spirometry. Basic

demographic data was collected.
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Results:

72 healthy children and 13 children with bronchiectasis were recruited and performed lung
function. All children with disease were able to complete testing, 70.8% of healthy children

were able to perform lung clearance index.

The mean LCI of healthy children was 7.19 (0.6 SD), children with bronchiectasis had
significantly higher LCI (9.51, 2.2 SD, p<0.0001). There was no difference between healthy
children from White-British and Indian Subcontinent ethnicity (7.04 vs. 7.20, p=0.33). LCI
in children with bronchiectasis correlated with HRCT scores, FEV1, FVC and MMEF. LCI

was also more sensitive to disease than these spirometry metrics.

Conclusion:

LCI is feasible in children (both inexperienced and experienced in previous lung function
testing). We have demonstrated a normative value for our cohort and have shown no difference
between ethnic groups. LCI was more sensitive to disease and correlated well with other
markers of disease highlighting a potential role for LCI in the monitoring of non-CF, non-PCD

bronchiectasis and as a potential therapeutic outcome measure.
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Chapter 1: Introduction:

The structure of the airways and lung parenchyma influences the efficiency of ventilation. The
main bronchus divides approximately 22 times, resembling an inverted tree, and as they divide,
the diameters of the ‘branches’ gets smaller, eventually to less than 1mm. Branches less than
2mm, in adults, are known as the small airways; these lead to the air sacs, the alveoli, where

gas exchange takes place. The airways are therefore key in the process of ventilation.

The respiratory drive (the neurological stimulation to breathe), and the respiratory pump (the
musculoskeletal system that helps mechanically pull air into the lungs) are essential for normal
ventilation (1). Following ventilation, the vital step of diffusion of the gases takes place across
the blood:gas barrier. The final process needed in breathing is perfusion, the supply of blood

to the relevant, ventilated parts of the lung.

The architecture of the airway tree promotes even distribution and optimal mixing of inhaled
gas with the resident gas already in-situ. Humans have presumably evolved this way to achieve
optimal gas exchange, and therefore, maximise the ability of the body to remove the harmful

waste gas and obtain the necessary fresh gas needed for respiration.

It is the distribution of air and its mixing within the lungs that is of interest in this work; in
particular, one non-invasive technique for measuring and quantifying ventilation distribution,

and how it may help in the assessment of lung disease in children.
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1.1 Bronchiectasis :

1.1.1 Definition and classification:

Bronchiectasis is a chronic, suppurative lung disease defined radiologically as an abnormal
dilatation of the airways diagnosed by high resolution computed tomography (HRCT) of the
lung (2). The symptoms are generally those of chronic productive or wet cough and the
presence of these symptoms should alert clinicians to the possibility of the diagnosis of
bronchiectasis. Bronchiectasis can be caused by a range of underlying conditions such as cystic
fibrosis (CF), primary ciliary dyskinesia (PCD) or other conditions such as post infection,
immunodeficiency, congenital malformation, foreign body inhalation or aspiration. These
other causes (which could be described as non-CF, non-PCD bronchiectasis), will be

henceforth described as bronchiectasis.

The condition is heterogenous and has been classified previously as localised (one lobe) or
more generalised (multi-lobe. Or alternatively classified as exclusively lower airway disease
or involving both lower and upper airway disease. These descriptions are, to some extent,

arbitrary and do not define the underlying aetiology of development of bronchiectasis.

Multiple risk factors are known to be associated with bronchiectasis in children, but it is clear
that chronic cough and repeated exacerbations (that include airway infection and inflammation
which persist if left untreated), are the key features (2). It is therefore important to stop the
repeated cycle of infection and inflammation as early as possible to stop disease progression

and the progression of permanent, structural lung damage (3).

1.1.2 Prevalence:

It is a rare disease in children, although has become more frequently recognised in recent

times (4). In the United Kingdom, bronchiectasis has been reported at rates of up to 566 per
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100,000 population in adults with an incidence that has increased by 40% in the previous 10
years (5). Although considered to be reducing, a number of studies have shown increasing
incidence such as in the United States of America (213 cases per 100,000 with an annual
growth rate of 8%) (6) and in China, where it is estimated that in those over the age of 40,
there is a prevalence of 1200 per 100,000 people (7). It is hypothesised that this apparent
increase over recent years could be due to recent advances in, and the increased use of,
diagnostic radiology techniques and the use of national bronchiectasis registries which allow
easier identification of patients. Diagnosis is often delayed. The diagnosis varies amongst
different populations and with physician awareness and the availability of HRCT scans (8—

10).

The geographical variation described here has been noted and there are clear ethnic and
cultural influences on the prevalence of bronchiectasis (3) such as the indigenous population
in Australia having a higher incidence of bronchiectasis and studies in China demonstrating
higher frequencies of Pseudomonas aeruginosa infections (which could be due to differences
in exposure, genetic susceptibilities or patterns of antibiotics use) (11,12). Some of this
variation can in part be explained by the access to and use of the previously mentioned
diagnostic techniques but also environmental exposures (such as to a potential causative
pathogen such as tuberculosis), host factors and differences in data capture and health

records.

These data apply to adults, with the frequency being clearly described as increasing with
increasing age (for age 18 to 34 years, 7 per 100,000, and for those age over 75 years, 812 per
100,000) demonstrating the acquisition of bronchiectasis over time as a population ages (6).
Bronchiectasis in pre-school (13) and school aged children (14) has been described but its

frequency is not as widely reported.
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The incidence of bronchiectasis in children aged 0-14 years has been reported as 0.5 per
100,00 child-years to 3.7 per 100,000 child years (in Finland and New Zealand respectively),
but illustrating the differences within various ethnic groups, it has been shown that among

Aboriginal infants in Australia, incidence is up to 200 per 100,000 child years (10).

1.1.3 Pathogenesis of bronchiectasis:

There are several differences between children and adults with bronchiectasis including the
underlying aetiology, microbiology and treatment outcomes (15-17). There has been guidance
from the European Respiratory Society (ERS) and British Thoracic Society (BTS) for the care
of adults with bronchiectasis, and more recently the ERS have produced guidance for children

(18-20).

The most often cited model of the development of bronchiectasis is the ‘vicious cycle
hypothesis’ described by Cole (21). The model suggests an initial event, such as a viral
illness, that impacts on mucociliary clearance and gives respiratory tract infection. This
causes inflammation with further impairment of the natural defences of the airway which
results in further infection and inflammation. This is a cycle that when established, leads to
lung damage (22). This proposed cycle has been added to with the development of a more
comprehensive frameworks such as that proposed by Chang et al (see Figure 1.1). Here they
highlight the importance of other factors that influence the development of bronchiectasis
including predisposing factors from birth (such as genetics), modifiable lifestyle and
environmental/modifiable factors and the presence of additional co-morbidities (asthma,
gastro-oesophageal reflux disease, nutritional deficiencies). This useful model also reinforces
the role prevention strategies should play in the avoidance of significant disease and lung
damage (17). The model illustrates the hypothesised process by which an acute respiratory

infection becomes a protracted bacterial bronchitis, then chronic suppurative lung disease,
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before radiographic bronchiectasis is apparent. This lung damage is manifest as dilatation of

the airways which become inflamed, tortuous and filled with secretion. There can be lung

fibrosis and lung parenchymal disease.

Treatable Traits:
- Quality care, access, service and family factors
- Microbial virulence factors
- Host susceptibility factors
- Modifiablefactors

—

Chronic infection,

persistent biofilms,
inflammation and
immune dysregulation

Airway remodelling
and ongoing disease
progression

Acute Respiratory
Infection

Early persistent
infection,
inflammation with or
without atelectasis

Epithelial and

endobronchial injury; |«

mucociliary disruption

Airway wall matrix

damage

- Genetics
- Epigenetics

- Low birthweight or prematurity
- In-utero tobacco smoke
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Figure 1.1: Framework for the development of paediatric bronchiectasis.

Adapted from “Bronchiectasis in children: diagnosis and treatment”, Chang et al (17)

1.1.4 Investigations and diagnosis:

As previously discussed, bronchiectasis has a number of possible underlying causes or co-

morbidities that may contribute and the diagnosis can often be delayed (8). There are several

investigations undertaken to identify the underlying cause or co-morbidity, such as specific

tests for Cystic Fibrosis (sweat test, nasal potential difference, genetics (23)), Primary Ciliary

Dyskinesia (nasal nitric oxide, cilia ultrastructure and function analysis, genetics (24)), inhaled

foreign body (bronchoscopy) or immune dysfunction (blood tests analysis for blood count,
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immunoglobulin levels, functional antibodies levels, or the presence of human
immunodeficiency virus; HIV).

One key feature in the care of children with bronchiectasis is early diagnosis and appropriate
intervention. Awareness of the symptoms and signs of bronchiectasis is important, with the
presence of these symptoms triggering further investigation (17). The most appropriate test for
diagnosis of bronchiectasis and to assess its distribution and severity is HRCT. Other
investigations can be helpful in either supporting the diagnosis or assessing disease progression
/ functional impairment. The most used assessment of lung function in an outpatient setting is
spirometry. Chronic bacterial infection is common in patients with bronchiectasis and
respiratory microbiology culture of the sputum or cough swab is an important part of routine

clinical assessment. These important investigations are discussed in more detail below.

1.1.4.1 High Resolution Computed Tomography (HRCT):
Currently, bronchiectasis can be assessed accurately with high resolution computed
tomography scans which gives a precise measure of disease and has high sensitivity for
diagnosis when compared with chest x-ray and bronchography. HRCT is considered the gold
standard test for diagnosis of bronchiectasis (25). Serial chest HRCT scans, due to risks of
radiation exposure, are not recommended except where the decision to repeat a HRCT scan,
based on the clinical condition of the patient, answers a question that will change management
().
The main HRCT features of bronchiectasis are:

- an increase in the broncho-arterial ratio (the inner diameter of the airway as a

ratio to the outer diameter of the accompanying blood vessel),
- bronchial wall thickening,

- alack of bronchial tapering (from central to the peripheries),
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- the presence of bronchial structures in the lung periphery,
- mucus plugging,

- mosaic perfusion (representing air-trapping) (17).

There are several controversies when considering the radiological signs for the diagnosis of
bronchiectasis in children. The ratio at which the definition of broncho-arterial size becomes
pathological was traditionally based on adult data (suggesting >1 to 1.5). It has become more
clear that this may under diagnose children with bronchiectasis as it has been demonstrated that
this ratio correlates with age (26). Guidance instead suggests a ratio of >0.8 combined with
the key clinical features in making the diagnosis. Imaging can show false positive findings
(such as the airways influenced by surrounding fibrosis or atelectasis), or indeed HRCT
imaging can appear normal if suboptimal images are obtained or there is motion artefact.
Airway size (and therefore the diagnosis of bronchiectasis) has also been shown to be
dependent on lung volume and so consideration has been given to the standardisation of
protocols of lung volume during HRCT acquisition (27). It is therefore important the
bronchiectasis diagnosis is not purely be based on radiological findings, rather should be
supported by clinical findings (28). Additional, future practice may include automated
computer programmes that analyse images providing further standardisation.

Findings on HRCT could be quantified with standardised scoring systems such as Bhalla (29)
or Brody score (30). These scores were developed and validated with imaging from patients
with cystic fibrosis and provide a composite score of key radiological features. The Bhalla
score identifies features on a segmental basis, the Brody score providing a more detail lobar
scoring system. HRCT has been used as an outcome in trials of patients with bronchiectasis
recently and was demonstrated to be sensitive in detecting a treatment response (31). The

Brody score has been shown to be a valid outcome measure in both adults and in children (30).
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HRCT imaging is an established tool in the diagnosis and assessment of bronchiectasis and is

included in international guidance for children with the condition (2).

1.1.4.2 Spirometry:

Non-invasive lung function testing has been established as part of the care of children with
bronchiectasis and includes spirometry due to its ease of use, repeatability and its role in
monitoring (32) Spirometry can be helpful in determining disease severity and as an indication
of functional impairment. The spirometry is often normal in mild disease, but obstructive or
restrictive spirometry changes can be seen in severe bronchiectasis (33).

Clinical guidelines recommend that spirometry should be performed as a routine test as a means
of monitoring and detecting complications however it is relatively insensitive when compared
to HRCT scans (2,10). Spirometry can be attempted in children from the age of about three
years but this can be challenging. If children regularly perform the technique, with good
training, interpretable data can be collected from the age of 4 to 5 years (34).

Reference ranges are clearly established with age, size and ethnicity specific equations to assess
the spirometry values of children and young people (35). Spirometry is a well established tool
and are included in international guidance on the assessment and monitoring of children with

bronchiectasis (2).

1.1.4.3 Microbiology:

Identifying organisms from specimens of the respiratory tract is important as certain
organisms have prognostic information in adults (such as the presence of Pseudomonas
aeruginosa being associated with increased mortality) (36). This can help guide treatment of
exacerbations and can identify patients for whom certain long term therapy (such as

antibiotic) may be indicated (5).
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Specimen are obtained as sputum expectorated by the patient. This is far more challenging in
children and not possible in pre-school children without specific manoeuvres to extract it.
Cough swab specimen or cough plate specimen are used but these have been shown to be a
poor surrogate for lower airway microbiology in patients with cystic fibrosis (37). Induced
sputum (the induction typically performed with nebulised saline and physiotherapist support)
is an alternative method of obtaining lower airway specimen or performing a broncho-

alveolar lavage during bronchoscopy for a gold standard assessment.

The frequency for airway microbiology testing is not clear but is recommended on expert
guidance to be performed every 6-12 months but would depend upon the patient’s clinical
condition, ability to expectorate, and the patient’s ease of accessing the appointment. This

guidance is included in international guidelines on the care of children with bronchiectasis (2).

1.1.5 Treatment of bronchiectasis:

The goal of treatment of bronchiectasis in children is to maintain lung function by preventing
further airway damage, optimising lung growth, and avoiding respiratory exacerbations and the
development of complications with an aim to reduce future morbidity and mortality. It has
been demonstrated in some cases (using HRCT), that with appropriate management, that
bronchiectasis can even be reversed (14). There are different elements to the management of
bronchiectasis which have been adopted largely on expert consensus that are discussed below;
it is noted that there are relatively few randomised controlled trials upon which practice

decisions can be based.

1.1.5.1 Antibiotic Therapy:

Pulmonary exacerbations in children with bronchiectasis is usually caused by (in no

particular order); Haemophilus influenzae, Morazella catarrhalis and Streptococcus
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pneumoniae. Other pathogens such as Aspergillus, Pseudomonas aeruginosa, and non-

tuberculous mycobacterial species are less commonly found (17).

The goal of antibiotic therapy is to reduce bacterial load in the airway, so interrupting the
cycle of infection and inflammation (see Figure 1.1). Antibiotics might be used to treat an
exacerbation, aim to eradicate a specific pathogen, or be used as a prophylactic therapy to

prevent future complications.

Exacerbations are also triggered by viruses, but guidelines suggest treatment antibiotic for a
minimum of 10-14 days (2). The diagnosis of an exacerbation in children can be challenging
and relies upon reported clinical symptoms (such as increased cough, change in cough
characteristics, chest pain, dyspnoea, haemoptysis and chest signs) (20). Antibiotic selection
is based on known microbiology of the patient (if information available), or empirical choice

based on local practice.

As discussed above, Pseudomonas aeruginosa is associated with an increase in mortality, but
also an increase in exacerbation frequency. There have been several studies of patients with
cystic fibrosis with Pseudomonas aeruginosa infection and on the strategies used to detect,
eradicate, and control infection. Highlighting an issue of a lack of specific data for children
with bronchiectasis, it is common practice to use the strategies found in the care of patients
with Cystic Fibrosis to treat those with bronchiectasis. This usually include oral or intravenous
therapy, with or without a longer course of inhaled antibiotic.

Long term prophylactic antibiotic is recommended for patients who have had a hospital
admission for a respiratory exacerbation of who have had three or more non hospitalised
exacerbations in the previous one year (2). Caution is advised with the prospect of inducing
antibiotic resistance therefore requiring monitoring of microbiology specimen, and also of the
awareness of encountering side effects of long term antibiotic therapy; such as drug induced

QTc interval prolongation with Azithromycin.
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In summary, antibiotic therapy remains a mainstay of treatment of patient with bronchiectasis

but the clinician should be aware of the important issues highlighted above.

1.1.5.2 Airway clearance techniques:

Managing airway secretions is another standard recommendation supported in guidance,
again based on expert opinion rather than high quality evidence (2). Therapy should be
individualised with guidance provided by a physiotherapist with expertise in respiratory
disease. These therapies will likely change over the years, suited to patients based on age,
comprehension of the exercise and some therapies specific for certain underlying conditions

(such as manual insufflation — exsufflation devices for those with neuromuscular disease).

Sometimes these physiotherapy techniques are combined with mucolytics such as dornase
alfa or hypertonic saline. There is little evidence base to support their use, and as such, there
is no recommendation for them to be used in routine practice. Instead, some patients, based
on a careful review of that individual, particularly if their clinical progress is poor, may well

find benefit from the use of such therapies.

1.2 Challenges in management of bronchiectasis:

Regarding the care of patients with bronchiectasis, there is a relative paucity of data to help
make decisions on treatment success or failure, guide prognosis for patients, or assess the
value of new treatments in randomised control trials. Large, international collaborations such
as the European Multicentre Bronchiectasis Audit and Research Collaboration (EMBARC)
have been established to identify research priorities that include understanding the natural
history of bronchiectasis, conduct therapeutic trials and understand the mechanisms that are

involved with various genetic, microbiological and inflammatory pathways.
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The paucity of evidence that already exists may be due to a lack of clinical endpoints in trials
that are able to detect a significant change (38). This may be due to the heterogeneous nature
of the disease; several previous clinical trials have found it difficult to demonstrate a treatment
response in bronchiectasis to therapy (39,40). This important question, whether certain
investigations could be used as an outcome measure for interventional studies, is being

examined carefully to support future interventional studies (41).

1.2.1 Potential non-invasive assessment of bronchiectasis:

While serial HRCT images would provide sensitive information on airway structure, repeated
assessment using HRCT carry risks such as increased exposure to radiation. Non-invasive
assessments of pulmonary function could be a surrogate but the test needs to be sensitive
enough to detect subtle changes that are apparent on the highly sensitive imaging that HRCT
provides. The BronchUK Clinimetrics study is a longitudinal observational study in adults
exploring the clinimetric properties of a range of outcome measures to support
recommendations for bronchiectasis clinical studies (ClinicalTrials.gov Identifier:
NCT02468271. This work is ongoing and will provide valuable insight into the use of a range
of outcome measures.

One option explored in this thesis is the measure of Lung Clearance Index, provided by

performing multiple breath washout.

1.3 Multiple Breath Washout:

The branching structure of the lung is made up of 23 airway generations that deliver gas to the
over 100m? of gas transfer area (42). The normal healthy lung is not homogenous with respect
to ventilation in all of the 300 million alveoli (43). Inhomogeneity could be caused by

differences in ventilation between two lung regions, (i.e. where differential filling and



Page 31

emptying of each lung ‘unit’ can occur (44)) or architectural asymmetry that exists in the lung
(45). A degree of inhomogeneity has also been described as because of the effects of gravity
within the lung (46). Various techniques have been used to evaluate the sites and mechanisms
of ventilation inhomogeneity to explore disease processes that may affect this feature of the
ventilation. Previous commonly used lung function tests such as spirometry, are not affected
by changes in ventilation homogeneity. Spirometry largely gives information about the larger

airways and mostly ignore the small airways (those under 2mm as previously described).

One test to evaluate the small airways includes inert gas washout (both multiple breath and
single breath). Multiple breath washout tests were introduced in the 1950s with the single
breath washout being described sightly earlier in 1949 (47,48). Multiple breath washout tests
have therefore existed for decades and were explored further in the 1970’s and 1980’s as a non-
invasive method of exploring the distribution of gases within the lungs (49,50). A multiple
breath washout assesses the efficiency of an inert marker gas being cleared from the lungs by
computing an index derived from the washout curve (with the curve representing the expired
concentration of the inert gas for each breath of the washout) (51). With a similar basic
principle, a single breath washout test explores gas mixing within the time frame of a single

breath (52).

To perform a multiple breath washout, the gas concentrations in the expired breath must be
measured very quickly and accurately. These gas concentrations are measured during tidal
breathing (at the end of expiration), and so this is a test of ventilation inhomogeneity assessed
at the functional residual capacity of the lungs (44). The gases measured during the washout
must be inert and most commonly include nitrogen (N2), sulphur hexafluoride (SFs) and helium
(He). The inert tracer gas that is resident in the lungs (either naturally as is the case with N,
or following a ‘wash-in’ phase with an exogenous gas such as SFg or He) is then ‘washed out’

using 100% oxygen for N2, or room air for SFe or He. The principle of the washout is to assess
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the concentration of the inert gas throughout, along with other information on the volume and

flow of gas. Different parameters can be generated from the analysis of the data.

1.3.1 Washout parameters (multiple breath and single breath):

Excellent theoretical descriptions of some of the various parameters of analysis of the washout
are in work from Verbanck and colleagues and are summarised below with other important
references as needed (51,53). The parameters of washout analysis described below, illustrate
important clinical features and allow meaningful, easy to understand metrics, to be extracted

from the vast amount of data gather during a washout.

The multiple breath washout gives the continuous concentration of the tracer gas which can be
plotted on a graph. This is the concentration of the gas; y axis, against time; x axis and will
display the gas concentration progressively decreasing with each subsequent breath in a healthy
person (51) (Figure 1.2). The curve can also be translated to a ‘washout curve’ on a semi-
logarithmic scale; this is the mean expired tracer gas against the number of ‘lung turnovers’.
The lung turnover is literally the number of times the volume of the lung has been exchanged
and is calculated from the cumulative expired volume at that point, divided by the functional
residual capacity of that test subject. This allows for comparison between participants with
different lung volumes (54). The start of analysis for the washout begins with the calculation
of the functional residual capacity (by examining the cumulatively expired tracer gas washout)

(53).
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Figure 1.2 Nitrogen concentration change over time

Y axis: concentration of nitrogen, X axis: time. Adapted from “Ventilation distribution
during histamine provocation”, Verbanck et al, 1997 (51)

With a single breath washout of a tracer gas (or treating each breath of a multiple breath
washout as such), you can view data as a plot of the tracer gas concentration against volume
(Figure 1.3). This single breath washout plot can be divided into different phases, i.e. as the
air from the lungs leaves the body, different portions of the plot represent the anatomical
location of the gas while it was resident in the lungs and airways. The first phase (Phase 1) is
the beginning of exhalation and is made up primarily of exhaled gases from the test system and
airway deadspace. Phase Il (the bronchial phase) is where the nitrogen concentration rises
rapidly and is a mixture of airway and alveolar gas. Phase IlI (the alveolar phase) is where the
nitrogen concentration plateaus; the angle of slope depends upon the gas distribution within
the lungs and homogeneity of mixing. Phase IV is a fast rising phase at the end of expiration

(52).
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Figure 1.3 Single breath nitrogen washout test

I: First phase, I1: Second phase, I11: Third phase, 1V: Fourth phase

The alveolar slope (Phase 111 slope) can be ‘normalised’ by dividing it by the mean nitrogen
concentration of that particular breath (50). The larger the ventilation inhomogeneity between
lung units, the larger the normalised alveolar slope. Different mechanisms are responsible for
this ventilation inhomogeneity and by examining the alveolar slope during a washout, it
illustrates the different physiological and pathophysiological features that can affect ventilation

inhomogeneity.
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1.3.2 What affects ventilation inhomogeneity?:
There are several theoretical and laboratory demonstrated features of the physiology of
ventilation that have been described as influential on ventilation inhomogeneity within the

lungs:

- Convection dependent ventilation inhomogeneity: This is due to flow
difference between different ‘lung units’. If one lung unit was relatively more
poorly ventilated (and so had a larger N2 concentration), this would empty
relatively late in the breath and gives a more positive alveolar slope. Convection
dependent ventilation inhomogeneity becomes more apparent as the washout

progresses.

- Diffusion convection dependent inhomogeneity. This happens where there is
interaction of diffusion and convection within an asymmetric acinus and results
in inhomogeneity of gas concentrations (45). In abnormal lungs, asymmetry

can be increased giving an increased N2 alveolar slope.

1.3.3 Scond and Sacin:

The contributions of the conductive and acinar airways to ventilation inhomogeneity (described
in the above theory) can be calculated by examining the normalised alveolar slope (S) of the
whole multiple breath washout (Figure 1.4). Parameters describing the contributions are

termed Scond and Sacin respectively.

Scond 1S the normalised slope difference per lung turn-over unit (this is determined by
calculating the linear regression in the part of the washout where only conductive airways are
known to contribute to the rate of rise of S, e.g. between lung turn-over 1.5 t0 6). Sacin is found

by subtracting the contribution attributed to the conductive airways from the slope of the first
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breath. (In multiple breath washout, the alveolar slope of the first breath is predominately
generated by the diffusion convection dependent ventilation inhomogeneity in the acinar lung
unit area.). These complex metrics can be visualised graphically on a plot of the normalised

alveolar slope against the number of lung turnovers (see Figure 1.4).
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Figure 1.4 Visualisation of Scong and Sacin calculation

Reproduced with permission from “Ventilation distribution during histamine provocation”,
Verbanck et al, 1997 (51)
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It is worth noting, that phase 111 slope analysis is affected by age, body size and tidal volumes
of the breath. The modelling and experimental studies are mostly from adults performing
controlled breathing and it has been clear that these metrics are of less use in young people and

children due to the challenges of data acquisition (51,55,56).

1.3.4 Indices of ventilation inhomogeneity:

Other indexes of ventilation inhomogeneity exist that are derived from the data measured
during multiple breath washout; Mixing ratio and Moment ratio have been described recently.
Other measures have also been explored historically (multiple-breath alveolar mixing

inefficiency, pulmonary clearance delay, and the Becklake Index).

Mixing ratio has been well described and is calculated as the ratio between actual and ideal
number of breaths needed to lower end tidal tracer gas concentration to one 40" of the starting
value (55,57). An increase in the mixing ratio represents worsening inhomogeneity. Moment
ratio has also been studied. This incorporates the entire washout to assess the shape of
skewness of the washout curve which reflects ventilation homogeneity of the lungs (58,59).
The potential attraction of Moment ratio analysis is that it is reported to be less affected by
irregular breathing patterns, making it perhaps more suitable in children. None have gained
the popularity of the most reported index from multiple breath washout, lung clearance index
(LCI) and none have robust, age specific reference ranges for normality. The challenge of

appropriate reference ranges for LCI will be explored in section 1.5.

1.4 Lung Clearance Index:

Lung clearance index (LCI) has been the most often reported index of ventilation

inhomogeneity and is the simplest index to calculate from a multiple breath washout. It is
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calculated by dividing the cumulative exhaled volume of gas needed to washout the tracer gas

to one 40" of its starting concentration, by the functional residual capacity (57).

As described previously, ventilation maldistribution can be from asymmetric narrowing of the
airway lumen at branch points throughout the airway tree (this narrowing or obstruction could
come from inflammation, scarring, mucus, or changes in airway tone). The increase in
ventilation maldistribution raises the lung clearance index and indicates worsening disease)
Several studies during the 1980°s examined ventilation inhomogeneity in cystic fibrosis and
although not introduced in to clinical practice at this stage, lung clearance index was

demonstrated to provide valuable information in a research setting (60-62).

Over time, work has continued with a resurgence of interest in lung clearance index over the

last 20 years. The attraction is the potential ability of lung clearance index;

- toidentify lung disease at an earlier stage than other non-invasive lung function

tests (such as spirometry),

- to assess the lungs in a harmless, non-invasive manner that could be repeated

on multiple occasions as (opposed to CT scans)

This early work on lung clearance index was limited by the significant resource requirements.
The equipment needed to perform reliable multiple breath washout tests was essentially
restricted to specialist research laboratories with mass spectrometry equipment. Commercial
devices have subsequently been developed with growing evidence for their assessment of lung

clearance index; these issues will be explored through this thesis.

The following sections will discuss the clinical use of Lung Clearance Index and its influence

on practice today.
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Lung Clearance Index in Cystic Fibrosis:

1.4.1.1 Background:

Cystic fibrosis (CF) is the most common inherited genetic disease in the Caucasian population,
affecting more than 10,000 people in the UK (63). Most morbidity and mortality arises from
lung disease that is progressive and irreversible. Prognosis has improved considerably over
recent decades with improvements in treatment and care with a recent study on UK survival
predictions noting that at least half of babies born today can expect to survive into at least their

fifth decade of life (64).

The disease arises after a mutation within the cystic fibrosis transmembrane conductance
regulator gene that affects the subsequently produced protein’s function. The protein is a
chloride channel and so changes in its function affects chloride secretion, sodium reabsorption
and water movement across the membrane. What follows is mucus that is more thick and

viscous (65).

Dehydrated secretions within the chest leads to airway infection, an exaggerated inflammatory
response, and the progressive development of structural airway disease (bronchiectasis) and
eventually, respiratory failure. Respiratory disease is the leading cause of morbidity and

mortality arising due to cystic fibrosis.

1.4.1.2 Treatment:
The priority for care of patients with cystic fibrosis has been prompt treatment of respiratory
tract infections, identification of respiratory pathogens and secretion clearance therapies to

maintain good lung health. Alongside this, excellent nutrition and general care of other systems



Page 40

(such as the liver and assessment for diabetes) is important. Treatment and understanding of

the care of CF has improved over the years, driving up the quality of care.

The most promising treatment development of recent years has been that of personalised, small
molecule medicines. These molecules target the cystic fibrosis transmembrane conductance
regulator (CFTR) protein and are specific for certain protein errors resulting from certain
genetic mutations and are known as CFTR modulators. These add on treatments have
revolutionised care, with current CFTR modulator options for about 90% of patients,
demonstrating improved lung function, reduction in pulmonary exacerbation, and what will

hopefully translate to increased survival (63).

1.4.1.3 Monitoring:

Periodic but regular assessment of lung function is an important part of the respiratory care of
patients with CF as it provides an objective record of some aspects (depending on the lung
function test used) of the workings of the lung  Spirometry has been a well-established
investigation for patients with CF. Its ease, reliability, and cost make it an attractive prospect
to use. As the health of patients with CF improves, their lung function assessed by spirometry

also improves.

Additional monitoring of the chest can be performed with intermittent radiological assessment,
either chest xray, or more detailed HRCT imaging. Chest xray is relatively insensitive to the
important pathological changes within the lung (bronchiectasis), and despite HRCT imaging
being able to detect early signs of lung disease, it does carry with it a risk of radiation exposure

(66).
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1.4.1.4 Lung Clearance Index in cystic fibrosis:

As previously mentioned, lung disease in cystic fibrosis occurs following repeated infective
and inflammatory processes that cause small airways disease. These changes can be identified
on CT imaging, even at a very young age (such as from 8 months (67,68). When attempting
to identify these changes using lung function tests, it was found that lung clearance index was
far more sensitive than spirometry at detecting disease (55,69). As described previously, lung
clearance index is primarily influenced by the small airways where early disease occurs. The
flow and volume of air measured by spirometry is primarily influenced by the larger airways,
an anatomical location that would usually be affected at a stage of later disease progression
(65). When comparing the use of LCI and FEV1 in the assessment of CF lung disease, it is
important to be aware that FEV is a test performed to forced vital capacity whereas LCI is
performed in normal, ‘quiet’ breathing. It may be that while performing the tidal breaths
needed in multiple breath washout, some diseased airways remain closed (and therefore not
forming part of the assessment of LCI). It has been described that LCI and FEV1 provide

different information about a participants airways (55).

Lung clearance index reflects disease in the small, distal airways better than spirometry
measures such as FEV1 (70). This does mean that LCI lends itself to the monitoring of early
lung disease in CF. LCI was found to be abnormal in early life in CF, with changes even

demonstrated shortly after birth (71-73).

Structural HRCT changes are also more sensitively detected by LCI (71,72). It was
demonstrated in a cohort of children with CF, that LCI detected abnormality in 85% (greater
than other measures such as spirometry and plethysmography) and that a normal LCI
essentially precluded abnormalities in these other measures. LCI was also far more sensitive
than any spirometric or plethysmographic measure to the presence of abnormality on HRCT

imaging. An important finding in this study was noting that should LCI be abnormal, the
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HRCT image would also be abnormal, opening up the prospect of LCI being used as a non-

invasive indicator of the need to perform an invasive tests.

LCl is also elevated in the presence of infection. Upon testing a group of children and adults
with CF, it was noted that those with a current positive growth of pathogen had higher LCI
than those with no significant growth. There was a further increase in LCI between those
patients with a positive growth of Pseudomonas aeruginosa when compared to those with non-

Pseudomonas aeruginosa groups (74).

LCI has been used extensively as an outcome marker within clinical trials. The European
Cystic Fibrosis Society Clinical Trials Network Standardisation Committee has reviewed LCI
as part of a review of clinical endpoints in multicentre clinical trials for patients with CF (75).
The review describes the reliability and validity of the measure, which is good, along with the
reasonable feasibility in patients with CF. Importantly, the review highlights the potential use
of LCl in patients with mild CF lung disease with FEV1 in the normal range due to the increased
sensitivity previously highlighted. This is an attractive test in the current population of young

people with CF who have better lung health, and therefore normal FEV1.

Numerous, high impact studies, particularly examining the effects of small molecule drugs on
cystic fibrosis, have been published making use of LCI as an outcome measure. In one
example, a phase 3, randomised, double blind, placebo-controlled study examining the effects
of lumacaftor/ivacaftor, demonstrated a mean improvement of just over 1 unit (see Error!
Reference source not found.) (76). This improvement is similar in magnitude to other studies

describing the effects of treatments such as hypertonic saline (77) and dornase alfa (78).

The decision as to what magnitude of change in LCI constitutes a clinically meaningful change
in CF (either improvement or worsening) has been challenging and there is still not universal

agreement on this and is explored in a further section (70). Appropriate references ranges of
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normality suitable for the particular device, washout gas and the patient are required to assist

with this challenge.
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Figure 1.5 Change in LCI with treatment with lumacaftor/ivacaftor

Reproduced with permission from Elsevier, (Ratjen et al, Efficacy and safety of lumacaftor
and ivacaftor in patients aged 6-11 years with cystic fibrosis homozygous for F508del-CFTR:

a randomised, placebo-controlled phase 3 trial, Lancet Respi 2017 (76))

Absolute change in LCI from baseline. Error bars are 95% CI. Values shown were adjusted

for mixed effects model for repeat measures covariates. Q12h: every 12 hours.
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1.4.2 Lung Clearance Index in Primary Ciliary Dyskinesia:

1.4.2.1 Background:

Primary ciliary dyskinesia (PCD) is a genetic disease mostly inherited as an autosomal
recessive condition. The genetic changes affect the function of the cilia who’s main role is to
clear airway mucus, bacteria and debris by coordinated beating (79). PCD is caused by
abnormalities in this process and are responsible for the characteristic symptoms of recurrent
and chronic lower and upper respiratory tract infections. Further to this, there are important
extra pulmonary symptoms due to the involvement of cilia found in the middle ear, sinuses,
reproductive tract and brain. The ciliary dysfunction mainly cause them to be immobile, but

stiff, uncoordinated and ineffective ciliary beats have also been reported (80).

The diagnosis of PCD is often delayed with one study demonstrating that 70% of patients have
been seen more than 50 times by a doctor before the diagnosis is made. Contributing to this is
the important point of the clinical phenotype of PCD being very wide (24). In preschool and
school age children, daily wet cough due to repeated episodes of bronchitis is a universal
finding that may result in the development of chronic suppurative lung disease and is an

important cause of bronchiectasis (81).

1.4.2.2 Treatment:

The prognosis of PCD is less clear than other conditions due to the severity of lung disease
being highly variable. It has been demonstrated that some patients have a steady progression

of their lung disease with some people requiring lung transplantation (82).

There are several therapeutic strategies for the treatment of PCD, but these are typically not

based on robust, disease specific evidence. It is common for treatment options from other
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chronic respiratory diseases such as cystic fibrosis or bronchiectasis to be extrapolated for use

in PCD.

Similar to CF, airway clearance is vital and a variety of techniques are employed including
physiotherapy and exercise, with or without airway adjuncts (83). There are however important
differences between CF and PCD. The impairment of muco-ciliary clearance in PCD is
primary and so present from birth, whereas in CF it is secondary and may be initially preserved

although the data on the course of early PCD lung disease remains limited (83,84).

1.4.2.3 Monitoring:

High resolution computed tomography (HRCT) is a sensitive imaging modality for
investigating PCD lung disease and to detect bronchiectasis but requires a more significant
radiation exposure than a conventional chest xray (24). Chest magnetic resonance imaging has
been explored as an alternative with good agreement with HRCT findings (85). As for cystic
fibrosis, spirometry is routinely performed for the ease of use and repeatability. An obstructive

pattern is typically seen.

1.4.2.4 Lung clearance index in primary ciliary dyskinesia:

The potential for lung clearance index to be a valuable tool in the assessment of lung disease
caused by PCD is based on the premise of the need for a non-invasive test, that could be
performed readily in clinic, and that it be a sensitive test that could monitor a treatment response
or be used as a trial outcome. LCI in PCD has been studied less frequently than in CF but has
been shown to demonstrate abnormality, even in young children with the disease (86,87). LCI
is also more abnormal in those with certain ciliary structural pathologies (microtubular defects

demonstrated to show greater LCI than dynein arm defects) (88). LCI has also been compared
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to other lung function tests such as spirometry. Interestingly, there is discordance between
studies. Green et al (86) and Irving et al (89) found that LCI and FEV1 showed no correlation
in a group of patients with PCD. Other studies have shown a statistically significant negative

correlation similar to that seen in CF (90).

When comparing LCI to imaging Boon et al (87) demonstrated LCI correlated with HRCT
scores and with some sub-scores of airway thickening, mucus plugging and bronchiectasis.
LCI and HRCT agreed in the demonstration of disease in 83% of cases, FEV: and CT agreed
in only 53% of cases implying the greater sensitivity of LCI compared to FEV1. This has been
repeated in other studies examining LCI and lung disease seen on lung MRI imaging where in
a group of children and adults with PCD related lung disease on MRI, 83% had abnormal LClI,

and only 27% abnormal FEV1 (91).

LCI has been examined longitudinally with patients assessed over a one year period (90).
Reporting on the variability and evolution of LCI over this time period, it was found that LCI
significantly increased (albeit by a small amount), with LCI shown to be abnormal in a group

of patients who had normal FEV1, therefore providing important, additional information.

When compared to other disease groups, LCI in PCD has been shown to be more abnormal
than cystic fibrosis (84). The feasibility of completing LCI in PCD is similar to CF and also

can demonstrate disease in young children (84,92).

Lung clearance index does have potential as a non-invasive measure of disease in PCD, but
caution must be employed in extrapolating findings from other lung diseases into the clinical
interpretation of LC1in PCD. CF is a patchy disease of secondary ciliary dyskinesia as opposed
to PCD which is a diffuse disease and of primary ciliary pathology. The relationship between
lung structure and function in PCD also requires further exploration prior to the test being

universally adopted (93,94).
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1.5 Clinically relevant factors in the assessment of lung clearance index:

1.5.1 Medical gas and gas analyser choices:

As previously discussed, early studies of lung clearance index were performed with the wash
in of an inert gas, usually sulfur hexafluoride (SFs), with the analyser being a mass
spectrometer. This restricted access to LCI testing significantly with the mass spectrometer
being a large, expensive, laboratory based piece of equipment. The gas, SFs, is a green house
gas and its use is being restricted. Commercial companies have therefore provided alternative
options in both device and inert gases which have improved access but also raised challenges

that will be discussed below.

1.5.1.1 Tracer gas choice:

LCI results obtained using different tracer gases are not interchangeable. This has been
demonstrated in different settings and on different devices. The tracer gas gives information
about the location of gas mixing within the lungs and this is determined by the gas density.
The heavier the gas, the more distal the mixing point. This will change the anatomical location
at which gas mixing in the lungs is mostly from diffusion to that of convection and diffusion.
SFe is a more heavy gas than other inert gases, such as helium and so theoretically would give

a higher LCI value in the same subject.

SFe is a potent greenhouse gas and has been described as the ‘world’s worst greenhouse gas’
with it being many times more potent than CO2 (95,96). There is also the hypothesis that with
a heavy gas, (with a more distal diffusion front), that the LCI would be higher as previously
mentioned, plus the washout longer (increasing the test time), something important when

considering feasibility (97,98). There are some potential benefits to consider. When washing
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out SFs, you only require room air (which does not contain SFe). This is readily available, and
would not need to necessarily be supplied via medical gases (although this is the case in some
device set ups). An alternative washout gas would be 100% oxygen. While this would achieve
the same washout properties of inert gas removal, there are some concerns of the effect of
100% oxygen on the breathing pattern of the subject, particularly young infants. 100% oxygen
may affect ventilation and pulmonary blood flow in the lungs (99). The use of SFs with room
air washout would remove the impact of the potential change in tidal breathing pattern due to

100% oxygen from the analysis (98).

Nitrogen (N2) is the most used alternative gas to SFe. It is already resident in the lungs of test
participants and so an obvious benefit is the availability. The only medical gas required is
100% oxygen to achieve the washout, something almost universally available in most modern
healthcare settings and is affordable. Nitrogen though, is present in the tissue of the body, not
just the lungs. Nitrogen from the body can back-diffuse in to the lungs, contributing to the gas
being washed out during the multiple breath washout test. This is difficult to measure and to
account for and could potentially affect results. This would particularly be a problem during

longer washouts (100,101).

LCI will assess the ventilation of the lungs, but only the parts in which the washout gas is
present. Particularly diseased lungs may have areas which are difficult for an exogenous gas
to permeate (particularly during the time limited wash in phase required e.g. for SFe).
Proceeding with the washout with the more diseased areas of the lungs not having adequate
wash in would produce an under read of the LCI for that subject. This different distribution of
the washout gas is another factor potentially influencing the different results between

exogenous and endogenous inert washout gases (101,102).
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EasyOne Pro LAB

Exhalyzer D

Innocor

Manufacturer

ndd

Eco medics AG

Innovision

Gas measure

Ultrasonic transit in time

Ultrasonic transit in time

Photoacoustic spectroscopy

Device Open circuit washout design | Open circuit wash in and washout Closed re-breath circuit was in with
structure using bias flow using bias flow CO2 scrubber
Self-contained, portable. Semiportable, need a linked Open circuit washout design
Can do Phase 11 in research computer Self-contained, portable
software Can do phase I11 slope analysis Cannot do Phase 11
Gas options N2 with 100% O2 washout N and SFg SFs
Medical air and 100% O2 for
washout

Application Over 4 years and >18kg Those over 3kg Anyone able to comply

Table 1.1: Commercial medical devices measuring lung clearance index
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The impact of the tracer gas has been examined in several studies demonstrating a significant
difference. In participants with CF and those without lung disease, LCI was performed with
simultaneous washout of SFs and Nz (measured by Innocor and Exhlyazer devices
respectively). Clearance of SFs occurred with fewer breaths and produced a lower LCI in both
participants with CF and in healthy controls when compared to N2 (97). Interestingly, in this
study, when the washout was continued beyond the usual end of the test, the N2 signal remained
persistently elevated (compared to SFe which washed out to reach zero). This may have

represented nitrogen contribution from the tissues.

In a further study in infants and preschool children, SFe and N> multiple breath washout was
performed on the Exhalyzer D commercial device, demonstrating again, greater results using
nitrogen compared to SFe (absolute difference in healthy controls 1.1 (0.9 to 1.3) LCI units and
2.1 (1.4 to 2.8) for participants with CF). Importantly, the absolute difference between LCI
when measured using different tracer gases is greater with higher LCI. Again, the rationale for
the higher LCI using nitrogen was thought to be due to tissue release of nitrogen which has
been reported to be related to cardiac output (103). This is relevant due to the unpredictability

of this factor which would be difficult to adjust for.

When choosing a washout gas, these factors must be considered carefully and further work is

required to optimise the results of LCI obtained with nitrogen.

1.5.1.2 Medical device choice:

Several commercial options have been developed over the previous 10 years to give a range
of choices to clinicians looking to being using LCI in their workplace. There are important
differences between these devices, and like the tracer gas choice, the results are not

interchangeable between devices. Different acquisition techniques are required, different
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training is required, regular calibration is needed and time must be invested by the operator in

understanding their chosen device. A summary of three devices is shown in Table 1.1.

1.5.1.2.1 ndd EasyOne Pro LAB:

This self-contained device (see Figure 1.6 and Figure 1.7) is produced by ndd Medical
Technologies, Zurich, Switzerland. It uses nitrogen as the tracer gas and requires a 100%
medical oxygen supply to act as the washout gas. It is an open circuit design; the 100% medical
oxyegn is delivered during inspiration to washout resident nitrogen and expired gas is exhaled

to the room. A valve system is used to deliver the gas as required.

Figure 1.6: ndd EasyOne Pro LAB subject interface including mouthpiece (photograph)
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Figure 1.7: ndd EasyOne Pro LAB (photograph)

The gas sensors include a main stream and side stream flow and molar mass sensor to calculate
the concentration of gases exhaled. Included in this calculation is the concentration of CO>
determined from a side stream CO- sensor that used infrared absorption technology to generate
the result that is used to indirectly calculate the nitrogen concentration. The company report
that this sensor provides accurate measurements without the need for regular calibration. The
device assumes a fixed respiratory quotient (that being the ratio of volume of CO2 produced by
the lungs to the volume of oxygen consumed during respiration). The device adjusts the
measured CO; signal for any potential change in sensor output using a correction factor based
on the respiratory quotient. There is concern that this method overestimates the nitrogen
concentration (and therefore multiple breath washout outcomes such as LCI) and highlights the
important influence of software algorithms in the generation of LCI. The oxygen sensor
measuring molar mass is directly calibrated with a pulse of 100% oxygen before and after each

measure and calibrated using the known molar mass of oxygen and air.



Page 53

As described, the EasyOne Pro LAB calculates the concentration of nitrogen indirectly,
calculating using Dalton’s law of partial pressure. The calculation assumes that only four gases
vary in concentration (nitrogen, argon, CO2 and O2) and that nitrogen and argon are always

present in a fixed ratio. Two equations are performed:
1) The sum of all gas concentrations equals 100% (Dalton’s Law)
fnz + foz + fecoz + frzo + far =1

2) The molar mass of the gas equals the gas concentrations of all involved gases

multiplied by the molar mass of the gas:
fn2.MM N2 + T02.MM 02 + fco2.MM co2 + fh20.MM H2o + fA.MM aAr = MM

(fx references the fraction of the gas. MMxx references the molar mass value of the involved

gas (104).

The EasyOne Pro LAB has been validated both in vitro and in research participants. A novel
lung model was used to show that the functional residual capacity measured by the device was
very close to a precisely delivered volume of air from a ventilator using SFe, it has also been
validated using nitrogen as the tracer gas with similar results (105,106). Reproducibility was
assessed in both short (one hour) and long term (six to fifteen months) tests showing low

variability and also generating normal values for the device using SFe as the tracer gas (107)

The device is feasible to use and has been assessed in multi-centre settings. The success rate
for achieving LCI in a group of children and young adults was 75.5% (slightly better in

participants with cystic fibrosis compared to healthy control participants) (108).
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1.5.2 Other devices measuring LCI:
The other devices described in Table 1.1 are the Exhalyzer D from Eco Medics AG, Duernten,

Switzerland, and the Innocor LCI from Cosmed, Glamsbjerg, Denmark.

The Exhalyzer D uses a similar set up to the EasyOne Pro LAB with mainstream and sidestream
sensors to measure oxygen and CO- and an ultrasonic transit in time measure for flow. The
nitrogen is calculated indirectly with the known concentration of O2 and CO> and an estimated
argon fraction. It can be used to measure LCI by nitrogen washout or SFs washout. It requires

daily calibration of CO and O sensors and is used in research and clinical settings (109,110).

The Innocor uses photoacoustic spectroscopy for multi-gas analysis and a differential pressure
pneumotachnometer for a flowmeter. It is only available to use with SFe as the washout gas
but uses a closed circuit rebreathe technique for the wash-in to reduce time required. It too has

been used in research and in the clinical setting (111,112).

1.5.3 Differences in devices measuring LCI

As previously mentioned, the results generated from different devices cannot be considered
interchangeable and has been demonstrated in multiple studies. In two groups of participants,
one with CF and one of healthy participants, both the Exhalyzer and EasyOne Pro LAB were
used to measure LCI using nitrogen washout. LCI was higher when measured on the Exhalyzer
compared to the EasyOne Pro LAB (8.98 vs 7.68) as well as differences noted with higher FRC
(113). The differences were associated with the magnitude of the LCI (with a greater LCI
demonstrating a greater difference between devices). Multifactorial reasons were described
for this difference with the nitrogen measurement algorithm described as one, and possibly the

impact of the different breathing patterns between devices being the other.
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These findings have been repeated with in vitro and in vivo FRC measurements compared
between the Exhalyzer and EasyOne Pro LAB (114). When compared to plethysmography,
the Exhalyzer was found to report FRC close (within 5%) to the true measured volume, with
the EasyOne Pro LAB underestimating the FRC by up to 20%. They again demonstrated the
importance of the analysis software with re-analysis of the EasyOne Pro LAB data using a
newer software version reducing the FRC difference to a mean of 11%. In vivo findings were
similar and have been repeated elsewhere (115). Other studies have looked further at the
inherent differences of the EasyOne Pro LAB and other devices with several causes being

reported and summarised below:

The algorithms used to compute outcomes (100)

Dead space vol (115) (100)

Impact of on demand O2 on breathing pattern (115)

Potential sensor errors (115)

These studies have shown that the available equipment does not produce interchangeable
results and highlights the importance of consistency between measurements using the same
device set up for longitudinal follow up and the importance of taking in to account software
updates. It is likely that with the current systems available, that reference ranges will be

specific for each device and for each gas (116).
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1.5.4 Influence of height and age

In the development of normative data, the question of variation by subject demographics is
considered. In the reporting of spirometry data, subject sex, age, ethnic group, and height are

used to report the test results as a percentage predicted of expected values (35).

Lung clearance index is higher during infancy and decreases over the first five years of life
(117). The reasons for this have been postulated, with the rapid period of alveolarization that
occurs with growth during this time thought to contribute. This has been measured with a drop
in the ‘upper limit of normal’ of approximately 0.8 LCI units over the first 5 years which has
been described as therefore necessary to have different ranges of normal for these age groups.
Over the age of 6 years, LCI is more consistent until adulthood (with a change in the upper

limit of normal of less than 0.3 LCI units) (118).

The evidence of more heterogenous gas mixing in younger children has been explored, with
work demonstrating that the phase Il slope in multiple breath washout in sedated infants
decreases with increasing age, showing that ventilation becomes more homogenous with lung

growth and maturation (119).

Using the EasyOne Pro LAB, in participants age 6 years to 20 years, LCI was shown to be
stable and independent of age, weight or height (107,120). In a further large study using the
Exhalyzer, LCI was negatively associated with height, (coefficient -0.005, -0.0087 to -0.0019,
p=0.002), weight (coefficient -0.0049, -0.009 to -0.0008, p=-.02) and age (coefficient -0.0225,
-0.0421 to -0.003, p=0.024). The was no relationship found with sex (101). This expected
change would equate to 0.04 units per year, and would therefore demonstrate a 0.5 unit change
over the 6 to 18 year age period (describe as being negligible, see Figure 1.8). Based on this,

the fixed upper limit of normal for this childhood to adult range would be supported.
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Figure 1.8: Lung clearance index plotted against age using the Exhalyzer

Reproduced with permission from the European Respiratory Society; Anagnostopoulou et
al, 2020 (101)

Paediatric reference equations have been developed for LCI to reflect these small changes seen
through childhood including for younger, shorter children using a mass spectrometer (118).
The most significant changes in LCI exist in the first 5 years of life with reduction in LCI being
of a quantity to be clinically significant. Beyond the age of 6, LCI stabilises and analysis of
children older than 6 demonstrated no significant relationship with height or age (see Figure
1.9). The Innocor device has also demonstrated no significant relationship between age and
LCl in a dataset of children and adults (121). They suggest a single upper limit of normal for

all participants between the age of 5 years and 39 years.
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Figure 1.9: Lung clearance index from infancy to 19 years of age.

(Solid line representing the 50" centile predicted, the dashed lines represent the upper and
lower limit of normal, 97.5!" centile and 2.5™ centile). Reproduced with permission from
the European Respiratory Society Lum et al, 2013 (118)

The findings of these studies support the prospect of LCI in its use of monitoring children
above the age of 5 or 6 years. This is concordant with the age at which the test becomes
generally feasible. Different approaches may well be required for younger, preschool children

and further work is required before commercial use is possible.

1.5.5 Other influences on Lung Clearance Index:

The relatively novel status of lung clearance index means that we can be less clear about

which environmental factors may influence the result. This is important in the assessment of
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patients particularly when comparing groups or attempting to generate reliable normative

data sets.

Pollution has been linked to increased respiratory symptoms, respiratory tract infection and
prolonged symptoms infants across several studies (122,123). Spirometry has been shown to
be reduced with exposure to increased concentration of particular matter 2.5 (PMzs), NO2,

and some metals (zinc and iron) (124). This is particularly important in childhood (125).

The location of the childhood home is also important to understand. When lung function is
compared between groups from urban and rural areas, there are important differences (126).
It is worth noting that the relationship between residence and pulmonary health is complex
and may include a number of contributing factors such as socioeconomic status,

environmental exposure and nutrition (126).

Additional environment insults could also be important. Living in a household with a
smoking adult has an important association with pulmonary function tests (127). In this
particular study, they demonstrated lower spirometry indices in those exposed to household

smoke and has been replicated elsewhere (128).

These known potential confounding factors of lung function should be assessed and recorded
in the gathering of data, and if possible, the association of these factors should be assessed
against measures of lung function (129). In this study, lung clearance index was not found to

be associated with maternal smoking during pregnancy, nor maternal asthma.
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1.5.6 Clinically relevant change in Lung Clearance Index:

Lung clearance index is not a perfect measure with perfectly repeatable figures. Having an
understanding of the variation that can occur in successive measures is an important feature of
any test. Other lung function tests such as spirometry have clear guidelines that aim to
minimise this variability by defining what the acceptable test standards are (130). There is

extensive normative data already published for spirometry (35).

There are different ways of measuring the variability between a ‘set’ of lung function tests
performed on one test occasion. The coefficient of variation is a relative measure of variability
that indicates the size of the standard deviation in relation to its mean (sometimes called a
relative standard deviation). It can be used to compare between different groups and so is

valuable in comparing groups of lung function tests.

The coefficient of variation (CV%) for spirometry has been assessed and documented at hourly,
daily and weekly time intervals, and between different spirometry technicians and devices
(131,132). In a large study of multiple teams of pulmonary function technicians the CV% has
been shown to be between 1.8 to 4.9% for both FVC and FEV1 across multiple tests (133). A
further study of multiple biological quality control data points, in more than 100 pulmonary
function test labs, over several years, noted that the CV% for FVC and FEV1 were almost

universally below 5% (134).

1.5.6.1.1 LCl short term variability:

Lung clearance index has been shown to have a similar CV% to spirometry in multiple settings
across multiple devices. Within a single test setting, Horsley et al, examined both healthy
children (mean age 11) and adults (mean age 33) and those with cystic fibrosis (mean age 30)

using a modified Innocor device. Analysis showed a CV% of 3.2% for healthy adult FRC,
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3.9% for healthy children FRC, 3.6% for healthy adult LCI and 5.4% for healthy children LCI.
Participants with cystic fibrosis had a CV% of 3.5% for FRC, and 4.4% for LCI (the children
and adult data were combined for those with disease) (111). This is in keeping with other

variability data using later versions of the Innocor device (135).

Again, in a single test setting, the EasyOne Pro device was used in several groups of healthy
participants and those with cystic fibrosis (mean age 12.5 and 11.8 respectively) across
different sites. They demonstrated subject intra-test CV% from 3.47 to 7.14% for healthy
participants and 4.3 to 6.31% for those with cystic fibrosis (108). This comparable mark of
‘quality’ of the test is important in supporting the use of the same device across different
locations by different clinical teams. LCI using mass spectrometry has shown similar results,
with both healthy children age 6 to 16 years and age matched participants with cystic fibrosis
demonstrating a CV% of 5.2% and 6.2% respectively (69). Similar results have been shown
using the Exhalyzer in both health and in participants with cystic fibrosis (CV% of 3.9% and
3.8% respectively) (136). In younger children, the variability in a single test setting was
similar. Measured using mass spectrometry, healthy children age 2 to 5 years showed a CV%

of 5.2%, and those of similar age with cystic fibrosis 7.8% (56).

It is helpful to review the within test variability of LCI to support its use in clinical practice.
The guidance that exists to help perform LCI does aim to reduce the variance that may occur.
Upon completion of the washout trials it is suggested to critically examine the FRC and LCI
results for each trial to determine inclusion or not in the aggregate final result. Excessive
variation of either of these figures from the mean mandates exclusion of that particular trial as
an indication of a potentially discrepant result (52). It has been suggested that perhaps these
quality control criteria limit the use of lung clearance index in those with worse lung disease;
worse lung disease would give a higher LCI and depending on the nature of the lung disease

may give greater variation during a test occasion (e.g. shifting mucus secretions during a test).
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The balance between excluding certain trials to maintain the quality of the lung function test
against the inclusion of washout trials that demonstrate greater variation from the mean must
be carefully considered and international guidance helps to determine the levels of acceptability

for these matters (135).

LCI has been examined with repeat measures after a range of short time periods. Repeating
LCI after just 5 — 10 minutes in children under three years of age showed a mean difference in
the result of -0.07 LCI units (95% confidence interval -0.69; 0.54) in healthy children and 0.11
LCI units (95% confidence interval -0.48; 0.70) in those with cystic fibrosis (136). It is these
results showing the ‘between test’ reproducibility that are important in helping to start to
understand the physiological variance of LCI (in health and disease) to form an idea of what
the minimal clinically important difference might be. Over longer time periods and in older
populations, the results are similar. After a mean of 36 days, the between visit reproducibility
of LCI was shown to be 0.6 LCI units (95% confidence interval -0.78; 0.46) in a group of adults

in good health (111).

Other work has examined the variation in LCI using different statistical approaches. The
coefficient of repeatability, CR, calculated as 1.96 multiplied by the standard deviation of the
difference between measures, implies that between two measurements, the difference with be
less than the CR in 95% of cases (137). This metric is useful as the result is in the same units
as the measurement being assessed, but clearly one disadvantage is that it cannot be used to
compare repeatability of measurements of differing units. Another method, the intra-class
correlation coefficient (ICC), examines the correlation within repeated measures in a class of
data and gives a result between 0 and 1 (138). Other publications use Bland Altman to describe
the variation, a method of studying the mean difference between measures and constructing the

limits of agreement (139,140).
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Using these measures has helped assess the variability of LCI over longer time periods. LCI
has been examined on two, stable visits, a mean of 213 days apart (range 67 to 614). The CR
in adults with cystic fibrosis was 1.2 LCI units, and 1.3 in children with cystic fibrosis. In this
study, repeat measurements across a period of 8 months demonstrated good intra-class
correlation coefficient for LCI (0.96, 95% confidence interval 0.94 to 0.98), this was similar to
FEV1 and FEF2s.75 (135). This was the first study examining longer term variability of LCI
(over a time period greater than three months) in those with ‘stable’ disease and adds support
to its use as a monitoring tool. The CR in this study of 1.2 in adults and 1.3 units in children
represents 12% and 17% of the mean LCI value respectively and is similar to other earlier

suggested work on the change in LCI units.

1.5.6.1.2 Lung Clearance Index clinically relevant change:

An important factor in the use of Lung Clearance index is the understanding of what constitutes
a clinically relevant change. There will be natural variability in respiratory function tests and
research on the clinically relevant change for LCI has developed over the last few years. The
decision as to what magnitude of change should be (either improvement or worsening) has

been challenging and there is still not universal agreement on this (70).

There have been several important studies examining this key issue. LClI SEARCH was a
multicentre prospective study examining the utility of lung clearance index in patients of all
ages with cystic fibrosis. The patient’s examined were described as having mild disease, they
were free from chronic infection with pseudomonas and had preserved FEV1 above 50%. A
mean of 8 study visits (that included LCI) were performed over the course of the study. When

comparing lung clearance index variation (in clinically stable patients across a mean time span
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of 105 days), the mean absolute difference was 0.01 LCI units. The range of variation around

this was -18.8% to 20.7% on Bland Altman analysis with an ICC of 0.93 (112).

Other studies report variability using different statistical approaches. Green et al describe the
variability of LCI with monthly nitrogen multiple breath washout over a one-year period in
children with cystic fibrosis. They used the Exhalyzer device with participants aged 5 to 18
years of age. Coefficient of variation was used to describe the within subject variability which
was found to be 8.2%, described as being good (141). The difference between two sessions
however, from one to up to 12 months apart was up to 25% and used this figure as a proposed
clinically relevant change. This 25% difference was greater than previously described
variability in a similar cohort of patients with between session variability of LCI being 19%

(142). This decreased to 17% if visits during period of pulmonary exacerbation were excluded.

A different approach to assessing the clinical variation has been recently published in a further
attempt to understand a clinically meaningful change (143). Analysing previous data, LCI was
performed three monthly in a group of children with cystic fibrosis. Multiple breath washout
was performed on the Exhalyzer. All tests performed with a 10% change were categorised as
signal (i.e. a relevant change), or noise (variability of the test), or uncertain (with all decisions
achieved by consensus decision). A 15% change in LCI was suggested as a threshold due to
sensitivity in detecting clinically relevant events while limiting inappropriately highlighted
noise. 10% and 20% changes in LCI were explored with better sensitivity to signal but greater
noise, or less sensitivity to signal but reduced noise respectively. They summarised by
suggesting there should be no single threshold, but that changes in LCI could help stratify

patients who need further consideration for escalation in care.

There is not yet consensus on this important issue, but as summarised above, the current work
provides an outline of the issues that remain to be explored and propose an approximate

strategy to be further researched.
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1.5.7 Race and Lung Clearance Index:

Appropriate normative data should also be specific for the population in which it will be used.
Ethnicity has not traditionally been defined well within research with one study noting that a
minority of studies comparing ethnic differences in lung function actually defined race and/or
ethnicity (144). Differences have been described in the lung function test results in children
from different ethnic backgrounds. In spirometry assessment, clinical interpretation of
spirometry results commonly use ethnic-specific values, developed by the Global Lung
Function Initiative (GLI) (145) but important questions have been raised about the use of ‘race

correction’ in the interpretation of lung function results (146).

LCI is a measure that is internally adjusted for the size of an individual’s resting lung capacity
(the total volume of gas required for washout is divided by the functional residual capacity)
which theoretically will remove the influence of an individual’s anatomical differences that
may affect lung volumes (118,147,148). Sonnappa et al examined LCI in two groups of
children identified from White and South Asian ethnicity (148). These data showed no
significant difference between the groups but it has not been clearly demonstrated elsewhere
whether ethnicity influences lung clearance index (101). LCI has a potential to be used both in
research and routine clinical settings in many childhood respiratory diseases and therefore,

there is a need to evaluate normative data in children from a range of ethnic backgrounds.

1.5.8 Feasibility of lung clearance index:

For any test to be of value to a patient it must be feasible to perform, ideally in an outpatient

clinic setting, and should be something that could be repeated on multiple occasions as
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required. As described above, three acceptable quality multiple breath washout readings are
used to generate the LCI. Many more recent studies and consensus documents have accepted

two washout readings should three not be possible (52,84).

Mass spectrometry, the Exhalyzer and the ndd EasyOne Pro LAB have been compared both in
children with CF and in healthy school aged children. A maximum of 8 attempts was
performed on each with three acceptable multiple breath washout readings achieved in 100%
using mass spectrometry, 75% using ndd EasyOne Pro LAB, and 47% using the Exhalyzer
(149). A further, more recent study demonstrated much improved success with the Exhalyzer
device with 97% of readings accepted (this was a smaller group of children performing serial
readings over a number of months and also used a research software package that could assess
the washout data in a more detailed way that perhaps a commercial user would, potentially
rescuing some washouts that would have been rejected otherwise) (150). The Innocor device
has also been examined, again in a group of patients performing serial readings, with an overall

success rate of 92.7% (67 failed’ visits from 112 patients with 913 visits total) (112).

Performing serial tests has been shown to generate a clear progression of success with one
study reporting an initial success rate of 66% in preschool children, improving with each
interval (and therefore repeated tests) to 75%, 86% and 90% at 6 months. This was

demonstrated in both young children with CF and those without (151).

This range of feasibility is also reflected when feasibility of the test is examined by age group.
Using these commercial device, success under the age of three years is rare (152), with
improved success for the remaining pre-school ages (50 to 80%) (56,153). Older, school age,

children have been reported to have success rates as reported above from 63-100% (55,69,108).

The time taken to complete the test is also important if it is to be practicable in a ‘real world’

lab setting. This range has been reported from 20 (112) to 40 (111) minutes per patient per
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LCI test. The time has been shown to be shorted in children compared to adults (17.8 minutes
vs 23.5 minutes) with correlation of the test time to the age using the Innocor device (121).
Examining time taken using the Exhalyzer device, if the total test time was limited to 20
minutes, 90% of participants were shown to obtain at least one LCI measure, but with only

41% able to perform more than one (154).

The most common reasons for failure are often an inability to perform controlled tidal
breathing, technical issues with the equipment, leak into the analysis circuit, or participants

unable to perform reproducible readings (112,152,154).

Understanding the logistical demands of the test allows an institution to properly plan for its
use and allows reliable results to be generated without the concern of resource and time

pressure.

1.5.9 Summary:

Bronchiectasis is a rare but increasingly recognised chronic suppurative disease in children
resulting in significant morbidity in children. Careful assessment and monitoring of patients
is important in identifying those who need escalation in treatment; the optimal method for
achieving this is not yet agreed. Lung clearance index is a sensitive measure of lung disease
as shown in Cystic Fibrosis and Primary Ciliary Dyskinesia. However, there is paucity of data

on the utility of LCI in children with bronchiectasis.

There is data reporting the feasibility, repeatability, and demonstration of the variation between
the available devices of lung clearance index. There is a paucity of data demonstrating lung
clearance index from a range of children from differing ethnic backgrounds that requires further

research.
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1.5.10 Hypotheses, Aims and Objectives:
The thesis evaluates two main hypotheses:

e Hypothesis 1: There are no differences in Lung Clearance Index in healthy children
from differing ethnic backgrounds

e Hypothesis 2: In younger children with non-cystic fibrosis, non-primary ciliary
dyskinesia bronchiectasis, with evidence of disease on CT imaging, that Lung

Clearance Index is a more sensitive disease marker than FEV1.
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Chapter 2: Systematic review of lung clearance index in
non-cystic fibrosis, non-primary ciliary dyskinesia

bronchiectasis

This systematic review was performed to review the existing evidence for the use of lung
clearance index in patients with non-cystic fibrosis, non-primary ciliary dyskinesia
bronchiectasis. An abstract of this review was presented at the European Respiratory Society

International Congress 2021 (155).

This chapter has been published in the journal Respiratory Medicine, titled “A systematic
review of lung clearance index in non-cystic fibrosis, non-primary ciliary dyskinesia

bronchiectasis” (156). This chapter details the manuscript as published.
Christopher Hine !, Maya Desai !, Jane Davies ?, Elizabeth Sapey 3, Prasad Nagakumar #

! Paediatric Respiratory Medicine Department, Birmingham Women's and Children's

NHS Foundation Trust, Birmingham, UK.

« 2Departments of Cystic Fibrosis and Paediatric Respiratory Medicine, Royal Brompton
and Harefield Foundation Trust, London, UK; Cystic Fibrosis and Chronic Lung
Infection Research Group, National Heart and Lung Institute, Imperial College London,

London, UK.

« 3 Birmingham Acute Care Research Group, Institute of Inflammation and Ageing,

University of Birmingham, Edgbaston, Birmingham, UK.



Page 70

« “*Paediatric Respiratory Medicine Department, Birmingham Women's and Children's
NHS Foundation Trust, Birmingham, UK; Birmingham Acute Care Research Group,
Institute of Inflammation and Ageing, University of Birmingham, Edgbaston,

Birmingham, UK. Electronic address: p.nagakumar@bham.ac.uk.

Christopher Hine: Formal analysis, Writing — original draft, designed the study, analysed
the data and wrote the first draft. Maya Desai: Formal analysis, Writing — original draft,
designed the study, analysed the data and wrote the first draft. Jane Davies: Writing —
original draft, designed the study, Elizabeth Sapey: Writing — original draft, designed the
study, Prasad Nagakumar: Formal analysis, Writing — original draft, designed the study,

analysed the data and wrote the first draft. All authors have approved the final manuscript.



Page 71
2.1 Introduction:

Bronchiectasis is a chronic, suppurative lung disease defined radiologically as an abnormal
dilatation of the airways diagnosed by high resolution computed tomography (HRCT) of the
lung (2). In children, chronic productive or wet cough is the main symptom, while in adults,
the clinical manifestations include chronic cough with sputum production, dyspnoea, fatigue

and haemoptysis.

Bronchiectasis unrelated to CF or PCD (henceforth referred to as bronchiectasis) has been
increasingly recognised as a disease contributing to respiratory morbidity worldwide (up to

566.1 per 100,000 population (4)).

The diagnosis, along with the assessment of disease severity, is important for early initiation
of intervention. The severity of bronchiectasis can be assessed with HRCT which gives an
accurate measure of disease and has high sensitivity for diagnosis when compared with chest
x-ray and bronchography (157). Serial chest CT scans, due to risks of radiation exposure, are
not recommended (2,157). The bronchiectasis severity index (BSI) is a composite severity
score that is useful in adults (158). More generic symptom scores exist, such as the St George’s
Respiratory Questionnaire (SGRQ), which is a widely used tool for assessing health related
quality of life (159). The limitations of the serial CT scans and clinical scoring systems
highlights the need to explore the role of non-invasive tests that can be used in children and

adults to monitor disease severity.

Lung clearance index (LCI) is an index of uneven ventilation and is measured by multiple

breath washout (MBW) of an inert tracer gas from the lungs, most commonly nitrogen (N) or
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sulphur hexafluoride (SFe) (55). LCI is the most commonly reported outcome of MBW, the
standard definition being the number of lung turnovers required to reduce the tracer gas
concentration to 1/40™ (2.5%) of the starting concentration. LCI has been widely explored in
CF (where it is a sensitive marker of early lung disease) (151) and in primary ciliary dyskinesia
(PCD), (87,88) (where due to the heterogeneity of the disease, studies have not shown a

consistent relationship between LCI, structural lung changes and spirometry).

This systematic review aimed to assess the evidence for the role of LCI in non-CF, non-PCD

bronchiectasis as a non invasive disease biomarker .

2.2 Methods:

This review is reported according to the PRISMA statement (Preferred Reporting Items for
Systematic reviews and Meta-analyses) and is registered on the PROSPERO (International

Prospective Register of Systematic Reviews) database (#CRD42020203012) (160,161).

2.3 Search Strategy:

We searched MEDLINE, CINAHL, HMIC, Emcare, AMED, Embase, the Health Technology
Assessment Database, the Cochrane Central Register of Controlled Trials, and the Clinical
Trials Register. No geographical or language restrictions were applied. Studies were reviewed
if published within the last 20 years. Search results were downloaded to Rayyan and duplicates

were removed (162). (Search criteria are shown in Table 2.1).
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Systematic Review Search Strategy

Main Search

lung clearance index.ti,ab
LCl.ti,ab

MBW.ti,ab

sulphur hexafluoride.ti,ab
SFG6.ti,ab

nitrogen washout.ti,ab
helium washout.ti,ab

10. inert gas washout.ti,ab

11. OR/1-10

12. exp BRONCHIECTASIS/
13. Bronchiectasis.ti,ab

14. OR/12-13

15. AND/11,14

©CoNoOR~WNE

multiple breath washout.ti,ab

ventilation inhomogeneity.ti,ab

Secondary Searches

To what extent is lung clearance index abnormal compared to forced expiratory volume in
one second (FEV1)?

16. FEV1.ti,ab
17. lung* function.ti,ab
18. lung* volumes.ti,ab

19. forced expiratory volume.ti,ab
20. exp FORCED EXPIRATORY VOLUME/
21. exp RESPIRATORY FUNCTION TESTS/

22. OR/16-21
23. AND/15,22

Does lung clearance index change in relation to the severity of disease assessed by clinical

indicators?

16. resp* exacerbation.ti,ab
17. pulm™* exacerbation.ti,ab
18. resp* deterioration.ti,ab
19. pulm* deterioration.ti,ab
20. exacerbation.ti,ab

21. acute exacerbation.ti,ab
22. quality of life.ti,ab

23.
24,
25.
26.
27.
28.
29.
30.
31.
32.

QOL.ti,ab

health-related quality of life.ti,ab
symptom score.ti,ab

resp* symptom score.ti,ab
exercise test.ti,ab

exercise tolerance test.ti,ab
exercise.ti,ab

physical activity.ti,ab

exp DISEASE PROGRESSION/
exp SYMPTOM FLARE UP/




Page 74

33.
34.
35.
36.
37.
38.
39.
40.
41.

exp RESPIRATORY TRACT INFECTIONS/

exp QUALITY OF LIFE/

exp HEALTH STATUS INDICATORS/

exp OUTCOME ASSESSMENT, HEALTH CARE/
esp HEALTH STATUS/

exp SIGNS AND SYMPTOMS, RESPIRATORY/
exp EXERCISE TOLERANCE/

OR/16-39

AND/15,40

Does lung clearance index change following an intervention?
16.
17.
18.
19.
20.
21.
22.
23.
24,
25.
26.
27.
28.
29.
30.
31
32.
33.
34.

resp* exacerbation.ti,ab

pulm* exacerbation.ti,ab

resp* deterioration.ti,ab

pulm™* deterioration.ti,ab
exacerbation.ti,ab

acute exacerbation.ti,ab
antibiotic.ti,ab

antibiotics.ti,ab

physio*.ti,ab

secretion clearance.ti,ab

airway clearance.ti,ab

physical therapy.ti,ab

exp DISEASE EXACERBATION/
exp SYMPTOM EXACERBATION/
exp RESPIRATORY TRACT INFECTIONS/
exp PHYSICAL THERAPY/

exp EXERCISE THERAPY/
OR/16-32

AND/15,33

Table 2.1: Example search strategy
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Review Question

Exclusion

Inclusion

Can LCI be used to support clinical decision making in the
care of children with non-CF, non-PCD bronchiectasis and

what evidence exists to support its use

Diagnosis of cystic fibrosis
Diagnosis of primary ciliary dyskinesia

Lung clearance index reported (ATS/ERS standards for
reporting)
Diagnosis of bronchiectasis confirmed on CT imaging

Additional review questions and additional exclusion/inclusion criteria

To what extent is LCI abnormal, compared to FEV;, in
children with non-CF, non-PCD bronchiectasis confirmed

on Chest CT imaging?

No formally reported CT imaging score or

specifically diagnosis of bronchiectasis

Forced expiratory volume in one second (FEV1) reported
(ATS/ERS standards for reporting)

Does LCI change in relation to the severity of disease
(assessed by clinical indicators) in children with non-CF,
non-PCD bronchiectasis?

Reported clinical measure:
o Treatment for pulmonary exacerbation
o Quality of life/Severity score
o Respiratory symptom score
o Exercise Tolerance test

o Airway microbiology assessment

In children with non-CF, non-PCD bronchiectasis, does LCI

change following an intervention

No pre- and post-intervention assessment of LCI

Therapeutic intervention performed including:
o Antibiotic therapy
o Airway clearance manoeuvre

o Novel therapy

Table 2.2: Inclusion and Exclusion criteria use for study selection for review questions
CF: cystic fibrosis; PCD: primary ciliary dyskinesia; ATS: American Thoracic Society; ERS: European Respiratory Society; CT: computed
tomography; FEV1: forced expiratory volume in one second; LCI: lung clearance index
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2.4 Study screening and eligibility criteria:

We included studies of any design. Case studies were included if they included groups of
greater than 10 subjects. One author (CH) screened all titles and abstracts according to the pre-
specified inclusion and exclusion criteria (see Table 2.2) and screened full reports of potentially
relevant studies. Two independent reviewers (PN and MD) examined a 20% selection of the
titles, abstracts and full reports to ensure consistency (163). Discrepancies were resolved by

discussion.

2.5 Data extraction and analysis:

One reviewer (CH) extracted all outcome data and information necessary to assess study
quality. Two independent reviewers (PN and MD) examined a 20% selection to ensure
consistency as previously described. All extracted data was entered into Excel (Microsoft

Corporation, Redmond, WA, USA).

The outcomes of the included studies were compared, and a narrative analysis was performed.
The studies had a high degree of heterogeneity and therefore meta-analysis of included studies

was not possible.

2.6 Results:

276 citations were found after completing the main search (see Figure 2.1). Of these studies,

28 full text articles, applying to at least one review question, were assessed for inclusion.
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Records identified through database
searching (n = 276)

A 4

Duplicates removed (n = 103)

Records excluded (n = 145)
Records screened 90 with the wrong population

(n=173) 43 with no measure of LCI
11 were background articles

A 4

\ 2 Full text articles excluded (n = 16)
6 were duplicate publications
5 did not report LCI data
4 had the incorrect population
1 was areview article

Full-text articles reviewed
(n =28)

A 4

v

Articles included in systematic review
(n=12)

Figure 2.1: Flow diagram of literature search and study selection
LCI: lung clearance index

12 articles were eligible to be included in the review. Of these, five included paediatric (defined
as age up to 18 years) data totalling 68 patients (164—168). The paediatric data was exclusively
presented in conference abstracts with limited information available. The remaining seven

articles included 451 adult patients (169-175). (See Table 2.3 for an overview of the articles).

All articles were observational studies with a majority (10 articles, 83%) being exclusively, or

largely of cross-sectional study design
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Article Patients Study Design [Device [Tracer Gas |LCI Protocol
Paediatric Data
Lung clearance index (LCI) is a sensitive predictor of high resolution London, United |12 children (mean age  |Cross sectional [Not specified [Not specified [Not specified
computed tomography (HRCT) scores in children with non-CF Kingdom not specified)
bronchiectasis, Irving et al, 2014 (164)
Lung clearance index and exercise capacity among children with Thessaloniki, 14 children (mean age  |Cross sectional [Not specified [Not specified |Not specified
bronchiectasis, Hatziagorou et al, 2012 (166) Greece not specified)
Lung clearance index and exercise capacity among children with CF and non- [Thessaloniki, 13 children (mean age  |Cohort Not specified |Not specified  [Not specified
CF bronchiectasis over a two year period, Hatziagorou et al, 2015 (168) Greece 13.0 years)
Lung clearance index and exercise capacity among children with mild CF-  [Thessaloniki, 15 children (mean age  [Cross sectional [Not specified |[Not specified [Not specified
land non-CF bronchiectasis, Hatziagorou et al, 2013 (167) Greece not specified)
Sensitivity of lung clearance index and chest computed tomography in early [Thessaloniki, 14 children (mean age  [Cross sectional [Not specified [Not specified [Not specified
lung disease among children with non-CF bronchiectasis, Hatziagorou et al, |Greece not specified)
2012 (165)
/Adult Data
Composition of airway bacterial community correlates with chest HRCT in  [Belfast, United 21 adults (mean age 64.0|Cross sectional |Innocor® LCI, [Sulfur Specified
adults with bronchiectasis, O’Neill et al, 2020 (169) Kingdom lyears) Cosmed, Italy [hexafluoride
Lung clearance index in adults with non-cystic fibrosis bronchiectasis. Gonem|Leicester, United 43 adults (mean age 67.4 |Cross sectional |Innocor® LCI, (Sulfur Specified
et al, 2014 (170) Kingdom years) Cosmed, Italy [hexafluoride
Lung clearance index is a repeatable and sensitive indicator of radiological  |Belfast, United Group 1: 30 Adults, Cross sectional [Innocor® LCI, [Sulfur Specified
changes in bronchiectasis, Rowan et al, 2014 (171) Kingdom (mean age 56.7 years) Cosmed, Italy [hexafluoride
Group 2: 60 Adults,
(mean age 62.4 years)
The reproducibility and responsiveness of the lung clearance index in London, United  |(Group 1 excluded) Case series Innocor® LCI, |Sulfur Specified
bronchiectasis. Grillo et al, 2015 (172) Kingdom Group 2: 32 adults Cosmed, Italy |hexafluoride
(mean age 63.1 years)
Maximal mid-expiratory flow is a surrogate marker of lung clearance index |Guangzhou, China [115 Adults, (mean age |Cross sectional |Quark PFT, Nitrogen Specified
for assessment of adults with bronchiectasis, Guan et al, 2016 (173) 44.6 years) land case series |Cosmed, Italy
Residual volume/total lung capacity ratio confers limited additive significance|Guangzhou, China [135 Adults (mean age  |Cross sectional |Quark PFT, Nitrogen Specified
to lung clearance index for assessment of adults with bronchiectasis, Guan et 44.4 years) Cosmed, Italy
al, 2017 (174)
The quantitative link of lung clearance index to bronchial segments affected [Sydney, Australia [15 Adults, (mean age not|Cross sectional [Bag-in-box Nitrogen Specified
by bronchiectasis, Verbanck et al, 2018 (175) specified) setup

Table 2.3: Summary of included articles, lung clearance index device, gas and assessment protocol
LCI: lung clearance index; PFT: pulmonary function tests; HRCT: high resolution computed tomography
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2.7 Risk of bias in included studies:

Risk of bias was assessed using the National Institute of Health Quality Assessment Tool for
Observational Cohort and Cross-Sectional Studies (Figure 2.2) (176). Of the five paediatric

articles reviewed, four were rated ‘high’ and one ‘moderate’ for risk of bias.

The adult data was presented in full manuscripts and therefore was more comprehensive. All
articles were rated ‘low’ for risk of bias. Part of the Risk of Bias Tool assesses demonstration
of a causal relationship, however, all but one of the articles were of cross-sectional design and
would score poorly in these areas. As the research aims are of exploration of the relationship
between a disease and possible marker of disease, rather than a causal relationship, we
concluded that this would not increase the overall risk of bias and those articles have been

graded accordingly.



Page 80

Criteria

| 1] 2 [ 3| 4] 5| 6| 7 | 8] 9 101 |12]13] 14 |Rating
Ining, 2014, @ @ @ @ @ ©O® ©@ & @& ® @ ® ©
Hatziagorou,2012,| @ @ @ @ @ O O © © ® © ® O
Hatziagorou,2015,) @ @ @ @ @ & & e e e o @& @ o ©o
Hatziagorou, 2013, @ @ @ @ @ @@ ©Oe & & ® @ ® O
Hatziagorou, 2012,/| @ @ @ @ @ ® ® ® ® ® @ ® X
Gonem,2014, @ @® @ @® @ ©® O O @ ® @ ® @
Rowan,2014,| @ @® @ @® ® O O & & ® @ ® @
Grilo,2015,,) @ @® @ @ @ e e ©®é é o & ©®© & o o
Guan,2016,| @ @® @ @® @ é® & & & & & ® o & e
Guan,2017.| ® @® @ @® @ @ O ©® @ ® © ® O
ONeil,2020,)| @ ® @ @® @ O® O & & ® @ ® @
Verbanck,2018; @ @ @ @ @ O O @& @ ® O ® @

Not applicable @ Not reported @ Lowrisk of bias (=) Moderate risk of bias @ High risk of bias

Figure 2.2: Quality Assessment — National Institute of Health Quality Assessment Tool for Observational Cohort and Cross-sectional studies

Criteria 1: Was the research question or objective in this paper clearly stated?
Criteria 2: Was the study population clearly specified and defined?
Criteria 3: Was the participation rate of eligible persons at least 50%?

Criteria 4: Were all the subjects selected or recruited from the same or similar populations (including the same time period)? Were inclusion and
exclusion criteria for being in the study prespecified and applied uniformly to all participants?

Criteria 5: Was a sample size justification, power description, or variance and effect estimates provided?

Criteria 6: For the analyses in this paper, were the exposure(s) (bronchiectasis) of interest measured prior to the outcome(s) (Lung Clearance
Index) being measured?
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Criteria 7: Was the timeframe sufficient so that one could reasonably expect to see an association between exposure and outcome if it existed?

Criteria 8: For exposures that can vary in amount or level, did the study examine different levels of the exposure as related to the outcome (e.g.
categories of exposure, or exposure measured as continuous variable)?

Criteria 9: Were the exposure measures (assessment of bronchiectasis) clearly defined, valid, reliable, and implemented consistently across all
study participants?

Criteria 10: Was the exposure(s) assessed more than once over time?

Criteria 11: Were the outcome measures (the measure of LCI) clearly defined, valid, reliable, and implemented consistently across all study
participants?

Criteria 12: Were the outcome assessors blinded to the exposure status of participants?
Criteria 13: Was loss to follow-up after baseline 20% or less?

Criteria 14: Were key potential confounding variables measured and adjusted statistically for their impact on the relationship between exposure(s)
and outcome(s)?
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2.8 Paediatric Data:

Of the five paediatric studies included, one assessed LCI and disease severity on CT imaging
(164), one assessed the diagnostic value of LCI and spirometry (165), and three examined LCI

and clinical condition assessed by exercise testing (166—168).

Irving et al (164) described 12 children with bronchiectasis. Theirs was the only paediatric
study to compare LCI with spirometry, demonstrating a correlation between LCI and forced
expiratory volume in one second (FEV1) that was similar to a cohort of CF patients (r=-0.6,
p=0.009). They also described a range of features of bronchiectasis on CT imaging and their

correlation with LCI (see Table 2.4).

Hatziagorou et al (165) assessed 15 patients (aged 6 to 21 years) with bronchiectasis and normal
FEV1 (greater than 80% predicted), LCI was abnormal in 12 patients (80%). Hatziagorou et al
also described groups of patients with bronchiectasis across three abstracts, it is not clear if
some patients overlap between these groups (166-168). One describes 14 children with
reduced FEV1 (75.1%), reduced peak oxygen uptake (V’O peak, 77.3%) and high LCI (11.8)
(166). A second describes 15 patients with bronchiectasis with similar Bhalla scores, V'O peak
and LCI compared to patients with CF (167). Finally, 13 patients with bronchiectasis were
monitored over two years with similarly affected lung function tests and stable LCI over this

time period.
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Article

CT Scoring
system

LCI Correlation with features on imaging

Lung clearance index (LCI) is a sensitive predictor of high resolution

Modified Bhalla

Feature on CT (correlation: Pearson’s r)

computed tomography (HRCT) scores in children with non-CF | (177) Correlation P value
bronchiectasis, Irving et al, 2014 (164) Extent of bronchiectasis 0.8 0.002
Severity of bronchiectasis 0.7 0.01
Airway wall thickening 0.7 0.01
Air trapping 0.8 0.0006
Lung clearance index is a repeatable and sensitive indicator of | Brody 2004 | Computed Tomography Scan Abnormalities (correlation: Pearson’s r)
radiological changes in bronchiectasis, Rowan et al, 2014 (171) (178) Percent Bronchiectasis R =0.41, p<0.01
Percent Airway Thickening R =0.21, not significant
Percent Mucus Plugging R = 0.49, p<0.001
Percent Parenchymal R =0.56, p<0.001
Percent Air Trapping R =0.36, p<0.01
Percent Total R = 0.55, p<0.001
Maximal mid-expiratory flow is a surrogate marker of lung | Modified Reiff | Computed Tomography Scan Scoring (correlation: Pearson’s r)
clearance index for assessment of adults with bronchiectasis, Guan | (179) CT Score LCI (median (95% CI)) | Correlation P Value
etal, 2016 (173) 1< HRCT score <7 12.40 (11.84, 13.18) -0.48 <0.01
7<HRCT score <12 16.20 (14.60, 16.69) -0.71 <0.01
HRCT score >13 19.15 (18.73, 22.69) -0.12 0.66
LCI Agreement with CT features (Concordance: kappa statistic)
CT Feature Concordance 95% ClI
<3, >3 bronchiectatic lobes 0.527 (0.376, 0.678)
<9, >9 HRCT Total score 0.527 (0.376, 0.678)
Uni vs. Bi lateral Bx 0.291 (0.126, 0.456)
Tubular vs. Cystic Bx 0.291 (0.126, 0.456)
Residual volume/total lung capacity ratio confers limited additive | Modified Reiff | ‘High’ LCI (greater than median) correlation (Chi squared test) with HRCT features
significance to lung clearance index for assessment of adults with | (120 Clinical Feature X2 value P value
bronchiectasis, Guan et al, 2017 (174) >3 bronchiectatic lobes 31.69 P<0.001
HRCT total score >9 30.27 P<0.001
Cystic bronchiectasis 8.98 P=0.003
Mosaicism 15.01 P<0.001
The quantitative link of lung clearance index to bronchial segments | Bhalla (180) (Correlation: Pearson’s r)

affected by bronchiectasis, Verbanck et al, 2018 (175)

| Number of segments affected by bronchiectasis

[ r=0.76 , p<0.001, 95% CI (0.41 — 0.92)

Table 2.4: Summary of findings on imaging and lung clearance index in included patient cohorts.
CT: computed tomography; LCI: lung clearance index; Bx: bronchiectasis; HRCT: high resolution computed tomography
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2.9 Adult Data:

2.9.1 Assessment of Lung Clearance Index:

Lung clearance index was assessed using different devices (see Table 2.3). Four studies used
the Innocor® LCI system (Cosmed, Italy), a commercial device that uses a photoacoustic
infrared gas analyser to record washout of a tracer gas (sulfur hexafluoride, SFe) (169-172).
Two studies used the Quark PFT system (Cosmed, Italy), a commercial device with CO> and
O- gas analysers to indirectly measure washout of nitrogen (N2) (173,174). Finally, one study
used a non-commercial, nitrogen washout, laboratory set up with direct N> measurement (175).
All studies reported details of the assessment protocol used and quality control measures in
place. The repeatability of LCI in patients with bronchiectasis was reported in two adult studies

with intraclass correlation coefficients of 0.86 to 0.94 (170,171).

2.9.2 Lung Clearance Index and Forced Expiratory Volume in one second:

The correlation of LCI and FEV1 was reported in three adult articles all demonstrating an
inverse relationship: decrease in FEV1 with rising LCI: (r = -0.37 to -0.61) (170-172) (see

Table 2.5).
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Article Mean FEV1% Mean LCI LCI correlation with FEV1%
Composition of airway bacterial community correlates with chest HRCT in adults with bronchiectasis, | 76.5% (17.2%) 9.5(1.7) NR
O’Neill et al, 2020 (169)
Lung clearance index in adults with non-cystic fibrosis bronchiectasis. Gonem et al, 2014 (170) 82.0% (3.8%) 9.99 (0.31) R =-0.61, p<0.0001
Lung clearance index is a repeatable and sensitive indicator of radiological changes in bronchiectasis, | Group 1 84.8% (20.7%) 9.2(1.8) R =-0.37, p<0.05
Rowan et al, 2014 (171)

Group 2 76.5% (18.9) 9.1(2.0) R =-0.51, p<0.0001
The reproducibility and responsiveness of the lung clearance index in bronchiectasis. Grillo et al, 2015 | (Z score) 12.76 (3.47) R =-0.548, p<0.05
(172) -2.97 (1.30)
Maximal mid-expiratory flow is a surrogate marker of lung clearance index for assessment of adults | Group 1 NR 15.3 (NR) NR
with bronchiectasis, Guan et al, 2016 (173)

Group 2 NR 16.65 (NR) NR
Residual volume/total lung capacity ratio confers limited additive significance to lung clearance index | NR 14.6 (range 12.0-17.6) NR
for assessment of adults with bronchiectasis, Guan et al, 2017 (174)
The quantitative link of lung clearance index to bronchial segments affected by bronchiectasis, | NR 7.8,(95% Cl 7.2t0 8.4) NR
Verbanck et al, 2018 (175)
Lung clearance index (LCI) is a sensitive predictor of high resolution computed tomography (HRCT) | NR NR R =-0.6, p=0.009
scores in children with non-CF bronchiectasis, Irving et al, 2014 (164)
Lung clearance index and exercise capacity among children with bronchiectasis, Hatziagorou et al, | 75.1% 11.8 NR
2012 (166)
Lung clearance index and exercise capacity among children with CF and non-CF bronchiectasis over | 76.6% 9.71 NR
a two year period, Hatziagorou et al, 2015 (168)
Lung clearance index and exercise capacity among children with mild CF- and non-CF bronchiectasis, | NR NR NR
Hatziagorou et al, 2013 (167)
Sensitivity of lung clearance index and chest computed tomography in early lung disease among | NR NR NR

children with non-CF bronchiectasis, Hatziagorou et al, 2012 (165)

Table 2.5: Summary of correlation of lung function tests and lung clearance index.
HRCT: high resolution computed tomography; NR: not reported; NA: not applicable. Data expressed as mean (standard error) unless

otherwise noted.
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2.9.3 Predictive value of Lung Clearance Index in disease detection:

LCI was examined for its ability to identify patients with disease vs. healthy controls in two
articles (170,171). Both used Receiver Operating Characteristics (ROC) to display the
discriminatory ability of LCI with the Area Under the Curve (AUC) used as a measure. Gonem
et al showed that the AUC for LCI was 0.90 (compared to 0.83 for FEV1) (170). This was
similar in the data from Rowan et al; AUC for LCI1 0.96 and 0.82 for FEV1(171). Neither study
identify a value of LCI above which the risk of bronchiectasis is defined as being at particular

risk.

Guan et al demonstrated the value of LCI in detecting disease at differing levels of severity
(173). Severity was judged using both BSI and HRCT. When grouped into mild, moderate
and severe (using BSI tertials of mild; 0-4, moderate; 5-8, and severe; 9 or more [4]), LCI was
able to accurately discriminate between mild and moderate/severe bronchiectasis (AUC 0.67,
p=0.003) and between mild/moderate and severe bronchiectasis (AUC 0.70, p=0.001). HRCT
imaging was scored using the modified Reiff system (179), with scores grouped into mild,
moderate and severe cohorts (181). The predictive value of LCI to discriminate between mild
and moderate/severe was high (AUC 0.83, p<0.001) but again was better when distinguishing

between mild/moderate and severe (AUC 0.920, p<0.001).

Another publication by Guan et al of a slightly larger group of patients from the same cohort
examined the discrimination of mild from moderate/severe and mild/moderate from severe
bronchiectasis (severity judged by BSI) (174). The results were similar to the previous

publication (AUC 0.73 and 0.70 respectively).
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2.9.4 Lung Clearance Index Correlation with other Clinical measures:

2.9.4.1 Relationship to severity score:

Two articles examined the relationship between lung function and BSI and demonstrated a
clear association. Guan et al showed increasing lung clearance index (12.90, 14.60, and 16.90)
with increasing severity of BSI tertials (mild, moderate and severe) with significant differences
between these groups (173). The second study by Guan et al (174) demonstrated that BSI

significantly correlated with lung clearance index (r = 0.45, p<0.001) (see Table 2.6).
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Article LCI correlation with clinical indicator LCI change pre/post intervention
Composition of airway bacterial community correlates with chest | Bacterial community composition NA
HRCT in adults with bronchiectasis, O’Neill et al, 2020 (169) Richness (S) R=-0.19, p=04
Evenness (e"5) R=-0.22, p=0.3
Shannon Wiener Index (H) R=-0.29, p=0.2
Dominance (D) R=0.29, p=0.2
Lung clearance index in adults with non-cystic fibrosis bronchiectasis. NA
Gonem et al, 2014 (170) LCI
No chronic bacterial growth, n=26 10.02 (0.36)
Chronic colonisation with bacteria, n=17 9.95 (0.57)
No significant difference (Student’s T Test)
Lung clearance index is a repeatable and sensitive indicator of | Respiratory symptoms NA
radiological changes in bronchiectasis, Rowan et al, 2014 (171) [ SGRO | R=0.24,p=0.03 ]
The reproducibility and responsiveness of the lung clearance index in | NA LCI change P value
bronchiectasis. Grillo et al, 2015 (172) Start exacerbation physio 0.11 (0.85) 0.5
End exacerbation physio 0.14 (0.93) 0.4
Admission for IV antibiotic 0.38 (1.59) 0.2
Maximal mid-expiratory flow is a surrogate marker of lung clearance | BSI Score (LCI adjusted for age, sex and BMI)
index for assessment of adults with bronchiectasis, Guan et al, 2016 BSI Score LCI (95% CI) P Value LCI (unit | P value
(173) 0< BSI <5 12.90 (12.57, 15.05) N/A change)
5< BSI <8 14.60 (13.68, 15.96) P <0.01 Admission for 1V antibiotic -0.06 0.3
BSI>9 16.90 (15.89, 19.37) P<0.01
LCI Agreement with clinical indicator
Clinical Indicator Concordance 95% CI
BSI<5 vs. BSI>5 0.309 (0.133, 0.485)
No pseud. vs. pseud colonised 0.200 (0.035, 0.365)
FEV<80% vs. FEV1>80% -0.364 (-0.52, -0.21)
Residual volume/total lung capacity ratio confers limited additive | ‘High’ LCI (greater than median) correlation NA
significance to lung clearance index for assessment of adults with Clinical Feature X2 value P value
bronchiectasis, Guan et al, 2017 (174) BSI >5 15.00 P=0.001
FEV1 predicted <80% 21.17 P<0.001
[ BSI | R=0.45p <0.001 |

Table 2.6: Summary of treatment effect and clinical condition on lung clearance index in included patient cohorts.
HRCT: high resolution computed tomography; SGRQ: St George’s Respiratory Questionnaire; NR: not reported; NA: not applicable; BSI:
bronchiectasis severity index; 95% CI: 95% confidence interval; BMI: body mass index. Data expressed as mean (standard error) unless

otherwise noted.




2.9.4.2 Relationship to symptoms:

Only one article reported the correlation of lung clearance index with a health-related quality
of life questionnaire. Rowan et al (171) showed evidence of a relationship between LCI and
SGRQ with a significant positive correlation between increasing symptoms and LCI (r=0.24,

p=0.03).

2.9.4.3 Relationship to disease detected by imaging:

Four adult studies comprising 325 patients were included that described LCI and its
relationship to CT imaging (Table 2.4) (171,173-175). Two studies had CT imaging and LCI
performed at the same visit (171,175) and two studies reported a group of patients across two

publications with CT images taken within one year of LCI assessment (173,174).

Rowan et al (171) assessed CT images with a formal scoring system (Brody (178)). They
report the degree of correlation of LCI with CT features with a positive relationship between

worsening CT changes and increasing LCI.

Verbanck et al (175) demonstrated the relationship between the number of lung segments with
bronchiectasis on imaging and LCI for populations of patients with both cystic fibrosis (r=0.72,

p<0.001) and bronchiectasis (r=0.76, p<0.001).
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Guan et al reviewed CT scores calculated using a modified Reiff score (173,174). In their
earlier cohort (173) they describe the range of severity of bronchiectasis using HRCT (44 mild
patients, 1< Reiff score <7; 46 moderate patients, 7< Reiff score <12; 20 severe patients, Reiff
score >13). They found those with higher LCI (above their median of 14.7) more consistently

reflected those with worse changes on CT (using kappa statistic to assess agreement).

2.9.5 Lung Clearance Index change with intervention:

Two articles examined the effect of a clinical intervention on lung clearance index (173,174).
Guan et al monitored a group of adults during a period of clinical stability (exacerbation free
for four weeks) (173). Those who subsequently experienced an exacerbation were invited to
repeat further LCI prior to treatment, and again one week after completion of 14 days of
antibiotic therapy. The changes in LCI were small and were not statistically significant (see

Table 2.6).

Grillo et al assessed a group of patients experiencing an exacerbation of bronchiectasis and
again found that there was no significant difference in LCI nor FEV1 z-scores from the start to
the end of exacerbation (see Table 2.6). Patients were recruited at the onset of exacerbation,
with LCI performed within 48 hours of commencing intravenous antibiotics and on reaching
clinical recovery at discharge which was determined by clinician decision (172). This cohort

of patients undergoing treatment for exacerbation also performed LCI pre and post
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physiotherapy sessions (performed both at the start, and at the end of the exacerbation) with no

significant difference found in LCI.

2.9.6 Other measures of potential clinical impact:

2.9.6.1 Relationship to microbiome:

Several studies also reported the relationship of LCI to metrics of bacterial infection. O’Neill
et al, presented microbiological data (169) from a subgroup of a larger study (171). LCI had
no significant correlation with any of the microbiological indices (measured as bacterial species
richness (S), the Shannon-Wiener diversity index (H), species evenness (e"/S) and species
dominance (D) (see Table 2.6). There was however a link between the microbiological indices

and some features on CT expressed as Spearman’s rank correlation coefficient (rs):

- Percent bronchiectasis vs. (D) rs=0.654, p=0.001; (H) rs=-0.655, p=0.001; (e™'S) rs=-

0.474, p=0.030; (S) rs=-0.567, p=0.007
- Percent airway thickening vs. (e"%) rs=-0.443, p=0.044

- Percent parenchymal change vs. (D) rs=0.453, p=0.039; (H) rs=-0.489, p=0.024; (S) rs=-

0.453, p=0.039

This implies that worsening bronchiectasis on imaging correlates with decreasing diversity and

increasing dominance of a bacterial species. Despite not finding a correlation between LCI
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and the microbiological indices, they did demonstrate that LCI was able to detect a significant
difference when patients were grouped into ‘never’, ‘intermittent’ and ‘chronic’ colonisation
groups for Pseudomonas aeruginosa infection (defined using the Leeds criteria (182)
(p=0.04)). Gonem et al, however, did not find a difference in LCI between their cohorts of
patients with ‘chronic bacterial colonisation’ and ‘no chronic bacterial colonisation’ of any
pathogen, defined as isolation on sputum culture on at least two occasions during the previous

year (see Table 2.6) (170).

Pseudomonas aeruginosa colonisation (defined as a growth on two occasions, at least three
months apart) was also examined by Guan et al (173). There was poor level of agreement of
‘high” LCI (above their median) with the presence of Pseudomonas aeruginosa colonisation

(kappa statistic, 0.200).

2.10 Discussion:

This systematic review confirms that in adults with bronchiectasis, LCI is abnormal and that it
correlates with FEV1 and markers of disease on CT. These findings suggest that LCI may be
a marker of disease severity but the volume of data and heterogeneity of the studies limits
conclusion. Unlike the adult data, there were no high-quality studies identified including
paediatric patients. Further work is required to explore the value of LCI in the paediatric
population and currently no clear conclusions can be drawn. To describe the most clinically

applicable data, this review did not explore the role of other multiple breath washout metrics
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(Sacin, Scond etc...) and is a weakness of the study; further work is needed to investigate the

value of these other measures.

LCI has been shown to be a more sensitive marker of disease than FEV1 in cystic fibrosis (72).
This seems to be true also for adults with bronchiectasis. This is clearly important clinically
with the potential use of LCI in identification of patients who require escalation of
management. No longitudinal LCI data was found in this review describing its role in the long-
term disease monitoring. Furthermore, no data exists describing the minimal clinically
important difference for LCI. In children, the data was very limited but results showed the
potential for LCI to be used as a measure of disease severity due to the correlation between
disease on CT imaging and LCI. LCI appears to be repeatable in adults with intraclass

correlation coefficients similar to the ranges described in cystic fibrosis (75).

Treatment of chronic infection and acute infective exacerbations are key in the management of
bronchiectasis. O’Neill et al (169), show a link between some CT features and the metrics of
bacterial composition; LCI, however, did not show a relationship with any. A relationship
between raised LCI and groups of differing frequency of Pseudomonas aeruginosa infection
was noted. These findings are similar to patients with cystic fibrosis with a raised LCI in those
with active pseudomonas infection (56). Pseudomonas aeruginosa infection is more common

in those with more severe lung disease and is associated with poorer clinical outcomes
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including worse lung function (183,184). Whether Pseudomonas aeruginosa is associated with

worsening lung function or is a marker of severity only, is not clear.

LCI has been shown in this review to have a clear relationship with CT findings, which
emphasises its role in disease monitoring. This relationship was explored by Verbanck et al
who examined a group of patients with bronchiectasis and described LCI in relation to the
number of lung segments affected by bronchiectasis (175). The lobar distribution of
bronchiectasis varies with aetiology and it is not known if patients with disease of different
severity and different distribution can be compared, limiting the utility of LCI in this group
(e.g. more mild but widespread disease compared to severe, focal changes). Further work is
required to identify the variation of LCI in patients with bronchiectasis of different aetiologies.
This will be important to support the use of LCI as an outcome measure for clinical trials by

ensuring patient selection is appropriate.

There is a need for further research on the role of LCI in bronchiectasis, particularly in children.
The widespread use of LCI in cystic fibrosis research, due to its demonstrated value in
identifying early disease and correlation with CT changes, has yet to be replicated in
bronchiectasis. Specifically, longitudinal data is required to demonstrate variability in LCI over
time and relate this to the severity of disease. Availability of portable devices is encouraging
for point of care testing. A minimal clinically important difference will need to be clarified to

make the index a practically useful tool.
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2.11 Conclusions:

In adults, LCI was a sensitive measure of disease severity and correlated with clinical
assessment tools. Contrary to cystic fibrosis, the review did not identify good quality studies
defining the role of LCI in children with non-CF, non-PCD bronchiectasis. With the lack of
measures of disease in this condition, LCI can be explored as a potential metric of disease

severity and research in this area should be a priority.
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Chapter 3: Methods

3.1 Ethical approval:

The study was conducted from October 2020 to September 2021 at Birmingham Children’s
Hospital, UK and was approved by the Health Research Authority, Yorkshire and the

Humber — Leeds West Research Ethics Committee (Reference 20/YH/0028).

3.2 Participants:

3.2.1 Non cystic fibrosis, non primary ciliary dyskinesia bronchiectasis:

Children with bronchiectasis were recruited from specialist bronchiectasis and general
respiratory clinics at Birmingham Children’s Hospital, Birmingham Children’s and Women’s
NHS Trust. Subjects were identified after clinical coding and patient database review. The
hospital coding database was interrogated for patients aged between 6 years and 12 years who
were coded with the International Classification of Disease (ICD) 10 coded clinical entry

descriptions:

Cough (R0O5)

- Bronchiectasis (J47)

- Asthma (J45)

- Unspecified chronic bronchitis (J42)

- Respiratory Infections (J98.7)
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- Unspecified acute lower respiratory tract infection (J22)

All patients were then cross referenced against a list of all Computed Tomography (CT) images
of the chest performed within the hospital. Patients appearing on both lists were reviewed for
appropriate inclusion into the trial. In addition to a coding search, clinic lists were reviewed
for other patients who would be suitable using the inclusion and exclusion criteria described

below (see Table 3.1).

Inclusion criteria Exclusion criteria

Diagnosis of bronchiectasis on HRCT image | Diagnosis of:

(reported by Consultant Radiologist) - neuromuscular disease

- neurological disability

- congenital structural airway / gut /
thoracic malformation

- cystic fibrosis

- primary ciliary dyskinesia

Current exacerbation of bronchiectasis

Table 3.1: Inclusion and exclusion criteria

The exclusion of patients with neuromuscular disease removes patients who likely have
pathology that would affect the typical respiratory pattern of the patient; the exclusion of those

with significant neurological disability is due to the participants need to be able to follow the
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instructions necessary to complete the LCI measurement, the exclusion of participants with
structural airway/gut/thoracic malformations remove the potential influence of anatomical
malformations affecting the ventilation homogeneity in addition to any underlying
bronchiectasis. Finally, patients were excluded if they had an exacerbation of bronchiectasis
(diagnosed as an increase in symptoms requiring antibiotics or an increase in their
physiotherapy) within 4 weeks. The intention of not assessing participants at this time point is
to remove variability introduced by excessive airway secretions or inflammation that might

affect the LCI.

CT imaging was accepted if within two years of the date of study assessment. While this may
bring a delay between CT imaging and lung function assessment, a significant change in the
structural lung disease noted on image is unlikely. Furthermore, the decision not to perform a
repeat HRCT for children due to study participation was a decision taken on safety to avoid
exposure to radiation. Much of the data examining HRCT progression over time is from
participants with cystic fibrosis. In a group of children and adults with cystic fibrosis, repeat
CT imaging was compared to earlier images showing a statistically significant, but small,
increase in CT scores generated by the Brody scoring system (178) (1.55% per year noted on
the composite score and 1.52% per year on the score for peripheral bronchiectasis only) (185).
This change is similar to that reported elsewhere when looking exclusively at CT imaging for
children with CF (186,187). Here, the mean change in participants was 1.09% per year to
2.01% per year, again using the Brody scoring system. The mean interval between the images
was 30 months. The underlying pathology in these children is different from those being

examined in this study, but there is a paucity of data examining the progression of CT changes
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in non-CF, non-PCD bronchiectasis. In these children with CF, the underlying pathological
process is continual, although these children are typical managed carefully with close
monitoring and therapies to minimise the development of lung disease. Although care must be
taken in extrapolating from one lung disease to another, it would be reasonable to judge that
the pathological processes responsible for the lung disease in non-CF, non-PCD bronchiectasis
participants is not significantly worse than in CF. Previous comparisons of lung clearance
index between groups of adults with bronchiectasis of non-CF and CF causes have shown the

reverse (higher LCI for those with CF) (170).

It is possible that some of the CT changes may have improved. The most common previous
general consensus was that bronchiectasis is irreversible (27) but current data suggests this may
not be the case (17). While improvement might be possible for some patients with adequate
treatment and care, this has been demonstrated in children over longer time intervals than the

two year period between imaging and LCI planned for this study (13).

3.2.2 Children without lung disease:

The cohort of healthy children were recruited from a range of sources (although these varied

through the study due to the introduction of COVID-19 infection and control policies):

e Outpatient:
o Orthopaedic general clinic
o Orthopaedic fracture clinic

o Ear, Nose and Throat clinic
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o General Medicine clinic
o Ophthalmology clinic
e Inpatient:
o Waiting area for day case surgery

o Emergency Department observation area

Participants were identified aged between 6 years and 12 years of age with an absence of
conditions or symptoms that would suggest underlying pathophysiological processes that might

affect Lung Clearance Index.
Inclusion Criteria:

- No previous hospital admission for a respiratory condition

- No physician diagnosis of asthma at any time

- No history of chronic cough (defined as greater than 6 weeks in length), during the last
one year

- No history of recurrent wheeze (defined as greater than two episodes of wheeze during

the previous one year)

Exclusion Criteria:

- Born at a gestation of less than 37 weeks
- Born following intrauterine growth restriction
- A previous medical history that includes congenital heart disease
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The process for recruitment was a time consuming procedure that included the contact of
patients and families to highlight the research that was being conducted and asking their interest
in hearing more about it, delivering both written and verbal information about the study and
the necessary involvement of participants, allowing adequate time for those potential
participants to consider the information, and then ultimately, arranging the logistics for a

research visit to the hospital.

In the later stages of the study, free from logistical restrictions of the COVID-19 pandemic,
potential participants were identified via social contacts, or family/relations of staff and
patients. We were able to conduct many of the necessary steps, including distribution of study
literature, prior to the arranging of the study visit. However, a majority of the study took place
during a period of time where the hospital was under a level of restriction for staff, patients and

visitors.

During this time, attendance at the hospital for a member of the public was restricted to those
who needed to attend for a clinical contact (i.e. an assessment by staff, a scan, or an
appointment). Additional family members or repeat visits that were not clinically necessary
were not permitted. Therefore, my approach of potential participants was restricted to hospital

patients.

To overcome this, | identified scheduled outpatient clinics where there were likely to be
patients who would not meet the exclusion criteria detailed above (such as orthopaedic,
ophthalmology, ENT and emergency department visits). People attending these clinics would
have phone calls from the hospital in the days preceding the appointment to ensure they were

attending, and to remind them of the various infection control restrictions in place at the time.
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| worked with the outpatient logistics team to arrange an additional message passed to certain
patients (often parents/guardians); that being, ‘that there were research studies being conducted
at the time of their upcoming visit’ and asking ‘if they would be interested in hearing more
about potential studies’. I restricted this message being passed only to the families of patients
of the correct ages. This allowed me to contact participants in advance and arrange a study

visit either before or after their clinical visit to hospital.

On occasions where | was unable to arrange a participant in advance, | would use advertisement
within the hospital waiting rooms as a method of highlighting the research study. Outpatient
nurses would inform families of potential studies, and then | would approach to offer
involvement as above. | would always consider the impact of the patient’s clinical journey in
hospital prior to recruitment, and indeed, for a number of potential participants, the logistics of
their hospital visit would prevent their involvement in the study (i.e. needing to attend a scan
at a particular time). Meeting potential participants prior to their clinical appointments would
give them sufficient time through the rest of their hospital journey to consider their involvement
in detail prior to consenting. The non-invasive nature of the study meant that prolonged

consideration or copious study literature was not required.

3.3 Subject Assessments:

All participants had height and weight measured using hospital equipment.  The

parents/guardians accompanying the subject completed a brief questionnaire providing further
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details on the ethnicity, the household location and the presence of household smoking (see

Appendix 1)

3.3.1 Ethnicity data collection

The parent/guardian of the subject was presented with the United Kingdom Office for National
Statistics ethnicity groupings used for the UK census (188). They were asked to select the
option that best applied to the subject, with the further option to enter a free text entry if they

felt it was necessary (189).

3.3.2 Multiple Breath Washout

What follows is a description of the procedure developed in the acquisition of multiple breath
washout data. This was based on existing guidance on multiple breath washout in general and
using the ndd EasyOne Pro LAB, with then adjustment following personal experience in the

use of the device.

3.3.2.1 Device set up

ndd’s promotional material for the EasyOne Pro LAB describes how “all EasyOne products
are designed to require no calibration and minimal maintenance. The device is designed to
remain in calibration throughout its lifetime. No calibration procedures are required prior to

testing” (104). This feature of the device meant there was minimal test specific preparation
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required and manufacturer instructions were followed in the equipment set up, cleaning and
use of consumables. In addition to the manufacturer recommended steps, | added a tablet
device via a mobile arm to the EasyOne Pro LAB that could be manipulated to be seen by the
subject during use. This would play a preferred video during the time of the washout. Audio
of the video was delivered through over ear, noise cancelling headphones. These steps became
necessary to support the participants tidal breathing pattern. During multiple breath washout,
using the EasyOne Pro LAB, the valve delivery system supplies 100% oxygen on demand with
inspiration. This gives an easily audible noise of moving gas which | found provided positive
feedback to the subject, encouraging a higher than usual respiratory rate and smaller than
expected tidal volume. The thorough use of distraction techniques reduced this and | developed

this process over the period of the study.

3.3.2.2 Muiltiple Breath Washout Acquisition:

Manufacturer advice was followed in the use of the device to acquire multiple breath washout
data. Participants were instructed prior to use of the preferred technique and coached between
washouts to improve technique. Washouts were abandoned immediately should it be apparent
that the quality was not sufficiently acceptable. Washout attempts were continued until the
required number of acceptable washouts were performed, or the subject was unable to perform
further tests. Following a washout attempt, the subject was required to rest, breathing room

air, in order to wash back in the previously washed out nitrogen.
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Each nitrogen washout, was performed using the EasyOne Pro, (ndd Medical Technologies,
Zurich, Switzerland). 100% wall oxygen was supplied as the washout gas. Each washout was
performed in the seated position, with participants distracted via a video with headphones. LCI
was performed before spirometry in all cases. LCI was calculated from a mean of three
acceptable washouts, two washouts were accepted if the patient was unable to perform
three. Repeated coaching, encouragement, distraction, and visual cues were employed to

create a better, more stable, tidal breathing pattern.

3.3.2.3 Quality Control:

Quality was assessed in a standard manner following previous guidance (52,190) and broken

down in to three stages:

- Individual washout pre-phase breathing pattern
- Individual washout breathing pattern

- Overall multiple breath washout test quality assessment

3.3.2.3.1 Pre-phase breathing pattern assessment:

1. Tidal volume (Vt): Assess the Vt and judge if appropriate for the subject size (8-
15ml/kg of ideal body weight). Ensure the Vt stable for 5 breaths prior to the start of
the washout. Ensure the last breath of the pre-phase is not irregular.

2. End expiratory lung volume (EELV): Ensure the EELV is stable by examining the

volume/time trace stable.
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3. Time between trials: Ensure the starting end-tidal concentration of nitrogen of the first
trial is more than 77%, and all subsequent washout end-tidal starting concentrations of

nitrogen are within 1.5% of the baseline.

3.3.2.3.2 Washout breathing pattern assessment:

1. Tidal volume (Vt): Ensure the Vt is appropriate for the subject size (8-15ml/kg of ideal
body weight), ensure the first breath of the washout is regular, ensure the Vt is stable
over the washout. ldentify episodes of panting (short rapid breaths approximately half
mean Vt) or sighing (large breath approximately 1.5 time mean Vt) judging for a
premature test end with panting, and trapped gas released with a sigh.

2. End expiratory lung volume: Ensure the EELV is stable, identify evidence of breath
stacking or incomplete exhalation.

3. Hyper/hypoventilation: Ensure end tidal CO2 (etCO2) between 4% and 6% through the
washout, ensure the etCO> is not continuously increasing or decreasing across the
washout.

4. Leak: identify evidence of a leak

3.3.2.3.3 Overall multiple breath washout test quality assessment:

All washout trials judged to be acceptable were then assessed for quality aiming for key

features to indicate a high-quality test occasion:

1. Tidal breathing throughout all trials
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2. No testing events, irregular breaths, or evidence of any leaks

3. 3 acceptable trials

Using the guidance above, test occasions were either accepted or rejected. A valid LCI reading
was achieved with at least two acceptable trials, with no test events (such as leaks of other

previously described issues), and a reasonably stable tidal breathing pattern.

3.3.3 Spirometry

Spirometry was performed following Lung Clearance Index using the ndd EasyOne Pro LAB
with patient incentive screen. The measurement was performed as per manufacturer instruction
with three good quality measures taken. The best of the three measurements was used in

accordance with ERS/ATS guidelines.

3.3.4 High Resolution Computed Tomography (HRCT)

HRCT was reviewed for each patient with bronchiectasis with the imaging being obtained from
our hospital, or the hospital who originally performed the scan. This was reviewed by two
senior radiologists with experience in thoracic imaging in children. Diagnosis of bronchiectasis
was confirmed and images were formally scored as guided by the Brody score for HRCT (178).
To summarise this approach, an overall score is obtained within which are specific scores for
bronchiectasis, mucous plugging, peribronchial thickening, and parenchymal disease. This
score includes Hyperinflation and air trapping but was not assessed in this study as many of

the participants did not have expiratory images as part of their HRCT as was local practice.
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score for HRCT.

The two radiologists had significant experience in thoracic radiology and routinely examined
chest HRCT as part of their clinical work. A specific scoring system for non-CF bronchiectasis
does not exist (although there is work ongoing (181), and so an additional scoring method
needed to be used. The radiologists were familiar with the Brody scoring system which was
chosen predominately due to its previous use within research in bronchiectasis (171). The
Brody system has been validated in the assessment of changes on HRCT in Cystic Fibrosis,
and while this is a different disease pathology to that being examined in this study, there are
very similar pathological airway changes that exist in Cystic Fibrosis and non-CF
bronchiectasis seen on imaging. Finally, the Brody scoring system provides detail on the main
pathologies seen on imaging (bronchiectasis, mucus plugging, peri-bronchial thickening and
parenchymal changes), within all lobes which is more granular 0 to 243 (with alternative scores

such as Bhalla and Reiff scores scoring from 3-25 and 0-18 respectively).

| developed an Excel (Microsoft Corporation, Redmond, WA, USA) spreadsheet that included
all scoring components for all lobes. The radiologists would simply enter their clinical
interpretation (for example, the extent of bronchiectasis in the central lung in the right upper
lobe, with options of none, 1/3 of the lobe, 1/3 to 2/3 of the lobe, or more than 2/3 of the lobe).
The spreadsheet would allocate the appropriate score and ask the next question. For each
HRCT, the spreadsheet would then give a subtotal and total for each anatomical area and grand
total for the patient. Scoring was conducted on several non-study scans as a ‘practice’ with
subsequent comparison of scores to ensure clinical interpretation was consistent. Scoring of
the study patients was analysed with a statistical test as described in the results section to ensure
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further agreement. HRCT scores used in the analysis of correlation with lung function
measures were generated from an average of the two radiologists scores. The spreadsheet used

to help generate the scores can be seen in the appendix (see section 8.2).

3.4 Statistical Approach

All statistical analyses were performed using GraphPad Prism® version 5.00 for Windows
(GraphPad Software, San Diego California, USA). Parametric data was assessed using
unpaired t-test to assess group difference, one way ANOVA was used to assess multiple
group differences. Non-parametric data was assessed using Mann-Whitney test to assess
group differences, Spearman’s rank correlation coefficient. Fishers exact test was used to
compare categorical data. Univariant linear regression was performed to assess lung
clearance index and association with height, weight and age. Repeatability of measurements
of lung clearance index was assessed using coefficient of variation. Receiver operating
characteristic (ROC) curve was used to evaluating the performance of lung clearance index as

a diagnostic test. A p value of less than 0.05 was considered significant.

Recruitment of participants was opportunistic from presentation to outpatient clinics and
through database and coding reviews as above. Limited data is available for children with
bronchiectasis and in healthy children performing lung clearance index limiting formal power

calculation. Previous studies have used samples of 30 subjects per group in order to detect a
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10% variation in lung function due to ethnic origin with at least 80% power at the 5%

significance level (148).
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Chapter 4: Lung clearance index in healthy children from
a range of ethnic backgrounds

4.1 Introduction:

This chapter includes an assessment of the feasibility of lung clearance index, normative data

and the challenge of defining ethnically specific normative data.

Lung clearance index has been shown to be of value in the assessment of lung disease in
children with cystic fibrosis and other diseases (52). LCI has been widely used in cystic fibrosis
(CF, where it is a sensitive marker of early lung disease) (55,69), primary ciliary dyskinesia
(PCD) (86,87), and there is developing evidence in non-CF, non-PCD bronchiectasis. It has
been shown to be feasible in a range of different settings and guidance has been produced on
the necessary operator training, experience and support required.

To enable LCI to be used as a robust tool in research and clinical practice, specific protocols,
operator training and certifications have been developed. There is a potential for MBW to be
used for non-invasive monitoring of chronic diseases like bronchiectasis, asthma and interstitial

lung disease. (70,75,190,191).

Several commercial devices for measuring LCI have been developed over the previous 10
years. There are important differences between these devices and the results have been
shown to not be interchangeable between the devices, as explained in section 1.5.1 (“Medical

gas and gas analyser choices”).
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4.1.1 Device specific normative data:

Lung clearance index (LCI) is a measure of uneven ventilation measured by multiple breath
washout (MBW) of an inert tracer gas from the lungs. The use of LCI as a clinical tool has
been aided by the availability of several commercial systems that are designed to be easy to
use and relatively cheap to operate. However, there are important differences between
available devices including the method of data acquisition and the tracer gas used. The results
from these devices are not interchangeable. Normative data is not available for all devices and

all inert gas setups.

To interpret the results for a particular commercial device with a particular tracer gas, there
must be a good understanding of the range of normal that exists for the population. This
work examines the EasyOne Pro LAB with a nitrogen gas washout setup. Research has
previously examined the range in groups of children up to early adulthood (Figure 4.1). This
has demonstrated a suggested range of normal but the groups of children have been small
(less than 45 in total), and there is no detail as to the characteristics of these children. The
range of mean LCI for these cohorts of healthy children is from 6.78 to 7.40 lung clearance
index units with age range from 5 years to 17 years. This compares to a range of mean LCI
for healthy children using the Exhalyzer with nitrogen washout of 6.1 to 7.05 lung clearance

index units with children of a similar age (113,154)
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Figure 4.1: ndd EasyOne Pro LAB nitrogen washout assessment of lung clearance index
y axis: cohort mean LCI; x axis: cohort age range. Height of box represents 1+/- standard
deviation (note- SD for Zwiterloot et al not available, range shown), width of box
represents age range of cohort.

Oestreich et al, A non-systematic signal-correction error in a commercial multiple-breath
washout device significantly impacts outcomes in children and adults, medRxiv, 2022
(192)

Poncin et al, Agreement between multiple-breath nitrogen washout systems in children
and adults, Journal of Cystic Fibrosis, 2017 (113)

Zwitserloot et al, Differences in lung clearance index and functional residual capacity
between two commercial multiple-breath nitrogen washout devices in healthy children and
adults, ERJ Open Research, 2020 (115)

Isaac et al, Validation of the NDD easyone pro lab multiple breath nitrogen washout
system in children, Pediatric Pulmonology, 2018 (193)
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4.1.2 Ethnicity specific normative data:

Population specific normality data is crucial for wider application of LCI measurement in
routine clinical practice. As previously discussed, ethnicity has not been well defined in
research and there have been differences described in measures of lung function between

populations of varying ethnicities (144,145).

Sonnappa et al have reported normative LCI values from ‘White’ and ‘South Asian’
backgrounds (148). These data (of 37 and 31 children respectively) showed no significant
difference between the groups but it has not been repeated in other data sets or in other
groups of ethnicities (118). The description of each group (White and South Asian) does not
provide more detail as to the ethnicity of the participants which has been highlighted as an

important factor in the assessment of normative data in lung function (144).

Differences have been described in the lung function test results in children from different
ethnic backgrounds. In spirometry assessment, clinical interpretation of spirometry results
commonly use ethnic-specific values, developed by the Global Lung Function Initiative (GLI)
but important questions have been raised about the use of ‘race correction’ software.

LClI is a measure that is internally adjusted for the size of an individual’s resting lung capacity
(the total volume of gas required for washout is divided by the functional residual capacity)
which theoretically will remove the influence of an individual’s anatomical differences that

may affect lung volumes (118,147,148).

Lung clearance index has previously been demonstrated to be influenced by changes in age

(infancy and old age) whilst reportedly remaining stable through childhood and early
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adulthood. This is discussed in detail with the section on clinically relevant factors affecting

lung clearance index, starting on page 47.

4.1.3 Feasibility and practically measuring Lung Clearance Index:
Any test that is consider for use in the clinical setting should be easy to use, practical,

repeatable, and realistically achievable by the population intended for investigation.

The technological advances in commercial MBW devices have resulted in the availability of
portable machines using standard medical oxygen and air supply which can be used in an office
setting. Two devices using nitrogen as the tracer gas are commonly used (Exhalyzer D (Eco
Medics, Duernten, Switzerland), the EasyOne Pro LAB (ndd Medical Technologies, Zurich,

Switzerland).

The successful measurement of LCI using the Exhalyzer D is dependent on the age and the
prior experience of the participants and the professionals performing the test (194). Various
studies have reported success rates ranging from 24 - 100% (75,195). The time and the number
of attempts required to obtain a valid LCI measurement in children has not been described in

detail for the Exhalyzer nor the EasyOne Pro LAB.

4.1.4 Summary:

This chapter will describe the normative data for lung clearance index in healthy children of

school age from a range of ethnic backgrounds using nitrogen washout and the ndd EasyOne
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Pro LAB device. We assessed the feasibility, success rate, number of attempts and time

taken to obtain acceptable LCI results in these healthy primary school children.

4.2 Hypothesis:

e There are no differences in Lung Clearance Index in healthy children from differing

ethnic backgrounds
4.2.1 Aims:

1. To establish LCI normative data for children age 6 to 12 years of age using nitrogen
washout on the ndd EasyOne Pro LAB

2. To determine differences in LCI between healthy children from different ethnicities

3. To establish the feasibility and practicality of the use of the ndd EasyOne Pro LAB in

obtaining LCI in children naive to its use

4.3 Methods:

Children were recruited into the study from a range of sources as previously described on
page 99. They completed written assent where able with parents/guardians providing written
consent. Ethical approval had been obtained from the Health Research Authority (Yorkshire
and the Humber-Leeds West Research Ethics Committee, reference 20/YH/0028).
Demographic data was measured including height, weight, and sex; participants (or their

parent/guardian) self-reported their ethnicity. To assess other potential influences upon lung
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function, the home environment was recorded with questions identifying location via the first
three figures of the postcode, documenting the presence of household adult smoking and
identifying socio-economic status using the index of multiple deprivation. Their health status
was assessed with a short questionnaire identifying previous medical history against the pre-

determined exclusion criteria:

- No previous hospital admission for a respiratory condition

- No physician diagnosis of asthma at any time

- No history of chronic cough (defined as greater than 6 weeks in length), during the last
one year

- No history of recurrent wheeze (defined as greater than two episodes of wheeze during
the previous one year)

- Born at a gestation of less than 37 weeks

- Born following intrauterine growth restriction

- A previous medical history that includes congenital heart disease

4.3.1 Assessment of Lung Clearance Index:

MBW was performed on a single test occasion using the EasyOne Pro LAB and LCI analysed
using the inbuilt software. Detailed instruction was given on the technique with explanation
and demonstration as required. 100% oxygen medical gas supply was used. Distraction was
provided via a tablet playing an age suitable video audible through over-ear, noise-cancelling

headphones. LCI was calculated from a mean of three acceptable washouts, two washouts
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were used if the patient was unable to perform three. Participants were coached in between
washout trials to improve quality. Participants were encouraged to perform repeated washouts

until the adequate number of trials of acceptable quality had been reached.

The LCI test session was stopped upon successful completion of the test, upon request of the
subject/family, or when, in the judgement of the operator, no result was likely to be achieved
from further washout attempts. Each LCI washout was performed according to manufacturer
instruction with these standards adhering to previously published protocols on the acquisition
of multiple breath nitrogen washout (52,190). Following multiple breath washout, each subject
was instructed in and performed spirometry using the EasyOne Pro LAB according current

standards (130).

Further details on the measurement of LCI is described in Chapter 3, page 103

4.3.2 Sample size and power calculation:

Recruitment of participants was opportunistic as previously described. Recruitment was
challenged due to a curtailed time frame and limitations on participant movement due to the
COVID-19 pandemic.

There is limited data which can be used to support formal power calculations. Previous studies
have used sample sizes of 30-34 to demonstrate differences between groups (external to birth
weight, sex, height and maternal smoking) (115,148). This aims to achieve 80% power with a

two sided significance level of 0.05 to detect a difference of 10% in LCI.
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4.3.3 Reporting of ethnicity in research:

The study recorded self-reported ethnicity of participants using the United Kingdom Census
list of ethnic groups (188). Research on lung function in the general population has not reported
race/ethnicity regularly or reliably and it is not clear if race/ethnicity is even the correct
category of data to record (144,196). Self-reporting of race/ethnicity is recommended by the
ATS/ERS and was the deciding factor on how ethnicity data was collected for this data set.
However, this method is not ideal as it can be influenced by the categories offered to

respondents and subject reporting can change with time and location (144).

The ideal method of recording such important information is not clear and there are important
issues within lung function research including the rationale for categorisation of race/ethnicity,
recording the impact of socioeconomic disparity and the recording the impact of systemic
barriers in healthcare, that are equally, if not more important in having clinically meaningful

results (144,197,198).

4.4 Results

4.4.1 Clinical characteristics of children participating:

Seventy-two participants were recruited who all attempted to perform lung clearance index.
The mean age was 9.4 (1.4) years and 37 were female (51%) (Table 4.1). Recruitment is

shown in the consort diagram below (see Figure 1.1. Participants screened were excluded

primarily due to participant unwillingness to complete the study tests that were described to
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them as part of screen. (Several reasons were given for this including the test sounding
worrying, implications of COVID, but mostly, there were logistical concerns with the time

required to perform the study visit).

Screened (n = 158)

Excluded (n = 86)
* Participantunwilling(n = 48)
Previous respiratoryillness (n = 12)
* Prematurity (n = 8)
* Asthma (n=18)

Y

Consented (n = 72)

Y

Demographics (n=72)

LCI (n = 51)

Spirometry (n =72)

Figure 4.2: CONSORT diagram of participant screening, consent and study tests
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Healthy Children (n=72)
Age, years (mean, SD, range) 9.4,15,6.0-11.8
Female 37,51%
Height, cm (mean, SD) 138.0, 10.4
Height, centile (mean, SD) 62.0, 25.6
Weight, kg (mean, SD) 36.1,13.0
Weight, centile (mean, SD) 62.0, 28.1
Ethnicity
White 35, 48.6%
Mixed/Multiple ethnic groups 5, 6.9%
Asian / Asian British 27, 37.5%
Black / African / Caribbean / Black British 2,2.8%
Other ethnic group 3,4.1%

Table 4.1: Demographic details of healthy participants

Number and percentage unless otherwise stated. SD: standard deviation, FEV1: forced
expiratory volume in one second, FVC: forced vital capacity

All subjects were able to perform spirometry; FEV1 mean 98.2% (1.82L), range 79% - 127%
(0.98L — 2.84L), FVC mean 98.4%(2.08L), range 72% - 127% (1.07L — 3.09L). The largest
group were White British children (34 participants, 47.2%, all participants identifying as White
English, Irish, Scottish, Welsh or British), followed by those from Indian Subcontinent (26
participants, 36.1%, all identifying as Indian, Pakistani, or Bangladeshi). 2 patients (2.8%)
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were of Black African ethnicity, 5 (7.0%) were of mixed or multiple ethnic groups and 3 (4.1%)
were of Arab ethnicity. The ethnic groups ‘White British’ and ‘Indian Subcontinent’ were used
as geographically appropriate combinations to be able form groups for comparison and have
been used for ethnic comparisons in previous research (199-201). Many of the participants
lived in an urban major conurbation (79.2%) and 12.5% lived in a household with an adult who

smoked.
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Healthy Children (n=72)

White

English/Welsh/Scottish/Northern Irish/British 34 (47.2%)
[rish 0 (0%)
Gypsy or Irish Traveller 0 (0%)
Any other white background 1 (1.4%)
Black/African/Caribbean/Black British

African 2 (2.8%)
Caribbean 0 (0%)
Any other Black/African/Caribbean background 0 (0%)
Mixed/Multiple ethnic groups

White and Black Caribbean 2 (2.8%)
White and Black African 1 (1.4%)
White and Asian 2 (2.8%)
Any other mixed/multiple ethnic background 0 (0%)
Asian/Asian British

Indian 22 (30.6%)
Pakistani 3 (4.1%)
Bangladeshi 1 (1.4%)
Chinese 1 (1.4%)
Any other Asian background 0 (0%)
Other ethnic group

Arab 3 (4.1%)
Any other ethnic group 0 (0%)

Table 4.2: Complete ethnic group data for all participants

4.4.2 Lung Clearance Index:
All participants successfully completed spirometry. 51 (70.8%) performed at least two

acceptable washouts and therefore produced a valid LCI result. The mean LCI for this healthy
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population was 7.19 (0.6 SD), in keeping with previous nitrogen washout performed using ndd

EasyOne Pro LAB (Figure 4.1 and Table 4.3).

This thesis Oestreich etal | Poncinetal (113) | Zwitserloot et al Isaac et al (193)
data (192) (115)
Mean LCI 7.19 7.37 6.78 7.2 7.4
Standard 0.6 1.25 0.63 Not published 0.6
Deviation
LCIRange | 6.13-8.45 Not published Not published 6.8-7.5 Not published
Age 6.0-11.8 8.6 -13.9 8.5-13.9 6.1-17.1 5-17.8
(range) (range) (IQR) (range) (range)
Participant 51 8 50 23 45
Number

Table 4.3: Normative data for LCI using ndd EasyOne Pro LAB

This data contributes the greatest number of participants in a tight age group with the mean

LCI extremely close to the aggregate mean of the highlighted studies above. This

comparison is approximate and does not allow confirmation of the normative range due to the

differences in age range and small total numbers. It is however supportive of this data
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Healthy children (n=72)

(White British)|(Indian Subcont.)| P value
n=34 n=26

Age, years (mean, SD) 9.4,1.46 9.60 (1.57) 9.28 (1.40) 0.41*
Male 35, 48.6% 19, 55.9% 12, 46.2% 0.60"
Height, cm (mean, SD) 138.0,10.4 138.40 (10.9) | 138.44 (11.26) 0.97
Weight, kg (mean, SD) 36.1, 13.0 36.16 (14.5) 35.26 (10.96) 0.92
Household smoking 9,12.5% 7 (20.5%) 0 (0%) 0.02*
Index of Multiple Deprivation 15288 (10653) | 14982 (9415) | 15727 (11084) 0.48
Ethnicity
White 35, 48.6%
Mixed/Multiple ethnic groups 5,6.9%
IAsian / Asian British 27, 37.5%
Black / African / Caribbean / Black British 2,2.8%
Other ethnic group 3,4.1%
Rural/Urban Location
Al: Urban major conurbation 57 (79.17%) 23 (67.6%) 24 (92.3%) 0.03%
C1: Urban (City and Town) 8 (11.11%) 5 (14.8%) 1 (3.85%) 1.00*
D1: Rural (Town and fringe) 3(4.17%) 3 (8.8%) 0 (0%) 0.25%
E1: Rural Village 2 (2.78%) 2 (5.9%) 0 (0%) 0.50*
F1: Rural hamlet and isolated dwelling 1 (1.39%) 1(2.9%) 0 (0%) 1.07
Unknown 1 (1.39%) 0 (0%) 1 (3.85%) 0.43%
Spirometry
FEV1% (mean, SD) 98.2%, 10.6 98.4 (10.3) 98.77 (11.84) 0.99
FVC% (mean, SD) 98.4%, 11.5 98.6 (12.3) 98.73 (11.65) 0.99
LCI (mean, SD) 7.19,0.6 7.04 (0.64) 7.20 (0.55) 0.33

Table 4.4: Demographic data for healthy participants.

Mean (SD) and Mann-Whitney test unless otherwise specified. FEV1: forced expiratory
volume in one second, FVC: forced vital capacity. FEV1 and FVC reported as percent
predicted, GLI reference data [13]. *Unpaired t-test, *Fischers exact test
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4.4.3 Feasibility and practicality of lung clearance index:

Six participants (8.3%) were able to perform only one acceptable washout, and 15 participants

(20.9%) were not able to perform any. Those who were unable to complete any successful

washouts had a mean of 6.6 attempts (range 2 to 9), with a mean age of 9 (1.4) years (Table

4.5).

Acceptable washouts 0 1 2 3 P Value
Number (%) 15 (20.8%) | 6(8.3%) | 29 (40.3%) | 22 (30.6%)
Age (mean, SD) 9.1 (1.4) 9.1 (1.4) 9.1 (1.5) 10.1 (1.3) p=0.052
Attempts (mean, range) 6.6 (2-9) 6.7 (6-8) 7.7 (5-10) 6.6 (4-9) p=0.8
Number of washout N/A* 3.8 (2-6) 3.5(1-8) 2.9 (1-7) p=0.2

attempts before 1
success (mean, range) (*

test abandoned)

Table 4.5: Demographic and washout information grouped by number of acceptable

washoults.

Groups analysed by Kruskal-Wallis test.

4.4.3.1 Successful vs. unsuccessful participants:

When comparing participants who were successful (two or more acceptable washouts) vs. those

who were unsuccessful (none or one acceptable washouts), there was no difference in their age

(p=0.44), their lung function assessed by spirometry (FEV: and FVC, p=0.17 and p=0.22
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respectively), the length of time taken to complete the test (minutes) (p=0.36), the total number
of trials completed (p=0.53), the participants height (p=0.87) or weight (p=0.47), nor the Index

of Multiple Deprivation (p=0.09). Group difference assessed by unpaired t test.

It was noted that success of achieving an LCI result increased over the course of the study. We
divided the study cohort in to two equal, 36 subject groups (early and late) in the chronological
order of subject recruitment; there was a significant difference in the success rates between the
groups (19 of 36, 52.7% vs. 32 of 36, 88.8% respectively; p=0.001). There was no significant
difference between these groups of participants’ age, spirometry (FEV1 and FVC), the number
of trials performed or LCI, but there was a difference between the early and late groups in
relation to the time taken to complete the test (27.1 min vs. 31.1 min respectively, p=0.02) and

the proportion of White participants (66.7% vs. 27.8% respectively, p=0.0019).

4.4.3.2 Requirements for successful LCl test:

The 51 participants who were successful required a total of 351 washout attempts; mean 6.9
(1.5 SD). To be feasible, these LCI occasions were tested against a theoretical maximum LCI
trial limit. For example, if limited to 6 trials, in this scenario, only 22 (30.5%) of the 72 LCI

tests measured in this study would have been successfully completed (Table 4.6).
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Theoretical Washout Limit | 4 5 6 7 8 9 10
(Number of washouts)

Number  of  successful 3 8 22 33 45 49 51
participants at this limit (n | (4.1%) | (6.9%) | (30.5%) | (45.8%) | (62.5%) | (68.1%) | (70.8%)

%)

Table 4.6: The theoretical effect of limited LCI test by number of trials

The mean length of time for an individual washout trial was 106 seconds. The mean total time

for a subject to complete all washouts was 29.1 (7.5) minutes inclusive of the mandatory delay

time between trials to allow rebalance of the nitrogen in the participants’ lungs. This mean

total does not include any time for explanation, instruction and device set up or cleaning of

device after completion. There was no significant difference between the time taken to test

participants who were successful vs unsuccessful in producing an LCI (29.9 (7.41) vs. 27.3

(7.24) minutes respectively, p=0.36). There was a trend of greater time taken between the early

and late cohorts of our sample (sample population split into early and late by time of

recruitment in to trial), but this difference was not statistically significant; early 27.1 (6.8)

minutes, vs late 31.1 (7.7) minutes, p=0.09 We explored a theoretical time limit for the test

length on overall success (Table 4.7).
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Theoretical Time Limit 10 20 30 40 50 60
(minutes)

Number of successful 0 0 14 39 48 51
participants at this imit(n | ooy | 000y | (10.49%) | (541%) | (66.6%) | (70.8%)
%)

Table 4.7: Effect of limiting LCI test by number of trials.
Participants who successfully completed the test had within test repeatability assessed for
LCI (CV 4.68%), and FRC (CV 3.21%).

Of the 43 participants who were able to produce at least one acceptable washout within their
first four attempts, 40 (93%) were able to go on to complete a successful LCI test. Of the 29
participants who were not able to produce an acceptable washout within their first four

attempts, only 11 (37.9%) went on to achieve a successful LCI test.

4.4.3.3 Trial Rejection:

72 participants performed 490 trials in total. 360 (73.4%) trials were rejected with the most
common reason being the inability to maintain a satisfactory tidal breathing pattern (317,
64.7%). Other reasons for trial rejection included leak [23 (4.7%)], and the subject being
unwilling to continue [9 (1.8%), usually due to the sensation of the nose clip or reporting a dry
mouth/cough]. Following these exclusions, a further 11 (3.1%) were rejected for excessive
variation in FRC from the mean as per recommended guidance (52). 15 participants could not

perform any acceptable washouts, with 99 attempts between them.
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There was a significant difference in the mean respiratory rate of all trials of participants
grouped by the total number of successful trials they completed (0 success, 32.5/min; 1 success,
27.8/min; 2 successes, 25.2/min; 3 success 24.6/min; p=0.0002, Figure 4.3). The mean tidal
volume of all trials was 370ml (105ml) with a small, although non-significant, increase in tidal
volume when grouped by the total number of successful trials completed (O success, 321ml; 1

success, 369ml; 2 successes, 380ml; 3 successes, 389ml, p=0.24).
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Figure 4.3: Mean respiratory rate grouped by total number of acceptable trials.

The mean respiratory rate of each subject (mean of all trials, acceptable and unacceptable)
grouped by total number of acceptable trials achieved by the subject, data shown as mean
(standard deviation). Analysis using Kruskal -Wallis test, p=0.0005
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4.4.3.4 Consistency of LCI:

Multiple breath washout was successful in 70.8%, the coefficient of variation was 4.68% (LCI)
and 3.21% (FRC). Spirometry was successful in 100%. LCI coefficient of variation was not
correlated with age (p=0.8), lung clearance index (p=0.6), index of multiple deprivation
(p=0.8), height centile (p=0.7) nor weight (0.1). FRC coefficient of variation was not correlated
with LCI (p=0.7), index of multiple deprivation (p=0.2), height (p=0.5) and weight (p=0.5),
but it was significantly correlated with age (p=0.003) see Figure 4.4. Increasing age of
participant was correlated with increasing coefficient of variation of FRC (p=0.003).

Correlation assessed with Spearman r correlation coefficient.
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Figure 4.4: Coefficient of variation (CV%) of FRC with age
Spearman r p=0.003
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4.4.4 Lung Clearance Index in participants from different ethnic groups:

There was no difference in lung clearance index nor spirometry measures, (using percent
predicted), between the ‘White British’ or ‘Indian Subcontinent’ groups; analysis of other
ethnic subgroups was prohibited by the small numbers. It was noted that a greater proportion
of participants from the ‘White British’ group lived in a household with an adult smoker see
Table 4.4. There was no significant difference in LCI between groups of patients from a

smoking vs. non-smoking household (Mann-Whitney t-test, p=0.55).
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Figure 4.5: LCI from White British and Indian Subcontinent healthy children
Mean, SD; 7.04, 0.6 and 7.20, 0.55 respectively
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4.4.4.1 Lung Clearance Index and participant demographics:

The participants in this study are within a small age bracket (over 6 years, less than 12 years)
and so there is minimal relative change in age, height and weight between participants.
These demographics were assessed with simple linear regression separately for all the
covariates (age, height, weight). Lung clearance index showed only a weak association for
age, weight and height (0.31, p=0.02; 0.28, p=0.04; 0.29, p=0.03 respectively), see Figure

4.6.

133



120 130 140 160 160 B T 8 9 o 11 12

. . .
. . . . e
g 2, . ‘e - . ., -
.. . " .
. . .
] LI - LT . LY - .
;_ . @ L] - - -
. . .
*ae - - - s - -
%o ses . - . . " .t . Q
-~
o . . . g . - - .
. . LLE .~o " . . LI
. . .
. - .. - -
24 ¢ . - :. . ¢ -,
- . . " - .
o | - - -
. . . F o
.. - . o
. - .
L . L . -
. . .
H L] .u . . - i
. ot . . .
s -
A . > LI
L] ] [{=] - L ow
. . . o . -
: - - ..q . L] L] L] O.
ses *° POt ° * . . - =
o tof o o e ., =
. . . . .
- L * % . ® - | =
. L Rt . R N . =
. - . - LN
T e * o . * e . " -
=}
ra _fe - . .
L T 1 . % . * - -
L Y . . ue
. [} LI L ., e o
Paee S22 Al l:.t S . "t og. .
- L Y * [ . '
= L i .
- . = . & 8 - - -
LRI - LI ] -
LI E - . N
. o . .
2 [(s]
. = . .
—
. . .
- . -
@
. - .
*. H . *
L . . L] —Q
* . * . - .
- - -
. - -
. . . =
.o ° .e . . ._g
T ., . . . . -
LR} -t - . -
o, °te R - e * *ae
w0 . . . -
- . . . Fz
. . .
- LR AL D . - s 0 *
¢ . . . ., . . . "
.30 " : L] - - * L o
ey . . e tea, B
. - . - . L]
. - .
- - . -
T T T T T T T T T 2
20 40 60 80 65 70 78 80 85

Figure 4.6: Matrix scatterplot of LCI, Age, Weight and Height
LCI: lung clearance index. Age shown as years, Weight in kilogram, Height in centimetre.
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4.5 Discussion:

4.5.1 Summary of principal findings

The aim of this chapter was to demonstrate normative values for LCI in children from ages 6
years to 12 years using the EasyOne Pro LAB device and to assess differences between
healthy children of differing ethnic groups. In the measurement of LCI in this cohort, | also

wanted to assess the feasibility and practicality of measuring LCI using this device.

I measured LCI in 72 healthy children finding the measurement feasible, but with challenges
including the length of time to measure, the inability of some children in being able to
perform adequate technique and also showed the importance of operator experience. |
demonstrated a range of LCI across this cohort of children with values in keeping with
previously published data. Examining LCI between two groups of children from different
ethnicity, | showed there was no significant difference between groups of children identifying

as White British and as South Asian.

4.5.2 Normative Data:

The data presented here includes lung clearance index reported from two ethnic groups; there
was no statistical difference detected between these groups although there is a suggestion of a
higher mean LCI from those in the Indian Subcontinent (mean 7.20 vs. 7.04). The groups were
not matched across all factors (sex, height, weight, age). The smaller sample size of the groups
in this data set may have precluded a true difference being demonstrated (with 36 participants

and 26 participants recruited from White British and Indian Subcontinent groups, with 22
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participants from each group successfully providing data). However, the conclusion of no
significant difference is in keeping with other data already published as previously mentioned

and is also supported by the likely physiological factors involved.

The normative data generated in this study contributes to the general dataset available and will
provide useful guidance to the community who use lung clearance index. This study
demonstrated a very small, but significant decrease in LCI with increasing age, height and
weight from those age 6 years up to 12 years of age with no association between LCI and sex.
This trend is in keeping with other data on school aged children using nitrogen washout on the
Exhalyzer D, from age 6 to 18 years, where they reasonably describe the small, maximum
change in LCI due to age through this time period as being unlikely to have clinical influence,
and therefore gives the ability to have a fixed upper limit of normal through this age range

(101).

This trend is different to a cohort of children from birth to 19 years, using SF6 as the tracer gas
with room air washout measured by mass spectrometer (118). Here, Lum et al describe that
once children reached the approximate age of 6 years, there was no significant association
between LCI and either height or age, again allowing for a fixed upper limit of normal for the
group.

It is not clear why a significant association exists in our cohort between LCI and subject
demographics (age, height and weight). The association of subject demographics have been

reported previously in school aged children using the EasyOne Pro, with a significant

association found using nitrogen MBW, but not in SF¢ MBW (107,108,193).
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It may be that the younger (and shorter/lighter) participants are influenced more by the noise
and sensation of the EasyOne Pro and therefore more liable to altered tidal breathing patterns
that can influence the washout result. Younger children, with small tidal volumes, are more
likely to be influenced by the equipment dead space (rebreathing expired gases that would raise
LCI). It has already been shown that children using the ndd device for MBW have higher
respiratory rates and lower tidal volumes when compared to testing on other commercial
devices (113,115). The mean respiratory rate for the successful trials in our cohort was 24.1(+/-

5.8), which is in keeping with previously reported figures.

Further work is required to ensure normative data is suitable for the corresponding age groups.

4.5.3 Feasibility and Practicality:

This data demonstrates the feasibility and practicality of measuring lung clearance index using
a readily available commercial device. The total success rate in this data set was 70.8% with
the primary reason for trial rejection being the inability to maintain a pattern of tidal breathing
(64.7% of trials). Individuals took 29.1 minutes to complete the test; success rates improved

during the study.

4.5.3.1 Comparison of success and repeatability with published data:
The total success rate described is in keeping with previously described figures in the use of

lung clearance index in children using a similar MBW set up. Fuchs et al demonstrated success
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of 75% in healthy school age children (mean 12.5 years) using the ndd EasyOne Pro LAB
device with sulphur hexafluoride as the tracer gas (108). Poncin et al (113) achieved a higher,
100%, success rate in a similar age group (mean 11.2 years) using the same device set up. In
a comparison of nitrogen washout using the EasyOne Pro LAB to other devices, Isaac et al
showed a range of successful test rates from 50% to 93% across a range of operators and sites
(100). The coefficient of variation of LCI and FRC within test are similar to previously

reported measures of inter test repeatability (4.85% and 6.22% respectively) (108).

Over time, there was significant improvement in success rate between patients during
progression of the study; this is a pattern which has been seen in previous studies using the
EasyOne Pro LAB, but it is not clear as to the cause of the increase (108). It likely reflects the
impact of staff experience and familiarity on likelihood of success, (LCI guidance gives an
emphasis on training, repeated performance and oversight and support from experienced

centres) (190).

4.5.3.2 Impact of staff training:

Consensus documents and previous research have all highlighted the importance of consistent
staff training and continued quality control processes. This is most important in the data
acquisition and washout selection stage. Here, poor experience or inappropriate acceptance
of inadequate washout trial data could skew the results, potentially with clinically significant

results.
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Previous work examining multi-centre lung clearance index have demonstrated protocols to
minimise these effects (202). Here, in the assessment of LCI in sedated infants (generally
considered to be more technically challenging than older children), standardised multiple
breath washout protocol was used with consistent equipment with a dedicated training session
on acquisition and washout interpretation held for all participating staff. Results from
washouts were reviewed at each local hospital and anonymised for assessment at a
coordinating centre for further quality control, evaluation and analysis. Reports were fed
back to the study site to improve their experience in interpretation of multiple breath washout
readings. They achieved a success rate of 91.8% across three sites with consistency in results

and practice.

This intensive approach of central training and harmonised protocols allowed experience of a
large centre to be transferred to a centre with no previous experience in multiple breath
washout. The single operator collecting the data in this thesis, CH, participated in a large,
multinational therapeutic trial of patients with CF (203). This required multiple breath
washout data collection and was set up in a similar way. Having personal experience of this
process further supports my conclusion that a similar structure would be required in the role

out of LCI for clinical use.

Consideration must be given to how this is established in each centre as requirements will
vary as to the frequency at which LCI is needed which will have an impact on the number of

people requiring training and continued quality control feedback.
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4.5.3.3 Time requirement for LCI:

We have demonstrated participants may need to perform up to ten washouts to obtain a
successful test result. This is a significant investment of time and resources for participants,
their families, and the staff involved. The mean test time of almost 30 minutes is considerable
and aligns with previous measurements of test time with this device (107). It is longer than
test time reported using the Innocor device (Cosmed, Rome, Italy) but similar to the Exhalyzer

D in LCI naive children with CF (121,154).

Using an ndd prototype system, multiple breath washout using SFe took between 30-40 minutes
to achieve a successful lung clearance index assessment in a study examining repeatability and
reproducibility (107). Two of their 46 participants were unable to complete a lung clearance
index test due to inability to cooperate during their first attempt, giving a success rate of 95.6%.
These children were older than those in this work (mean age 12 years), but they were also naive

to lung function testing.

Using the Exhalyzer device, with nitrogen washout, in an assessment of practicability of lung
clearance index in the clinic setting, it was demonstrated that it was realistic to acquire LCI
within a defined 20 minute time frame, but only following adequate instruction and training
(154). Here, children between age 4 and 16 years with CF and healthy controls were assessed
and on this first occasion, 41% achieved two or more tests within the 20 minute period with
the mean length of successful test being 3.3 minutes for those with CF. They describe that with
sufficient training time, it would be possible to achieve a good success rate (80-85%) within a
20 minute limit. Children in this study were aged 11.9 years; it should also be noted that a

proportion of the participants had CF and therefore would very likely have had experience of
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lung function (mostly spirometry) prior to this attempt. That prior experience of lung function
may have boosted the familiarity of interaction with lung function technicians, relaxing
participants and perhaps improving compliance with instruction for LCI that is so vital for a

successful test.

Finally the Innocor device, using SFe as the tracer gas, was assessed for feasibility in an
outpatient clinic setting. This included children from age 5, up to adults aged 59. The median
test time was 18.7 minutes but was even shorter in children (17.8 minutes). 8 children were

unable to complete the required washouts, all adults were successful.

4.5.3.4 Summary:

In this chapter, | have described the experience of healthy, lung function naive, participants
completing an LCI test with one of the strengths of the data reported being the significant level
of detail on the characteristics of both successful and unsuccessful LCI measurements. The
operator completed a comprehensive training programme and prior to this study also
participated in the data acquisition of lung clearance index in a large, international drug trial in

cystic fibrosis with central oversight of the washout data.

A further limitation was that LCI was performed on a single occasion, so we were unable to
assess success rates in longitudinal measures. However, as all participants were naive to lung
function testing, the success rates shown here would likely represent the initiation of a

monitoring programme in a naive clinical population.
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Lung Clearance Index can appear to be a simple to perform test for a patient and has been
applied to several different diseases and a range of patient groups (112). There is particular
emphasis on its use in children due to the non-invasive nature of the test and the ability as a
sensitive measure of disease (69). For the test to become useful in a real-world clinical setting

it must be easy to use for the operator, have a good success rate and be practical in its operation.

One barrier to success in this study was the high proportion of trial rejections due to non-tidal
breathing patterns. The EasyOne Pro LAB uses a gas bias flow system to provide valve-
controlled washout gas which gives a subtle physical and audible sensation to the user at the
onset of each breath. This may contribute to some children having difficultly achieving the
desired technique due to the positive feedback with respiration. Significant efforts were
employed to coach and distract the subject to mitigate this effect in accordance with established
practice and guidance, but despite these efforts, many children continued to have difficulty
(190,195,204). This specific feature of the EasyOne Pro LAB device must be considered

during its operation.

Success rates could be increased by repeated subject performance. Evidence suggests that this
may be the case in both the EasyOne Pro LAB device and with other devices (107,110,151).
It is anticipated that as a clinical team develop experience with LCI on their chosen device, and
participants perform repeat assessments, that feasibility and success rates improve although

this has not been reliably demonstrated. Staff training, experience and support is undoubtedly
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vital. Itis likely that hospital sites will need to have small teams who are able to perform LCI

regularly although this may also affect access to the test.

For a test to be usable within the same clinic visit within which the LCI is measured, analysis
and calculation of LCI must be performed contemporaneously with the result delivered to the
clinician promptly. It is not clear if this would be practicable and this has also been previously

reported as a concern (112).

4.6 Conclusion:

Lung clearance index can be performed in children with no previous experience of lung
function using the ndd EasyOne Pro LAB device. Operator familiarity is essential as are clear
methods to assist in the delivery of a tidal breathing pattern including coaching and distraction.
Multiple washout attempts may be required to deliver adequate results and tests may last
beyond 50 minutes in a healthy cohort and may be longer is those with lung disease; this
information will allow teams to manage participants’ and families’ expectations. Some
participants may be unable to perform the test and time should be dedicated to instruction and

practice if possible.
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Data of healthy children from different ethnic backgrounds demonstrates no significant
difference in lung clearance index and supports the limited data already published in this
area. We highlight the importance of accurate reporting of ethnicity, race and ancestry in order
to accurately represent the populations studied in work developing normative lung function

data.
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Chapter 5: Lung Clearance Index in children with non-
cystic fibrosis, non-primary ciliary dyskinesia
bronchiectasis

5.1 Introduction:

Lung clearance index has been shown to be of value in the assessment of lung disease in
children such as cystic fibrosis (55,69) and primary ciliary dyskinesia (PCD) (86,87). The
potential of LCI, is as a sensitive marker of disease, in a safe, repeatable, non-invasive way to

help guide patient care.

As described in section 1.1, bronchiectasis not caused by CF, nor PCD (henceforth described
as bronchiectasis) is a diagnosis of increasing prevalence and significant morbidity in children
and young people. In section 1.2, | highlighted the current challenge of monitoring in

bronchiectasis with the illustrated potential of LCI.

This chapter examines LCI in children with bronchiectasis and the potential value as a marker

of disease.

5.1.1 LCI in children with bronchiectasis

We have published a systematic review examining the role of LCI in bronchiectasis (Chapter
2 (155)). To briefly summarise, the available data for children is extremely limited. A

literature search found only five paediatric studies which describe a small number of children.
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The highest quality study compares LCI with spirometry in a group of 12 children with
bronchiectasis (164). Here, it was shown that LCI and FEV1 was significantly correlated along
with individual signs of bronchiectasis seen on HRCT (see Table 2.4); extent of bronchiectasis,
r=0.8, p=0.002; severity of bronchiectasis, r=0.7, p=0.01; airway wall thickening, r=0.7,

p=0.01; and air trapping, r=0.8, p=0.0006. This is similar to data from adult studies (170,171).

This existing data does show promise in the role of LCI in children with bronchiectasis but
consideration must be given to the wide range of aetiologies of bronchiectasis and there must

be caution from extrapolating data from other disease groups into this cohort.

5.1.2 Other non-invasive tests for monitoring of bronchiectasis

To assess severity, monitor care, or review the impact of new or discontinued treatments,
objectively measured data is helpful to the clinician. We have previously described the role of
high resolution computed tomography (HRCT) (section 1.1.4.1), spirometry (section 1.1.4.2),
and microbiology (section 1.1.4.3). None of these approaches are without their questions or

challenges.

HRCT requires exposure to a not insignificant amount of radiation (0.57-2.79 mSv for helical
scans and 0.22-0.59 mSv for axial scans (205)) . This must be considered if repeated measures
of disease by HRCT are required (which would be the case for the monitoring of care).
Frequent HRCT (without a clear clinical question) is also not recommended in recent

international guidance (2).
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Spirometry is non-invasive and repeatable but as previously demonstrated in data from
populations of people with CF and in adults with bronchiectasis, it may not be sensitive enough

to detect clinically relevant changes.

Microbiology data is important and illustrates both active infection and colonisation. Reliably
obtaining airway specimen for culture is difficult in children, particularly those who are
younger (2). This likely influences the reliability of these tests. Furthermore, it is not fully
established that colonisation with pathogens contributes to progressive lung damage or if

colonisation occurs in those with already accelerating disease (206).

It is for these reasons that we explore the potential of LCI in the assessment of bronchiectasis
where it may play a role in providing additional information to the current battery of

investigations available.
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5.2 Hypothesis:

e Inchildren with non-cystic fibrosis, non-primary ciliary dyskinesia bronchiectasis, with
evidence of disease on CT imaging, that Lung Clearance Index is a more sensitive

disease marker than FEV1.
5.2.1 Aims:

1. To establish the relationship between LCI and measures of spirometry for children
with bronchiectasis.

2. To establish the relationship between LCI and structural changes seen on HRCT for
children with bronchiectasis.

3. To determine the sensitivity of LCI in detecting bronchiectasis otherwise diagnosed

on HRCT.

5.3 Methods:

This study included children with bronchiectasis, plus a group of healthy children previously
described as a comparison cohort. The group of healthy children are the same cohort described
in Chapter 4:. All participants completed a single study visit where they completed lung
function testing and demographic data was gathered as has been previously described in

Chapter 3.
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5.3.1 Nitrogen multiple breath washout

Nitrogen washout was performed using the ndd EasyOne Pro LAB device. Participants were
instructed in its use and coached between trials. Participants were in the seated position with
distraction via a tablet screen and headphones. Regular, tidal breathing was encouraged
targeting tidal volumes between 8 and 15 ml per kg of the participants ideal weight. Washouts
were completed when three consecutive breaths were completed with nitrogen concentrations
less than 2.5% of the original concentration. FRC, LCI, tidal volume and respiratory rate were
recorded. Attempts at nitrogen washout continued until the adequate number of acceptable

washouts were achieved, or the subject reported they were unable to complete further washouts.

5.3.2 Spirometry:

Spirometry was completed as per ATS/ERS guidance using the ndd EasyOne Pro LAB. Three

attempts of adequate quality were recorded with the results from the best attempt taken.

5.3.3 Recruitment:

Children with bronchiectasis (diagnosed on HRCT) were recruited from specialist
bronchiectasis and general respiratory clinics at Birmingham Children’s Hospital, Birmingham
Children’s and Women’s NHS Trust. Participants were identified after clinical coding and
patient database review. Patients were included if they were aged 6 years up to 12 years of age
and had a radiologically (HRCT) confirmed diagnosis of bronchiectasis within the previous

two years. Written consent was obtained from all participants.
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Exclusion criteria:

- Arrespiratory exacerbation (requiring antibiotic or physiotherapy escalation) within the
previous 4 weeks
- A concurrent diagnosis of:
o neuromuscular disease
o neurological disability
o congenital structural airway/gut/thoracic disease
o cystic fibrosis

o primary ciliary dyskinesia

Inclusion criteria;

- Diagnosis of bronchiectasis demonstrated on HRCT

- HRCT performed with two years of study lung function testing

5.3.4 High Resolution Computed Tomography Imaging:

HRCT images for each patient were reviewed by two independent radiologists and were scored
using a standardised scoring system, the Brody score (178). An overall score is obtained within
which are specific scores for bronchiectasis, mucous plugging, peribronchial thickening, and
parenchymal disease. This score includes Hyperinflation and air trapping but was not assessed
in this study as many of the participants did not have expiratory images as part of their HRCT

as was local practice.
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HRCT scoring systems have been widely used in research, particularly within cystic fibrosis,
with the Brody score being a recommended system as an endpoint is assessing lung disease
related to cystic fibrosis (207). No specific scoring systems exist for non-CF, non-PCD
bronchiectasis but CT remains a widely used tool to assess bronchiectasis due to its sensitivity
over chest xray and lung function (208). The Brody score was chosen for its good between
and within observer variability, and its previous use in large studies of subjects with

bronchiectasis (171,207)

5.3.5 Sample size and power calculation

There is limited previously published data that could be used for comparison. The previous,
largest study of children with bronchiectasis in the assessment of LCI contained just 12
children (164). This is representative of the challenge of assessment in children with this

condition that is of low frequency.

Studies in adults with bronchiectasis (171) have used greater size of cohort to determine the
relationship between HRCT and LCI; 60 patients recruited including allowing for dropouts or
technical exclusions. Smaller numbers have been used in the literature when examining for
differences in LCI between two groups. Zwitserloot et al (115) used the data from
Raaikmakers et al (116) to calculate a requirement of 9 participants in order to detect a
difference of 10%, achieving 80% with a two-sided significance of 0.05. Due to expected

variation of FRC measurements, and with an approximated drop out rate of 10% they aimed
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to recruit 40 participants in total (20 children and 20 adults) with result reported separately.

18 children were included in the final analysis.

This study recruited from specialist clinics, and recruitment was limited by the small number

of patients with the condition and meeting all inclusion criteria.

5.4 Clinical characteristics of children participating:

Thirteen patients were recruited with bronchiectasis from specialist clinics at Birmingham
Children’s Hospital. The mean age was 9.9 years, 54% were male. On review of subject
medical background, there were a range of causes for the bronchiectasis noted; post infection
(7, 53%), immunodeficiency (1, 7.7%), juvenile idiopathic arthritis (1, 7.7%), and the cause

noted as idiopathic (4, 30.8%). 9 were White and 4 were Asian.

72 healthy children were recruited: 35 male, age 9.4 (1.46 SD) years (Table 5.1). 35 were
White, 5 of mixed ethnicity, 27 Asian, 2 Black and 3 of another ethnicity. This cohort of
healthy children are the same group reported in Chapter 4: Lung clearance index in healthy

children from a range of ethnic backgrounds on page 111.
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5.5 Results:

5.5.1 Clinical characteristics of the children participating

Thirteen participants were recruited who all performed lung function tests as described in the
methods section. 72 healthy children were recruited as a comparison cohort, their
recruitment and results are described additionally in Chapter 4. The mean age was 9.9 (1.7)

years and 7 were male (54%), see Table 5.1.
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Bronchiectasis (n=13) | Healthy Children (n=72) | P value
Age, years (mean, SD) 9.9,1.72 9.4,1.46 0.26*
Male 7, 54% 35, 48.6% 0.77%
Bronchiectasis aetiology (n, %)
Post infection 7,53.8% NA -
Immunodeficiency 1,7.7% NA -
Juvenile idiopathic arthritis 1, 7.7% NA -
Idiopathic 4, 30.8% NA -
Height, cm (mean, SD) 137.9,125 138.0, 10.4 0.78
Weight, kg (mean, SD) 33.5,9.4 36.1,13.0 0.43
Household smoking 3,23.1% 9,12.5% 0.38%
Ethnicity*
White 9, 69.2% 35, 48.6% -
Mixed/Multiple ethnic groups 0, 0% 5, 6.9% -
Asian / Asian British 4, 30.7% 27, 37.5% -
Black / African / Caribbean / Black British 0, 0% 2, 2.8% -
Other ethnic group 0, 0% 3,4.1% -
Rural/Urban Location
Al: Urban major conurbation 8 (61.54%) 57 (79.17%)
C1: Urban (City and Town) 4 (30.77%) 8 (11.11%)
D1: Rural (Town and fringe) 0 (0%) 3 (4.17%)
E1: Rural Village 1 (7.69%) 2 (2.78%)
F1: Rural hamlet and isolated dwelling 0 (0%) 1 (1.39%)
Unknown 0 (0%) 1 (1.39%)
IMD Score 13816 (8867) 15288 (10653) 0.71
IMD National Decile - 1 2 (15.38%) 18 (25%)
IMD National Decile — 2 1 (7.69%) 2 (2.78%)
IMD National Decile — 3 2 (15.38%) 4 (5.55%)
IMD National Decile — 4 3 (23.08%) 5 (6.94%)
IMD National Decile — 5 0 (0%) 12 (16.67%)
IMD National Decile — 6 2 (15.38%) 3(4.17%)
IMD National Decile — 7 0 (0%) 7 (9.72%)
IMD National Decile — 8 2 (15.38%) 5 (6.94%)
IMD National Decile -9 0 (0%) 10 (13.89%)
IMD National Decile - 10 1 (7.69%) 6 (8.33%)
Lung Function
FEV: (mean, SD) 76.3%, 18.5 98.2%, 10.6 p=0.0002
FVC% (mean, SD) 84.6%, 15.7 98.4%, 11.5 p=0.005
LCI (mean, SD) 951,22 7.19,0.6 p<0.0001
HRCT Score, total* (mean, SD) 19.63, 12.99 NA -

Table 5.1: Demographic details
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Demographic detail for participants with bronchiectasis and healthy controls. N, % and
Mann-Whitney test unless otherwise specified. FEV1: forced expiratory volume in one
second, FVC: forced vital capacity, LCI: lung clearance index, HRCT: high resolution
computed tomography. *Unpaired t-test, *Fischers exact test. *Welch T-Test

5.5.2 Feasibility:

85 patients performed a total of 573 washouts; mean 6.3 (2.3 SD). 64 (75.3%) patients were
able to produce a valid test (at least two acceptable washouts), (all 13, 100%, patients with
bronchiectasis and 51, 70.8%, of healthy participants). Participants with bronchiectasis were
more likely to complete the LCI test (Fishers exact test, p=0.03). All participants were able to
perform adequate spirometry; there was no difference in spirometry in healthy participants
between those able to perform a valid LCI test, and those who could not. Those with
bronchiectasis did take longer to complete a test, but this was not significant; (healthy
participants (34.1 min, 7.46 SD) and participants with bronchiectasis (37.0 min, 7.29 SD)).
The most common reason for participants failing a washout attempt was a non-tidal breathing

pattern.

5.5.3 Healthy children:

This data is also presented in detail in Chapter 4 as suggested normative data for this
population. The mean LCI was 7.19 (0.6 SD). This is in keeping with previous nitrogen
washout performed using ndd EasyOne Pro LAB. LCI was consistent in measurement with

the coefficient of variation being 4.68%. T
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Using this normative data generated by this cohort of healthy children, an upper limit of
normal can be generated, defined as the mean LCI + 1.96 x standard deviation (136). This is

calculated as:
7.19 + (1.96 x 0.6) = 8.36.

This can be compared to other data generated from healthy children using the ndd EasyOne
Pro LAB from Table 4.3. Poncin et al (113), upper limit of normal 8.01; Isaac et al (193),
upper limit of normal 8.57. Data from Zwitserloot et al (115) cannot be used in this way
without a published standard deviation. Data from Oestreich et al (192) was not used to
generate an upper limit of normal due the small subject numbers and unusually large standard

deviation, potentially introducing bias.

Healthy children had a range of lung clearance index of 6.13 to 8.45. One participant had an
LCI that was greater than the upper limit of normal that was generated by this data but less

than the upper limit of normal generated from other, similar data as noted above.

5.5.4 Children with bronchiectasis:

13 children with bronchiectasis completed lung function testing in a single visit. Lung function
was significantly worse in disease compared to healthy control participants. FEV1 76.3% vs.
98.2%, p=0.0002 see Figure 5.1; FVC 84.6% vs. 98.4%, p=0.0052, see Figure 5.2; LCI 9.51

vs. 7.19, p<0.0001, see Figure 5.3.
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Figure 5.1: FEV1% in healthy controls and children with bronchiectasis.
FEV1%; percent predicted forced expiratory volumes in one second, HC; healthy controls,
Bx; bronchiectasis
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Figure 5.2: FVC% in healthy children and children with bronchiectasis.
FVC%; percent predicted forced vital capacity, HC; healthy controls, Bx; bronchiectasis
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Figure 5.3: LCI in healthy controls and children with bronchiectasis
LCI; lung clearance index, HC; health controls, BX; bronchiectasis.

(There was no significant difference between the groups of healthy children and children with
bronchiectasis regarding their age (p = 0.2), sex (p = 0.7), height (p = 0.7), weight (p = 0.4),
household smoking (p = 0.3), or index of multiple deprivation score (p = 0.7) see Table 5.1.
The largest ethnic group for each of the cohorts were of White ethnicity (healthy children

69.2%, children with bronchiectasis 48.6%).

The lung function of children with bronchiectasis demonstrated greater variation from the
mean when compared to healthy children (FEV1 standard deviation 18.5 vs. 10.6, FVC

standard deviation 15.7 vs. 11.5, and LCI standard deviation 2.2 vs. 0.6 respectively).
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5.5.5 High Resolution Computed Tomography Scores

Patient HRCTs was scored according to the Brody CT scoring system (178) independently by
two senior paediatric radiologists. The mean total HRCT score was 19.63 (12.99), subtotal
scores are presented in Table 5.2. Agreement between scorers was high when assessed by
Pearson correlation; r=0.9711, p<0.0001 for total score; r=0.8968, p<0.0001 for bronchiectasis

sub-score.
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Children with bronchiectasis (n=13)

Total HRCT Score 19.63, 12.99

Subtotal Scores

Bronchiectasis 11.89, 8.74
Mucous Plugging 0.54,13.9
Peribronchial Wall Thickening 2.96, 12.24
Parenchymal Changes 2.96,12.2

Table 5.2: High resolution computed tomography (HRCT) scores for children with
bronchiectasis.
Data presented as mean, standard deviation.

Established bronchiectasis was the most common pathology noted on imaging, with relatively
little mucous plugging noted. As previously described, hyperinflation, usually a component of
the Brody score, was not included in this study due to the lack of expiratory HRCT performed

in this patient cohort; this therefore prevented accurate assessment of hyperinflation.

5.5.6 Lung Clearance Index and spirometry markers

LCI correlated with other spirometry markers. FEV1 correlated the strongest; Spearman r -

0.7967, p=0.0011, see Figure 5.4. FVC also correlated strongly; Spearman r -0.7582,
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p=0.0027, see Figure 5.5. MMEF did not significantly correlate with LCI, Spearman r -0.5165,

p=0.0707, see Figure 5.6.
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Figure 5.4: FEV1% and lung clearance index

Normal value of FEV1 and upper limit of normal of LCI (80% and 8.38 respectively)
marked on graph. Spearman r -0.7967, p=0.0011. FEV:: forced expiratory volume in one
second; LCI: lung clearance index
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Figure 5.5: FVC% and lung clearance index

Normal value of FVC and upper limit of normal of LCI (80% and 8.38 respectively)
marked on graph. Spearman r -0.7582, p=0.0027. FVC: forced vital capacity; LCI: lung
clearance index
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Figure 5.6: MMEF% and lung clearance index

Normal value of FVC and upper limit of normal of LCI (80% and 8.38 respectively)
marked on graph. Spearman r -0.5165, p=0.0707. MMEF: maximum mid expiratory
flow; LCI: lung clearance idnex

Using the definition of 80%, that is widely used (34), 6 patients had normal FEV1. Four of
these patients had a normal LCI (using the upper limit of normal previously shown to be 8.38),

but two participants had an abnormal LCI (Figure 5.4).

FVC has a similar relationship with LCI but a noted greater degree of correlation (r=-0.79 vs.
r=-0.75). All participants with abnormal FVC had abnormal LCI. Eight participants had
normal FVC (greater than 80%), four of these had normal LCI, four abnormal. MMEF did not

significantly correlate with LCI. Additionally, in those patients with reduced MMEF, most,
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but not all had abnormal LCIl. Two patients with reduced MMEF had normal LCI. (In this
study, ‘normal” MMEF was defined as above 80% which is in keeping with other research
examining small airways obstruction (although is noted to be arbitrary) (209-211). Regardless,
both participants described here had very low MMEF (less than 50%) but had normal FEV1

and FVC.

5.5.7 High resolution computed tomography scores and lung function tests

LCI correlated with HRCT scores, with a rising LCI seen with increased HRCT score. Lung
function assessed by spirometry showed decreasing spirometry markers (FEV1, FVC, MMEF)
correlated with rising HRCT scores (Figure 5.7, Figure 5.8, Figure 5.9, Figure 5.10). LCI

correlated most strongly, followed by FEV1, FVC and then MMEF.

Specific features seen on HRCT (sub-scores of the Brody score (178)) were found to correlate
with LCI, FEV1and FVC (Table 5.3). LCI and FEV1 correlated significantly with parenchymal
change and bronchiectasis, FVC correlated significantly with parenchymal change,
bronchiectasis and peribronchial wall thickening. MMEF did not correlate with any of these

sub-scores.
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Bronchiectasis Mucous Peribronchial Parenchymal
Plugging Wall Changes
Thickening
LCI 0.70* 0.24 0.28 0.61*
FEV1 -0.71* -0.24 -0.49 -0.67*
FVC -0.64* -0.45 -0.60* -0.60*
MMEF -0.42 0.12 -0.24 -0.48

Table 5.3: Correlation of LCI and Spirometry with features on HRCT
Spearmans r value. *p<0.05
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Figure 5.7: Correlation between LCI and HRCT Scores
Spearman r 0.6758, p=0.0112
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Figure 5.8: Correlation between FEV1 and HRCT Score
Spearman r -0.6648, p=0.0132
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Figure 5.9: Correlation between MMEF and HRCT Score
Spearman r -0.3681, p=0.2159
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Figure 5.10: Correlation between FVC and HRCT Score
Spearman r -0.6374, p=0.0191

5.5.8 Lung Clearance Index as a marker of disease

LClI was assessed as a marker of disease using receiver operating characteristics curves (ROC)
and was assessed against other markers of lung disease by calculating the area under the curve
(AUC). AUC-ROC confirmed LCI as a more sensitive indicator of disease when compared
with FEV1, FVC and MMEF. (Area under the curve (AUC) LCI 0.8934 vs. FEV1 0.8280, FVC

0.7452, MMEF 0.8024).

167



100 000 0000

’.—.—.'---000..—G.—--O---OQ__"

¢
80 ; o ;
ODOBEE WFYY A Ak A Ak -
eseseen vy v T
o
S o ¥ Mo
=
S .
= i
3 s
»n 01 e
.
204 |
.
.
Specificity %

Figure 5.11: ROC curve analysis
® | Cl, AUC 0.8934, p<0.0001,

MW FEV., AUC 0.8280, p=0.00018
A FVC, AUC 0.7452, p=0.005
V¥V MMEF, AUC 0.8024, p=0.00055
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5.6 Discussion:

5.6.1 Summary of principal findings

The aim of this chapter was to report findings of data from the ndd EasyOne Pro device from
a group of children with bronchiectasis and with comparison to a group of healthy children

without lung disease.

The test was performed successfully by children with bronchiectasis, although the test did take
longer than in children without lung disease. Those with bronchiectasis had significantly worse
LCI, FEV:1 and FVC. LCI in those with bronchiectasis correlates with FEV1, FVC and with
HRCT scores. LCI was also shown to be a sensitive marker of disease and more sensitive than

FEV1, FVC or MMEF.

5.6.2 Normative Data:

In this cohort, of healthy children, the mean LCI was 7.19 (+/- 0.6) which gives an upper limit
of normal of 8.38 (mean +1.96*SD). Comparison with other normative data is made more
complicated by the variety of equipment and gases used to achieve MBW. This is discussed

in greater detail in section 4.4 but will be covered in brief here.

It has been shown that washout using sulfur hexafluoride gives lower lung clearance index than
using nitrogen with some studies achieving simultaneous measure of LCI using both techniques
to demonstrate this (97,98,102). This is important as it helps to confirm that testing with either
gas set up should be considered as an independent measure and the results are not
interchangeable. Specific data for the ndd EasyOne Pro LAB is also available for different gas
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set ups. Fuchs et al (107) describe a group of children and young adults using SF6 with a mean
LCI of 6.2 (+/- 0.39). For nitrogen washout in children using the ndd EasyOne Pro LAB, the
mean LCI has been shown to range from 6.78 to 7.4 (see Table 4.3) which is in keeping with
the findings of this study and supports the use of the device across a range of settings. Fuchs
et al (108) have explored the use of the EasyOne Pro device in a multi-centre setting (using
SF6 as the washout gas) and showed good feasibility and low variability across the range of
settings. This will be important for the cross centre working and support that is required to

operate lung clearance index as a practical test.

The reasons for higher LCI with nitrogen washout have been explored and is likely to be
multifactorial (212). Nitrogen back diffusion from the body has been shown to affect the
washout readings and different groups have suggested analysis methods to take account of this
feature. Furthermore, in disease, nitrogen washout from poorly ventilated lung units may
contribute to the washout therefore giving a higher LCI compared to the same lung unit that
may not be penetrated during the wash-in phase if using exogenous tracer gases (such as SF6).
Finally, when considering the use of nitrogen as the washout gas, the impact of breathing 100%
oxygen should be considered. It has long been understood that changes in the respiratory rate

and other features of tidal breathing can influence lung clearance index (98,99).
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5.6.3 LCI in children with bronchiectasis and comparison to published data

5.6.3.1 Raised LCl in children with bronchiectasis

LCl is raised in children with non-PCD, non-CF bronchiectasis compared to healthy children
identifying it as a possible tool to support diagnosis or monitor disease. This increase in LCI
is similar to findings in other pulmonary conditions that can give small airways obstruction
such as cystic fibrosis and primary ciliary dyskinesia. Comparison between these cohorts of
patients is challenging as both cystic fibrosis and primary ciliary dyskinesia have ranges of
‘severity’ of disease and therefore variation in the recorded lung clearance index. Comparison
to bronchiectasis, where there is perhaps even greater range owing to the multiple aetiologies

that underly the bronchiectasis, is therefore difficult.

Within studies of participants with bronchiectasis in paediatric cohorts, one study compares
groups of children with bronchiectasis, healthy children and those with CF (with comparable
Bhalla scores (29) of HRCT for those with lung disease). LCI, FEV1 and peak oxygen uptake
(VO2 peak) was not significantly different between those with CF and bronchiectasis, but both

disease cohorts had significantly worse LCI compared to the health cohorts.

In adults, Gonem et al (170) examined cohorts of those with bronchiectasis, healthy participants
and participants with CF. Again, both cohorts of those with lung disease had worse lung
function (FEV1, FVC and LCI) when compared to the healthy cohort. However, despite being
of comparable age, there was a significant difference between cohorts of patients with
bronchiectasis and CF in body mass index, FEV1, FVVC and LCI, with the participants with CF

having worse lung function and lower BMI. This may be due to the nature of cystic fibrosis in
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that it is a progressive disease with ongoing lung damage and nutritional issues, compared to
bronchiectasis where in some cases, the underlying pathology is arrested. (This is difficult to

judge in this cohort as aetiology of bronchiectasis is not directly reported).

All other cohorts reported in the early systematic review, Chapter 2:, describe raised LCI in
participants with bronchiectasis although there is a range, and as shown in our patient cohort,

LCI can be normal despite the presence of bronchiectasis on HRCT.

5.6.3.2 LCl and relationship to spirometry metrics

LCI correlated with the spirometry metrics FEV1 and FVC, this has not been demonstrated in
a paediatric cohort before. The degree of correlation was greater for FEV1 than for FVC (r =

-0.79 vs. r =-0.75). In one other published study in adults, FEV1 was also shown to correlate
to a greater extent than FVC (172). This would be consistent with the understanding of lung

clearance index in how the metric is affected by ventilation inhomogeneity, and in turn, how

the causes of ventilation inhomogeneity effect FEV1. This is expanded upon in section 1.3.2.
Both FEV: and LCI demonstrate obstruction in the small airways and influences flow and

ventilation inhomogeneity respectively.

LCI did not correlate with MMEF in this study. This is contrary to findings in one large adult
study (173) where it was demonstrated that LCI correlated negatively with MMEF (r = -0.64,
P<0.01). MMEF is highly dependent on the validity of the FVC measurement and the level

of expiratory effort (213,214). The challenge of achieving optimal spirometry technique in
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the children in this study may be impacting the ability to accurately record MMEF and

therefore demonstrate correlation.

5.6.3.3 LCl and sensitivity to disease

In this study we have demonstrated the increased sensitivity of LCI to disease when
compared to metrics of spirometry (FEV1, FVC, MMEF). In the six participants who had a
normal FEV1, two had an abnormal LCI. This demonstrates patients in whom objective lung
function tests using spirometry would be identified as normal but show abnormality when
assessed with LCI. Both patients, who had FEV1 of 88% and 112%, had normal FVC (92%
and 112%) and normal MMEF (90% and 124%). Conversely, all patients with abnormal

FEV1 had abnormal LCI, with LCI increasing as FEV1 decreased.

The sensitivity of LCI has been examined in studies of adults with bronchiectasis where it
was also shown to be more sensitive than all spirometry markers (170,171). Gonem et al
(170) demonstrated in their cohort of adults with bronchiectasis that 69% of participants had
a normal FEV1, and of that group, 40% had an abnormal LCI. They also illustrated that all
those participants with an abnormal FEV also had abnormal LCI. Rowan et al (171)
demonstrated the greater sensitivity of LCI using ROC analysis. Here, the area under the
curve for LCI was 0.96 (p<0.0001), greater than FEV1 (0.82, p<0.0001). These findings are
similar to our study where area under the curve for LCI was 0.89 (p<0.0001), and FEV1 0.82

(p=0.00018).
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Explanation for the ability of LCI to more sensitively detect disease has been explored in this
work and in the literature extensively, mainly in the field of cystic fibrosis, section 1.4.1.4,
(55,69). The likely rationale for this more sensitive ability in cystic fibrosis is that the early
disease process in CF delivers airway obstruction in the small airways, the anatomical
location that influences ventilation inhomogeneity. (Later disease and obstruction of bigger
airways or more numerous small airways has more effect on air flow, therefore influences
spirometry measures such as FEV1.) This pathophysiological mechanism would also seem to

be correct in bronchiectasis with regards to its effect on lung clearance index and spirometry.

5.6.3.4 LCl and high-resolution computed tomography (HRCT) images

We have shown how LCI correlates with HRCT scored using the Brody score (178) and how
LCI also correlates with various components of that score, Table 5.3 and Figure 5.7. In our
study, bronchiectasis and parenchymal change (‘sub score’ elements of the Brody score) were
significantly correlated with LCI. In comparison with the published data in children, LCI has
been shown to correlate with HRCT using alternate scoring systems (modified Bhalla (177))
(164). In this work by Irving et al, extent of bronchiectasis, severity of bronchiectasis, airway

wall thickening, and air trapping were all significantly associated.

In an adult study assessing HRCT using the Brody score, correlation was also found between
LCI and; bronchiectasis, parenchymal change, mucus plugging, and air trapping. All were
found to be significantly correlated (171). Air trapping was not assessed in this study as

previously addressed. It is not clear why mucus plugging was significantly correlated in this
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adult study and not in our study of children. In the study by Rowan et al, participants had
similarly affected lung function measured by spirometry (mean FEV1 76.5% vs 76.3% in our
study) and LCI (mean LCI 9.1 vs 9.5 in our study). HRCT in their study however was
performed on the same day as the record of lung function. In our study, the mean time
between lung function record and HRCT was 18 months, (range 194 days to 730 days) and so

it is important to consider the possible impact of this.

Mucus plugging on HRCT has shown to be improved with treatment in cystic fibrosis (215)
and the nature of this particular pathology is that secretions are mobile along the airways. It
is therefore reasonable to assume that any mucus plugging identified on the diagnostic
imaging in our cohort would appear differently on contemporaneous imaging as treatment
was usually commenced following diagnosis. This highlights the possibility that the
increased delay between imaging and lung function tests in our study do not allow for the
accurate assessment of correlation between mucus plugging and lung function. The imaging
in paediatric patients is performed usually for diagnosis (2). It is not recommended to
perform repeat assessment unless there is a clear clinical indication. It is for this reason that
the small cohort of paediatric patients with bronchiectasis did not have repeat HRCT imaging

performed to coincide with the lung function tests required with this study.

It has been shown that in paediatric bronchiectasis, the extent of disease on HRCT can remain
static, show improvement, or even resolve over time (216). This is important when
considering the impact of the delay between imaging and lung function testing. In one study
of 22 children with bronchiectasis (14), imaging was shown to be static in three (13%) cases,
and improve or resolve in 14 (63%) cases. Other data has shown different outcomes with a
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smaller proportion improving; in a review of repeat HRCT at 18 months in children with
bronchiectasis, 38% showed improved or resolved bronchiectasis, 27% progressed and 33%
were unchanged (217). These cohorts of patients were varied with a range of ages (1 year to
18 years old) and underlying causes for bronchiectasis. This does make comparison between

these two published cohorts, and between the published cohorts and our data challenging.

Our mean delay between imaging and lung function assessment of 550 days (18 months) is at
the lower limit of time where previous resolution has been demonstrated. There is no
evidence to suggest which patients may improve and which may worsen. It is possible that
HRCT changes may be different after this period of delay either improving or worsening but
for important clinical reasons, the pragmatic decision to not repeat HRCT imaging in this

study cohort was taken.

5.6.3.5 Clinical context of LCI in bronchiectasis

In children with bronchiectasis there is potential value in the use of lung clearance index in
the assessment of disease although the data from this study, in addition to the data from the
published literature, does not allow definitive clinical conclusions to be drawn about its

practice.
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5.6.3.5.1 What might LCl be used for in children with bronchiectasis?

5.6.3.5.1.1 Diagnosis

Lung clearance index would not be used in the diagnosis of bronchiectasis. As previously
described, the diagnosis is demonstration of pathology on imaging, typically HRCT, with
corresponding symptoms including chronic wet cough and sputum production. Lung
clearance index has been shown in our data to be normal in some patients with more mild
bronchiectasis, so a normal result does not exclude the diagnosis. A high/abnormal LCI
result would not be a specific finding for non-CF, non-PCD bronchiectasis as evidence has
demonstrated a raised LCI in a range of other conditions (such as CF, PCD) (71,84). A
high/abnormal LCI would however highlight a patient with ventilation inhomogeneity who

may need further investigation for the specific cause.

5.6.3.5.1.2 Monitoring

LCI may have a role in the monitoring of disease. The correlation of HRCT changes with
LCI means we can consider if LCI could consistently be used as a measure of lung disease as
a surrogate marker for HRCT changes. LCI has also been examined in its relationship to
other clinically important metrics such as severity scores and symptom reporting (see section
2.9.4). LCI was shown in adults with bronchiectasis to increase with increasing
Bronchiectasis Severity Index (BSI) and that it was significantly correlated with symptoms

scores (171,174).
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LCI has not been investigated in bronchiectasis as a tool for medium or long term monitoring
and there is only limited data on short term changes in LCI related to an intervention. Again,
in adults, two articles describe the change in LCI following completion of treatment for an
exacerbation of bronchiectasis and pre and post physiotherapy. In both publications, they
describe how the changes in LCI were small and not significantly different (172,173). This
finding supports previous work in CF with variable change in LCI following physiotherapy
(109). LCI does change following other therapeutic intervention in cystic fibrosis and has
been demonstrated to show a significant change in LCI following initiation or discontinuation
of treatment, such as, small molecule precision medication, nebulised hypertonic saline and
DNase (76,218,219). LCl is being explored as an important outcome measure for studies in
bronchiectasis (220) and is an outcome measure in therapeutic studies currently in progress

(NCT03903913 and NCT02765295).

5.7 Conclusion:

Lung clearance index is a sensitive tool in the detection of disease in children with
bronchiectasis. It is raised in disease, and correlates with changes on HRCT and with metrics
of spirometry. This supports the conclusion that LCI has potential as a clinical tool in the

assessment of disease in this cohort.

This study and its conclusions are limited by the relatively small sample size. Paediatric
bronchiectasis remains a relatively rare condition, and few patients met the necessary

inclusion criteria. Perhaps more importantly, recruitment was challenged due to a curtailed
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time frame and limitations on participant movement due to the COVID-19 pandemic. These
issues effected recruitment and may have not allowed for adequate assessment of the
relationships between LCI and the other various measures. Reassuringly, the relationships
seen in our data is consistent with previously published data but further research will be

important.

Further work will also be helpful in establishing the practical use of LCI in children with
bronchiectasis. The variability in relationship to exacerbation is not understood, nor is the

response to therapy,
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Chapter 6: Final Discussion

6.1 Principal findings

The original hypotheses of this project were;

- there are no differences in Lung Clearance Index in healthy children from differing
ethnic backgrounds, and,

- in younger children with non-cystic fibrosis, non-primary ciliary dyskinesia
bronchiectasis, with evidence of disease on CT imaging, that Lung Clearance Index is

a more sensitive disease marker than FEV1.

In accordance with my hypotheses, LCI was not significantly different between two cohorts
of children aged 6 years to 12 years who were from a White British ethnic background and an
Indian Subcontinent ethnic background. In addition, LCI was raised significantly in children
with bronchiectasis when compared to healthy control participants, LCI correlated
significantly with FEV1, FVC and HRCT scored using a recognised scoring system. LCI was
more sensitive to disease than both FEV1 and FVC. These findings are supported by the
work of Irving et al (164) who demonstrated correlation between HRCT scores and LCI in a

group of children with bronchiectasis.
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6.2 Strengths and Limitations

The time delay between imaging and recording of LCI was one of the weaknesses of my
study. Repeating HRCT without a clear clinical indication is not recommended practice and
could not be performed for ethically important reasons (2). Change in HRCT imaging may
have occurred within the time delay between the time of image and time of recording of LCI.
Future work should include LCI performed at the time of imaging in order to confirm these

findings.

A further weakness of the study was the small numbers of the cohort of children with
bronchiectasis and the cohorts of children from non-White British ethnicities. The 13
children with bronchiectasis were opportunistically recruited after a careful review of patient
databases and imaging records. The relative rarity of paediatric bronchiectasis, and the
necessary exclusions for the study, limited potential recruits. The timing of the study fell
within the international COVID-19 pandemic that greatly affected usual health care practice
and affected recruitment through the necessary limitations on activity within hospitals at that
time. Despite the reduced number, the cohort of patients is the largest reported group of
children with bronchiectasis with recorded LCI. This data is supported by previous work and
is in keeping with adult data. | am therefore confident that the limited numbers would have a

limited impact on the findings of the study into children with bronchiectasis.

This work is one of the largest cohorts of children with bronchiectasis who were examined
with lung clearance index and provides the largest cohort when comparing LCI to imaging.
This work will support future research and help develop the role of LCI in the future clinical

application in this area.
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Recruitment of healthy children from various ethnicities was principally restricted due to the
COVID-19 pandemic. The necessity of recruitment of healthy children was in direct conflict
with clinical practice guidelines at the time, those being the restriction of ‘clinically
unnecessary’ attendances at hospital. The practicalities of the test limited its use outside the

hospital setting.

This project highlighted to me and the base hospitals the importance of recruitment in to
studies from a range of ethnic groups. | was fortunate to have the support of the Equality,
Inclusion and Diversity group and the topic has been raised at a senior level. | am grateful

the work has helped highlight an important aspect of developing high quality research.

6.3 Current literature exploring LCI in children with bronchiectasis

There is very limited data examining the utility of LCI in children with bronchiectasis. |
completed a systematic review finding only five published articles in childhood with limited
patient numbers, the quality of which does not allow for definitive conclusions. In adults, the
evidence is better with seven articles described much larger patient cohorts. The quality of

study in the adult cohort was generally significantly higher.

The main findings of the paediatric data identified raised LCI in children with bronchiectasis

and found significant correlation between LCI, HRCT findings and FEV1 (164).

This highlights the need for more data to demonstrate the utility of LCI in children. This is
important due the current lack of clinical endpoints in bronchiectasis in general, but specifically

in children. There is a lack of evidence supporting treatment options in bronchiectasis and this
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in part may be due to the lack of an important trial endpoint. Several previous have found it
difficult to demonstrate a treatment response in bronchiectasis to therapy (39,40).

In adults, the data is of better quality and several important relationships between LCI and other
metrics of lung disease were highlighted. LCI is abnormal and it correlates with FEV1 and
markers of disease on CT. These findings suggest that LCI may be a marker of disease severity
but the volume of data and heterogeneity of the studies limits conclusion.

Additional work is required to further explore this relationship in children and to identify the

clinical relevance of LCI results and how it can best be used to guide and monitor healthcare.

6.4 LCI in healthy children from ethnic backgrounds

There is developing data for LCI across a range of devices, washout gases and age groups
although this is far from being as robust as other measures of lung function, such as
spirometry. There are important details to be established to overcome what is a weakness of

LCI measured by multiple breath washout.

In my study | demonstrated a normal range of LCI using the ndd EasyOne Pro LAB that was
in keeping with previously described details. My cohort of 51 patients able to perform LCI
represents the largest group of patients contributing to a normal range for this device. The
participants of this study age between 6 years and 12 years. The normative data for this
relatively narrow range of participants is helpful in establishing appropriate normative data

for a lung function test.
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| have shown that two groups of participants who self-identified from different ethnic
backgrounds had no significant difference in LCI which is in keeping with other data (148).
This conclusion helps support the use of data with a population undifferentiated by ethnicity
although definitive conclusion is limited due to the small numbers of participants in this
study. This study also highlighted the importance of recruitment of participants from a range
of socioeconomic backgrounds and ethnicities to ensure appropriateness for the general
population in whom the test would be available for. A strength of this study was the range of
participants from across the socioeconomic spectrum that were recruited to perform lung

function.

6.5 Feasibility of performing LCI using the ndd EasyOne Pro LAB

70.8% of healthy participants successfully completed an LCI measure in their first attempt at
any form of lung function. 100% of participants with bronchiectasis completed an LCI
measure on their first attempt at LCI (although all had previously performed other lung
function measures, most commonly spirometry). This is in keeping with previously

published data (108), although better success rates up to 100% have been demonstrated (113).

The improvement in success rates over the course of my study highlights an important issue
that has been discussed previously in the literature (108) and supports a key feature in the
assessment of lung clearance index; the familiarity of staff and subject with the test. Personal
experience with LCI test, using the ndd EasyOne Pro LAB, and using other devices that

measure LCI. have illustrated to me this important point. As staff experience increases, and
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with high quality training, the likelihood of good quality data being produced more
consistently increases. Training by an experienced tertiary centre played an important role in
the success of this study and the prospect of the test being adopted into clinical practice

identifies the need for networks to exist to provide access to this limited resource.

In this study examining LCI performed for the first time by this group of participants, the
time required to complete the test was considerable. The mean test time was almost 30
minutes and was in keeping with other LCI measures using the same device (107). The
number of washouts required to achieve the success rate in this study was up to 10. This may
be a practical barrier to performing the test in a clinical setting. Limited numbers of trained
staff, and prolonged test time would restrict access to potential patients and therefore limit the

potential utility of the test.

It is difficult to draw conclusions as to if the number of trials required, and therefore the total
test time, would decrease with increasing staff experience and increasing participant
experience. Anecdotally, | have performed LCI repeatedly in the same subject on several
occasions over the course of several months. It was noticeable to me that the test was easier
to complete for the patient perhaps due to degree of reduced novelty in the task they were
being asked to do, plus additional familiarity with the technique. It is difficult to separate the
effect of my personal increased skill over time. Further work is required to establish the what

the real-world impact would be of commencing such as test.
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6.6 Utility of LCI in children with bronchiectasis and future research

This study supported the hypothesis that LCI was more sensitive to HRCT changes of
bronchiectasis than FEV1 along with the other clinically important points summarise in
section 6.1. This statement is made within the context of the time lapse between the HRCT
imaging and the LCI being performed. To conclude; LCI may well have a future role in the
monitoring of bronchiectasis, particularly in children in whom objective measures of disease

are very helpful in addition to the more subjective records of symptoms and illness.

Further work should examine the value of LCI in the clinical assessment of patients under
investigation for bronchiectasis. LCI performed in conjunction with HRCT at diagnosis
would provide a contemporary measure of ventilation inhomogeneity that may support the

findings of imaging correlation shown in this work.

Future research should consider assessment of LCI longitudinally through the course of
patient care including around the commencement of discontinuation of therapies. LCI is
currently being explored as a clinical outcome measure in therapeutic studies. This is another
important areas in the development of evidence based treatment options for patients with

bronchiectasis.

186



Chapter 7: List of References:

Weibel ER, Gomez DM. Architecture of the human lung. Use of quantitative methods
establishes fundamental relations between size and number of lung structures. Science.

1962 Aug 24;137(3530):577-85.

Chang AB, Fortescue R, Grimwood K, Alexopoulou E, Bell L, Boyd J, et al. Task Force
report: European Respiratory Society guidelines for the management of children and
adolescents with bronchiectasis. Eur Respir J [Internet]. 2021 Feb 11; Available from:

http://dx.doi.org/10.1183/13993003.02990-2020

Chalmers JD, Chang AB, Chotirmall SH, Dhar R, McShane PJ. Bronchiectasis. Nat Rev

Dis Primers. 2018 Nov 15;4(1):45.

Quint JK, Millett ERC, Joshi M, Navaratnam V, Thomas SL, Hurst JR, et al. Changes in
the incidence, prevalence and mortality of bronchiectasis in the UK from 2004 to 2013: a

population-based cohort study. Eur Respir J. 2016 Jan;47(1):186-93.

Flume PA, Chalmers JD, Olivier KN. Advances in bronchiectasis: endotyping, genetics,

microbiome, and disease heterogeneity. Lancet. 2018 Sep 8;392(10150):880-90.

Weycker D, Hansen GL, Seifer FD. Prevalence and incidence of noncystic fibrosis

bronchiectasis among US adults in 2013. Chron Respir Dis. 2017 Nov;14(4):377-84.

187



10.

11.

12.

13.

Xu J-F, Gao Y-H, Song Y-L, Qu J-M, Guan W-J. Research advances and clinical
management of bronchiectasis: Chinese perspective. ERJ Open Res [Internet]. 2022

Apr;8(2). Available from: http://dx.doi.org/10.1183/23120541.00017-2022

Santamaria F, Montella S, Pifferi M, Ragazzo V, De Stefano S, De Paulis N, et al. A
descriptive study of non-cystic fibrosis bronchiectasis in a pediatric population from

central and southern Italy. Respiration. 2009;77(2):160-5.

Callahan CW. Bronchiectasis: abated or aborted? Respiration. S. Karger AG; 2005

May;72(3):225-6.

Goyal V, Grimwood K, Marchant J, Masters 1B, Chang AB. Pediatric bronchiectasis: No

longer an orphan disease. Pediatr Pulmonol. 2016 May;51(5):450-69.

Chang AB, Grimwood K, Mulholland EK, Torzillo PJ, Working Group on Indigenous
Paediatric Respiratory Health. Bronchiectasis in indigenous children in remote Australian

communities. Med J Aust. 2002 Aug 19;177(4):200-4.

Mao B, Yang J-W, Lu H-W, Xu J-F. Asthma and bronchiectasis exacerbation. Eur Respir

J. 2016 Jun;47(6):1680-6.

Jehanzeb K, Hine C, Smith H, Parsons N, Desai M, Kenia P, et al. Non-cystic fibrosis,
non-primary ciliary dyskinesia bronchiectasis (nCFnPCD-BE) in preschool children.
European Respiratory Society International Congress 2022; 4 to 6th September 2022;

Barcelona, Spain.

188



14.

15.

16.

17.

18.

19.

20.

Gaillard EA, Carty H, Heaf D, Smyth RL. Reversible bronchial dilatation in children:
comparison of serial high-resolution computer tomography scans of the lungs. Eur J

Radiol. 2003 Sep;47(3):215-20.

Kapur N, Grimwood K, Masters 1B, Morris PS, Chang AB. Lower airway microbiology
and cellularity in children with newly diagnosed non-CF bronchiectasis. Pediatr

Pulmonol. 2012 Mar;47(3):300-7.

van der Gast CJ, Cuthbertson L, Rogers GB, Pope C, Marsh RL, Redding GJ, et al. Three
clinically distinct chronic pediatric airway infections share a common core microbiota.

Ann Am Thorac Soc. 2014 Sep;11(7):1039-48.

Chang AB, Bush A, Grimwood K. Bronchiectasis in children: diagnosis and treatment.

Lancet. 2018 Sep 8;392(10150):866—79.

Polverino E, Goeminne PC, McDonnell MJ, Aliberti S, Marshall SE, Loebinger MR, et
al. European Respiratory Society guidelines for the management of adult bronchiectasis.
Eur Respir J [Internet]. 2017 Sep;50(3). Available from:

http://dx.doi.org/10.1183/13993003.00629-2017

Hill AT, Sullivan AL, Chalmers JD, De Soyza A, Elborn SJ, Floto AR, et al. British
Thoracic Society Guideline for bronchiectasis in adults. Thorax. 2019 Jan;74(Suppl 1):1-

69.

Chang AB, Zacharasiewicz A, Goyal V, Boyd J, Alexopoulou E, Aliberti S, et al. Task

Force report: European Respiratory Society statement for defining respiratory
189



21.

22.

23.

24,

25.

26.

exacerbations in children and adolescents with bronchiectasis for clinical trials. Eur Respir

J. 2022 Jun 21;2200300.

Cole PJ. Inflammation: a two-edged sword--the model of bronchiectasis. Eur J Respir Dis

Suppl. 1986;147:6-15.

King P. Pathogenesis of bronchiectasis. Paediatr Respir Rev. 2011 Jun;12(2):104-10.

I.M. Balfour-Lynna, M. Puckeyb, N.J. Simmonds, J.C. Davies. Revisiting a diagnosis of
cystic fibrosis — Uncertainties andconsiderations. Paediatr Respir Rev [Internet]. [cited
2022 Mar 7]; Available from: https://www.clinicalkey.com/#!/content/journal/1-s2.0-

S152605422100110X

Mirra V, Werner C, Santamaria F. Primary Ciliary Dyskinesia: An Update on Clinical
Aspects, Genetics, Diagnosis, and Future Treatment Strategies. Front Pediatr. 2017 Jun

9:5:135.

Brill SE, Patel ARC, Singh R, Mackay AJ, Brown JS, Hurst JR. Lung function, symptoms
and inflammation during exacerbations of non-cystic fibrosis bronchiectasis: a

prospective observational cohort study. Respir Res. 2015 Feb 7;16:16.

Matsuoka S, Uchiyama K, Shima H, Ueno N, Oish S, Nojiri Y. Bronchoarterial ratio and
bronchial wall thickness on high-resolution CT in asymptomatic subjects: correlation with

age and smoking. AJR Am J Roentgenol. 2003 Feb;180(2):513-8.

190



27.

28.

29.

30.

31.

32.

33.

Tiddens HAWM, Meerburg JJ, van der Eerden MM, Ciet P. The radiological diagnosis of
bronchiectasis: what’s in a name? Eur Respir Rev [Internet]. 2020 Jun 30;29(156).

Available from: http://dx.doi.org/10.1183/16000617.0120-2019

Goyal V, Grimwood K, Marchant J, Masters IB, Chang AB. Does failed chronic wet
cough response to antibiotics predict bronchiectasis? Arch Dis Child. 2014

Jun;99(6):522-5.

Bhalla M, Turcios N, Aponte V, Jenkins M, Leitman BS, McCauley DI, et al. Cystic

fibrosis: scoring system with thin-section CT. Radiology. 1991 Jun;179(3):783-8.

Brody AS, Molina PL, Klein JS, Rothman BS, Ramagopal M, Swartz DR. High-resolution
computed tomography of the chest in children with cystic fibrosis: support for use as an

outcome surrogate. Pediatr Radiol. 1999 Oct;29(10):731-5.

Terpstra LC, Altenburg J, Mohamed Hoesein FA, Bronsveld I, Go S, van Rijn PAC, et al.
The effect of maintenance azithromycin on radiological features in patients with
bronchiectasis - Analysis from the BAT randomized controlled trial. Respir Med. 2022

Feb;192:106718.

Bastardo CM, Sonnappa S, Stanojevic S, Navarro A, Lopez PM, Jaffe A, et al. Non-cystic
fibrosis bronchiectasis in childhood: longitudinal growth and lung function. Thorax. 2009

Mar;64(3):246-51.

Stretton R, Poppelwell L, Salih W, Chalmers J, Fardon T. Patterns of spirometry in

bronchiectasis patients and relationship to markers of disease severity and hospitalisation.
191



34.

35.

36.

37.

38.

39.

Eur Respir J [Internet]. 2013 Sep 1 [cited 2022 Aug 28];42(Suppl 57). Available from:

https://erj.ersjournals.com/content/42/Suppl_57/P2695

Burrill A, McArdle C, Davies B. Lung function in children: a simple guide to performing

and interpreting spirometry. Paediatr Child Health . 2021 Jul;31(7):276-83.

Cooper BG, Stocks J, Hall GL, Culver B, Steenbruggen I, Carter KW, et al. The Global
Lung Function Initiative (GLI) Network: bringing the world’s respiratory reference values

together. Breathe. 2017 Sep 1;13(3):e56-64.

Loebinger MR, Wells AU, Hansell DM, Chinyanganya N, Devaraj A, Meister M, et al.
Mortality in bronchiectasis: a long-term study assessing the factors influencing survival.

Eur Respir J. 2009 Oct;34(4):843-9.

Ronchetti K, Tame J-D, Paisey C, Thia LP, Doull I, Howe R, et al. The CF-Sputum
Induction Trial (CF-SpIT) to assess lower airway bacterial sampling in young children
with cystic fibrosis: a prospective internally controlled interventional trial. Lancet Respir

Med. 2018 Jun;6(6):461-71.

Hill AT, Flume PA. Lung clearance index. A potential quantitative tool to assess treatment

response in bronchiectasis? Am J Respir Crit Care Med. 2014 Mar 1;189(5):510-1.

Murray MP, Turnbull K, Macquarrie S, Hill AT. Assessing response to treatment of

exacerbations of bronchiectasis in adults. Eur Respir J. 2009 Feb;33(2):312-8.

192



40.

41.

42.

43.

44,

45.

46.

Wong C, Jayaram L, Karalus N, Eaton T, Tong C, Hockey H, et al. Azithromycin for
prevention of exacerbations in non-cystic fibrosis bronchiectasis (EMBRACE): a
randomised, double-blind, placebo-controlled trial. Lancet. 2012 Aug 18;380(9842):660—

7.

Sibila O, Laserna E, Shoemark A, Perea L, Bilton D, Crichton ML, et al. Heterogeneity
of treatment response in bronchiectasis clinical trials. Eur Respir J [Internet]. 2022

May;59(5). Available from: http://dx.doi.org/10.1183/13993003.00777-2021

Weibel ER. Principles and methods for the morphometric study of the lung and other

organs. Lab Invest. 1963 Feb;12:131-55.

Wagner PD. The physiological basis of pulmonary gas exchange: implications for clinical

interpretation of arterial blood gases. Eur Respir J. 2015 Jan;45(1):227-43.

Robinson PD, Latzin P, Gustafsson PM. Multiple-breath washout. In: Frey U, Merkus
PJFM, editors. Paediatric Lung Function. European Respiratory Society Journals Ltd,;

2010. p. 87-104.

Crawford AB, Makowska M, Paiva M, Engel LA. Convection- and diffusion-dependent

ventilation maldistribution in normal subjects. J Appl Physiol. 1985 Sep;59(3):838-46.

Bryan AC, Milic-Emili J, Pengelly D. Effect of gravity on the distribution of pulmonary

ventilation. J Appl Physiol. 1966 May;21(3):778-84.

193



47.

48.

49,

50.

51.

52.

53.

Fowler WS. Lung function studies. 111. Uneven pulmonary ventilation in normal subjects

and in patients with pulmonary disease. J Appl Physiol. 1949 Dec;2(6):283-99.

Robertson JS, Siri WE, Jones HB. Lung ventilation patterns determined by analysis of
nitrogen elimination rates; use of mass spectrometer as a continuous gas analyzer. J Clin

Invest. 1950 May;29(5):577-90.

Cutillo AG, Perondi R, Turiel M, Watanabe S, Renzetti AD Jr. Informative value of
simple multibreath nitrogen washout measurements for clinical and research purposes.

Respiration. 1985;47(2):81-9.

Paiva M. Two new pulmonary functional indexes suggested by a simple mathematical

model. Respiration. 1975;32(5):389-403.

Verbanck S, Schuermans D, Van Muylem A, Paiva M, Noppen M, Vincken W.
Ventilation distribution during histamine provocation. J Appl Physiol. 1997

Dec;83(6):1907-16.

Robinson PD, Latzin P, Verbanck S, Hall GL, Horsley A, Gappa M, et al. Consensus
statement for inert gas washout measurement using multiple- and single- breath tests
[Internet]. Vol. 41, European Respiratory Journal. 2013. p. 507-22. Available from:

http://dx.doi.org/10.1183/09031936.00069712

Verbanck S, Schuermans D, Van Muylem A, Melot C, Noppen M, Vincken W, et al.
Conductive and acinar lung-zone contributions to ventilation inhomogeneity in COPD.

Am J Respir Crit Care Med. 1998 May;157(5 Pt 1):1573-7.
194



54.

55.

56.

S7.

58.

59.

60.

Crawford AB, Cotton DJ, Paiva M, Engel LA. Effect of lung volume on ventilation

distribution. J Appl Physiol. 1989 Jun;66(6):2502-10.

Gustafsson PM, Aurora P, Lindblad A. Evaluation of ventilation maldistribution as an
early indicator of lung disease in children with cystic fibrosis. Eur Respir J. 2003

Dec;22(6):972-9.

Aurora P, Bush A, Gustafsson P, Oliver C, Wallis C, Price J, et al. Multiple-breath
washout as a marker of lung disease in preschool children with cystic fibrosis. Am J Respir

Crit Care Med. 2005 Feb 1;171(3):249-56.

Larsson A, Jonmarker C, Werner O. Ventilation inhomogeneity during controlled

ventilation. Which index should be used? J Appl Physiol. 1988 Nov;65(5):2030-9.

Saidel GM, Salmon RB, Chester EH. Moment analysis of multibreath lung washout. J

Appl Physiol. 1975 Feb;38(2):328-34.

Stanojevic S, Jensen R, Sundaralingam D, Salazar JG, Yammine S, Singer F, et al.
Alternative outcomes for the multiple breath washout in children with CF. J Cyst Fibros.

2015 Jul;14(4):490-6.

Gozal D, Bailey SL, Keens TG. Evolution of pulmonary function during an acute
exacerbation in hospitalized patients with cystic fibrosis. Pediatr Pulmonol. 1993

Dec;16(6):347-53.

195



61.

62.

63.

64.

65.

66.

67.

Van Muylem A, Baran D. Overall and peripheral inhomogeneity of ventilation in patients

with stable cystic fibrosis. Pediatr Pulmonol. 2000 Jul;30(1):3-9.

Kraemer R, Meister B. Fast real-time moment-ratio analysis of multibreath nitrogen

washout in children. J Appl Physiol. 1985 Oct;59(4):1137-44.

Hine C, Nagakumar P, Desai M. Small molecule drugs in cystic fibrosis. Arch Dis Child
Educ Pract Ed [Internet]. 2020 Nov 19; Available from:

http://dx.doi.org/10.1136/archdischild-2020-319009

Keogh RH, Szczesniak R, Taylor-Robinson D, Bilton D. Up-to-date and projected
estimates of survival for people with cystic fibrosis using baseline characteristics: A

longitudinal study using UK patient registry data. J Cyst Fibros. 2018 Mar;17(2):218-27.

Turcios NL. Cystic Fibrosis Lung Disease: An Overview. Respir Care. 2020

Feb;65(2):233-51.

Lum S, Gustafsson P, Ljungberg H, Hulskamp G, Bush A, Carr SB, et al. Early detection
of cystic fibrosis lung disease: multiple-breath washout versus raised volume tests.

Thorax. 2007 Apr;62(4):341-7.

Linnane B, Robinson P, Ranganathan S, Stick S, Murray C. Role of high-resolution
computed tomography in the detection of early cystic fibrosis lung disease. Paediatr

Respir Rev. 2008 Sep;9(3):168-74; quiz 174-5.

196



68.

69.

70.

71.

72.

73.

Martinez TM, Llapur CJ, Williams TH, Coates C, Gunderman R, Cohen MD, et al. High-
resolution computed tomography imaging of airway disease in infants with cystic fibrosis.

Am J Respir Crit Care Med. 2005 Nov 1;172(9):1133-8.

Aurora P, Gustafsson P, Bush A, Lindblad A, Oliver C, Wallis CE, et al. Multiple breath
inert gas washout as a measure of ventilation distribution in children with cystic fibrosis.

Thorax. 2004 Dec;59(12):1068-73.

Short C, Saunders C, Davies JC. Utility of lung clearance index in CF: What we know,
what we don’t know and musings on how to bridge the gap. J Cyst Fibros. 2020

Nov;19(6):852-5.

Owens CM, Aurora P, Stanojevic S, Bush A, Wade A, Oliver C, et al. Lung Clearance
Index and HRCT are complementary markers of lung abnormalities in young children

with CF. Thorax. 2011 Jun;66(6):481-8.

Gustafsson PM, De Jong PA, Tiddens HAWM, Lindblad A. Multiple-breath inert gas
washout and spirometry versus structural lung disease in cystic fibrosis. Thorax. 2008

Feb:63(2):129-34.

Kieninger E, Yammine S, Korten I, Anagnostopoulou P, Singer F, Frey U, et al. Elevated
lung clearance index in infants with cystic fibrosis shortly after birth. Eur Respir J
[Internet]. 2017 Nov;50(5). Available from: http://dx.doi.org/10.1183/13993003.00580-

2017

197



74.

75.

76.

77.

78.

79.

O’Neill K, Bradley JM, Reid A, Downey DG, Rendall J, McCaughan J, et al. Airway
infection, systemic inflammation and lung clearance index in children and adults with
cystic fibrosis. Eur Respir J [Internet]. 2018 Feb;51(2). Awvailable from:

http://dx.doi.org/10.1183/13993003.01704-2017

Kent L, Reix P, Innes JA, Zielen S, Le Bourgeois M, Braggion C, et al. Lung clearance
index: evidence for use in clinical trials in cystic fibrosis. J Cyst Fibros. 2014

Mar;13(2):123-38.

Ratjen F, Hug C, Marigowda G, Tian S, Huang X, Stanojevic S, et al. Efficacy and safety
of lumacaftor and ivacaftor in patients aged 6-11 years with cystic fibrosis homozygous
for F508del-CFTR: a randomised, placebo-controlled phase 3 trial. Lancet Respir Med.

2017 Jul;5(7):557-67.

Amin R, Subbarao P, Jabar A, Balkovec S, Jensen R, Kerrigan S, et al. Hypertonic saline
improves the LCI in paediatric patients with CF with normal lung function. Thorax. 2010

May;65(5):379-83.

Amin R, Subbarao P, Lou W, Jabar A, Balkovec S, Jensen R, et al. The effect of dornase
alfa on ventilation inhomogeneity in patients with cystic fibrosis. Eur Respir J. 2011

Apr;37(4):806-12.

Lucas JS, Burgess A, Mitchison HM, Moya E, Williamson M, Hogg C, et al. Diagnosis

and management of primary ciliary dyskinesia. Arch Dis Child. 2014 Sep;99(9):850-6.

198



80.

81.

82.

83.

84.

85.

Raidt J, Wallmeier J, Hjeij R, Onnebrink JG, Pennekamp P, Loges NT, et al. Ciliary beat
pattern and frequency in genetic variants of primary ciliary dyskinesia. Eur Respir J. 2014

Dec;44(6):1579-88.

Shapiro AJ, Zariwala MA, Ferkol T, Davis SD, Sagel SD, Dell SD, et al. Diagnosis,
monitoring, and treatment of primary ciliary dyskinesia: PCD foundation consensus
recommendations based on state of the art review. Pediatr Pulmonol. 2016 Feb;51(2):115-

32.

Hayes D Jr, Reynolds SD, Tumin D. Outcomes of lung transplantation for primary ciliary
dyskinesia and Kartagener syndrome. J Heart Lung Transplant. 2016 Nov;35(11):1377—

8.

Schofield LM, Duff A, Brennan C. Airway Clearance Techniques for Primary Ciliary
Dyskinesia; is the Cystic Fibrosis literature portable? Paediatr Respir Rev. 2018

Jan;25:73-7.

Roehmel JF, Doerfler FJ, Koerner-Rettberg C, Brinkmann F, Schlegtendal A, Wetzke M,
et al. Comparison of the Lung Clearance Index in Preschool Children with Primary Ciliary
Dyskinesia and Cystic Fibrosis. Chest [Internet]. 2022 Mar 7; Available from:

https://www.sciencedirect.com/science/article/pii/S0012369222004214

Montella S, Santamaria F, Salvatore M, Pignata C, Maglione M, lacotucci P, et al.
Assessment of chest high-field magnetic resonance imaging in children and young adults

with noncystic fibrosis chronic lung disease: comparison to high-resolution computed

199



86.

87.

88.

89.

90.

91.

tomography and correlation with pulmonary function. Invest Radiol. 2009 Sep;44(9):532—

8.

Green K, Buchvald FF, Marthin JK, Hanel B, Gustafsson PM, Nielsen KG. Ventilation
inhomogeneity in children with primary ciliary dyskinesia. Thorax. 2012 Jan;67(1):49—

53.

Boon M, Vermeulen FL, Gysemans W, Proesmans M, Jorissen M, De Boeck K. Lung
structure-function correlation in patients with primary ciliary dyskinesia. Thorax. 2015

Apr;70(4):339-45.

Irving S, Dixon M, Fassad MR, Frost E, Hayward J, Kilpin K, et al. Primary Ciliary
Dyskinesia Due to Microtubular Defects is Associated with Worse Lung Clearance Index.

Lung. 2018 Apr;196(2):231-8.

Irving SJ, Ives A, Davies G, Donovan J, Edey AJ, Gill SS, et al. Lung clearance index and
high-resolution computed tomography scores in primary ciliary dyskinesia. Am J Respir

Crit Care Med. 2013 Sep 1;188(5):545-9.

Kobbernagel HE, Green K, Ring AM, Buchvald FF, Rosthgj S, Gustafsson PM, et al.
One-year evolution and variability in multiple-breath washout indices in children and

young adults with primary ciliary dyskinesia. Eur Respir J. 2019 Mar 26;6(1):1591841.

Nyilas S, Bauman G, Pusterla O, Sommer G, Singer F, Stranzinger E, et al. Structural and

Functional Lung Impairment in Primary Ciliary Dyskinesia. Assessment with Magnetic

200



92.

93.

94.

95.

96.

Resonance Imaging and Multiple Breath Washout in Comparison to Spirometry. Ann Am

Thorac Soc. 2018 Dec;15(12):1434-42.

Stahl M, Joachim C, Uselmann T, Yu Y, Kirsch I, Berger C, et al. Multicenter feasibility
of lung clearance index in preschool children with cystic fibrosis and other lung diseases.
Eur Respir J [Internet]. 2020 Sep 7 [cited 2021 Oct 19];56(suppl 64). Available from:

https://erj.ersjournals.com/content/56/suppl_64/356

Bush A, Irving S. Wavering in the breeze: is multiple breath washout useful in primary
ciliary dyskinesia? [Internet]. Vol. 70, Thorax. 2015. p. 305-6. Available from:

http://dx.doi.org/10.1136/thoraxjnl-2015-206822

Irving SJ, Davies JC, Alton EWF, Bush A. Lung Clearance Index in Primary Ciliary
Dyskinesia and Bronchiectasis [Internet]. Vol. 189, American Journal of Respiratory and
Critical Care Medicine. 2014. p. 1147-8. Available from:

http://dx.doi.org/10.1164/rccm.201402-02061e

Ottersbach N. Grid switchgear uses SF6, the world’s most potent greenhouse gas. How
do we regulate it? [Internet]. energypost.eu. 2019 [cited 2022 Sep 30]. Available from:
https://energypost.eu/grid-switchgear-uses-sf6-the-worlds-most-potent-greenhouse-gas-

how-do-we-regulate-it/

Nuttall AGL, Velasquez W, Beardsmore CS, Gaillard EA. Lung clearance index:
assessment and utility in children with asthma. Eur Respir Rev [Internet]. 2019 Dec

31;28(154). Available from: http://dx.doi.org/10.1183/16000617.0046-2019

201



97.

98.

99.

100.

101.

102.

Bayfield KJ, Horsley A, Alton E, Irving S, Bush A, Davies JC. Simultaneous sulfur
hexafluoride and nitrogen multiple-breath washout (MBW) to examine inherent
differences in MBW outcomes. ERJ Open Res [Internet]. 2019 Oct;5(4). Available from:

http://dx.doi.org/10.1183/23120541.00234-2018

Gustafsson PM, Bengtsson L, Lindblad A, Robinson PD. The effect of inert gas choice
on multiple breath washout in healthy infants: differences in lung function outcomes and

breathing pattern. J Appl Physiol. 2017 Dec 1;123(6):1545-54.

Beydon N, Davis SD, Lombardi E, Allen JL, Arets HGM, Aurora P, et al. An official
American Thoracic Society/European Respiratory Society statement: pulmonary function

testing in preschool children. Am J Respir Crit Care Med. 2007 Jun 15;175(12):1304-45.

Isaac SM, Jensen R, Anagnostopoulou P, Davies JC, Gappa M, Latzin P, et al.
Evaluation of a multiple breath nitrogen washout system in children. Pediatr Pulmonol.

2020 Aug;55(8):2108-14.

Anagnostopoulou P, Latzin P, Jensen R, Stahl M, Harper A, Yammine S, et al.
Normative data for multiple breath washout outcomes in school-aged Caucasian children.
Eur Respir J [Internet]. 2020 Apr;55(4). Available from:

http://dx.doi.org/10.1183/13993003.01302-2019

Jensen R, Stanojevic S, Gibney K, Salazar JG, Gustafsson P, Subbarao P, et al. Multiple
breath nitrogen washout: a feasible alternative to mass spectrometry. PLoS One. 2013 Feb

15:8(2):656868.

202



103.

104.

105.

106.

107.

108.

109.

Nielsen N, Nielsen JG, Horsley AR. Evaluation of the impact of alveolar nitrogen
excretion on indices derived from multiple breath nitrogen washout. PLoS One. 2013 Sep

9:8(9):673335.

EasyOne Pro® [Internet]. NDD Medical Technologies. [cited 2022 Oct 13]. Available

from: https://nddmed.com/products/complete-pft/easyone-pro

Fuchs S, Buess C, Gappa M. In vitro validation of nitrogen multiple breath washout
using ultrasonic equipment. Eur Respir J [Internet]. 2011 Sep 1 [cited 2022 Mar

31];38(Suppl 55). Available from: https://erj.ersjournals.com/content/38/Suppl_55/p2027

Fuchs S, Buess C, Petri E, Hillskamp G, Gappa M. Validation Of An Ultrasonic Device
For Routine Use Of Multiple Breath Nitrogen Washout. In: D67 PEDIATRIC
PULMONARY PHYSIOLOGY AND MEASUREMENT. American Thoracic Society;

2012. p. A6160-A6160. (American Thoracic Society International Conference Abstracts).

Fuchs SlI, Eder J, Ellemunter H, Gappa M. Lung clearance index: normal values,
repeatability, and reproducibility in healthy children and adolescents. Pediatr Pulmonol.

2009 Dec;44(12):1180-5.

Fuchs Sl, Ellemunter H, Eder J, Mellies U, Grosse-Onnebrink J, Timmler B, et al.
Feasibility and variability of measuring the Lung Clearance Index in a multi-center

setting. Pediatr Pulmonol. 2012 Jul;47(7):649-57.

Pfleger A, Steinbacher M, Weinhandl E, Wagner M, Eber E. Short-term effects of

physiotherapy on ventilation inhomogeneity in cystic fibrosis patients with moderate to
203



110.

111.

112.

113.

114.

115.

severe lung disease. Eur Respir J [Internet]. 2013 Sep 1 [cited 2021 Jan 28];42(Suppl 57).

Available from: https://erj.ersjournals.com/content/42/Suppl_57/P3598

Mulligan M, Collins L, Dunne CP, Keane L, Linnane B. Determination of the Lung
Clearance Index (LCI) in a Paediatric Cystic Fibrosis Cohort. Ir Med J. 2017 Oct

10;110(9):629.

Horsley AR, Gustafsson PM, Macleod KA, Saunders C, Greening AP, Porteous DJ, et
al. Lung clearance index is a sensitive, repeatable and practical measure of airways disease

in adults with cystic fibrosis. Thorax. 2008 Feb;63(2):135-40.

Horsley AR, Belcher J, Bayfield K, Bianco B, Cunningham S, Fullwood C, et al.
Longitudinal assessment of lung clearance index to monitor disease progression in
children and adults with cystic fibrosis. Thorax [Internet]. 2021 Jul 22; Available from:

http://dx.doi.org/10.1136/thoraxjnl-2021-216928

Poncin W, Singer F, Aubriot A-S, Lebecque P. Agreement between multiple-breath

nitrogen washout systems in children and adults. J Cyst Fibros. 2017 Mar;16(2):258-66.

Tonga KO, Robinson PD, Farah CS, King GG, Thamrin C. In vitro and in vivo
functional residual capacity comparisons between multiple-breath nitrogen washout
devicess. ERJ Open Res [Internet]. 2017 Oct;3(4). Available from:

http://dx.doi.org/10.1183/23120541.00011-2017

Zwitserloot AM, van den Born EJ, Raaijmakers LHA, Stalman WE, van Smaalen M,

van den Berge M, et al. Differences in lung clearance index and functional residual
204



116.

117.

118.

119.

120.

121.

capacity between two commercial multiple-breath nitrogen washout devices in healthy
children and adults. ERJ Open Research [Internet]. 2020 Apr 1 [cited 2020 Dec 11];6(2).

Available from: https://openres.ersjournals.com/content/6/2/00247-2019

Raaijmakers L, Jensen R, Stanojevic S, Ratjen F. Validation of multiple breath washout

devices. J Cyst Fibros. 2017 Nov;16(6):e22-3.

Schulzke SM, Hall GL, Nathan EA, Simmer K, Nolan G, Pillow JJ. Lung volume and
ventilation inhomogeneity in preterm infants at 15-18 months corrected age. J Pediatr.

2010 Apr;156(4):542-9.e2.

Lum S, Stocks J, Stanojevic S, Wade A, Robinson P, Gustafsson P, et al. Age and height
dependence of lung clearance index and functional residual capacity. Eur Respir J. 2013

Jun:41(6):1371-7.

Chakr VC, Llapur CJ, Sarria EE, Mattiello R, Kisling J, Tiller C, et al. Ventilation
homogeneity improves with growth early in life. Pediatr Pulmonol. 2012 Apr;47(4):373—

80.

Fuchs SI, Sturz J, Junge S, Ballmann M, Gappa M. A novel sidestream ultrasonic flow

sensor for multiple breath washout in children. Pediatr Pulmonol. 2008 Aug;43(8):731-8.

Horsley AR, Alrumuh A, Bianco B, Bayfield K, Tomlinson J, Jones A, et al. Lung
clearance index in healthy volunteers, measured using a novel portable system with a

closed circuit wash-in. PLoS One. 2020 Feb 25;15(2):e0229300.

205



122.

123.

124,

125.

126.

127.

128.

Stern G, Latzin P, R66sli M, Fuchs O, Proietti E, Kuehni C, et al. A prospective study
of the impact of air pollution on respiratory symptoms and infections in infants. Am J

Respir Crit Care Med. 2013 Jun 15;187(12):1341-8.

Pope CA 3rd, Dockery DW. Acute health effects of PM10 pollution on symptomatic

and asymptomatic children. Am Rev Respir Dis. 1992 May;145(5):1123-8.

Lagorio S, Forastiere F, Pistelli R, lavarone I, Michelozzi P, Fano V, et al. Air pollution
and lung function among susceptible adult subjects: a panel study. Environ Health. 2006

May 5;5:11.

Schwartz J. Lung function and chronic exposure to air pollution: a cross-sectional

analysis of NHANES I1. Environ Res. 1989 Dec;50(2):309-21.

Sonnappa S, Lum S, Kirkby J, Bonner R, Wade A, Subramanya V, et al. Disparities in
pulmonary function in healthy children across the Indian urban-rural continuum. Am J

Respir Crit Care Med. 2015 Jan 1;191(1):79-86.

Bek K, Tomag N, Delibas A, Tuna F, Tezi¢ HT, Sungur M. The effect of passive
smoking on pulmonary function during childhood. Postgrad Med J. 1999

Jun;75(884):339-41.

Effects of passive smoking on pulmonary functions of individuals in an urban area.

2022;12(7):921-6.

206



129.

130.

131.

132.

133.

134.

Fuchs O, Latzin P, Thamrin C, Stern G, Frischknecht P, Singer F, et al. Normative data
for lung function and exhaled nitric oxide in unsedated healthy infants. Eur Respir J. 2011

May;37(5):1208-16.

Graham BL, Steenbruggen I, Miller MR, Barjaktarevic 1Z, Cooper BG, Hall GL, et al.
Standardization of Spirometry 2019 Update. An Official American Thoracic Society and
European Respiratory Society Technical Statement. Am J Respir Crit Care Med. 2019 Oct

15:200(8):e70-88.

Cochrane GM, Prieto F, Clark TJ. Intrasubject variability of maximal expiratory flow

volume curve. Thorax. 1977 Apr;32(2):171-6.

Lebowitz MD, Knudson RJ, Robertson G, Burrows B. Significance of intraindividual
changes in maximum expiratory flow volume and peak expiratory flow measurements.

Chest. 1982 May;81(5):566-70.

Kinzli N, Ackermann-Liebrich U, Keller R, Perruchoud AP, Schindler C. Variability
of FVC and FEV1 due to technician, team, device and subject in an eight centre study:
three quality control studies in SAPALDIA. Swiss Study on Air Pollution and Lung

Disease in Adults. Eur Respir J. 1995 Mar;8(3):371-6.

Becker EA, Blonshine JM, Bialek K, Moran EM, Blonshine SB. Variations in FVC and
FEV1 Biologic Quality Control Measures in a Global Multi-Center Clinical Trial. Respir

Care. 2022 Jun;67(6):702-8.

207



135.

136.

137.

138.

139.

140.

141.

142.

O’Neill K, Tunney MM, Johnston E, Rowan S, Downey DG, Rendall J, et al. Lung
Clearance Index in Adults and Children With Cystic Fibrosis. Chest. 2016

Dec;150(6):1323-32.

Belessis Y, Dixon B, Hawkins G, Pereira J, Peat J, MacDonald R, et al. Early cystic
fibrosis lung disease detected by bronchoalveolar lavage and lung clearance index. AmJ

Respir Crit Care Med. 2012 Apr 15;185(8):862—73.

Vaz S, Falkmer T, Passmore AE, Parsons R, Andreou P. The case for using the
repeatability coefficient when calculating test-retest reliability. PLoS One. 2013 Sep

9:8(9):673990.

Liljequist D, Elfving B, Skavberg Roaldsen K. Intraclass correlation - A discussion and

demonstration of basic features. PLoS One. 2019 Jul 22;14(7):e0219854.

Bland JM, Altman DG. Statistical methods for assessing agreement between two

methods of clinical measurement. Lancet. 1986 Feb 8;1(8476):307-10.

Giavarina D. Understanding Bland Altman analysis. Biochem Med . 2015 Jun

5:25(2):141-51.

Kesteven GL. The coefficient of variation. Nature. 1946 Oct 12;158:520.

Svedberg M, Gustafsson PM, Robinson PD, Rosberg M, Lindblad A. Variability of
lung clearance index in clinically stable cystic fibrosis lung disease in school age children.

J Cyst Fibros. 2018 Mar;17(2):236-41.

208



143.

144.

145.

146.

147.

148.

Perrem L, Stanojevic S, Solomon M, Grasemann H, Sweezey N, Waters V, et al.
Evaluation of clinically relevant changes in the lung clearance index in children with
cystic fibrosis and healthy controls. Thorax [Internet]. 2022 Apr 15; Available from:

http://dx.doi.org/10.1136/thoraxjnl-2021-218347

Braun L, Wolfgang M, Dickersin K. Defining race/ethnicity and explaining difference

in research studies on lung function. Eur Respir J. 2013 Jun;41(6):1362—70.

Hall GL, Stanojevic S, GLI Network Executive, Members of the GLI Network
Executive: The Global Lung Function Initiative (GLI) Network ERS Clinical Research
Collaboration: how international collaboration can shape clinical practice. Eur Respir J
[Internet]. 2019 Feb;53(2). Available from: http://dx.doi.org/10.1183/13993003.02277-

2018

Lujan HL, DiCarlo SE. Science reflects history as society influences science: brief

history of ‘race,” ‘race correction,” and the spirometer. Adv Physiol Educ. 2018 Jun

1;42(2):163-5.

Stocks J, Sonnappa S, Lum S. Lung function testing in children: importance of race and

ethnic-specific reference equations. Expert Rev Respir Med. 2014 Oct;8(5):527-31.

Sonnappa S, Bastardo CM, Stafler P, Bush A, Aurora P, Stocks J. Ethnic differences in
fraction of exhaled nitric oxide and lung function in healthy young children. Chest. 2011

Nov;140(5):1325-31.

209



149.

150.

151.

152.

153.

154.

155.

Raywood E, Duncan J, Legg S, Aurora P, Stocks J. The Feasibility Of Using
Commercial Multiple Breath Nitrogen Washout Devices In School-aged Children.

Thorax. 2014 Dec 1;69(Suppl 2):A121-A121.

Green K, Kongstad T, Skov M, Buchvald F, Rosthgj S, Marott JL, et al. Variability of
monthly nitrogen multiple-breath washout during one year in children with cystic fibrosis.

J Cyst Fibros. 2018 Mar;17(2):242-8.

Stanojevic S, Davis SD, Retsch-Bogart G, Webster H, Davis M, Johnson RC, et al.
Progression of Lung Disease in Preschool Patients with Cystic Fibrosis. Am J Respir Crit

Care Med. 2017 May 1;195(9):1216-25.

Downing B, Irving S, Bingham Y, Fleming L, Bush A, Saglani S. Feasibility of lung
clearance index in a clinical setting in pre-school children. Eur Respir J. 2016

Oct;48(4):1074-80.

Couriel JM, Schier M, Hutchison AA, Phelan PD, Landau LI. Distribution of
ventilation in young children with cystic fibrosis. Pediatr Pulmonol. 1985 Nov;1(6):314—

8.

Singer F, Kieninger E, Abbas C, Yammine S, Fuchs O, Proietti E, et al. Practicability
of nitrogen multiple-breath washout measurements in a pediatric cystic fibrosis outpatient

setting. Pediatr Pulmonol. 2013 Aug;48(8):739-46.

Hine C, Desai M, Davies J, Sapey E, Nagakumar P. Systematic review of lung clearance

index (LCI) in non-cystic fibrosis (CF), non-primary ciliary dyskinesia (PCD)
210



156.

157.

158.

159.

160.

161.

bronchiectasis (Bx). Eur Respir J [Internet]. 2021 Sep 5 [cited 2022 Aug 25];58(suppl 65).

Available from: https://erj.ersjournals.com/content/58/suppl_65/PA2073

Hine C, Desai M, Davies J, Sapey E, Nagakumar P. A systematic review of lung
clearance index in non-cystic fibrosis, non-primary ciliary dyskinesia bronchiectasis.

Respir Med [Internet]. Available from: https://doi.org/10.1016/j.rmed.2022.106937

Hill AT, Sullivan AL, Chalmers JD, De Soyza A, Elborn JS, Floto RA, et al. British
Thoracic Society guideline for bronchiectasis in adults. BMJ Open Respir Res. 2018 Dec

28:5(1):2000348.

Chalmers JD, Goeminne P, Aliberti S, McDonnell MJ, Lonni S, Davidson J, et al. The
bronchiectasis severity index. An international derivation and validation study. Am J

Respir Crit Care Med. 2014 Mar 1;189(5):576-85.

Wilson CB, Jones PW, O’Leary CJ, Cole PJ, Wilson R. Validation of the St. George’s
Respiratory Questionnaire in bronchiectasis. Am J Respir Crit Care Med. 1997 Aug;156(2

Pt 1):536-41.

Moher D, Liberati A, Tetzlaff J, Altman DG, PRISMA Group. Preferred reporting items
for systematic reviews and meta-analyses: the PRISMA statement. PLoS Med. 2009 Jul

21:6(7):¢1000097.

Booth A, Clarke M, Dooley G, Ghersi D, Moher D, Petticrew M, et al. The nuts and
bolts of PROSPERO: an international prospective register of systematic reviews. Syst

Rev. 2012 Feb 9;1:2.
211



162.

163.

164.

165.

166.

167.

Ouzzani M, Hammady H, Fedorowicz Z, ElImagarmid A. Rayyan-a web and mobile

app for systematic reviews. Syst Rev. 2016 Dec 5;5(1):210.

Dundar Y, Fleeman N. Applying Inclusion and Exclusion Criteria. In: Boland A,
Cherry M, Dickson R, editors. Doing a Systematic Review: A student’s guide. SAGE

Publications; 2017. p. 79-106.

Irving SJ, Nair A, Davies JC, Hansell D, Hogg C. Lung Clearance Index (LCI) Is A
Sensitive Predictor Of High Resolution Computed Tomography (HRCT) Scores In

Children With Non-CF Bronchiectasis. Thorax. 2014;69 (Suppl 2):A37-8.

Hatziagorou E, Avramidou V, Kirvassilis F, Georgopoulou V, Nikopoulos S, Tsanakas
J. Sensitivity of lung clearance index and chest computed tomography in early lung
disease among children with non-CF bronchiectasis. Eur Respir J [Internet]. 2012 Sep
1;40(Suppl 56). Available from:

https://erj.ersjournals.com/content/40/Suppl_56/P4608.short

Hatziagorou E, Avramidou V, Kirvassilis F, Kontouli K, Nikopoulos S, Tsanakas J.
Lung clearance index and exercise capacity among children with bronchiectasis. Eur
Respir J [Internet]. 2012 Sep 1 [cited 2020 Apr 29];40(Suppl 56). Available from:

http://erj.ersjournals.com/content/40/Suppl_56/P4607

Hatziagorou E, Avramidou V, Kirvassilis F. Lung clearance index and exercise
capacity among children with mild CF-and non-CF bronchiectasis. Journal of Cystic

Fibrosis [Internet]. 2013; Available from: https://core.ac.uk/download/pdf/82326143.pdf

212



168.

169.

170.

171.

172.

173.

Hatziagorou E, Vantsi P, Avramidou V, Kampouras A, Kirvassilis F, Georgopoulou V,
et al. Lung clearance index and exercise capacity among children with CF and non-CF
bronchiectasis over a two year period. Eur Respir J [Internet]. 2015 Sep 1 [cited 2020 Feb
25];46(suppl 59). Available from:

https://erj.ersjournals.com/content/46/suppl_59/0A1981

O’Neill K, Einarsson GG, Rowan S, Mcllreavey L, Lee AJ, Lawson J, et al.
Composition of airway bacterial community correlates with chest HRCT in adults with

bronchiectasis. Respirology. 2020 Jan;25(1):64—70.

Gonem S, Scadding A, Soares M, Singapuri A, Gustafsson P, Ohri C, et al. Lung
clearance index in adults with non-cystic fibrosis bronchiectasis. Respir Res. 2014 May

18;15:59.

Rowan SA, Bradley JM, Bradbury I, Lawson J, Lynch T, Gustafsson P, et al. Lung
clearance index is a repeatable and sensitive indicator of radiological changes in

bronchiectasis. Am J Respir Crit Care Med. 2014 Mar 1;189(5):586-92.

Grillo L, Irving S, Hansell DM, Nair A, Annan B, Ward S, et al. The reproducibility
and responsiveness of the lung clearance index in bronchiectasis. Eur Respir J. 2015

Dec;46(6):1645-53.

Guan W-J, Yuan J-J, Gao Y-H, Li H-M, Zheng J-P, Chen R-C, et al. Maximal mid-
expiratory flow is a surrogate marker of lung clearance index for assessment of adults

with bronchiectasis. Sci Rep. 2016 Jun 24;6:28467.

213



174.

175.

176.

177.

178.

179.

Guan W-J, Yuan J-J, Huang Y, Li H-M, Chen R-C, Zhong N-S. Residual volume/total
lung capacity ratio confers limited additive significance to lung clearance index for

assessment of adults with bronchiectasis. PLoS One. 2017 Sep 8;12(9):e0183779.

Verbanck S, King GG, Zhou W, Miller A, Thamrin C, Schuermans D, et al. The
quantitative link of lung clearance index to bronchial segments affected by bronchiectasis.

Thorax. 2018 Jan;73(1):82-4.

Quality Assessment Tool for Observational Cohort and Cross-Sectional Studies
[Internet]. National Heart, Lung, and Blood Institue. [cited 2021 Apr 25]. Available from:

https://www.nhlbi.nih.gov/health-topics/study-quality-assessment-tools

Horsley AR, Davies JC, Gray RD, Macleod KA, Donovan J, Aziz ZA, et al. Changes
in physiological, functional and structural markers of cystic fibrosis lung disease with

treatment of a pulmonary exacerbation. Thorax. 2013 Jun;68(6):532-9.

Brody AS, Klein JS, Molina PL, Quan J, Bean JA, Wilmott RW. High-resolution
computed tomography in young patients with cystic fibrosis: distribution of abnormalities

and correlation with pulmonary function tests. J Pediatr. 2004 Jul;145(1):32-8.

Guan W-J, Gao Y-H, Xu G, Lin Z-Y, Tang Y, Li H-M, et al. Characterization of lung
function impairment in adults with bronchiectasis. PLoS One. 2014 Nov

18;9(11):¢113373.

214



180.

181.

182.

183.

184.

185.

Ellemunter H, Fuchs SI, Unsinn KM, Freund MC, Waltner-Romen M, Steinkamp G, et
al. Sensitivity of Lung Clearance Index and chest computed tomography in early CF lung

disease. Respir Med. 2010 Dec;104(12):1834-42.

Bedi P, Chalmers JD, Goeminne PC, Mai C, Saravanamuthu P, Velu PP, et al. The
BRICS (Bronchiectasis Radiologically Indexed CT Score): A Multicenter Study Score for

Use in Idiopathic and Postinfective Bronchiectasis. Chest. 2018 May;153(5):1177-86.

Lee TWR, Brownlee KG, Conway SP, Denton M, Littlewood JM. Evaluation of a new
definition for chronic Pseudomonas aeruginosa infection in cystic fibrosis patients. J Cyst

Fibros. 2003 Mar;2(1):29-34.

Serisier DJ, Martin ML, McGuckin MA, Lourie R, Chen AC, Brain B, et al. Effect of
Long-term, Low-Dose Erythromycin on Pulmonary Exacerbations Among Patients With
Non—Cystic Fibrosis Bronchiectasis: The BLESS Randomized Controlled Trial. JAMA.

2013 Mar 27;309(12):1260-7.

Rogers GB, Zain NMM, Bruce KD, Burr LD, Chen AC, Rivett DW, et al. A novel
microbiota stratification system predicts future exacerbations in bronchiectasis. Ann Am

Thorac Soc. 2014 May;11(4):496-503.

de Jong PA, Lindblad A, Rubin L, Hop WCJ, de Jongste JC, Brink M, et al. Progression
of lung disease on computed tomography and pulmonary function tests in children and

adults with cystic fibrosis. Thorax. 2006 Jan;61(1):80-5.

215



186.

187.

188.

189.

190.

191.

Widger J, Ranganathan S, Robinson PJ. Progression of structural lung disease on CT
scans in children with cystic fibrosis related diabetes. J Cyst Fibros. 2013 May;12(3):216—

21.

de Jong PA, Nakano Y, Lequin MH, Mayo JR, Woods R, Paré PD, et al. Progressive
damage on high resolution computed tomography despite stable lung function in cystic

fibrosis. Eur Respir J. 2004 Jan;23(1):93-7.

List of ethnic groups [Internet]. [cited 2022 Apr 17]. Available from:

https://www.ethnicity-facts-figures.service.gov.uk/style-guide/ethnic-groups

Ethnic group, national identity and religion [Internet]. [cited 2022 Apr 15]. Available
from:
https://www.ons.gov.uk/methodology/classificationsandstandards/measuringequality/eth

nicgroupnationalidentityandreligion

Jensen R, Stanojevic S, Klingel M, Pizarro ME, Hall GL, Ramsey K, et al. A Systematic
Approach to Multiple Breath Nitrogen Washout Test Quality. PLoS One. 2016 Jun

15;11(6):e0157523.

O’Neill K, Ferguson K, Cosgrove D, Tunney MM, De Soyza A, Carroll M, et al.
Multiple breath washout in bronchiectasis clinical trials: is it feasible? ERJ Open Res
[Internet]. 2020 Oct;6(4). Available from: http://dx.doi.org/10.1183/23120541.00363-

2019

216



192.

193.

194.

195.

196.

197.

Oestreich M-A, Wyler F, Etter B, Ramsey KA, Latzin P. A non-systematic signal-
correction error in a commercial multiple-breath washout device significantly impacts

outcomes in children and adults. medRxiv. 2022 Jan 28;2022.01.27.22269250.

Isaac SM, Jensen R, Davies JC, Fuchs S, Gappa M, Latzin P, et al. Validation of the
NDD easyone pro lab multiple breath nitrogen washout system in children. Pediatr
Pulmonol [Internet]. 2018 Sep [cited 2022 Mar 31];53. Available from:
https://research.rug.nl/en/publications/validation-of-the-ndd-easyone-pro-lab-multiple-

breath-nitrogen-wa

Stahl M, Joachim C, Kirsch I, Uselmann T, Yu Y, Alfeis N, et al. Multicentre feasibility
of multiple-breath washout in preschool children with cystic fibrosis and other lung
diseases. ERJ Open Res [Internet]. 2020 Oct;6(4). Available from:

http://dx.doi.org/10.1183/23120541.00408-2020

O’Neill K, Saunders C. New directions on lung clearance index variability and

feasibility. J Cyst Fibros. 2018 Mar;17(2):137-9.

Ma IWY, Khan NA, Kang A, Zalunardo N, Palepu A. Systematic review identified
suboptimal reporting and use of race/ethnicity in general medical journals. J Clin

Epidemiol. 2007 Jun;60(6):572-8.

Quanjer PH. Lung function, race and ethnicity: a conundrum. Eur Respir J. 2013

Jun;41(6):1249-51.

217



198.

199.

200.

201.

202.

203.

204.

Bhakta NR, Kaminsky DA, Bime C, Thakur N, Hall GL, McCormack MC, et al.
Addressing Race in Pulmonary Function Testing by Aligning Intent and Evidence With

Practice and Perception. Chest. 2022 Jan;161(1):288-97.

Saad NJ, Patel J, Minelli C, Burney PGJ. Explaining ethnic disparities in lung function

among young adults: A pilot investigation. PLoS One. 2017 Jun 2;12(6):e0178962.

Kuehni CE, Strippoli M-PF, Spycher BD, Silverman M, Beardsmore CS. Lung function
in the children of immigrant and UK-born south-Asian mothers. Eur Respir J. 2015

Apr;45(4):1163-6.

Moerman JN, Ratjen F, Subbarao P, Sears MR, Anand SS, Stanojevic S. The prevalence
of asthma in Canadian children of South Asian descent. Pediatr Pulmonol. 2014

Jan;49(1):43-8.

Stahl M, Graeber SY, Joachim C, Barth S, Ricklefs I, Diekmann G, et al. Three-center
feasibility of lung clearance index in infants and preschool children with cystic fibrosis

and other lung diseases. J Cyst Fibros. 2018 Mar;17(2):249-55.

Zemanick ET, Taylor-Cousar JL, Davies J, Gibson RL, Mall MA, McKone EF, et al.
A Phase 3 Open-Label Study of ELX/TEZ/IVA in Children 6 Through 11 Years of Age
With CF and at Least One F508del Allele. Am J Respir Crit Care Med [Internet]. 2021

Mar 18; Available from: http://dx.doi.org/10.1164/rccm.202102-05090C

Frauchiger BS, Carlens J, Herger A, Moeller A, Latzin P, Ramsey KA. Multiple breath

washout quality control in the clinical setting. Pediatr Pulmonol. 2021 Jan;56(1):105-12.
218



205.

206.

207.

208.

209.

210.

211.

Gilchrist FJ, Buka R, Jones M, Ho SA, Lenney W, Carroll WD. Clinical indications
and scanning protocols for chest CT in children with cystic fibrosis: a survey of UK

tertiary centres. BMJ Paediatr Open. 2018 Oct 27;2(1):e000367.

Dimakou K, Triantafillidou C, Toumbis M, Tsikritsaki K, Malagari K, Bakakos P. Non
CF-bronchiectasis: Aetiologic approach, clinical, radiological, microbiological and

functional profile in 277 patients. Respir Med. 2016 Jul;116:1-7.

de Jong PA, Tiddens HAWM. Cystic fibrosis specific computed tomography scoring.

Proc Am Thorac Soc. 2007 Aug 1;4(4):338-42.

Santamaria F, Montella S, Camera L, Palumbo C, Greco L, Boner AL. Lung structure
abnormalities, but normal lung function in pediatric bronchiectasis. Chest. 2006

Aug;130(2):480-6.

Burki NK, Dent MC. The forced expiratory time as a measure of small airway

resistance. Clin Sci Mol Med. 1976 Jul;51(1):53-8.

Marseglia GL, Cirillo I, Vizzaccaro A, Klersy C, Tosca MA, La Rosa M, et al. Role of
forced expiratory flow at 25-75% as an early marker of small airways impairment in

subjects with allergic rhinitis. Allergy Asthma Proc. 2007 Jan-Feb;28(1):74-8.

Stockley JA, Ismail AM, Hughes SM, Edgar R, Stockley RA, Sapey E. Maximal mid-
expiratory flow detects early lung disease in al-antitrypsin deficiency. Eur Respir J
[Internet]. 2017 Mar;49(3). Available from: http://dx.doi.org/10.1183/13993003.02055-

2016
219



212.

213.

214.

215.

216.

217.

218.

Guglani L, Kasi A, Starks M, Pedersen KE, Nielsen JG, Weiner DJ. Difference between
SF6 and N2 Multiple Breath Washout kinetics is due to N2 back diffusion and error in N2
offset. J Appl Physiol [Internet]. 2018 Jul 26; Available from:

http://dx.doi.org/10.1152/japplphysiol.00326.2018

McNulty W, Usmani OS. Techniques of assessing small airways dysfunction. Eur
Respir J [Internet]. 2014 Oct 17;1. Available from:

http://dx.doi.org/10.3402/ecrj.v1.25898

Hansen JE, Sun X-G, Wasserman K. Discriminating measures and normal values for

expiratory obstruction. Chest. 2006 Feb;129(2):369-77.

Elidottir H. Treatment of atelectasis and severe mucus plugging in cystic fibrosis. Eur
Respir J [Internet]. 2018 Sep 15 [cited 2023 Mar 22];52(suppl 62). Available from:

https://erj.ersjournals.com/content/52/suppl_62/PA1331

Ramsey KA, Schultz A. Monitoring disease progression in childhood bronchiectasis.

Front Pediatr. 2022 Sep 16;10:1010016.

Eastham KM, Fall AJ, Mitchell L, Spencer DA. The need to redefine non-cystic fibrosis

bronchiectasis in childhood. Thorax. 2004 Apr;59(4):324—7.

Ratjen F, Davis SD, Stanojevic S, Kronmal RA, Hinckley Stukovsky KD, Jorgensen
N, et al. Inhaled hypertonic saline in preschool children with cystic fibrosis (SHIP): a
multicentre, randomised, double-blind, placebo-controlled trial. Lancet Respir Med. 2019

Sep;7(9):802-9.
220



219. Terlizzi V, Castellani C, Taccetti G, Ferrari B. Dornase alfa in Cystic Fibrosis:
indications, comparative studies and effects on lung clearance index. Ital J Pediatr. 2022

Aug 4;48(1):141.

220. O’Neill K, Lakshmipathy GR, Neely C, Cosgrove D, Ferguson K, McLeese R, et al.
Multiple-Breath Washout Outcome Measures in Adults with Bronchiectasis. Ann Am

Thorac Soc. 2022 Sep;19(9):1489-97.

221



Chapter 8: Appendices:
8.1 Appendix 1

Demographic data collection worksheet (Participants with bronchiectasis, page 1)

INHS

Page1of2 Birmingham Women'’s
The utility of lung clearance index in ethnic groups and in disease and Children’s
Chief Investigators: Dr Prasad Nagakumar, Dr Maya Desai NHS Foundation Trust

Day 1 Enrolment Visit Worksheet

Patient Information

Subject Number:
Visit Date:

Consent/Assent Process
Subject is age 6 years to 11 years and has signed Assent Form
Yeso Noo N/Ao
Date Assent Formsigned:__ /__ /
Assent Version and Date: [ /
Protocol Version:

Subject is age 6 years to 11 years and parent/caregiver has signed Consent Form
Yesu Noo N/Ao

Date Consent Form signed:__ /__ /

Consent Version and Date: — Jhusf

Protocol Version:

Inclusion / Exclusion Criteria
| have reviewed all inclusion/exclusion criteria for this subject per the study protocol and
verify that all inclusion and no exclusion criteria have been met. TICK to confirm the
following specifics:
£ HRCT Image performed within 24 months demonstrating bronchiectasis
1 No exacerbation of chest symptoms (needing antibiotic therapy or physiotherapy
escalation) within 4 weeks
o No diagnosis of congenital cardiac disease, neuromuscular disease or bone disease
affecting respiration
o No diagnosis of structural airway/gut/thoracic malformation
o1 No diagnosis of Cystic Fibrosis or Primary Ciliary Dyskinesia (normal sweat test required)

Investigator Signature: Date: / __/
Patient Demographics

Date completed: __ /__ /

Height: cm Weight: kg

Maleo Female o

Investigator Signature: Date:_ / /

IRAS ID ~ 273069
Version 1.0, Nov 2019

By your side

Chwwnan Prebmsnce S Bruce Keogh Chiet Euscstive Offunt Sarsh faoe Mank
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Demographic data collection worksheet (Participants with bronchiectasis, page 2)

INHS |

Page2of2 Birmingham Women'’s
The utility of lung clearance index in ethnic groups and in disease and Children’s
Chief Investigators: Dr Prasad Nagakumar, Dr Maya Desai NHS Foundation Trust
Multiple Breath Washout
Date completed: __ /_ / Time completed: ____ :_ (24hr clock)
Estimated tidal volume (10-15mi/kg): to mi/kg
Were three acceptable trials performed? TICK Yeso Noo N/AG
Comments:
Mean LCI 2.5:
Spirometry
Date completed: __ /  / Time completed: ____: (24hr clock)

Were three acceptable trials performed? TICK Yeso Noo N/AGD

Comments:
FEV;: i % Predicted FVC: L % Predicted
Ethnic Group Question
TICK the box chosen using guide sheet:
White Mixed / multiple ethnic groups
0 English/Welsh/Scottish/Northern Irish/British © White and Black Caribbean
o Irish o White and Black African
0 Gypsy or Irish Traveller 0 White and Asian
0 Any other White background: o1 Any other Mixed/multiple ethnic
background, write in:
Black/African/Caribbean/Black British Asian / Asian British
o African o Indian
0 Caribbean 0 Pakistani
& Any other Black/African/Caribbean o1 Bangladeshi
background, write in: o1 Chinese
o Any other Asian background, write in
Other ethnic group
0 Arab

0 Any other ethnic group, write in:

Home Environment Questions
First three letters of postcode:
Does the subject live in a house with an adult who smokes: Yeso Noo

° g\ IRAS ID — 273069
! éj Version 1.0, Nov 2019
e By your side

Ouarmae Protwmor S Bruce Keagh Chie! Cesative Offes: Saran-Jase Vs
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Demographic data collection worksheet (Healthy Participants, page 1)

INHS

Page10f2 Birmingham Women'’s
The utility of lung clearance index in ethnic groups and in disease and Children’s
Chief Investigators: Dr Prasad Nagakumar, Dr Maya Desal NHS Foundation Trust

Day 1 Enrolment Visit Worksheet

Patient Information

Subject Number:
Visit Date:

Consent/Assent Process
Subject is age 6 years to 11 years and has signed Assent Form
Yeso Noo N/Ao
Date Assent Formsigned:___ /__ /

Assent Version and Date: s
Protocol Version:

Subject is age 6 years to 11 years and parent/caregiver has signed Consent Form
Yeso Noo N/Ao

Date Consent Form signed:___/__ /

Consent Version and Date: s il

Protocol Version:

Inclusion / Exclusion Criteria
| have reviewed all inclusion/exclusion criteria for this subject per the study protocol and
verify that all inclusion and no exclusion criteria have been met. TICK to confirm:
0 No previous hospital admission for a respiratory condition
0 No physician diagnosis of asthma at any previous time
0 No history of chronic productive cough (greater than 6 weeks), recurrent wheezing
(greater than two episodes) within the previous 12 months
0 Born at term gestation (greater than 37 weeks)
o No diagnosis of Intrauterine Growth Restriction
0 No diagnosis of congenital cardiac disease, neuromuscular disease or bone disease
affecting respiration

Investigator Signature: Date: / /
Patient Demographics

Date completed: __ /__ /

Height: cm Weight: kg

Maleo Female o

Investigator Signature: Date: __ /_/

o \ IRAS ID - 273069
" f;ij Version 1.0, Nov 2019
P ! By your side

Oubmon Protemor 1 Bruce Keogh Chiel Lustive Offas Sacan-Jase Wank
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Demographic data collection worksheet (Healthy Participants, page 2)

INHS

Page2of2 Birmingham Women's

The utility of lung clearance index in ethnic groups and in disease and Children’s

Chief Investigators: Dr Prasad Nagakumar, Dr Maya Desai NHS Foundation Trust
Multiple Breath Washout

Date completed: ___ / / Time completed: _ : (2ahr clock)
Estimated tidal volume (10-15mil/kg): to mifkg

Were three acceptable trials performed? TICK

Yeso MNoo MN/AO

Comments:
LCl 2.5;
Spirometry
Date completed: /o Time completed: : {24hr clock)

Were three acceptable trials performed? TICK
Yeso Noo NfaoO

Comments:
FEV,: L % Predicted FVC: L % Predicted
Ethnic Group Question
TICK the box chosen using guide sheet:
White Mixed / multiple ethnic groups
0 English/Welsh/Scottish/Northern Irish/British 0 White and Black Caribbean
o Irish o White and Black African
0 Gypsy or Irish Traveller o White and Asian
0 Any other White background: 0 Any other Mixed/multiple ethnic
background, write in:
Black/African/Caribbean/Black British Asian [ Asian British
0 African o Indian
0 Caribbean o Pakistani
0 Any other Black/African/Caribbean 0 Bangladeshi
background, write in: 0 Chinese
0 Any other Asian background, write in
Other ethnic group
o Arab

0 Any other ethnic group, write in:

Home Environment Questions
First three letters of postcode:
Does the subject live in a house with an adult who smokes:  Yeso  Noo

IRAS 1D - 273069
Version 1.0, Nov 2019

By your side

Chaiwus. Prebevcr S B Kogh Chisl Cosurive (Hias Srun-laxs band
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HRCT Score Spreadsheet

8.2 Appendix 2
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