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Thesis summary 

 

International practice guidelines recommend that people with cystic fibrosis (CF) 

regularly undertake both exercise and traditional airway clearance techniques (ACTs). 

However, some people with CF consider exercise to be an alternative to traditional 

ACTs. This thesis investigates the use of exercise as an alternative to traditional ACTs 

by people with CF by virtue of six studies: 

1. A narrative literature review summarising the evidence for the use of exercise as 

a therapeutic intervention in CF. 

2. A systematic literature review concluding that exercise is likely to be more 

effective than resting at improving airway clearance. Short term studies (n=9) 

comparing exercise to traditional ACTs for improving airway clearance have 

conflicting results and there is a paucity of longer term studies. 

3. A survey of adults with CF across Australia (n=692) finding that 44% had used 

exercise as an alternative to traditional ACTs in the preceding three months, with 

these people tending to have milder respiratory disease. 

4. A study of the psychometric properties of the Leicester Cough Questionnaire 

confirming that it is valid and reliable (n=59) and responsive (n=53) when 

completed by people with CF. 

5. A feasibility study investigating exercise as an alternative to traditional ACTs in 

adults with mild respiratory CF disease, finding it was feasible to recruit 

participants to such a study (n=17 recruited of 57 screened, 30%). However, the 

target randomisation rate (80%) was not achieved due to inadequate adherence 

with the interventions during the run-in period. 

6. A novel electronic recording device that was developed and a study (n=18 

participants) finding it was able to objectively measure adherence (session 

attempts and within session quality) when airway clearance was performed using 

positive pressure ACT devices. 
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These studies provide the foundation for a large, multi-centred randomised clinical trial 

investigating exercise as an alternative to traditional ACTs. 
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Introduction 

Cystic fibrosis (CF) is a life-limiting genetic condition and whilst affecting multiple organs, 

progressive respiratory disease and gastrointestinal dysfunction are the typical dominant 

phenotypic features. Progressive respiratory disease is the primary cause of death in 

most affected individuals.1, 2 Treatments aimed at limiting the rate of progressive damage 

to the respiratory system have evolved, particularly over the last three decades, however 

these advances have resulted in an associated increase in treatment burden for affected 

individuals. Physiotherapy interventions, primarily in the form of airway clearance 

techniques (ACTs) and exercise, are a longstanding accepted component of the 

therapeutic regimen recommended to people with CF.3, 4 Whilst performance of both 

ACTs and exercise is recommended, it has been suggested that exercise may act as a 

stand-alone form of airway clearance therapy.5 This may be particularly relevant to 

people with mild CF disease who have well preserved lung function and a smaller 

volume of respiratory secretions. There are limited data however to support this 

approach. Further investigation of the efficacy of exercise as an alternative to traditional 

ACTs is warranted. 

 

1.1 Cystic fibrosis overview 

1.1.1 Epidemiology 

Cystic fibrosis is often stated as being the most common autosomal recessive life-

shortening condition affecting the Caucasian population, with an estimated 1 in 25 

people being carriers of a CF genetic mutation, resulting in an incidence of 1 in 3000-

3300.6-8 When first described in 1938, CF was exclusively a disease of childhood, with a 

life expectancy of around six months.9 Major advances in the understanding of the 

pathophysiology of CF and subsequent therapeutic developments has seen survival 

rates improve markedly, particularly over the last 30-40 years. Between 1979 and 2005, 

the mean age at death for people with CF living in Australia increased from 13.3 years 

(95% confidence interval [CI] 12.2-14.4) to 26.6 years (95% CI 25.6-27.7).10 The most 
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recent report from the Australian CF Data Registry found that 53.2% of the population 

with CF were adults, an increase of 3.9% over only four years.2 Due to modern 

therapeutic advances, around 18% of adults with CF now have a forced expiratory 

volume in one second (FEV1) ≥ 90% predicted, with just under 30% of the adult CF 

population having an FEV1 between 70-90% predicted.10 This means there are more 

adults living with CF and more of these people have pulmonary function test (PFT) 

values that are normal or only mild-impaired. 

 

1.1.2 Diagnosis 

The diagnosis of CF historically occurred as a result of the presence of a combination of 

classical phenotypic symptoms, with an affected individual eventually undergoing a 

pilocarpine sweat test to confirm the diagnosis.11 A sweat chloride (Cl-) concentration 

>60mmol/L, combined with clinical features consistent with CF, confirmed the 

diagnosis.12 In the late 1980s to early 1990s, newborn screening was introduced in 

Australia and has resulted in people being identified as possibly affected by CF within a 

few days of birth, even if asymptomatic.13 The identification of the CF gene in 1989 led to 

the ability to directly test for relevant mutations.9 Where a newborn screening result is 

positive, individuals undergo pilocarpine sweat testing and cystic fibrosis transmembrane 

conductance regulator (CFTR) genetic testing to confirm the diagnosis.12 An individual is 

consider to have ‘classical’ CF when they have a sweat Cl- concentration >60mmol/L and 

two CF-causing mutations are identified.12 However, it must be noted that there is a 

cohort where the sweat test may be indeterminate (Cl- = 30-60mmol/L). The presence of 

two CF-causing mutations may confirm the diagnosis in these cases however, in those 

individuals with only one identified CF-causing mutation, confirming the diagnosis is 

more challenging and has led to the use of terms such as atypical CF, non-classical CF, 

CFTR-related metabolic syndrome and CF screen positive inconclusive diagnosis 

(CFSPID), with the latter two now the preferred terminology.12 These differences in 

terminology and certainty of a diagnosis need to be considered when designing CF 
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studies to ensure that appropriate individuals are recruited, particularly when targeting 

individuals with mild respiratory disease. 

 

1.1.3 Pathophysiology  

The clinical features of CF occur as a result of mutations in the CF gene leading to 

abnormal CFTR protein production. The CFTR protein is primarily responsible for the 

transport of Cl- ions across the apical surface of epithelial cells.8 It also has a role in the 

inhibition of epithelial sodium and calcium-activated chloride channels, regulates various 

intracellular processes and is involved in Cl- and bicarbonate (HCO3
-) exchange.8 

 

It is currently accepted that it is the reduced Cl- transport and increased sodium (Na+) 

resorption, as a consequence of altered CFTR function, which leads to the hallmark 

phenotypic features of CF.14-16 The classical CF phenotype is one of chronic respiratory 

disease (characterised by chronic cough, progressive bronchiectasis and colonisation 

with a range of bacterial pathogens), sinus disease (sinusitis and nasal polyps), 

pancreatic insufficiency, gastrointestinal malabsorption, malnutrition and azoospermia in 

males.8, 9, 11, 17 Over 1,500 mutations in the CF gene have been described, however not 

all of these mutations will result in a typical CF phenotype.15, 18, 19 Mutations in the CF 

gene are classified into six different categories based on the impact on CFTR, which 

ranges from no CFTR production through to relatively normal CFTR with an increased 

rate of degradation.8, 15 Whilst genotype may predict some phenotypical characteristics 

(e.g. individuals who are F508del homozygous are likely pancreatic insufficient), there is 

no clear genotype-phenotype relationship with regards to the severity of respiratory 

disease.19, 20 

 

Within the respiratory system, the reduced transport of Cl- and HCO3
- into the airway 

lumen, combined with the increased Na+ resorption, results in water moving out of the 

airway lumen due to an osmotic gradient.15, 21 As a consequence, there is a reduction in 

the water content of the airway surface liquid, a vital component of the innate airway 
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defence mechanism.15, 21 The airway surface liquid, consisting of periciliary and mucus 

layers, is responsible for trapping dust and bacteria which are inhaled into the lungs, with 

the respiratory epithelial cilia continuously propelling the airway surface liquid (and 

suspended foreign material) towards the central airways where it can be expelled by 

coughing.14, 21 Dehydration of both layers of the airway surface liquid in CF compromises 

the normal cilial movement and the mucociliary clearance (MCC) mechanism becomes 

impaired, leading to mucus retention, airway obstruction, colonisation with a variety of 

bacterial pathogens and a persistent host immune response.14, 15 

 

It is now recognised that the respiratory sequelae of CF commence very early in life. 

Even in infants diagnosed by newborn screening, the majority of whom may not display 

any of the typical signs of CF, small airways disease may be present as evidenced by 

gas trapping on computed tomography (CT). A recent study of infants (median age 3.6 

months) found 81% already had CT evidence of structural lung damage.22 Whilst 

beginning in the small airways, eventually the recurrent cycle of mucus plugging, 

infection and inflammation results in progressive lung damage, spreading to the larger 

airways (as evidenced by bronchiectasis) and leading eventually to the development of 

respiratory failure, ultimately causing either death or the necessity for lung 

transplantation.14, 15, 22, 23 

 

1.1.4 Therapeutic management 

Historically, therapeutic interventions available to people with CF have targeted the 

secondary effects of the disease and focussed on three key areas: respiratory care to 

reduce mucus retention and obstruction and treat infections, addressing nutritional 

requirements, and education of the patient/family.9, 24 Current guidelines recommend that 

once a diagnosis of CF is confirmed, individuals should commence the CF therapeutic 

regimen as soon as practicable irrespective of symptoms.24 As new treatments have 

become available they have generally been added to the existing therapeutic regimen, 

meaning people with CF are now commonly prescribed a time-intensive, complex 
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regimen of daily treatment.25, 26 This approach, combined with specialised 

multidisciplinary input, has seen the rate of survival improve markedly but also means 

that people with CF, some of who may be largely asymptomatic even as they move into 

adulthood, can spend nearly two hours each day performing their therapeutic regimen.27 

 

International clinical practice guidelines recommend that people with CF undertake a 

daily regimen of ACTs and exercise in order to reduce the degree of mucus retention and 

airway obstruction.3, 28, 29 The rationale, underlying physiology and evidence for these 

treatments are discussed in subsequent sections of this thesis, with exercise discussed 

more extensively in the published narrative review that forms Chapter 2. It needs to be 

acknowledged that both ACTs and exercise are time consuming, often need to be 

coordinated with the timing of inhaled medications and contribute significantly to the time 

burden associated with the CF therapeutic regimen, all of which may adversely affect 

treatment adherence and quality of life.30, 31 

 

Whilst the therapies targeting the sequelae of disease arising from mutations in the CF 

gene have led to improvements in lifespan and health-related quality of life (HRQOL), the 

last five to 10 years has seen a dramatic shift in the treatment paradigm for CF. Gene 

therapy is still considered the potential panacea for CF even though success in achieving 

sustained gene expression has been limited.32 However, with the development of high 

throughput molecular screening, various compounds have now been identified that 

directly modify the CFTR protein and are collectively known as disease modulators.32 

Ivacaftor was the first compound found to result in significant improvements in FEV1, 

weight and HRQOL through potentiating CFTR.33 However, whilst achieving a mean 

increase of 11% in FEV1 compared to placebo, the initial Ivacaftor studies only targeted 

individuals with a specific mutation (G551D), accounting for only approximately 5% of the 

CF population.33 Whilst the use of Ivacaftor has been expanded to include those with 

other residual function mutations, the majority of people with CF do not benefit from 

Ivacaftor monotherapy.34 Subsequent research has identified additional compounds (e.g. 
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Lumacaftor and Tezacaftor) that can be administered with Ivacaftor to treat those 

homozygote for the most common mutation (F508del), however the changes in FEV1 

(mean relative treatment difference 4-7%) were less encouraging than those seen in the 

G551D Ivacaftor studies.35, 36 Recent research has found that a combination of three 

compounds (Elexacaftor, Tezacaftor and Ivacaftor) has a clinically important effect 

(mean difference in FEV1 = 10-14% over 4 weeks) in people who are F508del 

homozygote or heterozygote F508del with a minimal residual function mutation.37, 38 

Whilst these various modulator therapies are a relatively new development, evidence is 

emerging that they not only lead to an increase in PFTs in the short term but also a 

slowing of the rate of decline in PFTs over the medium term.39 Modulator therapy is 

currently prescribed as an additional therapy to the existing therapeutic regimen. The 

effectiveness of these new medications at targeting the cause of the disease (i.e. 

defective CFTR protein) and not just managing the resultant effects (e.g. mucus 

retention) may mean some of the existing therapies may no longer be required. 

Therefore, a re-evaluation of the existing therapeutic regimen will be needed as the use 

of effective disease modulators becomes standard clinical care. For example, a recent 

survey of people with CF and clinicians regarding the potential withdrawal of therapies in 

the presence of effective modulator therapy found that the majority of people with CF 

were very interested (58% of respondents) or somewhat interested (30% of respondents) 

in undertaking studies where traditional ACTs are stopped, whilst clinicians were very 

interested in studies withdrawing inhaled hypertonic saline (65% of respondents) or 

Dornase alfa (63% of respondents).40 Reconsideration of the role of exercise and 

traditional ACTs in the modern era of CF management should be an area of focus, given 

the high treatment burden associated with both of these interventions and potential 

change in pathophysiology resulting from modulator therapy.40  

 

Despite the improvements in lifespan and HRQOL that have resulted from the advances 

in the range of therapies available to people with CF, maintaining adherence with the 

therapeutic regimen can be a challenge. Poor adherence with the prescribed therapeutic 
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regimen in CF is a well-recognised problem and most likely multifactorial in its origins.41-

43 Undoubtedly, the time-intensive nature of some interventions contributes to reduced 

adherence.44 Adherence rates reported in the literature are highly variable, differing 

between therapies and also between studies for the same therapy.42, 43 This variability in 

adherence rates is at least partially attributable to differing measurement 

methodologies.42, 43, 45 Regardless, it is generally accepted that overall adherence with 

the prescribed therapeutic regimen in CF is low to moderate and that adherence with oral 

medications may be higher than with more time intensive therapies such as ACTs and 

exercise.42, 43, 46-49 Numerous efforts, albeit with limited success, have been made to 

improve adherence with prescribed therapies in CF and methods to improve adherence 

remain an ongoing area of interest.50 Reducing the treatment burden, by simplifying and 

rationalising regimens where possible, is one method that may help to improve 

adherence to the overall therapeutic regimen.42 

 

1.2 Exercise as a therapeutic intervention in cystic fibrosis 

Regular physical activity and exercise have been considered an important component of 

the therapeutic regimen in CF for many years.4 A pivotal study in 1992, which found a 

link between peak oxygen consumption (VO2peak) and survival in CF, independent of 

FEV1, led to a rapid expansion in the research evaluating exercise as a therapeutic 

intervention in CF.51 A recent study confirmed that in the modern era of CF management 

(but prior to the development of effective modulator therapy), this link between physical 

fitness and survival remains.52 Chapter 2 of this thesis, a published narrative literature 

review, summarises the current literature regarding the use of exercise as a therapeutic 

intervention in CF. This review addresses the respiratory and non-respiratory benefits of 

exercise in CF, highlights the limitations in the current evidence-base and provides 

insights into potential developments over the next five years. 

 

As will be discussed in Chapter 2 of this thesis, in addition to the overall health benefits 

of exercise in CF, exercise has also been proposed as a potential alternative or 
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substitute to traditional ACTs. However, a more in-depth review of the rationale and 

evidence supporting or refuting the use of exercise as an alternative to traditional ACTs 

is required for the purposes of this thesis and thus follows in the next section. When 

considering the potential for exercise to be an alternative to traditional ACTs, the 

following should be considered: 1) the underlying physiological principles by which MCC 

may be increased in CF, 2) what techniques are considered as traditional ACTs, 3) does 

exercise impact MCC and 4) if exercise impacts MCC, are the effects similar to those 

seen with traditional ACTs. 

 

1.3 Traditional airway clearance techniques in cystic fibrosis 

1.3.1 Physiological rationale 

In CF, thickened respiratory secretions, which result from defective ion transport, 

overwhelm the normal MCC mechanism, are retained within the airways and lead to the 

formation of mucus plaques and airway obstruction.15, 21, 53 Ongoing airway obstruction 

promotes the development of a chronic cycle of infection and inflammation, resulting in 

progressive damage to the airways (including the development of bronchiectasis), which 

in turn contributes to increased mucus retention, airway obstruction, infection and 

eventually progressive respiratory failure.14 Therapies that improve MCC and reduce 

airway obstruction are considered cornerstones of CF management.14, 15, 54 Along with a 

variety of medications which target mucus viscosity (e.g. Dornase alfa, hypertonic 

saline), performance of ACTs is routinely recommended to people with CF in order to 

improve MCC, reduce mucus plugging, improve symptoms and slow the progression of 

bronchiectasis.3, 28, 55, 56 

 

1.3.2 Physiological mechanisms to improve mucociliary clearance 

When attempting to improve MCC, there are two key physiological principles which need 

to be considered. Firstly, areas distal to mucus obstruction need to be ventilated and 

secondly, the rate of expiratory airflow must be increased sufficiently to promote 

cephalad secretion movement.29, 57 The development of traditional ACTs has historically 
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been based on the use of either one or both of these principles in an attempt to reduce 

airway obstruction. 

 

1.3.2.1 Improving ventilation 

Obstruction of airways with mucus is a key finding in CF and contributes to the gas 

trapping observed early in the disease process.22, 23 Removal of the mucus, for example 

by coughing or the use of techniques such as postural drainage (PD) or percussion and 

vibrations, will therefore improve ventilation and reduce the degree of gas trapping.23 It is 

also proposed that ventilation of collapsed or under-recruited functional lung units may 

be increased by two physiological processes: interdependence and collateral ventilation. 

Interdependence is the process whereby a collapsed alveoli or segment may be 

recruited by forces exerted upon it when the volume of the adjacent alveoli or segment is 

increased.29, 58 The process of interdependence, at least at a sublobar level, has been 

confirmed in animal (dog and pig) studies.58, 59 End-inspiratory pauses between 2-5 

seconds may further improve the ventilation of obstructed airways.60 Collateral ventilation 

is the ventilation of lung units distal to an obstruction through the use of anatomical 

airways or channels not used during normal ventilation. The three recognised types of 

collateral channels are the Pores of Kohn, Canals of Lambert and Channels of Martin.61, 

62 While these channels are not routinely used in the healthy lung owing to a higher 

degree of resistance to air flow, it is possible to increase the ventilation through these 

collateral channels by increasing the airway pressure, with animal models suggesting the 

pressure required to initiate collateral ventilation is in the range of 17-28cmH2O.61, 63 Low 

(mean expiratory pressure = 12-15cmH2O) and high (mean expiratory pressure = 20-

35cmH2O) pressure positive expiratory pressure (PEP) therapy was found, in a small 

study (n = 5) of adolescents and young adults with CF, to improve gas mixing and 

increase slow vital capacity, suggesting that these pressures may be sufficient in people 

with CF to recruit obstructed airways.64 Whilst it is commonly accepted that PEP works 

by enhancing collateral ventilation, the exact mechanism by which obstructed airways 

may be recruited in people with CF when using PEP has not been definitively proven (i.e. 
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do these changes occur due to collateral ventilation, interdependence or a combination 

of both). Small airway resistance is increased in CF as a result of airway remodelling, 

even from a young age, and it is unknown if the collateral ventilation channels also 

experience a similar increase in resistance.23 Therefore, the actual ability to utilise 

collateral ventilation in CF is unclear. Regardless of which physiological process is 

responsible, increasing the lung volume as part of an ACT, including PEP, may increase 

air flow through obstructed airways. Uncertainty also remains around the minimum 

treatment parameters required (e.g. change in inspiratory volume, expiratory duration per 

breath, expiratory pressure, overall treatment duration) to result in a clinically meaningful 

improvement in ventilation in the CF lung, particularly when considering the increased 

small airways resistance seen in this disease.65 Whilst ventilation to obstructed regions in 

the CF lung may be increased through utilisation of interdependence and/or collateral 

ventilation, it needs to be recognised that these changes alone may not improve MCC.66 

It is likely that alternations in lung volumes need to be combined with an increase in 

expiratory flow rate in order to improve MCC in CF. 

 

1.3.2.2 Expiratory flow 

The second proposed principle to improve MCC is the manipulation of the expiratory flow 

rate in order to promote a cephalad movement of secretions. For changes in expiratory 

flow rate to improve MCC there must be a mechanism by which airflow acts upon the 

mucus. Two-phase gas-liquid flow (TPGLF) is the principle whereby a gas moving over a 

liquid imparts some of its energy to the liquid, resulting in the liquid moving in the same 

direction as the flow of gas.67 Evidence from a laboratory study using simulated mucus 

suggests that for airflow to exert sufficient force to achieve secretion movement under 

the TPGLF principle, the airflow rate needs to be at least 30-60L/min.68 This flow rate is 

higher than that typically achieved during relaxed expiration. Interestingly, in that study, 

mucus simulants with higher viscoelasticity (as is seen in CF) moved at lower air flow 

rates compared to the less viscous simulants.68 There are currently no in vivo data on the 

minimum expiratory flows required in people with CF to cause cephalad secretion 
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movement and therefore the true clinical applicability of the in vitro data remains 

untested. 

 

In addition to increasing the expiratory flow rate, to ensure a net movement of secretions 

occurs in a cephalad direction there should ideally be a bias in favour of the peak 

expiratory flow rate (PEFR) relative to the peak inspiratory flow rate (PIFR) of at least 

10% (i.e. PEFR:PIFR ratio > 1.1).68 Whilst in vitro data suggest both a minimum PEFR 

and PEFR:PIFR ratio are required to achieve secretion movement (as detailed later in 

Section 1.4.1.4),  many commonly used ACTs do not meet either one or both of these 

criteria despite being shown to be of clinical benefit. It must be noted however, that 

forced expirations, known as huffing (discussed further in Section 1.3.3), do achieve both 

of these proposed targets and are now considered a routine component of most 

traditional ACT regimens.29 Likewise, coughing also achieves the desired PEFR and 

PEFR:PIFR and is included as the final phase of most ACT regimens. Indeed, the 

question needs to be asked if huffing and coughing, based on their effects on airflow 

rate, are indeed the most important component of any ACT regimen. 

 

1.3.3 Airway clearance technique options 

There are a broad range of ACT options available to people with CF. Historically, the 

ACT most often recommended for people with CF consisted of PD, generally combined 

with percussion, vibrations and coughing.4 It was recommended that this treatment be 

undertaken twice per day using several different PD positions during each treatment 

session, with each session lasting up to 30 minutes.4 Whilst still used for infants in some 

CF centres, the requirement for a third party to perform the percussion and vibrations 

has led to the development over the last 30-40 years of a broad range of ACT options 

that are able to be performed independently (Table 1.1).3, 28, 29, 69, 70 Some of these ACTs 

are based on the individual modifying their breathing pattern to manipulate their lung 

volumes and expiratory flow rates (i.e. non-device dependent) whilst other techniques 
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require the person to expire (+/- inspire) through a mechanical device (i.e. device 

dependent). 

 

Table 1.1: Examples of ACTs available for people with CF. 

 Examples 

Non-device dependent Active cycle of breathing technique 

Autogenic drainage 

Directed coughing 

Expiration with an open glottis in the lateral posture 

(L’Expiration Lente Totale Glotte Ouverte en decubitus 

Lateral - ELTGOL) 

Forced expiratory technique/huffing 

Percussion and vibrations 

Postural drainage/modified postural drainage 

Device dependent 

 

Positive expiratory pressure 

e.g. AstraPEP®, PariPEP® 

Oscillating positive expiratory pressure 

e.g. Flutter®, Acapella®, Aerobika®, Cornet® 

Intrapulmonary percussive ventilation 

High frequency chest wall oscillation 

 

The use of either the forced expiratory technique (FET) or huffing is now accepted as a 

key component of the majority, if not all, of the ACT options listed in Table 1.1.29 The 

traditional form of the FET consisted of forced expirations from varying lung volumes, 

interspersed with periods of diaphragmatic breathing, whilst huffing referred specifically 

to forced expirations alone.71, 72 Whilst huffing is technically just one component of the 

FET as described above, these terms are often used interchangeably.29, 69, 71 
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The forced expirations in FET and huffing are based on the equal pressure point (EPP) 

theory. When an active expiration occurs, the point within the airway where the airway 

pressure equals the surrounding pleural pressure is referred to as the EPP.73 Narrowing 

of the airway occurs just central (or downstream) to the EPP and it is at this point where 

turbulent airflow may result in an increase in MCC.73 During the FET, the forced 

expirations occur initially at lower lung volumes so that the EPP is located more 

peripherally, before the lung volume at which the expirations occur increases in order to 

move the EPP more centrally. Whilst it is proposed from this theory that forced 

expirations from a mid to low lung volume will increase peripheral secretion clearance, 

several studies have failed to show that forced expirations from mid to low lung volumes 

result in increased radioaerosol clearance from the peripheral regions compared to 

resting breathing or coughing.74, 75 Regardless, the use of the FET or huffing is believed 

to be an important component of any ACT routine as it helps to increase the rate of 

expiratory airflow, thereby promoting the movement of secretions from the central and 

intermediate regions more proximally so they can be expectorated, and may be 

associated with less effort than coughing. 

 

1.3.4 Evidence supporting the use of airway clearance techniques 

Evidence from short-term studies support the use of ACTs in the management of CF 

respiratory disease and is discussed below. A key consideration when interpreting this 

body of evidence is the outcome measure selected, some of which have well 

documented limitations. In this section, findings are discussed according to the outcome 

measures commonly used in studies investigating ACTs in CF.76 

 

1.3.4.1 Expectorated sputum 

A systematic literature review of ACTs versus no ACTs in CF found an increase in 

expectorated sputum weight with ACTs in four out of the five studies that included this 

outcome measure.76 There was a notable variability in the sputum weights reported 

between the different studies, with the authors of the review not conducting a meta-
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analysis due to insufficient data.76 However, sputum weight as an outcome measure has 

substantial limitations as there may be contamination with saliva and/or secretions may 

be inadvertently swallowed by the participant, both of which may affect accuracy and 

reliability.5, 76 These factors may explain, at least in part, the large variation in 

expectorated sputum weights reported in these trials. 

 

1.3.4.2 Direct measures of mucociliary clearance 

Measurement of MCC by radioaerosol clearance may provide a more accurate method 

for assessing ACTs when compared to sputum weight.77 The systematic review 

comparing ACTs to no ACTs in CF reported that four of the five studies which included 

MCC measured via radioaerosol clearance as an outcome found that ACTs increased 

MCC compared to no ACT.76 It is of interest that the one study which did not find a 

difference in MCC did not include coughing as part of the ACT regimen, whilst the four 

studies finding a benefit did so. This therefore raises the question about the role of 

coughing alone in increasing MCC. Another study comparing 30 minutes of rest to 

matched coughing and various ACTs found that whilst there was a trend toward greater 

radioaerosol clearance with matched coughing and the ACTs compared to rest, the only 

intervention to significantly improve radioaerosol clearance was PD with percussion and 

vibration.78 This study did not mention if FET or huffing were used during any of the 

interventions. As all of the studies in the systematic review which found in favour of using 

ACTs to improve MCC included the use of huffing, FET or coughing as part of the ACT 

regimen, it is likely that these three components are vital in any regimen aimed at 

increasing MCC. 

 

1.3.4.3 Pulmonary function tests 

The impact of ACTs on PFTs is unclear. The four studies included in the systematic 

literature review of ACTs versus no ACTs found inconsistent effects on PFTs, with one 

study reporting an improvement in FEV1, one noting a fall in FEV1 30 minutes post-ACT 

and two finding no difference.76 A small cross-over trial involving eight participants found 
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that cessation of PD combined with percussion and vibrations, deep breathing and 

coughing for a three-week period resulted in a significant reduction in forced vital 

capacity (FVC) (mean change [SD] = -4.4 [5.0]%, p <0.025), FEV1 (mean change [SD] = 

-7.7 [6.5]%, p < 0.025) and FEF25-75 (forced expiratory flow at 25-75% of vital capacity) 

(mean change [SD] = -19.4 [12.6]%, p < 0.005).79 Interestingly, it appeared that a single 

ACT session after the three-week withholding period used in this study resulted in the 

FVC and FEV1 returning to a level similar to that seen at baseline.79 The FEF25-75 

however remained significantly lower for those who had not performed any ACT in the 

preceding three weeks when compared to the those who had, with the values returning 

to baseline after the resumption of ACT for a further three weeks.79 This finding that 

ACTs may improve FEF25-75 may be important, as CF respiratory disease is recognised 

as starting in the small airways, as previously discussed, and therefore this reduction 

may be an early sign of mucus retention when ACTs are withheld. There remains a 

paucity of long term data on the impact of ACTs on PFTs when compared to no ACT, 

largely owing to ethical concerns around the withholding of ACTs over the long term.55 

 

1.3.5 Adherence with airway clearance techniques by people with cystic fibrosis 

Adherence with ACTs is commonly reported as being lower than that seen with other CF 

therapies, with a wide range of adherence rates reported.42, 43, 48, 80, 81 One of the earliest 

reports of ACT adherence found that 41% of participants reported performing an ACT 

every day or almost every day.47 Using a similar classification of adherence (i.e. ACT 

performed most days), other studies have reported adherence rates varying between 38-

84%.46, 82-86 The percentage of people with CF who reported not performing any 

traditional ACT also varies widely, with estimates ranging between 10-21%.48, 85, 87, 88 

Making direct comparisons however between studies is challenging due to differences in 

adherence level definitions and recall periods. 

 

There are few published data on adherence to ACTs in Australia. Unlike in the United 

Kingdom and Canada, the Australian CF Data Registry does not collect any information 
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about ACT utilisation.2, 87 Previous research has shown that the types of ACTs used and 

the rates of adherence with ACTs varies between countries.87 The largest study to date 

of adherence rates in Australia was a single-centred study conducted in 2007.89 In this 

study, the most commonly reported ACT was exercise (used by 79% of respondents 

when they were well), which historically is considered an adjunct to, but not an 

alternative to traditional ACTs.55, 89 The most commonly utilised traditional ACT was PEP 

(used by 42% when well). An ACT was performed at least once a day by 67% of the 

participants, however the inclusion of exercise as a form of ACT may explain why the 

rate of adherence was higher than that seen in the majority of previous reports. As this 

was only a single-centred study and practice may vary between centres, the adherence 

to ACT recommendations by Australian adults with CF remains unknown. This topic was 

investigated in a national survey of ACT practices in adults with CF, reported in Chapter 

4 of this thesis. 

 

The factors underlying the low levels of adherence with ACT are multiple and complex. 

Reasons for non-adherence can be divided into several key themes: lack of time, lack of 

perceived benefit, resentment or general dislike of the treatment, undesirable or 

unpleasant adverse effects and simply forgetting to undertake the treatment.48, 83-85, 88, 89 

With the increasing number of treatments available to people with CF, the treatment 

regimen has become increasingly complex.26 Airway clearance has been reported as 

one of the more burdensome components of the therapeutic regimen in CF.40 The 

performance of ACTs is time-intensive, with a lack of time being one of the most 

commonly cited reasons (reported by 20-65% of participants) for non-adherence with 

ACTs.48, 83-85, 88, 89 As life-expectancy has increased and people with CF move into 

adulthood with normal or only mild reduced PFTs, there is an ever increasing competition 

between the time demands associated with CF treatments and normal societal 

expectations, such as maintaining relationships and work/study commitments. As a lack 

of time is so commonly reported as a reason for non-adherence with the overall 

therapeutic regimen in CF, rationalisation and simplification of the treatment regimen 
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where possible may help to improve adherence. Given that some people with CF report 

considering exercise as an alternative to traditional ACTs, or a reason for not performing 

traditional ACTs (estimates range between 4-48%), further investigation of the suitability 

of this practice is required given the treatment-related time saving this may offer to 

people with CF.47, 48, 83, 88-90  

 

1.4 Exercise as an alternative to traditional airway clearance techniques in 

cystic fibrosis 

Regular and frequent performance of exercise is routinely recommended for people with 

CF due to the potential benefits summarised in the narrative review presented in Chapter 

2 of this thesis. In addition to the respiratory and non-respiratory benefits of exercise, it 

has also been suggested that exercise may act as an alternative to traditional ACTs. In a 

survey conducted at one UK CF centre, which included 50 participants, 26% of 

participants indicated that they thought exercise could be used as an alternative to 

traditional ACTs.91 Another study from a single Australian CF centre found that 79% of 

the 57 participants considered exercise as one of their ACTs.89 Despite these studies 

reporting that people with CF may consider exercise as an alternative to traditional 

ACTs, there were, prior to the study reported in Chapter 4 of this thesis, no data on the 

nature (i.e. type, duration and intensity) of exercise people with CF considered as an 

alternative to traditional ACTs. Given that a notable proportion of people with CF are 

already using exercise as alternative to traditional ACTs, its efficacy when compared to 

traditional ACTs needs to be investigated.   

 

For exercise to function as an alternative to traditional ACTs, there needs to be an 

underlying physiological rationale by which exercise will increase MCC and reduce 

airway obstruction. The mechanisms by which exercise may increase MCC and reduce 

obstruction, which will be discussed in more detail below, are: a direct effect on the 

epithelium, mechanical effects on the sputum, alterations in expiratory airflow and 

stimulation of cough.5, 92, 93 
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1.4.1 Physiological rationale for the use of exercise as an airway clearance 

technique in cystic fibrosis 

1.4.1.1 Nasal transepithelial potential difference and sodium conductance  

Exercise may directly affect the airway surface liquid by altering the regulation of ion 

transport across the epithelial luminal surface. As outlined previously, CF is 

characterised by both a reduction in Cl- conductance and an upregulated rate of Na+ 

resorption, with the combined result being a larger negative nasal transepithelial potential 

difference (TPD) when compared to individuals without CF.94 Moderate to vigorous 

intensity cycling has been shown to result in the nasal TPD becoming less negative in 

individuals with CF.93, 95, 96 The degree of change in nasal TPD was to the extent that, in 

two of the three studies, the nasal TPD in participants with CF at the completion of 

exercise was not significantly different to that of the control ‘normal’ participants.93, 95 

 

This effect of exercise on nasal TPD is believed to be as a result of changes in Na+ 

conductance.93, 96 In a small study of 10 participants with CF, 20 minutes of submaximal 

cycling exercise (workload that resulted in a 1mM increase in blood lactate) resulted in a 

significant decrease in Na+ resorption.96 Neither submaximal nor maximal exercise on a 

bicycle altered Cl- transport.96 These findings are supported by another study which also 

found a reduction in Na+ transport, but no effect on Cl- transport, associated with 

moderate intensity cycling (85% of ventilatory threshold) in people with CF.93 These 

changes in Na+ resorption are believed to result from inhibition of the epithelial sodium 

channel by adenosine triphosphate mediated pathways.93, 96 Within 20 minutes of resting, 

nasal TPD was found to return to baseline levels, indicating that any effect on Na+ 

transport is likely to be of relatively short duration.93, 96 Changes in Na+ resorption 

associated with exercise may potentially affect the retention of water within the airway, 

thereby improving the airway surface liquid hydration.96 
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1.4.1.2 Sputum solids content 

By reducing Na+ resorption, it is hypothesised that there will be an increase in the water 

content of the airway surface liquid. Given the difficulty of measuring airway surface 

liquid in vivo, the water content, or inversely the sputum solids content, reported as a 

percentage of expectorated sputum weight, is commonly used as a surrogate 

measure.92, 97, 98 Whilst exercise may decrease sputum solids content by increasing water 

content as a consequence of inhibiting Na+ resorption, theoretically the additional airflow 

associated with exercise may conversely result in a drying of the secretions, countering 

any potential gains in water content. Indeed, the potential airway drying effect from 

airflow during exercise is believed to be the cause of exercise-induced asthma.99 

 

Several studies have investigated the impact of exercise on sputum solids content in CF 

with mixed results. Cycling for 20 minutes at 75% peak heart rate resulted in a significant 

increase in sputum solid content compared to the pre-exercise level (median [IQR]: pre-

exercise = 5.3 [3.9-7.4]%, post-exercise = 6.2 [4.2-9.7]%, 45 min post exercise = 6.5 

[4.4-8.1]; p = 0.038).98 This is the opposite of what was expected based on the previous 

studies indicating a reduced Na+ resorption (i.e. it was expected that sputum solids 

content would decrease, not increase). Another study, comparing treadmill and cycling 

exercise (20 min at 60% VO2peak) to resting, found no significant difference in the 

change in sputum solid content between any of the interventions.92 In a subsequent 

study by the same research group, no significant difference was found in the change in 

sputum solids content when comparing treadmill exercise to rest or use of the Flutter® 

device.97 However, the sub-group of participants who spontaneously expectorated a 

sputum specimen following exercise did have a significant reduction in their pre- to post-

sputum solids content with treadmill exercise compared to resting (mean difference 

1.2%, 95%CI 0.4 to 1.9%), with a trend to a lower sputum solids content with treadmill 

exercise compared to the Flutter®.97 The authors of this study noted that the magnitude 

of change in percent sputum solids seen was similar to that seen with inhaled Mannitol, 

an inhaled osmotic agent used to increase MCC.97 Further research is required to 
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confirm the effect of exercise on the water content of the airway surface liquid in CF and 

the relationship this may have with clinical outcomes. Until these studies are completed, 

the initial findings that treadmill exercise may reduce percent sputum solids, at least in 

those who spontaneously expectorate sputum, provides some rationale for investigating 

exercise as an alternative to traditional ACTs. 

 

1.4.1.3 Sputum rheology 

Aside from affecting the water content of the airway surface liquid, exercise may have a 

direct effect on the rheological properties of the sputum in people with CF. Sputum 

rheology is commonly described in terms of viscosity, elasticity and/or spinnability.92, 97, 98, 

100 Mechanical impedance, as reported in several studies investigating the effects of ACT 

and/or exercise on sputum properties, is the vector sum of viscosity and elasticity.100 A 

high mechanical impedance is likely to adversely affect MCC (measured at slow speeds 

e.g. 1rad/s) and cough clearance (measured at higher speeds e.g. 100rad/s) based on 

evidence from laboratory studies.100-102 Exercising on a treadmill for 20 minutes, at a 

work rate equivalent to 60% VO2peak, resulted in a significant reduction in sputum 

mechanical impedance at both 1 rad/s (mean decrease [95%CI] = 6.3 [0.9 to 11.7]Pa; p 

= 0.025) and 100 rad/s (mean decrease [95%CI] = 53.5 [11.6 to 95.4]Pa; p = 0.016) 

when comparing the change between pre- to post-recovery levels relative to those seen 

with resting.92 The treadmill exercise also resulted in a change in sputum mechanical 

impedance at 1 rad/s (mean difference [95%CI] = 5.3 [0.8 to 9.8]Pa; p = 0.026) between 

pre- and immediately post-exercise values when compared to a control intervention. This 

change in mechanical impedance was not seen when comparing cycling to rest and the 

differences between cycling and treadmill exercise did not reach statistical significance.92 

These results are supported by another study which found that cycling did not result in a 

significant difference in sputum viscoelasticity measured at 1 rad/s and 10 rad/s 

immediately post-exercise or 45 minutes post-exercise.98 More recent research has 

shown that treadmill exercise resulted in significant reductions in sputum mechanical 

impedance similar to that achieved with the Flutter®.97 The exact reasons why treadmill 
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exercise, but not cycling, may cause a reduction in sputum mechanical impedance have 

not been investigated. However, it has been postulated that the trunk oscillations 

associated with walking/running or similar activities, but not seen to the same extent with 

cycling, may exert a direct mechanical effect on the sputum, breaking chemical bonds 

and thereby causing a reduction in mechanical impedance.92 Whilst the exact reason has 

not been definitively established, the cumulative results from the studies discussed 

above suggest that exercise which involves chest oscillations (e.g. walking/running) is 

likely to improve the mechanical impedance of sputum which in turn may improve MCC. 

 

1.4.1.4 Expiratory flow 

The physiological demands that result from exercise lead to changes in the ventilatory 

pattern. As mentioned previously, it is proposed that the PEFR must exceed 30 to 

60L/min in order to result in the cephalad movement of secretions secondary to the 

TPGLF mechanism. It has also been proposed that generation of an expiratory flow bias 

(i.e. PEFR:PIFR >1.1) will result in a cephalad movement of respiratory secretions.68 

Table 1.2 summarises the current evidence on the effect of exercise and traditional ACTs 

on expiratory flow. Both cycling and treadmill exercise at a moderate intensity are likely 

to result in an increase in PEFR above the minimum proposed threshold for secretion 

movement.92, 97 Furthermore, the PEFR generated during exercise may exceed that seen 

with commonly used traditional ACTs (e.g. PEP and Flutter®). The effects on 

PEFR:PIFR are more mixed, with neither exercise or some traditional ACTs (e.g. PEP) 

consistently reported as achieving a flow bias of >1.1. Nevertheless, based on the 

available data, it would seem that exercise, performed to at least a moderate intensity, is 

likely to result in sufficient expiratory airflow to promote an increase in MCC. 
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Table 1.2: Effects of exercise and traditional ACTs in CF on expiratory flow. 

Intervention Study n PEFR (L/min) PEFR:PIFR 

Cycling Dwyer et. al.92 14 109.2 ± 28.2 0.93 ± 0.08 

Treadmill Dwyer et. al.92 

Dwyer et. al.97 

14 

24 

107.4 ± 31.2 

100.8 ± 30.6 

0.92 ± 0.11 

0.90 ± 0.10 

Huff McCarren and Alison103 

McIlwaine et. al.104 

17 

14 

302 ± 138 

249 ± 160 

2.80 

- 

AD McIlwaine et. al.104 14 47.7 ± 17 to 115 ± 

31.7 

- 

PEP McCarren and Alison103 18 26.4 ± 9 0.47 

Flutter® Dwyer et. al.97 

McCarren and Alison103 

24 

17 

91.8 ± 15 

67.8 ± 18 

1.13 ± 0.37 

1.15 

Aerobika® O'Sullivan et. al.105  105.2 ± 40.8 - 

Data are mean (SD); AD: autogenic drainage; PEFR: peak expiratory flow rate; PEP: 

positive expiratory pressure; PIFR: peak inspiratory flow rate. 

 

1.4.1.5 Stimulation of cough 

It has been suggested that exercise may stimulate cough, which in turn may help to 

improve MCC. The evidence to support an increased rate of coughing with exercise 

however is inconclusive. Two studies comparing 20 minutes of rest to treadmill exercise 

at moderate intensity (60% VO2peak) found no significant difference between rest and 

treadmill for the total number of coughs either during exercise or the subsequent 

recovery period.92, 106 Another study found a small but statistically significant increase in 

the number of spontaneous coughs during treadmill exercise compared to rest (median 

[IQR]: treadmill = 4 [1 to 9], rest = 2 [0 to 5]; p < 0.01) but the difference in the number of 

coughs was probably below a clinically meaningful threshold.97 A separate study found 

that cycling exercise did not increase the number of spontaneous coughs compared to 

rest (median [IQR]: cycling =  3 [0 to 19], rest = 5 [1 to 7]; p > 0.3).92 Based on these 
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studies, it appears that exercise alone may not increase the number of coughs and 

therefore if exercise is to be used as a form of secretion clearance, people with CF may 

need to be encouraged to specifically cough in order to clear secretions.  

 

1.4.2 The effects of exercise on secretion clearance compared to rest 

The evidence presented in the previous sections suggests that exercise is likely to 

improve MCC by increasing expiratory airflow and by reducing the viscosity and 

mechanical impedance of sputum. However, to be confident that exercise can be used 

as an alternative to traditional ACTs, direct comparison in clinical trials is required. This 

will be discussed in the following sections. 

 

Chapter 3 of this thesis is a systematic review of the literature comparing exercise to rest 

in people with CF with regards to PFTs, HRQOL and measures of sputum clearance. 

Randomised and quasi-randomised trials were eligible for inclusion, as were cross-over 

trials. This review identified five trials that compared exercise to rest, all of which were of 

short duration and cross-over in design. From this systematic review, it can be concluded 

that exercise is likely to be more effective than rest with regards to improving ease of 

expectoration, weight of expectorated sputum and radioaerosol clearance without acutely 

changing FVC or FEV1.92, 97, 106-108 The full details and results of this review can be found 

in Chapter 3 of this thesis. 

 

1.4.3 The effects of exercise on secretion clearance compared to traditional 

airway clearance techniques 

The initial reports describing the use of exercise as an alternative to traditional ACTs 

date back to the early 1980s. One of the first reports detailed an uncontrolled trial 

recruiting 12 children with CF who were admitted to a rehabilitation hospital for 17 days, 

during which the inhalation and traditional ACT regimens were stopped.109 The 

participants instead undertook an intensive exercise and physical activity program which 

included swimming, jogging, hiking and a variety of other physical activities. Over the 17 
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days, PFTs from 10 of the 12 participants (one became unwell and needed to resume 

the usual ACT routine and the other was too young to perform spirometry) revealed a 

significant increase in percent predicted FVC (pre: 88.0 [14.7]%, post: 93.8 [13.7]%; p < 

0.05), FEV1 (pre: 70.6 [21.7]%, post: 79.2 [22.7]%; p < 0.01) and FEF25-75 (pre: 41.6 

[31.5]%, post: 52.9 [33.5]%; p < 0.05). Eight weeks after finishing the intervention phase 

and resuming their normal inhalation therapy, traditional ACT and exercise routines, the 

PFT values had returned to baseline. A subsequent longer term trial over 30 months 

recruited seven participants with CF and also suggested that using exercise alone as a 

form of ACT may be effective in maintaining various PFT measures.110 Following 

recruitment, participants commenced a daily exercise routine whilst continuing their 

traditional ACT. After 12 months, the traditional ACT was stopped and for the remaining 

18 months, the participants continued the exercise program alone. At the end of the 30 

month study period, there was no significant change in FEV1 but there was a significant 

reduction in gas trapping when compared to baseline.110 Whilst both of these studies 

have important limitations, including but not limited to the lack of a control group, their 

positive findings contribute to the equipoise for the further investigation of exercise as an 

alternative to traditional ACTs. 

 

The systematic literature review presented in Chapter 3 of this thesis reviews the 

scientific literature for the use of exercise as an alternative to traditional ACTs. Nine 

studies were identified that compared exercise to at least one traditional ACT. 

Conclusions regarding the short-term clinical suitability of using exercise as an 

alternative to traditional ACTs were limited by conflicting results, with the full results of 

this review presented in Chapter 3 of this thesis. 

 

1.4.4 Summary of exercise as an airway clearance technique 

The current published evidence provides a physiological rationale for the use of exercise 

as a method to improve MCC in CF. As presented in the systematic literature review in 

Chapter 3 of this thesis, evidence directly comparing exercise to traditional ACTs is 
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limited by small, short duration studies with considerable heterogeneity in design and 

conflicting results. Nonetheless, there is sufficient evidence to provide equipoise for the 

further investigation of exercise as an alternative to traditional ACTs in CF. Well-

designed, sufficiently powered, medium to long term clinical trials are required. 

 

Clarifying whether or not exercise can be used as an alternative to traditional ACTs has 

been identified as one of the top 10 research priorities by clinicians and people with 

CF.111 A recent survey of healthcare professionals revealed considerable endorsement 

for such a trial, with 72% indicating they would support a trial of this nature.90 Given the 

relatively small size of the CF population, these studies will need to be multi-centred. 

Prior to undertaking these studies, identifying a feasible study design, including selection 

of the most appropriate ACT and exercise interventions, as well as relevant outcome 

measures, is crucial. These considerations will be discussed in the following section. 

 

1.5 Study design considerations 

1.5.1 Protocol 

The design of clinical trials investigating exercise as an alternative to traditional ACTs 

comes with some unique challenges. Firstly, it is likely that potential participants would 

already be using one or both of these treatments. Given the wide variety of traditional 

ACT and exercise options available in clinical practice, participants recruited to the study 

will likely enter the study with a very heterogeneous treatment regimen. Not only may the 

type of traditional ACT or exercise differ, but the frequency with which they are 

performed may also be highly variable. These differences in baseline regimens may lead 

to concerns regarding a carry-over effect in terms of PFTs and symptoms if participants 

are enrolled directly into the intervention phase of the study. However, an inactive run-in 

period to counter this wide variation in routine practice, where participants did neither 

exercise nor ACT, would be ethically inappropriate. Therefore, an active run-in period is 

required. This period could be used to establish a standardised traditional ACT and 
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exercise routine across all participants, as well as reducing the confounding risk of any 

carry-over effect from differing baseline practices. The active run-in period would also 

allow the identification of participants who do not adhere to the protocol and may 

therefore be withdrawn from the study prior to randomisation. Chapter 6 of this thesis 

describes a feasibility study adopting such a protocol. 

 

Any study investigating the use of exercise as an alternative to traditional ACTs will be 

unable to have a traditional ACT-alone (i.e. no exercise) comparator group. As discussed 

in Chapter 2 of this thesis, exercise is likely to have a multitude of benefits for people 

with CF beyond solely improving MCC including improved physical fitness, improved 

cardiometabolic health and possibly improved survival. It would therefore be considered 

unethical to withhold exercise from any traditional ACT-alone group. Therefore, such a 

study would need to compare an exercise-alone intervention versus traditional ACT and 

exercise. The feasibility study reported in Chapter 6 of this thesis used this approach.  

 

1.5.2 Selection of trial interventions 

When designing a study to investigate exercise as an alternative to traditional ACTs, 

careful consideration needs to be given to which exercise and traditional ACT 

interventions will be used during the study. As discussed previously, there are a wide 

variety of traditional ACT and exercise options available for people with CF to use. The 

current evidence does not generally support one type of ACT over another.112-116 The one 

notable exception to this is the recommendation to use PEP instead of high frequency 

chest wall oscillation (HFCWO).115 This recommendation is largely based on the results 

from a single, 12 month study, which found the PEP group had fewer respiratory 

exacerbations than the HFCWO group, despite there being no difference in PFTs.117 The 

narrative literature review presented in Chapter 2 of this thesis also highlighted that there 

is no one type of exercise which has been found to be most beneficial. The decision 

regarding which traditional ACT and types of exercise a person chooses to use is 

commonly based on individual preference and the experience of the clinician prescribing 
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the intervention. As summarised in Section 1.3.5, adherence remains a challenge with 

traditional ACTs in CF. Therefore, when considering which traditional ACT and exercise 

to include in a study investigating exercise as an alternative to traditional ACTs, those 

techniques that people with CF are satisfied with and already adhering to in routine 

clinical practice are possibly going to optimise adherence during the study.118 Chapter 4 

of this thesis reports a study investigating the current practices of adults with CF in 

Australia in relation to exercise and traditional ACTs, providing a valuable insight into 

which exercise and traditional ACT modalities are currently being used by people with 

CF. These data may guide the choice of which exercise and traditional ACT modalities to 

use in future traditional ACT and exercise studies, including any study investigating 

exercise as an alternative to traditional ACTs. 

 

1.5.3 Outcome measures for clinical trials in cystic fibrosis 

When designing studies to investigate the effectiveness of using exercise as an 

alternative to traditional ACTs, the selection of appropriate outcomes measures is vitally 

important. It is therefore worthwhile reviewing the current outcomes measures available 

for use in CF clinical studies and considering their usefulness when evaluating exercise 

as an alternative to traditional ACTs. 

 

1.5.3.1 Mortality 

When CF was first described in the 1930s the average life expectancy was 

approximately six months.9 The initial focus of clinical care and research in CF was on 

improving the mortality rate. As the therapeutic options for CF have expanded, the life 

expectancy of people with CF has improved markedly. Over 50% of people with CF in 

Australia are adults, with the median predicted survival increasing from 29 years in 1986-

1990 to 46 years for those born between 2013-2017.1, 2 Improved survival has meant that 

the use of mortality as a primary outcome measure for CF clinical studies is no longer 
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feasible as studies would need to be of very long duration or require a prohibitively large 

sample.119, 120 

 

1.5.3.2 Pulmonary function tests 

One of the most commonly utilised outcome measure in CF studies over the last 20-30 

years has been FEV1.119, 120 The FEV1 is determined by spirometry which is a relatively 

quick and easy test to perform, with children above the age of six years generally able to 

perform the technique reliably, and the equipment is commonly available.119 Changes in 

FEV1 can either be analysed according to the absolute values or by conversion to a 

percentage of predicted values or the lower limit of normal, based on gender, age and 

height.120 One reason FEV1 has become accepted as the primary outcome measure of 

choice is due to the fact that a low percent predicted FEV1 is a strong predictor of poor 

survival.121, 122 While other values determined by spirometry, such as FVC and FEF25-75, 

have been suggested as possible outcomes of interest, they are not commonly utilised 

as a primary outcome measure due to a large degree of within subject variability 

necessitating larger study sample sizes.65, 119 

 

At the present time, FEV1 remains the most commonly used primary outcome in CF 

studies. However, as the rate of decline in FEV1 has slowed with improvements in 

therapies, the usefulness of this measure in CF clinical studies has been questioned.65, 

118-120 With the advent of effective disease modulators, as discussed in Section 1.1.4, it is 

likely the rate of decline in FEV1 will be even further reduced as these therapies become 

established in routine clinical care. Therefore, the feasibility of recruiting a sufficient 

number of participants to a non-inferiority study to achieve statistical power for a change 

in FEV1 is now even more questionable. Alternative outcome measures to FEV1 may be 

required in future CF clinical trials. 

 

Interest in newer PFTs which may be more sensitive than FEV1 in CF is increasing. The 

lung clearance index (LCI), which is measured by the multiple breath washout test, was 
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originally developed in the 1960s and assesses the degree of ventilation 

inhomogeneity.119, 123 Renewed interest over the last 10-15 years has led to the finding 

that LCI may be more sensitive than FEV1 at detecting early CF-related respiratory 

disease.124, 125 Unlike spirometry, LCI is independent of patient effort and can be 

performed by young children. However, performing LCI requires more equipment than 

spirometry and is therefore generally only performed in PFT laboratories. Due to the 

costs associated with the equipment, it has only recently started to be incorporated into 

paediatric clinical practice and has yet to be widely adopted in adult CF centres. While 

the use of LCI as a primary outcome measure in CF studies is emerging, the evidence 

has not yet reached a point where it can be considered an alternative to FEV1 as the 

primary outcome of choice in studies recruiting adults with CF.119 

 

1.5.3.3 Respiratory exacerbations 

Respiratory exacerbations are a hallmark feature of CF and are associated with a 

worsening of PFTs and reduced HRQOL.126-129 Reducing the rate of respiratory 

exacerbations is therefore potentially a valuable target when developing new therapies in 

CF. Whilst numerous studies have reported respiratory exacerbation rates as an 

outcome, there is currently no consensus on what constitutes a respiratory exacerbation 

and as such, a variety of definitions have been used.120, 130, 131 A wide range of a 

combination of features, such as a change in symptoms, decrease in FEV1 (absolute or 

relative) and/or physician decision to treat with additional antibiotics has been used to 

define the occurrence of a respiratory exacerbation.132 One of the most commonly used 

respiratory exacerbation definitions is that developed for a trial of Dornase alfa, where a 

respiratory exacerbation was defined as treatment with parenteral antibiotics for a 

change in at least four out of 12 signs or symptoms (i.e. change in sputum; new or 

increase haemoptysis; increased cough; increased dyspnoea; malaise, fatigue or 

lethargy; temperature > 38C; anorexia or weight loss; sinus pain or tenderness; change 

in sinus discharge; change in physical examination of the chest; decrease in FEV1 by 10 

percent or more from a previously recorded value; or radiographic changes indicative of 
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respiratory infection).133 More recently, several large trials have expanded this definition 

to include treatment with oral or inhaled antibiotics in addition to parenteral antibiotics.134 

Given the importance of respiratory exacerbations to people with CF and the healthcare 

system, there is clear value in studies collecting as much data regarding respiratory 

exacerbation occurrence and management as possible. Given the lack of agreement on 

a respiratory exacerbation definition, there may be value in specifying a priori several 

exacerbation outcome definitions (e.g. any use of additional antibiotics [oral, inhaled or 

parenteral] versus use of oral, inhaled or parenteral antibiotics due to a change in at least 

four of 12 pre-specified signs or symptoms). Even with utilising a broad definition of a 

respiratory exacerbation, the feasibility of using respiratory exacerbation rate as a 

primary outcome in future CF clinical trials needs to be questioned as a result of the 

significant reduction in respiratory exacerbations seen with effective disease 

modulators.37, 38 

 

1.5.3.4 Expectorated sputum and mucociliary clearance 

The volume or weight of expectorated sputum has been commonly used as an outcome 

for ACT studies.76, 80, 135 The weight of sputum expectorated is typically calculated by one 

of two methods: either by weighing the wet sputum or by drying the sputum and then 

weighing it.135 However, sputum weight may be unreliable as participants may swallow 

some of the secretions that have been cleared and/or there may be contamination with 

saliva.5, 80, 135, 136 Another factor that needs to be considered is the duration of sputum 

collection, as there may be a delay between the performance of the ACT and the sputum 

being expectorated. 

 

The use of radioaerosol clearance has become accepted as a more accurate and 

reliable measure of MCC compared to sputum weight.77 Participants inhale a radioactive 

aerosol tracer, with the amount of radioactivity then measured by either a gamma 

camera or scintillation counters.77, 137 Measurements over time are taken, with changes in 

radioaerosol activity expressed as either the percentage retained or percentage 
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decreased. The use of radioaerosol tracer clearance has become more widely accepted 

and used as an outcome in ACT studies.76 However, this technique requires 

considerably more equipment and involves radiation exposure to the participants. Whilst 

sputum weight and radioaerosol clearance may have value when comparing two 

interventions over a short time period, the usefulness of these measures in longer 

duration studies is unclear. 

 

1.5.3.5 Exercise testing 

Assessment of exercise capacity is a valuable outcome measure in CF clinical studies. 

The current gold standard for assessing exercise capacity is full cardiopulmonary 

exercise testing (CPET), most commonly performed on a cycle ergometer, with gas 

exchange measurement.138 This allows for determination of parameters including 

VO2peak, peak work (Wpeak), maximum heart rate and anaerobic threshold.138 Whilst 

recommended as the gold standard, CPET is still not widely available or utilised in CF 

clinics because of its requirement for specialised equipment and trained staff.138 Other 

exercise tests, including field tests such as the six-minute walk test, modified shuttle walk 

test and the incremental shuttle test are available, but their usefulness in assessing 

outcomes in studies and clinical care in CF is debated.139 Whilst VO2peak and Wpeak 

have been linked to survival in CF, the responsiveness of CPET measures to 

interventions evaluated over the short to medium term is less clear.52 Therefore, whilst 

exercise testing, particularly CPET, has potential to be used as a primary outcome, and 

may represent as an alternative to FEV1 in the future, at the present time it is generally 

reserved as a secondary outcome measure. 

  

1.5.3.6 Patient-reported outcomes 

A patient-reported outcome (PRO) has been defined as “… a measurement based on a 

report that comes directly from the patient (i.e. study subject) about the status of a 

patient’s health condition without amendment or interpretation of the patient’s response 
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by a clinician or anyone else.” (US FDA, p.32).140 The use of PROs allows for the 

assessment of the impact of interventions beyond that which is gleaned by physiological 

measurements alone. Single symptoms through to multi-domain HRQOL may be 

measured using PROs.141 To be considered as an outcome measure in clinical studies, 

any PRO must be valid, reliable and responsive to change.141 

 

The most commonly used PRO in CF is the Cystic Fibrosis Questionnaire (Revised) 

(CFQ-R), a disease-specific HRQOL measure. The CFQ-R has several different 

versions: children (6-11 years) and their parents, adolescents (12-13 years) and adults 

(14 years and older).142, 143 The adult version of the CFQ-R comprises 50 questions 

divided into 12 domains. Each domain is scored on a 0-100 scale. The respiratory 

domain of the CFQ-R, comprising six questions, is the most widely reported domain of 

the CFQ-R and has been used as an outcome measure in clinical trials of both inhaled 

and oral medications.144, 145 The test-retest reliability and minimal important difference, 

during both well and unwell periods, for the respiratory domain has been established.146, 

147  

 

Cough is the most frequently reported and also the most bothersome symptom reported 

by people with CF.148, 149 Changes in cough (e.g. increased frequency) often precipitate a 

medical review to assess for a potential respiratory exacerbation.148 To date there has 

been no specific validation of a PRO questionnaire examining cough-related quality of 

life in CF. The Leicester Cough Questionnaire (LCQ) is a 19-item questionnaire that was 

developed for use in people with chronic cough. It has been validated for use in non-CF 

bronchiectasis and used in an airway clearance trial evaluating the Acapella® device in 

non-CF bronchiectasis. The LCQ has not been validated in the CF population. Despite 

the lack of confirmation of the psychometric properties of the LCQ in CF, it has been 

used in a small study investigating the response to Nissen fundoplication in six people 

with CF.150 Given that cough is one of the dominant symptoms of CF and changes in 

cough may be a useful outcome in traditional ACT and exercise trials, determination of 
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the psychometric properties of the LCQ as a cough-based PRO in CF is warranted. This 

has been examined in the study reported in Chapter 5 of this thesis. 

 

1.5.3.7 Summary of outcome measures in cystic fibrosis studies 

There are a broad range of outcome measures available for use in CF studies. Whilst 

LCI and CPET may prove to be highly useful outcome measures in the future, further 

work is required to confirm their utility in CF clinical studies. At the present time, FEV1 

remains the primary outcome of choice for CF clinical studies, with assessment of 

respiratory exacerbations and PROs also highly recommended.119, 120 

 

1.5.4 Measuring adherence to exercise and traditional airway clearance 

techniques 

Measuring adherence with interventions is an important aspect of both clinical studies 

and day-to-day clinical practice. Self-recall by the participant of adherence over a 

specified preceding time period (e.g. 1 day, 2 weeks, 6 months), by either interview, 

questionnaire or diary, is the easiest and most commonly used method to measure 

treatment adherence.151 These methods however are potentially susceptible to recall 

bias.81, 152 Alternatively, daily phone diaries where participants are called, potentially 

without advanced warning, and asked for a detailed recall of the preceding 24 hours may 

be slightly more accurate than other self-reported methods.153 Adherence with 

medication use has been measured using the degree of prescription collection, also 

known as the medication possession ratio, and may be more accurate than self-reported 

methods.45, 81, 153 Newer methods, such as the Medication Event Monitoring System 

(MEMS™), rely on electronic sensors connected to data loggers located within the caps 

of medication bottles to record adherence.81, 153 However, even these methods may not 

be accurate as filling the prescription or removing the medication for use does not 

necessarily mean that it was actually taken. 
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It is generally accepted that self-reports, either via verbal interviews or questionnaires, 

are the least reliable method of adherence assessment and may overestimate the actual 

level of adherence.151-154 A small study of people with CF taking Ivacaftor found that the 

average adherence over 118 days was 61% when measured by electronic means, 84% 

as determined by pharmacy refill data and 100% based on self-report.45 There was no 

correlation between the electronic measurement adherence and pharmacy refill history 

or self-report. Similarly, over-estimation of self-reported adherence with the Vest® ACT 

system when compared to electronic assessment methods has been reported.155 

 

Exercise adherence measurement has historically relied upon participant self-report via 

either verbal, questionnaire or diary-based methods. Measuring adherence with exercise 

has evolved over the last 15-20 years, with objective measurement of physical activity 

and exercise, including the frequency, duration and intensity, using electronic 

accelerometer-based methods now possible.156 There are research-based (e.g. 

ActiGraph®, SenseWear Pro®) and commercially available devices used by the general 

population (e.g. Fitbit®, Garmin® activity trackers) that can be used to measure 

adherence with exercise and physical activity. Whilst the use of accelerometers to record 

physical activity has expanded substantially, it must be recognised that data derived from 

accelerometers are not necessarily conceptually equivalent to data gleaned from 

questionnaires and therefore direct comparisons between the two methods is 

challenging.156 For example, the ability to differentiate between types of activities and 

also patterns of differing intensities is likely to be different between questionnaires and 

accelerometers. It also needs to be noted that the various devices record physical 

activity differently based on their own unique algorithms used to define activity and 

therefore the validity of devices in each specific cohort may need to be considered.157-159 

It is likely that a combination of accelerometer and self-reported physical activity and 

exercise levels may represent the most appropriate method for assessing physical 

activity and exercise adherence in clinical trials. 
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Evaluation of adherence to traditional ACTs has historically relied upon self-report. Any 

assessment of adherence with traditional ACTs needs to consider two important 

components: 1) whether there has been an attempt to perform the traditional ACT and 2) 

the within-session quality of that attempt. It is important to assess both of these 

components to ensure that performance of a traditional ACT occurs using the 

recommended technique, and thus the treatment has been delivered as intended. 

 

There have been several preliminary attempts to develop an electronic recording device 

for objectively measuring adherence with positive pressure ACTs. These electronic 

devices measure and record the rate of airflow and/or pressure generated when a 

person uses a positive pressure ACT device. These data can then be used to determine 

attempts to perform a positive pressure ACT as well as the quality of those attempts. A 

small feasibility study, where a flow-based electronic recording device was connected to 

an Acapella®, found that participants over-estimated adherence with self-reporting 

compared to data from the electronic device and that only 67% of expirations were 

considered satisfactory, based on the participant’s ability to achieve the target expiratory 

duration and flowrate.160 Several other exploratory studies have used computer games, 

controlled by either a pressure or flow sensor connected to an ACT device and a 

computer, to record within session data and to guide the performance of the ACT.161-164 A 

flow-based device, aimed at improving performance of forced expiratory techniques, 

found that whilst participants managed the technical requirements of using the device, 

there was no significant difference in the total number of sessions or expiratory 

manoeuvres performed between the gaming and control periods.161, 162 Another study 

used changes in pressure associated with use of a PEP device, measured via a pressure 

sensor connected by USB cable to a computer, to control actions in a video game.163, 164 

Due to the design of the device and sensor chosen, the first breath was used as a 

calibration breath, meaning the game control and therefore technique feedback, was 

dependent on the first breath being correct, which may adversely affect the utility of this 

device.163, 164 Whilst these initial attempts to develop an electronic method of measuring 
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adherence with ACTs are noteworthy, further development of an electronic device to 

measure ACT adherence is required to improve device functionality and patient 

useability.  

 

The initial electronic devices described above have generally relied upon the use of a 

sensor connected to a computer.161-164 This adversely affects the portability of the device 

and increases its complexity of use.50 Whilst these preliminary attempts have shown 

potential, at the present time there is no validated electronic device for measuring 

adherence with traditional ACTs. There is a clear need, in both routine clinical practice 

and for research purposes, for an electronic device to be developed that can objectively 

record both session attempts and within session quality.165 Any such device should be 

portable, easy to use and compatible with the broad range of ACT devices currently 

available for use by people with CF. The development and testing of such a device are 

reported in Chapter 7 of this thesis. 

 

1.6 Summary 

Over the last 20-30 years there have been enormous changes in CF treatments and 

outcomes. There are now more adults living with CF than ever before and many of these 

may have normal or only mildly impaired PFTs. Over the same time period, the treatment 

burden has substantially increased and reports confirm that people with CF struggle to 

maintain adherence with the recommended optimal treatment regimen. Where possible, 

rationalisation of the components of the therapeutic regimen may help to improve overall 

adherence. 

 

Whilst it is routinely recommended that people with CF perform traditional ACTs on a 

daily basis, many struggle to do so. Many also report that they consider exercise to be a 

suitable alternative to traditional ACTs. A physiological rationale exists to support the use 

of exercise as a form of airway clearance. Short-term studies also suggest that there is 

potentially a role for exercise as an alternative to traditional ACTs. Currently, there are no 
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medium or long term data to support or refute this practice. Prior to conducting a multi-

centred, longer term trial, which is expensive and complex to run, it is necessary to 

establish the feasibility of the trial protocol, clarify the utility of potential outcome 

measures, and test methods to measure adherence with the trial interventions. 
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Thesis aims and outline 

The overarching objective of this thesis was to investigate the use of exercise as an 

alternative to traditional ACTs for people with CF. Specifically, this thesis aimed to: 

 Review the evidence for exercise as a therapeutic modality in CF. 

 Systematically review the evidence for the use of exercise as an alternative to 

traditional ACTs. 

 Identify the current beliefs and practices of adults with CF in Australia with 

respect to the use of exercise as an ACT. 

 Confirm the psychometric properties of the LCQ in CF so that it can be used as 

an outcome measure in CF trials. 

 Determine the feasibility of a clinical trial protocol investigating the use of exercise 

as an alternative to traditional ACTs in adults with mild CF-related respiratory 

disease. 

 Develop a device to objectively measure adherence with positive pressure ACT 

devices. 

 

Outline of thesis chapters and individual study aims 

This chapter has provided an overview of CF, including the pathophysiology of 

respiratory disease resulting from CF gene mutations and the complex treatment 

regimen that people with CF are required to undertake. The physiological rationale and 

proposed mechanisms for improving MCC in CF have been discussed, including how 

these mechanisms may apply to traditional ACTs and exercise. Considerations for 

outcome measures in clinical trials in CF, as relevant to a study comparing exercise to 

traditional ACTs, has been summarised. The following chapters, as outlined below, will 

address in more detail the specific aims of this thesis. 
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Chapter 2 – Exercise as a therapeutic intervention in cystic fibrosis: a narrative 

literature review 

Chapter 2 presents a narrative literature review of the role of exercise as a therapeutic 

intervention in CF.166 It summarises the current evidence for the use of exercise in CF 

with regards to physical fitness, PFTs, use as an alternative or adjunct to traditional 

ACTs, HRQOL and mental health, CF-related diabetes and bone mineral density. The 

safety of exercise, exercise and physical activity assessment methods and the evidence 

for which type of exercise may be the most effective are reviewed. Finally, current and 

possible future research directions, with regards to exercise in CF, are discussed. 

 

Chapter 3 – Exercise as an alternative to traditional airway clearance in cystic 

fibrosis: a systematic literature review  

This chapter presents a systematic literature review and meta-analysis of randomised 

controlled clinical trials investigating the use of exercise as an alternative to traditional 

ACTs.167 The systematic review aimed to: 

1) Determine the effects of exercise compared to resting on PFTs, respiratory 

exacerbations, HRQOL, MCC, expectorated sputum weight / volume, ease of 

expectoration, participant preference and adverse events. 

2) Determine the effects of exercise compared to traditional ACTs on PFTs, 

respiratory exacerbations, HRQOL, MCC, expectorated sputum weight / volume, 

ease of expectoration, participant preference and adverse events. 

 

Chapter 4 – Exercise and airway clearance practices of adults with cystic fibrosis: 

current Australian practice 

This chapter presents an Australian-wide cross-sectional survey of adults with CF.168 

This study aimed to identify what exercise and traditional ACTs adults with CF in 

Australia are using, the frequency with which they perform these techniques, their beliefs 

and practices about exercise as an alternative to traditional ACTs and their beliefs and 

practices about exercise as an adjunct to traditional ACTs. 
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Chapter 5 – Assessment of respiratory symptoms in cystic fibrosis 

Chapter 5 presents a study that aimed to evaluate the psychometric properties of the 

LCQ in adults with CF to determine if it is suitable to be used as an outcome measures in 

future CF clinical trials.169 

 

Chapter 6 – Airway clearance by exercising in mild cystic fibrosis (ACE-CF): a 

feasibility study 

This Chapter presents a feasibility study of a protocol for a randomised controlled trial 

investigating exercise as an alternative to traditional ACTs in adults with mild CF-related 

respiratory disease.170 This study aimed to determine the feasibility of the protocol and to 

provide preliminary clinical data on the use of exercise as an alternative to traditional 

ACTs. 

 

Chapter 7 – Development of the positive expiratory pressure therapy recorder for 

assessing adherence (PEPtrac) 

Chapter 7 presents a study describing the development and initial clinical testing of an 

electronic device to objectively measure adherence, both session attempts and within 

session quality, when positive pressure ACT devices are used by adults with CF for 

airway clearance.171 This study aimed to validate an electronic device that can be used to 

objectively measure adherence in future clinical trials investigating the use of positive 

pressure ACT devices, which may include studies investigating exercise as an 

alternative to traditional ACTs where a positive pressure ACT device is used as part of 

the traditional ACT regimen. 

 

Chapter 8 – Conclusions and future directions 

A summary of the main findings of the thesis, including clinical implications and 

directions for future research, are discussed. 
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Conclusions and future directions 

8.1. Summary of main findings 

The studies presented in this thesis aimed to advance our knowledge regarding the use 

of exercise as an alternative to traditional ACTs for people with CF. The main findings 

from the studies in this thesis were: 

1. Exercise is a routinely recommended component of the therapeutic regimen in CF, 

having a multitude of potential respiratory and non-respiratory benefits. Exercise will 

likely remain a key component of the therapeutic regimen for people with CF into the 

future, even with the advent of effective disease modulators (Chapter 2). 

2. Exercise is likely to be effective at increasing MCC when compared to rest. 

However, the efficacy of people with CF using exercise as an alternative to 

traditional ACTs is unclear, as the evidence is limited by short term, heterogeneous 

studies, often with important methodological limitations, and inconsistent results. 

There is a paucity of medium or longer term data upon which to base 

recommendations regarding the use of exercise as an alternative to traditional ACTs 

in clinical practice. It does however appear vital that if people with CF choose to use 

exercise as an alternative to traditional ACTs for improving secretion clearance, 

FET/huffing must be incorporated into the exercise regimen (Chapter 3). 

3. In Australia, 43% of adults with CF reported that they believe that exercise can be 

used as alternative to traditional ACTs for improving secretion clearance, with 44% 

reporting having used exercise for this purpose in the previous three months. 

Jogging or running was most frequently identified by participants as the most 

effective type of exercise to use as an alternative to traditional ACTs. The most 

commonly performed traditional ACT was PEP (aside from huffing and coughing), 

with walking being the most commonly used type of exercise. Fifty eight percent of 

adults with CF reported performing a traditional ACT at least daily, whilst 72% 

reported exercising at least 3-5 days per week (Chapter 4). 
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4. The LCQ is a valid, reliable and responsive measure of cough-related HRQOL in CF 

and may have value as an outcome measure in CF clinical studies. The minimal 

important difference for the change in total LCQ score in people with CF is 2.0 units 

(Chapter 5). 

5. It is feasible to recruit adults with mild CF respiratory disease to a study investigating 

the use of exercise as an alternative to traditional ACTs for improving secretion 

clearance. Adherence to the treatment interventions, particularly with the traditional 

ACT intervention, may represent a challenge to the success of any future studies. 

This was demonstrated by lower than expected adherence during the run-in period 

for the feasibility study, resulting in < 80% of participants being eligible for 

randomisation. Over the 3-month study duration, the changes in PFTs, HRQOL and 

respiratory exacerbation data were similar between groups, further adding to the 

equipoise for a larger, multi-centred, medium to long term study investigating 

exercise as an alternative to traditional ACTs (Chapter 6). 

6. Objective measurement of adherence to positive pressure ACTs is possible, for both 

session attempts and within session quality. Use of a purpose-designed device, the 

PEPtrac, revealed variation in positive pressure ACT device technique over a period 

as short as one week. Objective review of technique and adherence with positive 

pressure ACT devices should be included in any future studies investigating 

traditional ACTs where positive pressure devices are used (Chapter 7).  

 

8.2. Implications for clinical practice 

There is clear evidence, from Chapter 4 and recent international data, that a large 

proportion of people with CF consider exercise to be a suitable alternative to traditional 

ACTs for improving airway secretion clearance.90 It is unclear however if this is because 

they consider exercise to be at least as effective as traditional ACTs, or if they are 

prepared to sacrifice a degree of effectiveness in order to reduce treatment burden. 

Previous data have indicated that treatment adherence may be related to personal 

beliefs and that patients are willing to make compromises, including a potential reduction 
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in lifespan, when selecting which treatment options they prefer.172, 173 Participants in the 

study presented in Chapter 4 overwhelmingly indicated that personal experience helped 

form the basis of their beliefs regarding the use of exercise as an alternative to traditional 

ACTs, with advice from health professionals or research evidence much less commonly 

reported. Clinicians should explore these beliefs with individual patients who consider 

using exercise as an alternative to traditional ACTs. An effort should be made to ensure 

that people with CF are fully educated on the evidence, or lack thereof, for the use of 

exercise as an alternative to traditional ACTs and people with CF should be encouraged 

to include this knowledge in their decision-making process. 

 

Given the lack of clear evidence for exercise being a suitable alternative to traditional 

ACTs, as presented in Chapter 3 of this thesis, clinicians and people with CF should 

undertake a shared decision-making process when considering using exercise as an 

alternative to traditional ACTs. The positive (e.g. reduced treatment burden) and 

negative (e.g. potentially less effective airway secretion clearance) consequences for 

each individual patient should be considered in the context of that individual’s clinical and 

social situation, including but not limited to: severity of respiratory disease based on PFT 

values, frequency of respiratory exacerbations, sputum load, adherence to other 

components of the treatment regimen, and family and work commitments. Patients 

should also be educated on the importance of performing the FET/huffing during 

exercise to promote MCC, particularly if exercise is used as an alternative to traditional 

ACTs, as the evidence suggests this may be of great importance. 

 

There are currently a paucity of routinely collected clinical data with regards to the types 

of traditional ACTs and exercise used by people with CF in Australia. Whilst several 

national CF patient registries (e.g. United Kingdom, Canada) include the types of ACTs 

used by people with CF in their data sets, the Australian CF Data Registry does not 

currently collect these data. Efforts should be made to include the primary and secondary 

ACTs and exercise modalities used by people with CF in all CF data registries. By 
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collecting such data, clinicians will be able to compare the practices at their centre to 

other CF centres across Australia and internationally. Collection of these clinical data 

through national registries will also reduce the need for repeated, time-consuming, 

multisite studies which require multiple governance approvals in order to collect such 

clinical data. 

 

The model of CF care delivery is shifting from regular face-to-face clinics to include a 

greater proportion of clinical reviews occurring via telehealth platforms. The shift to 

telehealth for service delivery, commenced prior to but accelerated by the current 

COVID-19 pandemic, means there is likely to be a greater need for home-based 

monitoring devices so that comprehensive clinical data can be obtained remotely.174 

Historically, physiotherapists have reviewed traditional ACTs at face-to-face clinic visits. 

These reviews, for example, may include the use of manual manometers to assess 

whether effective pressure profiles are generated by patients using positive pressure 

ACTs. However, arguably, the frequency of these well-established face-to-face 

assessments is unlikely to fully return to pre-COVID levels in the future. Whilst some 

patients will still be willing to attend onsite, it is anticipated that many will have adapted to 

the conveniences associated with telehealth and will prefer this method for at least some, 

if not all, of their clinic appointments. Devices such as the PEPtrac described in Chapter 

7 of this thesis, may help to ensure that ACT techniques can still be thoroughly reviewed 

without the need for the patient to attend an onsite clinic. 

 

Further refinement of the PEPtrac should be considered prior to adopting its use into 

routine clinical practice. In keeping with the feedback from people with CF, breath and 

set counts should be included in the device display. There is also potential value in 

providing an option for automated data upload to cloud-based solutions as well as real-

time data streaming capabilities to allow timely review of adherence and technique. 

Whilst this data transfer could occur via a WiFi or Bluetooth connection with the patient’s 

mobile or home internet device, there is value in exploring independent data upload (e.g. 
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via an inbuilt 4G transmitter in the adherence monitoring device) in order to minimise the 

setup requirements of the patient and to allow the device to be as portable as possible. 

 

Another important clinical implication of the studies presented in this thesis is the 

ongoing need to optimise adherence with exercise and traditional ACTs in CF. As 

reported in Chapter 4 of this thesis, only 58% of adults with CF in Australia reported 

performing a traditional ACT on a daily basis. This is consistent with previous reports 

from the last 20-30 years, suggesting little has changed over this period despite 

considerable effort towards improving traditional ACT and exercise adherence in CF.50 

Even over a one week period, participants involved in the study described in Chapter 7 of 

this thesis, did not on average, perform one ACT session per day. There was also 

notable variability in technique over this one week period. Clinicians should consider 

whether technology, as presented in Chapter 7 of this thesis, may assist them in 

monitoring and improving a patient’s adherence with positive pressure ACTs. The 

ongoing relatively poor rates of adherence over time also further highlights the question 

of whether or not rationalisation of the treatment regimen (e.g. using exercise as an 

alternative to traditional ACTs), particularly in the era of effective disease modulators, 

might improve adherence with the remaining components of the treatment regimen. The 

impact of rationalising components of the treatment regimen needs to be investigated in 

adequately powered, multi-centred, clinical studies. 

 

8.3. Implications for future research 

The findings from the chapters contained in this thesis provide the foundation for several 

areas of future research, which are discussed below. 

 

8.3.1. Measurement of adherence 

The measurement of adherence with exercise and traditional ACTs by people with CF is 

likely to remain important, particularly as the treatment options available to people with 

CF expands. However, standardisation of adherence data definitions and improved 
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adherence data collection methods are required. Whilst questionnaires are commonly 

used to assess adherence, different recall periods and heterogeneous response 

categories (e.g. ‘1-2 days per week’ versus ‘I often miss several days’) are commonly 

used, making direct comparison of results between studies difficult. Ideally, efforts should 

be made to standardise both recall periods (e.g. 1 week, 3 months, etc) and response 

categories (e.g. twice or more per day, once per day, 3-5 times per week, etc) so that 

data from clinical trials can be directly compared and combined for meta-analysis. 

 

Objective measurement of adherence with positive pressure ACTs is feasible, as shown 

in Chapter 7 of this thesis. The development of the PEPtrac and other similar devices 

contributes to the development of more robust methods for clinical trials investigating 

positive pressure ACTs, as the fidelity of intervention delivery can now be 

documented.160, 163, 164, 175 Given the commonly reported discrepancies between self-

report and objectively measured adherence, as discussed in Chapters 1 and 7 of this 

thesis, it is recommended that future clinical trials using positive pressure ACTs utilise 

devices such as the PEPtrac to objectively measure intervention adherence. Accurate 

assessment and reporting of adherence with the study protocols will aid in the 

interpretation of the results from such trials. 

 

The optimal method for measuring adherence with exercise during clinical studies 

remains unclear. The feasibility study outlined in Chapter 6 of this thesis used a 

commercial device (Fitbit Charge HR®) in order to promote adherence with the exercise 

intervention and to guide adherence assessment, but was not relied upon as a sole 

measure of adherence. Whilst research-grade activity trackers are available, such as the 

ActiGraph®, their design and functionality may not be appealing to people with CF for 

use during a longer term study. Commercial activity trackers (e.g. Fitbit Charge HR®, 

Fitbit Flex®, Garmin Forerunner 45®, Apple iWatch®) report activity as well as provide 

additional functionality (e.g. show messages from a person’s phone) and may be more 

aesthetically appealing. However, commercial activity trackers may not have the ability to 
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blind participants to their activity data and may not differentiate between specific types of 

exercise (e.g. walking/running versus step ups). This may be important if researchers 

require adherence data for each type of exercise used during a study and needs to be 

considered as part of the study design process. Further research is required to confirm if 

the accuracy of the activity data collected from these commercial devices is comparable 

to that collected by the research-grade devices and if commercial devices are suitable as 

an outcome measurement tool in clinical studies given the limitations discussed 

above.157, 158, 176 

 

8.3.2. Optimisation of adherence 

Whilst the PEPtrac, described in Chapter 7 of this thesis, may be used to objectively 

measure adherence in clinical trials, its design also means that it may have a potential 

role for improving adherence with positive pressure ACTs. Randomised controlled 

studies are required to confirm if devices such as the PEPtrac improve adherence (e.g. 

number of treatment sessions performed and/or quality of these sessions) with 

unsupervised ACT sessions and if their use is associated with improved clinical 

outcomes.174 The modifications to the device suggested by people with CF, discussed in 

section 8.2, should be included in future device designs prior to undertaking these 

studies. The next phases of development of the PEPtrac, including independent data 

upload, real-time remote data transmission, updated user display and power supply 

modifications have already been commenced in preparation for these future clinical 

studies. 

 

As noted earlier, whilst evidence from the general population indicates that the use of 

commercial activity trackers may improve physical activity levels, further research is 

required to determine if the use of such devices improves adherence with specific 

exercise regimens and if this leads to improved clinical outcomes in CF.174, 177 The 

implications of using the activity tracker as a method to optimise adherence (which would 
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be unblinded) versus its use as an outcome measurement tool (which ideally would be 

blinded) needs to be considered during the study design process. 

 

8.3.3. Specific recommendations for a multi-centred, medium to long term study 

investigating exercise as an alternative to traditional airway clearance 

techniques 

This thesis provides the foundation for a future multi-centred study to establish whether 

exercise can be used as an alternative to traditional ACTs. The research studies 

presented here demonstrated the feasibility of a clinical trial protocol, as well as 

identifying potentially useful outcome tools. It is clear that there is sufficient equipoise for 

a medium to long term study investigating exercise as an alternative to traditional ACTs. 

A recent study found that 73% of health professionals working in CF care would support 

a trial where some or all traditional ACTs are replaced by exercise, with an additional 8% 

willing to consider supporting a trial in a carefully selected sub-group of patients.90 These 

results indicate there is support from both people with CF and clinicians for the further 

investigation of the suitability of using exercise as an alternative to traditional ACTs. 

 

There are some specific design considerations that should be taken into account in any 

future study comparing exercise to traditional ACTs. For example, whilst the aim of such 

a study will be to investigate the effectiveness of exercise as an alternative to traditional 

ACTs, it would be considered unethical to withhold exercise from the ACT group due to 

the non-respiratory benefits of exercise, as summarised in Chapter 2 of this thesis. In 

other words, it will not be possible to have an ACT-alone group. It would therefore be 

more appropriate to design the study as an ‘exercise’ versus ‘traditional ACT and 

exercise’ study. A study with this design could alternatively be thought of as a ‘withdrawal 

of traditional ACT’ study. 

 

Another design consideration will be which patients with CF are appropriate to recruit for 

a study investigating exercise as an alternative to traditional ACTs. Historically there 
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have been concerns about such a study based on short term data supporting traditional 

ACTs. However these data come from studies conducted prior to the development of the 

majority of modern day pharmaceutical therapies (e.g. Dornase alfa, hypertonic saline, 

inhaled tobramycin).55 People with CF are already commonly using exercise as an 

alternative to traditional ACTs, with those doing so having a higher mean FEV1 and lower 

sputum load compared to those who do not (Chapter 4). Whilst the previous short term 

studies comparing exercise to traditional ACTs have recruited across the respiratory 

disease severity spectrum (Chapter 3), limiting recruitment in future medium to longer 

term studies to individuals with normal or only mildly impaired PFTs (as done in Chapter 

6) may allay concerns around withdrawal of the traditional ACT and will ensure the study 

targets the cohort already most likely to be using exercise as an alternative to traditional 

ACTs in clinical practice. 

 

Optimising recruitment and retention, a well-documented challenge in CF as discussed in 

Chapter 1 of this thesis, will be particularly important in the design of future clinical trials. 

The feasibility study presented in Chapter 6 of this thesis achieved its a priori target for 

recruitment (≥ 30%) but failed to meet its randomisation target (≥ 80%). All four 

participants withdrawn for non-adherence during the run-in period were withdrawn due to 

failure to meet the PEP adherence threshold. Two of these participants also failed to 

meet the exercise adherence threshold. As this study targeted those with normal or only 

mildly impaired FEV1, it is not surprising that adherence with the traditional ACT, which 

may confer little symptom benefit in those with mild respiratory disease, was a challenge. 

It is also not surprising that some participants did not reach the exercise adherence 

threshold given the widely documented challenges with adherence to exercise in both 

the CF and general population. Detailed education, regular contact and support of 

participants in any future study will be important, as will objective measurement of 

adherence. Technology may be able to assist with treatment reminders, however there is 

some evidence that people with CF may consider support from the clinical (or research) 

team as being of greater value than technology in promoting adherence.178 Whilst the 
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feasibility study described in Chapter 6 of this thesis used monthly calls to review and 

encourage adherence, more frequent contact (e.g. fortnightly) may be beneficial. In 

addition to regularly scheduled contact from a clinician or researcher, there may be value 

in contact with the participant being triggered by adherence monitoring methods alerting 

researchers to a decrease in adherence below a pre-specified threshold. For example, 

use of monitoring devices such as the PEPtrac (Chapter 7) or activity trackers which 

upload data to cloud-based platforms, may allow researchers to initiate contact with 

participants if adherence falls below a specific threshold over a pre-specified time period. 

However, the feasibility of translating this intensive support strategy to routine clinical 

care would require consideration. A combination of regular contact and remote 

adherence monitoring, for both exercise and ACT interventions, should be considered a 

core feature of the study design for any future studies investigating the effectiveness of 

exercise as an alternative to traditional ACTs. 

 

Selection of intervention type will be crucial to the success of any future trial, as 

adherence with the different ACTs may not be equal. As previously discussed, there are 

a wide variety of types of traditional ACTs and exercise available for people with CF to 

use. Whilst there are many factors that may influence adherence, participant preference 

is one factor that has been linked to adherence to ACTs during clinical studies.118, 179 

Aside from huffing and coughing, PEP is one of the most commonly used traditional 

ACTs in clinical practice internationally (Chapter 4).87, 180 Walking and/or running appears 

to be the most commonly used type of exercise in Australia, with short term physiological 

data indicating that walking/running may improve MCC (Chapters 3 and 4). These data 

therefore suggest that a study investigating exercise as an alternative to traditional ACTs 

should consider the use of PEP as the traditional ACT intervention and walking/running 

as the exercise intervention. 

 

Selection of appropriate outcome measures will be an important consideration for a 

future multi-centred study investigating the effectiveness of exercise as an alternative to 
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traditional ACTs. Spirometry, particularly FEV1, remains the PFT outcome of choice for 

measuring respiratory disease in CF and is likely to be the most robust choice as a 

primary outcome. The FEV1 is feasible to measure, sensitive to change and strongly 

associated with long term clinical outcomes in CF.119 It is also recommended that 

frequency of respiratory exacerbations be included as an outcome. Whilst there remains 

no clear consensus, a very specific respiratory exacerbation definition, such as those as 

used in studies investigating Dornase alfa or modulator therapies, should be used.133, 134 

Whilst having slight differences, these definitions specify that there needs to be new 

antibiotic therapy commenced as a result of a change in at least four signs or symptoms. 

If recruiting adults with mild respiratory disease, there may also be value in including a 

second, broader definition of a respiratory exacerbation. For example, a respiratory 

exacerbation may be defined as any physician-initiated, new antibiotic therapy, for any 

change in symptoms deemed clinically important. This will ensure that mild respiratory 

exacerbations, not just those resulting in a change of at least four signs or symptoms are 

identified. This may be particularly important for a study only recruiting people with 

minimal CF-related respiratory disease who may have less severe respiratory 

exacerbations. These different respiratory exacerbation definitions should be reported as 

separate outcomes in the study results. The measurement of HRQOL should also be 

considered an essential outcome measure. The CFQ-R is an obvious choice for 

measuring HRQOL due to its widespread use and multiple domains. As demonstrated in 

Chapter 5 of this thesis, there is also value in using the LCQ to assess for changes in 

cough-related HRQOL, as cough is one of the most common and bothersome symptoms 

in CF.149, 181 It is also one of the symptoms most frequently reported by people with CF as 

being improved by exercise or traditional ACT (Chapter 4). The LCQ was found to be 

valid, reliable and responsive to change and has since been used in a study investigating 

different inhalation therapy and ACT regimens in CF.182 

 

In addition to the outcome measures used successfully in the feasibility study described 

in Chapter 6 of this thesis, there is merit in future studies considering the use of newer 
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outcome measures, with LCI and impulse oscillometry the leading contenders. Whilst 

one small study has shown that a single session of exercise and airway clearance may 

not affect LCI measurement, current research is investigating the usefulness of both of 

these measures for assessing change associated with performance of ACTs.183, 184 Until 

the usefulness of these measures in evaluating ACTs is clarified, it is recommended that 

these measures be included as secondary outcomes. 

 

Table 8.1 provides a summary of the recommendations for the design features of a multi-

centred study investigating exercise as an alternative to traditional ACTs, based on the 

findings of this thesis. Given that traditional ACTs are already a well-established 

component of the therapeutic regimen in CF, this study will need to be designed as a 

non-inferiority study, to address the hypothesis that exercise is not an inferior alternative 

to traditional ACTs. The duration of the study is also important to consider. It needs to be 

long enough to identify any differences in PFTs, respiratory exacerbations and HRQOL 

between the study groups whilst minimising the overall burden to the participants, as an 

excessively long study duration may adversely affect adherence with the study 

interventions. Based on other longer term studies comparing ACT options in CF, a 12-

month intervention period is considered to be a reasonable compromise between these 

two competing elements.117, 185  



179 
 

Table 8.1: Summary of a proposed protocol of a multi-centred, medium to long term 

study investigating the use of exercise as an alternative to traditional ACTs. 

Component Proposed  

Design Prospective, randomised, controlled, non-inferiority trial 

4 week run-in period 

12 month intervention period 

Participants People with CF aged ≥ 18 years 

FEV1 > 70% percent predicted 

Intervention Exercise: walking/running, step-ups as an alternative if 

circumstances prevent walking/running (e.g. inclement weather); 

FET/huffing every 4-5min during exercise 

Support/contact from a member of the research team every 2 

weeks, with additional telephone calls triggered based on 

adherence data 

Comparator ACT: PEP therapy 

Exercise: walking/running, step-ups as an alternative if 

circumstances prevent walking/running (e.g. inclement weather); 

FET/huffing every 4-5min during exercise 

Outcomes Primary outcome: absolute change in FEV1 percent predicted 

Secondary outcomes 

- PFTs: FVC, FEF25-75, LCI, IOS 

- Respiratory exacerbations 

- HRQOL: CFQ-R, LCQ 

- Adherence: PEPtrac (or like device), activity tracker 

(?commercial device), questionnaire 

CF: cystic fibrosis; FEV1: forced expiratory volume in one second; FET: forced expiratory 

technique; ACT: airway clearance technique; PEP: positive expiratory pressure; FVC: 

forced vital capacity; FEF25-75: forced expiratory flow at 25-75% of vital capacity; LCI: 

lung clearance index; IOS: impulse oscillometry; HRQOL: health-related quality of life; 
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CFQ-R: cystic fibrosis questionnaire (revised); LCQ: Leicester cough questionnaire; 

PEPtrac: positive expiratory pressure therapy recorder for assessing adherence 

 

8.4. Conclusions 

Exercise is commonly used by adults with CF as an alternative to traditional ACTs for 

improving airway secretion clearance. Whilst short term evidence suggests exercise 

improves MCC compared to rest and may be a suitable alternative to traditional ACTs, 

there are a paucity of medium to long term data to support or refute this practice. The 

research findings presented in this thesis provide the foundation for a multi-centred, 

medium to long term study investigating the effectiveness of exercise as an alternative to 

traditional ACTs for people with CF. This study needs to be considered a high priority for 

the CF community. 
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