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Abstract 

Faculty of Medicine 

Clinical Experimental Sciences 

Doctor of Philosophy 

Structured exercise training in patients with idiopathic pulmonary fibrosis 

by 

Timothy John Merrill Wallis 

Idiopathic pulmonary fibrosis (IPF) is the prototypic progressive fibrotic lung disease and is 
characterised by breathlessness and exercise limitation. Despite advances in anti-fibrotic 
therapies there is an unmet need for interventions which improve patientΩs symptoms.   
 
  Exercise training is recommended for patients with IPF with evidence that it leads to short-term 
improvements in functional status. However individual responses to exercise training are variable 
and it is uncertain which strategies provide optimal training for each individual. In addition, the 
mechanisms underlying any positive effects and whether focused targeting for these could further 
increase clinical benefit remains uncertain.  
 
  The null hypothesis underpinning this thesis was that an individualised, 8-week, interval-based 
structured responsive exercise training programme (SRETP) in patients with IPF does not lead to 
significant improvements in either exercise capacity, symptoms, or quality of life. Further that this 
SRETP does not have a positive effect on the physiological and/or biochemical mechanisms 
limiting exercise capacity in patients with IPF. 
    
  Cardiopulmonary exercise testing (CPET) was used to prescribe exercise performed on an 
electromagnetically braked cycle-ergometer to patients with IPF, so facilitating the delivery of an 
individually prescribed SRETP. Baseline CPET identified patients with IPF exhibited significantly 
impaired exercise capacity. Significant and clinically meaningful improvements were identified in 
endurance time, peak work-rate, FVC% predicted and MRC breathlessness score following the 
SRETP, whilst no corresponding significant change in peak oxygen uptake or anaerobic threshold 
was observed. The SRETP was also found to be feasible with good adherence in this patient cohort 
with no serious adverse events encountered. These observations prompted further mechanistic 
exploration of the possible explanations for the positive training response focusing on the role of 
oxidative stress.  
 
  Patients with IPF had evidence of increased pre- and post-exercise oxidative stress compared to 
age, sex and functionally matched controls. A significant increase in post-exercise systemic 
antioxidant buffering capacity and reduction in oxidative stress was identified in patients with IPF 
following the SRETP. This is a potential mechanism which could improve muscular fatigue 
resistance and consequently submaximal exercise test performance. An exercise-induced fall in 
nitrite concentration was also observed, a response that was further enhanced on completion of 
the SRETP, identifying a potential mechanistic rationale to investigate nitrate/nitrite 
supplementation in IPF patients.  
 
  Further work is required to validate these observations and provide greater understanding of the 
mechanisms by which exercise exerts its positive effects in patients with IPF. Such understanding 
could ultimately lead to the development of individualised exercise programmes which, in 
ŀŘŘƛǘƛƻƴ ǘƻ ƛƳǇǊƻǾƛƴƎ ǇŀǘƛŜƴǘǎΩ ŦǳƴŎǘƛƻƴŀƭ ǎǘŀǘǳǎΣ ƘŀǾŜ ŘƛǎŜŀǎŜ ƳƻŘƛŦȅƛƴƎ ŜŦŦŜŎǘǎΦ  
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 Chapter 1  Introduction 
 

1.1  Overview 
 

This chapter will first introduce the epidemiology, aetiology, and pathology of IPF. It will then 

review the current literature relating to; first the pathophysiological mechanisms of exercise 

limitation in IPF, second, the validity, reliability and prognostic value of outcome measures which 

can be employed to quantify exercise capacity in patients with IPF including cardiopulmonary 

exercise testing (CPET), and third, the evidence for exercise as a therapeutic intervention for 

patients with IPF. In a closing summary, the reviewed literature is related to the aims and 

objectives of this thesis.  

 

1.2 Idiopathic pulmonary fibrosis 
 

Idiopathic pulmonary fibrosis (IPF) is the most common fibrotic interstitial lung disease (ILD). 

Progressive disease is characterised by worsening breathlessness, declining lung function, exercise 

limitation and impaired quality of life.(1) IPF can be a devastating disease for patients and their 

families with a median survival time from diagnosis of 2-4 years.(2)  

 

1.2.1 Epidemiology of IPF 
 

IPF is considered a rare disease however the annual incidence is rising.(3) The current U.K. 

incidence is estimated at between 4.6 and 12.98 per 100,000 with over 32,500 people living with 

the condition.(4, 5) This incidence is similar in magnitude to that of gastric and testicular 

cancers.(6, 7) Globally similar incidence rates are observed in Europe and North America, however 

rates are lower in South America where they are estimated at 0.4-1.2 per 100,000.(8) The median 

age of diagnosis is approximately 65 years, and IPF is very rare in those under 40 years of age.(9) 

IPF is more common in males with international case series identifying a 70-80% male 

predominance,(10, 11) and the 2021 U.K ILD registry identified that 78.5% of patients diagnosed 

with IPF in the last 9 years (2013 -2021) recorded on the national registry were male (total IPF 

cases recorded n=3275).(12) There is limited data on the effect of ethnicity on IPF prevalence 

however in a large case series of people dying with IPF in the United States of America (USA) 

(n=251,058) 87.2% were non-Hispanic Whites.(13)  
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1.2.2 Risk factors for IPF 
 

It is increasingly appreciated that IPF occurs due to an interaction of advancing age, genetic 

susceptibility, and environmental exposures (particularly to inhalational agents) with repeated 

lung injury combined with aberrant lung-tissue healing leading to the development of fibrosis.(1)  

Tobacco smoking is a major risk factor for other respiratory conditions including chronic 

obstructive pulmonary disease (COPD) and lung cancer. Meta-analysis of five case-control studies 

demonstrate that smoking is a consistent risk factor for IPF with an odds ratio (OR) of 1.58.(14) 

Age adjusted survival has also been found to be higher in never-smokers with IPF compared to 

those with a history of smoking.(15) Other inhalational exposures have also been proposed as risk 

factors for developing IPF including open burning stoves, silica dust, wood and metal dust and 

livestock.(16) 

Viral infection has been proposed as a potential trigger event leading to the development of IPF. 

Potential causative agents include; Epstein-Barr virus (EBV), Herpes simplex virus (HSV), 

cytomegalovirus (CMV), human herpesviruses (HHV) 7 and 8 and hepatitis C.(17, 18) There is also 

concern among the scientific community that infection with the novel severe acute respiratory 

virus-2 (SARS-CoV-2) could lead to the development of IPF however an evidence base for this is 

yet to be established.(19) 

Gastro-oesophageal reflux disease (GORD) has been implicated as a precipitant in several 

respiratory disorders including asthma, bronchiectasis, and IPF. In IPF micro-aspiration of irritant 

gastric fluid is thought to lead to lung injury and subsequent fibrosis.(20) Observational studies 

have demonstrated improved mortality with acid-suppression therapy,(21) however evidence 

from randomised controlled trials (RCTs) are required. A currently recruiting U.K. based 

multicentre study RCT ǘƘŜ ΨǘǊŜŀǘƛƴƎ ǇŜƻǇƭŜ ǿƛǘƘ LtC ǿƛǘƘ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ ƭŀƴǎƻǇǊŀȊƻƭŜΩ ό¢Lt![ ǎǘǳŘȅ 

[ISRCTIN13526507]) aims to address this research need.(22) 

 

1.2.3 Genetic susceptibility 

 

There is increasing appreciation that genetic susceptibility influences the risk of development of 

IPF. Many studies into the genetic link in IPF have focused on investigation of patients with 

familial interstitial pneumonia (FIP). FIP may be indistinguishable from IPF except for; a typically 

younger age at presentation (mean age 55 years)(23) combined with a strong positive family 

history of the disease.(24) The inheritance of FIP is autosomal dominant with incomplete 

penetrance with FIP accounting for between 2 and 20% of idiopathic interstitial pneumonia 

(IIP).(25) 
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Familial studies in FIP have identified numerous rare gene variants, with a less than 0.1% minor 

allele frequency, with a large risk effect size for FIP. These include genes encoding for components 

of surfactant proteins (26, 27) and those altering telomere function leading to telomere 

shortening and consequent compromised chromosomal integrity.(28, 29) The link of mutations in 

telomerase function to IPF is perhaps not unexpected given that age is a major risk factor for the 

disease. Despite their high penetrance, and risk effect profile, these genes are only present in a 

small frequency of the population and hence only account for a minority of IPF cases. However, 

genome-wide association studies have identified high prevalence genes in the population which 

predispose to the development of IPF. The most well recognised of these is the gain of function 

single nucleotide polymorphism (SNP, rs35705950) in the promoter gene encoding for Mucin 5B 

(MUC5B) on chromosome 11.(30, 31) Meta-analysis estimates an approximate 4 times increase of 

developing IPF in carriers of this polymorphism (OR 3.77 95% confidence interval [CI] 2.94-

4.86).(32) However despite increasing the risk of IPF, people who develop IPF with the MUC5B 

polymorphism may have up to a two-fold improved survival rate compared to those without.(33) 

Although this observation is controversial and may be a consequence of index bias (the selection 

of study subjects based on a predefined disease state).(34) 

 

1.2.4 Clinical features 
 

IPF classically presents with progressive breathlessness and cough. The degree of breathlessness 

in IPF has been linked to both worsening quality of life and impaired survival.(35, 36) 

Breathlessness in IPF is typically worse on exertion and progressive disease is characterised by 

increasing exercise intolerance. 

Exercise intolerance in IPF is a consequence of multiple interacting mechanisms (discussed in 

Chapter 1.3) and IPF patients are particularly prone to exercise-induced desaturation early in the 

disease.(37) Studies have confirmed that patients with ILD/IPF have reduced daily physical activity 

levels and exercise capacity compared to their peers.(38, 39) Increasing exercise intolerance in 

patients with ILD/IPF is associated with worsening quality of life and loss of independence.(38, 40) 

Further exercise capacity is an independent marker of poor prognosis in patients with ILD/IPF (for 

further discussion see Chapter 1.4) with both reduced baseline exercise capacity and declining 

exercise capacity predictive of increased mortality.(41)  

Cough is present in up to 84% of patients with IPF.(42) Cough severity is an independent predictor 

of quality of life in IPF patients(36, 43) and further has been found to be an independent predictor 

of advancing disease.(42) IPF also has a significant impact on nutritional status with anorexia and 

weight loss common, both of which can be precipitated by antifibrotic therapy.(44) 
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Patients with IPF have impaired health related quality of life (HRQL) compared to age matched 

peers.(45) Impaired HRQL has been identified in all domains of commonly used patient reported 

outcome measures (PROMS) including those for emotional and social wellbeing, although impacts 

on physical health have been identified as most prominent.(46) Greater impairment in HRQL 

PROMs scores in IPF are correlated with markers of disease severity, symptomatic breathlessness 

and reduced exercise capacity.(47, 48) Further poorer health related quality of life has been 

identified as an independent marker of poor prognosis.(49)  

Typically, the symptom onset in IPF is insidious. However, although less common, rapid 

presentation with an acute worsening of respiratory symptoms can occur. If this occurs in the 

absence of an identifiable infection/precipitant (e.g., pulmonary oedema) this is termed an acute 

exacerbation of IPF (AE-IPF). AE-IPF is a major cause of mortality in IPF patients, with a systematic 

review of AE-IPF outcomes estimating a 60% - 67% mortality at 1 to 3 months.(50) 

Chest auscultation of patients with IPF typically reveals bi-basal end inspiratory fine crepitations, 

the presence of which has been identified as a sensitive marker for the presence of fibrosis on 

high resolution computed tomography (HRCT) chest scans.(51) Digital clubbing has been reported 

in 30-50% of patients with IPF.(52) The exact pathological course for digital clubbing is unknown 

however it may reflect recruitment of vascular growth factors as a response to hypoxia.(53) 

Lung function testing in IPF (discussed in more detail in Chapter 3.8) typically reveals a reduction 

in the forced vital capacity (FVC) with a restrictive pattern of the forced expiratory volume in 1 s 

(FEV1) to FVC ratio (FEV1/FVC ratio) typically greater than 0.8. Concomitant emphysema (given 

smoking is a risk factor for IPF) may reduce the FEV1 and lead to a mixed obstructive-restrictive 

pattern in spirometry. The transfer capacity of the lung for carbon-monoxide (TLCO) is a highly 

sensitive marker of disease in IPF. With one case series reporting that 98% of patients with IPF 

had reduced TLCO at baseline assessment despite 56% of these patients having a normal FVC.(54) 

A combined scoring system incorporating four variables gender (G), age (A), and physiological 

function (P) [FVC% predicted and TLCO% predicted]ς the GAP score which classifies IPF into three 

stages has been shown to accurately predict 1, 2 and 3-year mortality, with 1-year mortality of 

6%, 16% and 39% for stage 1, 2 and 3 disease respectively (Table 1.1).(55) 
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Table 1.1 Gender-Age-Physiology (GAP) Score for Risk Stratification for IPF. Total score of 

0-3 = Stage 1, score 4-5 = Stage 2, score 6-8 = Stage 3. Adapted from Reference (55)  

GAP Index  Variable Score  

Gender  Male 1 

Age (years) 61-65 1 

 >65 2 

Physiology (FVC) FVC% predicted 50-70% 1 

 FVC% predicted Җ50% 2 

Physiology (TLCO) TLCO% predicted 36-55% 1 

 TLCO% predicted Җ35% 2 

 Patient unable to perform 3 

GAP Index Total 8 

 

1.2.5 Diagnosis of IPF 
 

To confirm the diagnosis of IPF clinical-radiological, and if required histological, correlation within 

a multi-disciplinary (MDT) setting including specialist chest physicians, radiologists and 

pathologists is required.(56) The prerequisite for an IPF diagnosis is the presence of usual 

interstitial pneumonia (UIP) pattern fibrosis meeting current consensus radiological, and or 

histological, criteria in the absence of a known precipitating factor.(56) Potential precipitating 

factors should be screened for in a detailed clinical history including a full environmental exposure 

and medication history, clinical examination including musculoskeletal assessment, and blood 

work-up including auto-antibody screening (which may indicate connective tissue disease ILD if 

positive). In certain causes of connective-tissue disease related ILD, lung changes can be a 

presenting feature of disease and precede joint involvement.(57) Table 1.2 summarises non-IPF 

ILDs that can present with UIP pattern fibrosis. 
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Table 1.2  Examples of interstitial lung diseases (ILD) other than IPF which can present 

with usual interstitial pneumonia (UIP) pattern fibrosis on HRCT. 

Other cause of UIP fibrosis Precipitating factor 

Asbestosis Asbestos exposure  

Collagen-vascular disease ILD Including but not limited to: 

Rheumatoid arthritis associated ILD 

Scleroderma associated ILD 

Polymyositis/dermatomyositis 

Chronic hypersensitivity 

Pneumonitis 

Environmental and occupational exposures including but 

not limited to birds, mould, and dust 

Drug induced ILD Drug toxicity including but not limited to amiodarone, 

nitrofurantoin and methotrexate 

Fibrosing Sarcoidosis Multi-factorial  

Chronic aspiration related ILD Gastro-oesophageal reflux disease  

 

Current consensus guidelines recommend classifying HRCT images and, if available, 

histopathology samples in the context of clinically suspected IPF as either definitive, probable, or 

intermediate UIP, or those having features supporting an alternative diagnosis.(56) Correlation of 

clinical-radiological-pathological findings then determine the consensus diagnosis as illustrated in 

Table 1.3 and Table 1.4. 

 

Table 1.3  High resolution computed tomography (HRCT) scanning patterns of usual 

interstitial pneumonia (UIP). GGO: ground glass opacification. Adapted from the joint consensus 

guidelines of the American Thoracic Society (ATS) and European Respiratory Society (ERS) ref. (56)  

Definite UIP Probable UIP Intermediate UIP Alternative diagnosis 

Subpleural and basal 
predominant 
distribution 
 
Honeycombing with 
or without peripheral 
traction 
bronchiectasis 

Subpleural and basal 
predominant 
distribution is often 
heterogeneous 
 
Reticular pattern with 
peripheral traction 
bronchiectasis 
May have mild GGO 

Subpleural and basal 
predominant subtle 
reticulation. May have 
mild GGO 
 
 

Findings supportive of 
another diagnosis 
e.g. lung cysts 
/predominant GGO 
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Table 1.4  Algorithm for radiological-pathological correlation for diagnosis of clinically 

suspected IPF. Green shading areas consistent with diagnosis of IPF. *IPF likely following further 

extended criteria and MDT discussion **if adequate lung biopsy final diagnosis based on best 

MDT consensus opinion of diagnostic evidence. Adapted from the joint consensus guidelines of 

the ATS and ERS ref.(56) 

IPF suspected  Histological Pattern 

 Definite UIP Probable UIP Intermediate 

UIP 

Alternative 

diagnosis 

 

 

HRCT Pattern 

Definite UIP IPF IPF IPF Non-IPF 

Probable UIP IPF IPF IPF Likely Non-IPF 

Intermediate 

UIP 

IPF IPF Intermediate 

for IPF** 

Non-IPF 

Alternative 

diagnosis 

IPF likely* Non-IPF**  Non-IPF Non-IPF 

 

Definite UIP on HRCT requires the presence of honeycombing in a subpleural and basal 

distribution (Table 1.3 and Figure 1.1). However, fibrosis may affect apical regions predominantly 

or be relatively uniform throughout the lung. Traction bronchiectasis, the distortion of the airways 

secondary to mechanical traction from surrounding fibrosed lung, is also a common finding and 

the presence of this feature has been associated with poor survival.(58) Other features that may 

be present on chest HRCT in IPF include; reticular nodular shadowing with or without mild ground 

glass opacification, mediastinal lymphadenopathy, and apical pleuroparenchymal 

fibroelastosis.(59) On histological section definitive UIP pattern fibrosis demonstrates patchy 

interstitial fibrosis alternating with areas of normal lung, marked fibrosis with architectural 

distortion with the presence of fibroblastic foci, with or without honeycombing, in a 

predominately subpleural distribution.(60)  
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Figure 1.1  HRCT image of definite usual interstitial pneumonia (UIP) pattern fibrosis. A) 

Coronal reconstruction and B) Axial image. Illustrating basal subpleural predominant 

honeycombing typical of usual interstitial pneumonia . Used with permission of Dr Mark Jones.  

 

1.2.6 Cellular pathology of IPF 
 

IPF had traditionally been considered a pro-inflammatory condition with lung fibrosis a 

consequence of chronic and unresolved inflammation.(61) However clinical observation and the 

above discussed trial data identifying that patients treated with immunosuppressive therapy had 

increased mortality led to this theory being reconsidered. Now IPF is thought to be an epithelial-

fibroblastic disease occurring as a consequence of previously discussed genetic predisposition to 

fibrosis and environmental risk factors leading to repeated micro-injury to an aging alveolar 

epithelium.(62) Repeated micro-injury stimulates alveolar-epithelial cells to secrete multiple 

mediators including growth factors, cytokines and coagulants creating a pro-fibrotic environment. 

Myofibroblasts are consequently recruited to these areas ǘŜǊƳŜŘ ΨŦƛōǊƻōƭŀǎǘƛŎ ŦƻŎƛΩ leading to 

deposition of increased and altered extracellular matrix (ECM). The altered ECM with increased 

stiffness, acts as an inducer of further myofibroblast recruitment to complete a pathological 

positive feedback loop (Figure 1.2).(1)  
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Figure 1.2 Pathological feedback loop of cellular pathology of IPF. Transforming growth 

factor beta (TGF-ʲύΣ tǳƳƻǳǊ ƴŜŎǊƻǎƛǎ ŦŀŎǘƻǊ ŀƭǇƘŀ ό¢bC ʰύΣ platelet derived growth factor (PDGF), 

alveolar epithelial type 2 cell (AE2C), matrix metalloproteinase (MMP), tissue inhibitor of 

metalloproteinases (TIMPs). 

 

Dysregulation of type 2 alveolar epithelial cells (AEC2s) is thought to be central to the maladaptive 

repair process leading to fibrogenesis. Despite accounting for approximately 5% of the surface 

area of the lung AEC2s (lung stem cells) are more abundant than type 1 alveolar cells (the alveolar 

cells responsible for gas exchange). AEC2s have multiple functions including the production and 

secretion of pulmonary surfactant as well as the secretion of immune signalling molecules. 

Further as AEC1s are unable to regenerate following lung injury, the more resistant AEC2 cells 

proliferate and differentiate into AEC1s to restore alveolar integrity.(63) AEC2 cells from patients 

with severe IPF have been shown to have impaired renewal capacity(64) and in IPF lung tissue 

both senescent and apoptotic AEC2s have been identified.(65) With apoptotic AEC2s 

demonstrated to be sufficient to drive fibrosis independent of a secondary insult.(66) Altered 

AEC2s orchestrate fibrosis through secretion of a variety of growth factors, matrix 

metalloproteinases, and pro-fibrotic cytokines including activated TGF-ʲм (a key regulator of 

fibrosis in a variety of organs).(67) In the lungs TGF-ʲ ŀƭǎo is produced by alveolar macrophages 

and fibroblasts. TGF-ʲ ƛǎ ŀ ǇƻǘŜƴǘ ŦƛōǊƻǘƛŎ ƳŜŘƛŀǘƻǊ ǇǊƻƳƻǘƛƴƎ ŜǇƛǘƘŜƭƛŀƭ ŎŜƭƭ ŀǇƻǇǘƻǎƛǎΣ ŜǇƛǘƘŜƭƛŀƭ 

mesenchymal transition (EMT, the loss of cellular polarity and gain of migratory properties(68)), 

intensification of macrophage and fibroblast recruitment, and the proliferation of 

myofibroblasts.(69)  
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1.2.7 Pharmacological therapy 
 

Currently there are two antifibrotic medications licenced for the treatment of IPF, pirfenidone and 

nintedanib. Within the UK the National Institute for Health and Care Excellence (NICE) has 

recommended nintedanib and pirfenidone as a cost-effective therapy for IPF patients with an FVC 

of between 50 and 80% predicted.(70, 71) Prior to antifibrotic treatments standard care of IPF 

included triple therapy with prednisolone, azathioprine, and N-acetylcysteine (NAC).(72) However 

this therapy was withdrawn after it was found to increase risk of death and hospitalisation 

compared to placebo in the landmark PANTHER-IPF study.(73) Following the successful IN-BUILD 

study(74) nintedanib has also recently been approved by NICE as an antifibrotic therapy for 

patients with non-IPF progressive fibrotic ILD.(75) 

Pirfenidone has anti-fibrotic, anti-inflammatory and anti-oxidant properties.(76) Although the 

precise mechanisms of action are unknown it is thought to reduce fibroblast proliferation, inhibit 

transforming growth factor- ̡  (TGF-ʲмύ mediated collagen synthesis, downregulate pro-

inflammatory cytokines, and act as a scavenger of oxidative free radicals.(76) Although 

pirfenidone is generally well tolerated common side effects include gastrointestinal discomfort, 

photosensitivity and liver function test impairment, which requires monitoring on 

commencement of therapy. Approval of pirfenidone for treatment of IPF was only achieved after 

several phase III clinical studies with initial phase III studies failing to meet their primary 

endpoint.(77) However the definitive large multi-center ASCEND study demonstrated a significant 

reduction in the rate of decline of FVC at 52 weeks for patients taking pirfenidone versus placebo 

(-235 mL vs. -428 mL p <0.001).(78)   

Nintedanib is an intracellular inhibitor of multiple tyrosine kinases including platelet-derived 

growth factor (PDGF) receptor, vascular endothelial growth factor (VEGF) receptor, and non-

receptor tyrosine kinases of the Src family.(76) Evidence from in vitro and animal studies suggest 

it acts as an anti-fibrotic by inhibiting the migration of fibroblasts, their transformation in to 

myofibroblasts, and the production of extracellular matrix.(79) Clinical efficacy of nintedanib was 

tested in two international phase III clinical studies, the INPULSIS studies.(80) Pooled analysis 

from these studies demonstrated that nintenanib was associated with a slower rate of FVC 

decline compared to placebo, mean difference 109.9 mL/year (95% CI 75.9-144.0). Common 

adverse effects in the nintedanib group included diarrhea, nausea, and reduced appetite. 

Criticism of these studies include inadequate investigation of the effect of nintedanib in more 

severe disease. Although patients could be included in the study with a predicted FVC of Җ50%, 

the mean predicted FVC of included patients was 79%. 
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1.2.8 Role of impaired redox status in IPF 
 

Redox status describes the relationship between reactive oxygen species and host antioxidant 

defences within the body. Oxidative stress arises from an imbalance in redox status, and 

regulation, in favour of oxidants. This imbalance can lead to cellular dysfunction and tissue 

damage.(81)  

Redox imbalance (in favour of oxidants) has been proposed as a mechanism contributing to the 

progression of fibrosis in IPF. The lungs are particularly prone to oxidative stress due to relatively 

high oxygen tensions. Further direct contact with environmental pollutants such as cigarette 

smoke can promote the formation of reactive oxygen species (ROS). Oxidative stress is thought to 

play a critical role in the development of fibrosis via several mechanisms. First oxidative stress can 

directly induce tissue-inflammation and subsequent cytokine release.(82) Second oxidative stress 

has been demonstrated to induce a profibrotic and ΨǇǎŜǳŘƻƘȅǇƻȄƛŎΩ ŜƴǾƛǊƻƴƳŜƴǘ ƛƴ ŦƛōǊƻōƭŀǎǘǎ Ǿƛŀ 

the induction of hypoxic inducible factor (HIF). HIF activation then causes the upregulation of 

enzymes which alter the structure of lung collagen causing increased stiffness and subsequent 

activation of the pro-fibrotic cascade outlined above.(83) Third oxidative stress may also lead to 

fibrosis as a direct consequence of reactive oxygen species induced DNA damage.(84) (see Figure 

1.3) 

 

Figure 1.3  Redox imbalance and disease pathology in IPF. Adapted from Ref.(84) 
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Rahman et al. were the first group to demonstrate altered redox status in IPF patients. They 

identified trolox equivalent antioxidant capacity (TEAC), a marker of antioxidant status, was 

significantly lower in plasma and bronchoalveolar lavage fluid (BALF) in IPF patients compared to 

controls.(85) Further lipid peroxidation measured as thiobarbituric acid reactive substances 

(TBARS) was significantly higher in both plasma and BALF of IPF patients. This was the first paper 

to demonstrate in patients with IPF, that pulmonary oxidative ǎǘǊŜǎǎ ΨǎǇƛƭƭǎ ƻǾŜǊΩ into the systemic 

circulation and is measurable in the venous blood. Further studies have corroborated the 

observations that impaired systemic redox imbalance is present in IPF patients and that it can be 

reliably measured in serum/plasma as; increased reactive oxygen species (86-88) and reduced 

antioxidant capacity.(89) 

Daniil et al. further assessed the role of systemic oxidative stress in IPF. This group demonstrate 

that serum hydroperoxides were significantly higher in IPF patients compared to control.(90) 

CǳǊǘƘŜǊ ǘƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ǎŜǊǳƳ ƘȅŘǊƻǇŜǊƻȄƛŘŜǎ ǿŀǎ ǎǘǊƻƴƎƭȅ ŎƻǊǊŜƭŀǘŜŘ ǿƛǘƘ ǇŀǘƛŜƴǘǎΩ 

breathlessness assessed by their Medical Research Council (MRC) breathlessness score (r=0.87 

p<0.01). The observation that the degree of systemic redox impairment is strongly correlated with 

clinical outcomes elucidates to the importance of redox state in the disease pathology of IPF. 

Further suggesting that quantification of redox status may be useful in the clinical risk 

stratification of disease severity.   

In a recent study Fois investigated the effect of pirfenidone and nintedanib on systemic oxidative 

stress in patients with IPF (n=18).(91) Compared to age and sex matched controls (n=10), IPF 

patients had significantly lower baseline antioxidant levels as measured by levels of plasma total 

free thiols (a measure of total antioxidant status [4.42 m˃ol/g protein vs. 5.28 ˃mol/g protein 

p=0.011]) and total glutathione (GSH, 457 ˃ mol/L vs. 880 ˃mol/L p<0.0001). However unlike 

Rahman et al.(85) this group observed no significant difference in TBARs between IPF and Control 

(4.01 ˃ M vs. 3.92 ˃M p=0.85). Fois et al. hypothesise that as their IPF patients had milder disease 

compared to those in the Rahman study it maybe that in early IPF the oxidant burden is controlled 

by antioxidant buffering. Further in their study Fois et al identify that, following 24-weeks of 

antifibrotic therapy, improved redox balance (favouring antioxidants) was observed. In those 

treated with nintedanib (n=10) GSH significantly increased (mean 486 m˃ol/L vs 723 ˃mol/L 

p=0.006). This studȅΩǎ results suggest that IPF is a disease associated with impaired whole-body 

redox status (in favour of oxidants) and further that antifibrotic medications may lead to 

improved redox status. 
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1.2.8.1 Nitric oxide, IPF and exercise 

 

Nitric oxide (NO) acts as an autocrine and paracrine signalling molecule and is involved in multiple 

cell pathways including, but not limited to, the control of vascular tone, blood flow, glucose 

uptake and mitochondrial biogenesis through activation of soluble guanylate cyclase (catalysing 

the conversion of guanosine triphosphate to cyclic guanosine monophosphate [cGMP]).(92)  

NO has an unpaired electron and is hence unstable and can act as an electron donor (oxidant) 

principally with its reaction with the superoxide anion (O2 -) to form peroxynitrite (OONO-) which 

itself is a potent lipid peroxidation product. NO is primarily synthesised from L-arginine by nitric 

oxide synthase (NOS) in an oxygen dependent reaction. However recently an alternative pathway 

involving recycling of NO from dietary nitrate (primarily found in leafy green vegetables); the 

Nitrate (NO3
-)- nitrite (NO2

-) - NO pathway has been identified and is understood to be biologically 

relevant during exercise and hypoxic conditions, as unlike the L-arginine/NOS pathway it forms 
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Figure 1.4  NO metabolism: L-arginine ς nitric oxide synthase (NOS) and nitrate (NO3
-) - 

nitrite (NO2
-) - NO pathways. Hb- haemoglobin, Mb- myoglobin. In the classical L-arginine-nitric 

oxide pathway nitric oxide is synthesised from L-arginine and O2. In the nitrate-nitrite-nitric oxide 

pathway bacterial nitrate reductases (primarily found in the oral cavity) reduce dietary nitrate to 

nitrite, nitrite is then reduced to NO via a number of nitrite reductase enzymes including xanthine 

oxidate and mitochondrial electron transport chain (respiratory chain) enzymes. Image adapted 

from ref. (95) 

 

Experimental evidence of dysregulated nitrosative state in IPF comes from in vitro, animal, and in 

vivo studies. Lungs of patients with mild-moderate IPF have significantly greater expression of 

inducible NOS (iNOS) expression in macrophages, neutrophils and the alveolar epithelium, and 

higher concentrations of nitrotyrosine (a by-product of peroxynitrite lipid peroxidation) compared 

to controls.(96) In the lipopolysaccharide (LPS) rat model of diffuse pulmonary fibrosis iNOS 

inhibition reduces both NO and type 1 collogen expression, an effect reversed by the addition of 

NO.(97) Further NOS knock-down mice express significantly reduced bleomycin induced lung 

damage compared to wild type.(98) Further in human studies, concentrations of BAL 

nitrite/nitrate (99) and exhaled breath nitrite(100) have been shown to be higher in IPF patients 

compared to age matched controls. In addition, the above discussed study by Daniil et al. 

demonstrates correlation between peroxynitrite (a by-product of NO induced oxidative stress) 

and markers of IPF disease severity.(90) 

NO physiology has been implicated in the physiology of exercise performance.(101) In addition to 

its key role in regulating vascular tone and blood flow, NO is a known modulator of mitochondrial 

respiration via reversible inhibition of cytochrome c oxidase (complex IV of the electron transfer 

chain [ETC]). Larsen et al. investigated the link between dietary nitrate supplementation and 

exercise performance.(102) They identified that in healthy individuals nitrate supplementation (3 

days of sodium nitrate 0.1mmol/kg/day) significantly lowered the oxygen cost of steady state 

submaximal exercise (up to 75% of maximal oxygen consumption [±ɧO2max]) compared to 

supplementation to placebo (mean ±ɧO2 cost Placebo 2.98 L.min-1 vs. Nitrite 2.82 L.min-1 p<0.02). 

No significant difference in heart rate or blood lactate concentrations was observed between 

groups suggesting equal contribution of anaerobic metabolism to performance in both groups. 

These results have been replicated in subsequent studies(103) and in studies using naturally 

occurring nitrate supplementation in the form of enriched beetroot juice.(104, 105) Proposed 

mechanisms by which nitrite supplementation lowers the oxygen cost of submaximal exercise 

include; improvement in muscle Ca2+ handling and contractile force,(105, 106) improved muscle 

blood flow,(107) and improved mitochondrial ETC efficiency.(103)  
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1.2.8.2 The effect of exercise on redox status in IPF 

 

There is limited research to date into the effect of exercise on redox status in patients with IPF. In 

the first study of its kind Jackson et al. investigated the effect of a symptom limited constant 

work-rate test at 50 Watts on a cycle-ergometer on redox status in patients with IPF (n=28).(108) 

The authors identify that plasma F2-isoprostanes (a lipid peroxidation product) were higher at 

rest in IPF patients compared to controls (n=6). Further following the exercise test IPF patients 

observed a significant increase in urine isoprostanes and a reduction in plasma total antioxidant 

capacity (TAC). Significant negative correlation was observed between urine isoprostanes and 

arterial oxygen content at peak exercise (r =-0.434 p=0.04). This is the first study to demonstrate 

that a single bout of symptom limited exercise can precipitate altered redox balance (towards 

oxidants) in IPF patients. The authors propose that oxidant stress in response to exercise may be 

due to cellular hypoxia and be a causative factor for exercise limitation in IPF patients. However, 

there are several limitations to this study that are important to discuss. The control group was not 

aged matched to IPF participants, mean ages 50 years vs. 70 years respectively. This is relevant as 

it is well documented that aging leads to a propensity towards oxidative stress.(109) Further the 

control group did not perform the exercise test, so comparison of post-exercise redox status is not 

possible.  

In a further study, this group investigated the role of oxidative stress on exercise limitation in 25 

patients with IPF recruited to a randomised controlled trial (RCT) of exercise training.(110) Using 

the same symptom limited sub-maximal exercise test, this group observed a significant increase in 

plasma F2-isoprostanes following exercise (pre exercise 16.5 pg.mL-1 vs. post 18.0 pg.mL-1 

p=0.028). This study again demonstrates increased systemic oxidative stress after a single bout of 

exercise in IPF. However, as redox markers were not re-assessed after the exercise training 

intervention, this study does not provide insight into the effect of a period of exercise training on 

redox status in patients with IPF. 

In a cross-over design study, Dowman et al. compared exercise performance (endurance time) in 

IPF patients (n=11) performing a constant load exercise test at work-rate equal to 85% of peak 

volume of oxygen consumption (±ɧO2peak) breathing either; supplemental oxygen (FiO2 0.5) or 

room-air.(111) They sampled redox and inflammatory markers at seven time points between rest, 

peak exercise and 24 hours following the exercise test. Compared to room-air, supplemental 

oxygen led to a significant increase in endurance time (+99s p<0.002). Further a significant 

decrease in post exercise xanthine oxidase (a ROS generating enzyme) was identified in subjects 

breathing supplemental oxygen compared to those breathing room air. However, no significant 
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difference was found between plasma TBARS before and after the exercise test in either 

condition. The failure to demonstrate a change in direct biomarkers of redox state in this study 

are contrary to the results of Jackson et al.(108, 110) This discrepancy may be accounted for by 

milder disease in participants of the study by Dowman,(111) who compared to participants in the 

Jackson studies(108, 110) had better preserved FVC% predicted (76% vs. 61%). However, the 

discrepancy in the results may also be due to the different analytical techniques used, or the small 

sample sizes leading to statistical error. 

 

1.2.9 Exercise training as a redox modulator 
 

To the best of my knowledge, there are no currently published studies investigating the effect of a 

period of exercise training on redox state in patients with IPF. However there is some limited 

evidence from COPD studies that a period of exercise training can improve basal and post-

exercise redox status (reduced oxidative stress and or increased antioxidant capacity);(112) 

including reduction in post-exercise ROS induced DNA damage,(113) post-exercise induced 

xanthine oxidase (XO) activity,(114) and resting TBARS.(115) Further there is evidence from 

healthy individuals that improved redox status may ōŜ ŀ ƳŜŎƘŀƴƛǎƳ ƛƴ ǿƘƛŎƘ ŜȄŜǊŎƛǎŜ ŜȄŜǊǘǎ ƛǘΩǎ 

positive effects(116) with these changes in part mediated by upregulation of antioxidant enzymes 

such as glutathione peroxidase.(117) 

Mechanistic insight of the effect of exercise on IPF can be gained from studies in rodent models 

utilising the bleomycin induced model of fibrosis. Using this model, Andrade-Sousa et al. 

demonstrate that compared to a sedentary group, mice who undertook a 4-week aerobic exercise 

training schedule following intra-tracheal bleomycin administration demonstrated significant 

attenuation in fibrotic tissue deposition, type 1 collagen, and hyperplasia of type II 

pneumocytes.(118) These results are in corroboration with a study by Prata et al. who identified a 

significant reduction in type 1 collagen staining on lung slices of bleomycin exposed mice which 

had completed a 4-week aerobic exercise programme compared to sedentary controls.(119) 

Further there is evidence in the bleomycin lung model that aerobic exercise may alleviate 

bleomycin induced inflammation and oxidative stress, with sedentary mice demonstrating 

significantly lower superoxidase dismutase (SOD) compared to exercised animals.(120) Du et al. 

investigated the effect of prehabilitation on bleomycin induced lung damage with mice exposed 

to bleomycin on day 15 of a 4-week aerobic exercise schedule compared to sedentary 

control.(121) This group demonstrate that exercise restored bleomycin induced deficiency in H2S 

(an antioxidant that scavenges SOD) and reduced expression of enzymes responsible for H2S 
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production. There are several important limitations of the bleomycin mouse model, including this 

method of inducing pulmonary fibrosis having initial significant inflammatory component and 

cellular infiltrate, more akin to a response to acute lung injury (with subsequent fibrosis at least 

partially reversible irrespective of any intervention), rather than the slow, progressive and 

irreversible fibrosis observed in IPF.(122) However, despite the obvious limitations these studies 

do provide an interesting insight and a least theoretical mechanistic basis for the anti-

inflammatory and anti-oxidative role of a period of exercise training in a commonly employed 

model of pulmonary fibrosis.  

The above demonstrates that basal redox status is impaired in patients with IPF in favour of 

oxidants and this redox imbalance may be a pathological driver of pulmonary fibrosis. Further 

there is evidence from a limited number of studies suggesting that single bouts of exercise can 

precipitate redox imbalance (in favour of oxidants) in patients with IPF and this may act as a 

mechanism contributing to limitation of exercise capacity. Hence unchecked acute exercise could, 

at least theoretically, act to drive disease progression in IPF through repeated bouts of oxidative 

stress. However as discussed there is evidence from healthy individuals and animal models of 

pulmonary fibrosis that a period of exercise training may improve host cellular resistance to the 

oxidative stress. However whether this experimental evidence translates into patients with IPF, 

who, as discussed above, appear to have an unfavourable resting redox status and consequently 

maybe particularly vulnerable to an oxidative challenge (such as during exercise) is unknown.(123)  

  

 

1.3 Mechanisms of exercise limitation in IPF 
 

Worsening breathlessness and exercise limitation are key features of progressive IPF. Prior to 

investigating the impact of exercise training on patients with IPF it is first important to understand 

the pathophysiology underlying why exercise limitation is such a prominent symptom in patients 

with the disease. 

Although primarily a disease affecting the lung interstitium, the mechanisms leading to exercise 

limitation are thought to be multifunctional combining respiratory, cardiovascular and 

musculoskeletal pathophysiology. The current understanding of which is discussed below.  
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1.3.1 Respiratory pathophysiology 
 

Respiratory limitation to exercise in IPF can be divided into factors that limit the mechanics of 

ventilation and those that impair the transfer of oxygen/carbon dioxide between the alveolus and 

the alveolar capillaries.  

 

1.3.1.1 Mechanical/Ventilatory Limitation 

 

Lung Fibrosis reduces the compliance of the lung and increases lung elastic recoil (lung elasticity is 

inversely proportional to compliance) through a combination of reduced lung volumes and 

increased alveolar surface tension (due to impaired lung surfactant production in IPF (124)). As 

outlined above this is typically manifest as a restrictive pattern on spirometry with reduced FVC 

and preserved FEV1/FVC ratio (unless there is co-existent emphysema).  

During exercise patients with IPF can demonstrate a rapid shallow breathing pattern with a 

profound increase in minute ventilation (±ɧE). This is typically due to an increase in respiratory rate 

(RR), as due to the reduced compliance and increased elastic recoil of the fibrotic lungs there is 

limited capacity for a patient to increase their tidal lung volume (VT) [typically in health, exercise 

induces increase in both VT and RR]. This pattern of breathing leads to an increase in the ratio 

between the physiological dead-space (VD) and VT hence the increased volume of CO2 produced 

from increasing metabolic rates can only be adequately excreted by further increasing the RR. 

Consequently, patients with IPF can often reach or even exceed their predicted maximum 

voluntary ventilation (MVV see Chapter 3.6.5.2 for definition) and may not exhibit the usual 

breathing reserve (BR) observed in health at maximal exercise (typically җмр҈ ƻŦ a±±ύ.(125) 

However, studies have demonstrated that this observation is not universal in ILD.(126, 127) 

Furthermore, the observation that supplemental oxygen can increase both exercise test 

performance and ±ɧO2peak suggest that mechanical ventilatory limitation to exercise cannot solely 

account for the reduced exercise capacity experienced by patients with fibrotic ILD.(125, 128) 

 

1.3.1.2 Impaired gas exchange 

 

In IPF patients at rest, pulmonary gas exchange is reduced as a consequence of both ventilation -

perfusion mismatching and diffusion limitation. Measured diffusion capacity, the transfer capacity 

of the lung for carbon monoxide (TLCO see Chapter 3.8.2) is almost universally reduced at 

diagnosis in patients with IPF.(54) Impairment in TLCO has been shown to correlate with reduced 

survival,(129) dyspnoea,(130) and both 6MWD and ±ɧO2peak.(131) Further, it is thought impaired 
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TLCO may contribute to up to 40% of the reduction in alveolar-arterial oxygen gradient (PA-aO2) 

observed in IPF patients during exercise.(132)  

Evidence of ventilation/perfusion (±ɧ/vɧ) mismatching in IPF comes from comparative analysis of 

CT images and ±ɧ/vɧ scans of patients with IPF.(37) These demonstrate fibrotic areas, particularly 

those with honeycombing, that receive ventilation but not perfusion due to destruction to the 

pulmonary capillary bed. These areas contribute to increasing alveolar dead space 

ventilation(133) and create areas with very high ±ɧ/vɧ ratios (the ideal ±ɧ/vɧ ratio being 1). 

 

1.3.2 Cardiovascular pathophysiology 
 

±ɧ/vɧ matching may also be impaired through alterations in pulmonary perfusion. Pulmonary 

hypertension is common in the later stages of IPF and arises due to a combination of increased 

pulmonary vascular resistance due to hypoxic vasoconstriction, destruction of the alveolar 

capillary bed and vascular remodelling.(134) ILD patients breathing 100% oxygen demonstrate re-

distribution of pulmonary blood flow assessed using multiple inert gas elimination technique 

(MIDGET), illustrating the release of hypoxic vasoconstriction.(132) Further the increase in 

perfusion observed in this study, was found to be proportional to the degree of pulmonary 

hypertension. Suggesting that hypoxic vasoconstriction is a major contributor to pulmonary 

hypertension in ILD. However in a study of patients with severe IPF assessed breathing either air 

or supplemental oxygen (to maintain SpO2 җфп҈ύ ŘǳǊƛƴƎ ŀ Ŏƻƴǎǘŀƴǘ ǿƻǊƪ-rate test, the authors 

identified that although supplemental oxygen did improve endurance time it did not significantly 

reduce the peak systolic pulmonary artery pressure (assessed using transthoracic 

echocardiography [TTE]) during exercise (air 73 mmHg vs. supplemental oxygen 76 mmHg).(135). 

It is important to consider the methodological limitations of real-time exercise TTE when 

interpreting the results of this study.(136) However it may be that over time due to remodelling 

of the alveolar endothelium the effect of hypoxic vasoconstriction becomes irreversible.(137) This 

chronically increases pulmonary vascular resistance and afterload on the right ventricle (RV), 

leading to remodelling and dilation of the RV and subsequent right heart failure (cor pulmonale). 

Further insight into the effect of pulmonary hypertension on exercise performance in ILD is gained 

from a retrospective study of patients with fibrotic ILD undergoing right heart catheterization with 

simultaneous upright incremental CPET as part of standard-of-care investigation for exertional 

dyspnoea.(138) The authors classify ILD patients into three groups; those with resting pulmonary 

hypertension (PH), exercise induced PH, and no PH. Those with resting and exercise induced PH 

demonstrated significantly greater exercise induced desaturation, higher right ventricular stroke 

index, and lower ±ɧO2peak, compared to the no PH group. Suggesting that pulmonary vascular 
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disease and RV burden are important contributors to exercise limitation in a group of ILD patients 

without resting pulmonary hypertension.  

 

1.3.3 Peripheral muscle dysfunction 
 

Peripheral muscle dysfunction is a well-documented mechanism of exercise limitation in 

COPD,(139) however there are limited studies to this regard in IPF. In a retrospective study, 

Nishiyama et al. identified that participants force of quadriceps contraction had good correlation 

with their ±ɧO2peak obtained during incremental CPET (SǇŜŀǊƳŀƴΩǎ ǊҐлΦснύ ŀƴŘ ŦǳǊǘƘŜǊ ƛƴ ƳǳƭǘƛǇƭŜ 

regression analysis quadriceps force was identified as an independent predictor of ±ɧO2peak.(140) 

A prospective study of 25 patients with fibrotic IIP (idiopathic interstitial pneumonia) identified 

significantly weaker quadriceps strength and endurance time in fibrotic IIP patients compared to 

controls.(141) However, whilst quadriceps muscle strength correlated with 6MWD in controls, 

this was not the case in fibrotic IIP patients suggesting that although muscle strength is a 

contributor to exercise limitation in ILD/IPF other factors (e.g. respiratory or cardiac limitation) 

are predominant. 

 

1.3.4 Body composition 
 

There is increasing appreciation of the importance of body composition as a factor implicated in 

both exercise capacity and prognosis in IPF. IPF patients have numerous factors that can 

negatively influence nutritional status including increased work of breathing, use of 

corticosteroids and anti-fibrotic medications. Nutritional deficiency is well researched in COPD 

where it has been found to be associated with both increased mortality risk and exacerbation 

rate, and reduced quality of life.(142) However, the current understanding of the impact of 

nutritional status on patients with IPF is limited.(143) 

The prevalence of nutritional abnormalities in hypoxic IPF patients has been estimated at 30%. 

(144) Further in a case-series of IPF patients awaiting lung transplantation, 56% were found to 

have severe lean muscle mass reduction.(145) Similar to observations in patients with COPD(146-

148) body mass index (BMI) has been found to be a prognostic marker for survival in IPF, with 

higher BMI correlating with improved survival.(146, 149) Using proportional hazard regression 

modelling increased BMI has been found to correlate with a small but significant reduced risk of 

death (1 BMI unit Hazard-Ratio [HR] = 0.93 (p=0.002). Further a multicentre retrospective study 

has demonstrated that temporal change in weight (>5% decline in 1 year) is an independent 

prognostic factor in IPF.(150). A large prospective study by Guler et al. used Dual-energy X-ray 
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absorptiometry (DXA) to assess body composition in fibrotic ILD patients. The authors identify 

ǘƘŀǘ ǇŀǊǘƛŎƛǇŀƴǘǎΩ ǎƪŜƭŜǘŀƭ ƳǳǎŎƭŜ ƛƴŘŜȄ ό{aL ƪƎΦƳ-2, skeletal muscle mass divided by body weight) 

was negatively correlated with their ILD severity assessed by both FVC% and DLCO% predicted.  

(143) Further ILD severity was associated with upper limb muscle dysfunction (r=-0.29 p=0.03) 

and reduced 4 m gaits speed (r=-0.29 p=0.02) independent of baseline confounders and body 

composition. 

 

1.4 Assessing exercise capacity in patients with IPF 
 

Exercise limitation is a key feature of progressive IPF. Quantification of ŀƴ ƛƴŘƛǾƛŘǳŀƭΩǎ ŜȄŜǊŎƛǎŜ 

capacity can be done both subjectively (e.g., maximal walking distance) or objectively using 

exercise tests. In the setting of a clinical study objective measurement of exercise capacity is 

obviously required. This section will critically discuss common exercise tests which can be used to 

assess response to a therapeutic intervention. The focus of this section is to discuss exercise 

capacity tests regarding to their validity, reproducibility, discrimination to therapeutic response, 

and prognostic information. Specific protocols for tests utilised in this thesis and any underpinning 

physiological methodology is discussed in Chapter 3. 

 

1.4.1 6-minute walk distance (6MWD) 
 

The 6MWD is a self-paced assessment of walking capacity along a flat surface (for full description 

see Chapter 3.9). Patients are instructed to walk as far as they can within 6 minutes and the 

primary outcome is distance walked (metres). As the 6MWD is self-paced it is widely believed to 

represent submaximal exercise capacity.(151) However in patients with ILD/IPF, particularly those 

with more severe disease, it may better present maximal exercise capacity.(152) The 6MWD is 

relatively simple to perform, reproducible and inexpensive. There is extensive literature 

demonstrating that the 6MWD is a valid and reliable assessment of exercise capacity in patients 

with chronic respiratory disease including IPF.(153, 154) There has been shown to be good 

correlation between 6MWD and more complex assessments of physical fitness ς specifically 

±ɧO2peak achieved in incremental cardiopulmonary exercise testing (CPET). In a large study 

(n=1083) of patients with a variety of cardiorespiratory diseases, 6MWD and ±ɧO2peak were found 

to have strong positive correlation (tŜŀǊǎƻƴΩǎ R2 =0.68 p<0.001).(155) This observation has been 

reproduced in patients with fibrotic ILD (R2 0.78 p<0.001).(156) The 6MWD is widely utilised as an 

outcome measure, and has a disease specific minimum clinically important difference (MCID) [the 

smallest change that an individual patient would identify as important] for IPF patients of 
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between 22-45 m.(157, 158) The 6MWD is an independent prognostic marker in IPF with both 

baseline 6MWD of <250 m and a >50 m decline over 24 weeks associated with an approximate 2 

and 3-fold increase in mortality risk respectively.(41) However, there are important caveats to the 

6MWD. Individual performance in the test maybe influenced by the type of encouragement 

employed by those supervising.(159) It is well documented that there is a ΨŎŜƛƭƛƴƎ effectΩ ǿƘŜǊŜōȅ 

patients with mild impairment at baseline (typically a 6MWD greater than 450 m) have a limited 

capacity for improvement.(160) Further there may be a significant ΨƭŜŀǊƴƛƴƎ ŜŦŦŜŎǘΩ ǿƛǘƘ 

improvement on a second test due to familiarity, which in a study of patients with COPD the 

magnitude of which has been estimated at between 24-29 m.(161) However a study in patients 

with fibrotic ILD demonstrated very strong correlation (R2=0.96) between patients first and 

second 6MWD.(156) Despite this observation consensus guidelines state a practice walk is 

necessary if the test is being utilised to monitor response to a therapeutic intervention.(162) 

Finally, ŀǎ ƛǎ ŎƻƳƳƻƴ ǿƛǘƘ ƻǘƘŜǊ ΨŦƛŜƭŘ ŜȄŜǊŎƛǎŜ ǘŜǎǘǎΩ (tests performed in a real world setting 

outside of a laboratory) the 6MWD does not enable objective assessment of the 

pathophysiological causes of exercise limitation e.g. cardiac or respiratory impairment (although it 

may reveal exercise induced desaturation or significant cardiac arrythmia via peripheral pulse 

oximetry). Despite these caveats, the simplicity, validity and familiarity of the 6MWD mean it is 

widely utilised in both clinical and research assessment of patients with chronic respiratory 

disease. Due to these reasons, it was felt important to include the 6MWD as a secondary outcome 

measure in this thesis. 

 

1.4.2 Incremental shuttle walk test (ISWT) 
 

The incremental shuttle walk test (ISWT) is a validated field exercise test utilising an incremental 

and progressive increase in walking speed similar to a traditional gym class ΨōƭŜŜǇ ǘŜǎǘΩ. The test 

requires a 10 m course and a pre-recorded audio signal indicating the pace the individual must 

perform that lap.(163) The primary outcome is either the distance walked usually measured in 

ƳŜǘǊŜǎ ƻǊ ǘƘŜ ΨǎǘŀƎŜΩ of test reached. The ISWT is typically believed to represent a measure of 

maximal exercise capacity and studies in COPD populations have identified good correlation with 

±ɧO2peak (R=0.75-0.88) and 6MWD.(164) Shorter walk distances can predict both risk of 

readmission(165) and reduced survival in patients attending pulmonary rehabilitation.(166) The 

ISWT has been validated in IPF patients and has  good correlation with the 6MWD (R=0.81 

p<0.0001) and a disease specific MCID has been estimated at 31-46 m.(163) Advantages of the 

ISWT over the 6MWD include greater inter-operator standardisation (due to the pre-recorded 

audio que) and less influence of patient motivation. Further performed with good effort the ISWT 

stresses the individual to their symptom limited maximal performance. Disadvantages of the test 
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include that it has been observed to have a significant learning effect (estimated at between 20-

25m) and consequently it is recommended the test is performed twice (with the higher distance 

test recorded).(167) Due to the requirement of a practice test to prevent over burdening patients, 

it was felt not appropriate to include the ISWT in addition to an incremental CPET in this thesis. 

 

1.4.3  Endurance shuttle walk test (ESWT) 
 

The endurance shuttle walk test (ESWT) is a standardised assessment of endurance capacity in 

patients with chronic respiratory disease. It is performed on a flat 10 m course and patients are 

instructed to walk for as long as possible at a percentage maximum pace (usually 70-85%) of that 

obtained during an ISWT, making the ESWT a test of submaximal exercise capacity. The primary 

outcome is either distance walked (m) or time (s). As the ISWT, the pace required for the ESWT is 

played on a pre-recorded audio que to improve standardisation. The ESWT has been found to be a 

sensitive outcome measure to therapeutic intervention(168) and has an identified MCID post 

bronchodilator therapy in COPD patients of 65 seconds or 85 m.(169) However, no current MCID 

exists for this variable in IPF. One further practical advantage of the ESWT is that it is simple and 

relatively in-expensive to perform. A potential disadvantage is the test requires a prior ISWT 

(which itself requires a practice and validation test). Specifically, with regard to its utility in 

ILD/IPF, there is currently no studies correlating test performance to prognostic outcome and 

there is no disease specific MCID. For these reasons the ESWT was not included as an outcome 

measure in this thesis. 

 

1.4.4 Cardiopulmonary exercise testing (CPET) 
 

Cardiopulmonary exercise testing (CPET) provides a non-invasive means to measure the 

integrated response of the cardiovascular, pulmonary and musculoskeletal systems to the stress 

of exercise in a controlled laboratory environment. CPET is considered the gold standard for 

evaluation of ŀƴ ƛƴŘƛǾƛŘǳŀƭΩǎ maximal (or symptom limited) exercise capacity.(170) The 

methodology for conducting CPET and detailed descriptors of CPET variables and the physiological 

basis underpinning them is discussed in Chapter 3.6. Here the utility and validity of CPET as an 

outcome measure in IPF patients will be discussed. Briefly, during an incremental CPET the 

participant exercises on an electro-magnetically braked cycle-ergometer/treadmill wearing a face 

mask with gas flow sensor to enable breath-by-breath analysis (metabolic cart), with 

simultaneous 12-lead ECG, non-invasive blood pressure monitoring and peripheral pulse 

oximetry. During a cycle based CPET, following a resting phase, the participant exercises at a 
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predefined increasing work-rate until maximal/symptom limited exercise capacity is reached. 

CPET measures an ƛƴƛŘƛǾƛŘǳŀƭΩǎ maximal/symptom limited exercise capacity (maximal/peak 

oxygen update and work-rate) and sustainable aerobic exercise capacity (anaerobic threshold 

[AT]) (see Chapter 3.6 for further definition and discussion of CPET variables). Studies 

investigating the repeatability of outputs from CPET have demonstrated conflicting results. 

Individual performance of the test maybe influenced by patient effort, the timing of the test and 

protocol used. In COPD studies the percentage within-subject variability of repeated measures of 

±ɧO2peak has been identified as small, co-efficient of variance (a ratio of the standard deviation 

divided by the mean) between 3-9%.(171-173) A study in patients with fibrotic ILD demonstrated 

that although there was good correlation in ±ɧO2peak between repeated tests (R2=0.77) within 

individuals, there was moderately high inter-test variability of 10.5%.(156) Although performed by 

patients with chronic heart failure, a study by Bensimhon et al. provides an interesting insight. 

The authors found although the mean cohort difference between repeated CPETs was small (0.02 

ml.kg-1.min-1 p=0.78), the mean individual intra-patient variability was 1.3 ml.kg-1.min-1 between 

tests.(174) However, patients were found to be just as likely to decrease performance from test 1 

to 2 (48% of patients) as they were to improve (46% of patients) suggesting that any variability in 

test performance was not a consequence of a learning effect. Established consensus is that there 

is no need for a practice baseline test in clinical studies as any individual patient variability 

observed is independent of a learning effect. However, to ensure repeatability the test protocol, 

procedure, timing and instructions given to the patient should be rigorously controlled between 

tests.(175)  

A systematic review of the prognostic utility of CPET for ILD published in 2020 identified 13 

studies investigating CPET variables in predicting disease prognosis.(176) 8 of these studies had 

IPF patient cohorts. ¢ƘŜ ŀǳǘƘƻǊǎΩ Ŏomment on the overall limited quality of the studies including 

inherent issues with retrospective analysis, multiple outcome reporting, and limited 

accompanying baseline data which may have introduced bias with any observed associations. 

With respect to ±ɧO2peak, values of between <8.3 ml.kg-1.min-1 to <14.2 ml.kg-1.min-1 have been 

reported to predict increased mortality risk in IPF patients. Two of these studies were 

retrospective (131, 177) with one prospective study by Vainshelboim et al. identifying a cut off of 

±ɧO2peak <13.8 ml.kg-1.min-1 predicted reduced survival with an area under the receiver operator 

curve (AUROC) of 0.731 p=0.031.(178) Where the AUROC describes the probability of an effected 

individual having a higher marker value than a healthy individual, with an AUROC value of 0.5 

representing no discrimination between groups and a value of 1 identifying a perfect 

discriminator.(179) Other CPET variables which have been identified as predictors of poor 

outcome in IPF include measures of ventilatory inefficiency and exercise induced hypoxia. With 

respect to ventilatory inefficiency values of between >36 and >45 for the ratio of minute 
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ventilation to volume of carbon dioxide production (±ɧE/±ɧCO2) at the AT have been identified as 

conferring worse outcome.(180-182) Although defining an absolute value to a given CPET 

parameter such as ±ɧO2peak which accurately identifies those with poor prognosis requires further 

validation, putting this evidence into clinical context it is reasonable to assume that a lower 

±ɧO2peak, a higher degree of ventilatory inefficiency, and worse exercise induced hypoxaemia are 

poor prognostic markers in IPF. One current disadvantage of the utility of CPET as a therapeutic 

outcome assessment in clinical studies of IPF patients is that there are limited studies for 

comparison of effect. Further there are no established MCID values for CPET variables for patients 

with ILD/IPF. Data for CPET variable MCIDs is available for patients with COPD and although the 

mechanisms of exercise limitation differ between COPD and IPF, these values could be used as a 

guide to assessing meaningful response to therapy in IPF patients until disease specific data are 

available. The MCID for an improvement in peak work-rate in COPD is 4±1 Watts.(183) 

One advantage of CPET over the field-based assessments of exercise capacity discussed above, is 

that it allows for direct quantification of patients ±ɧO2peak and AT. The ±ɧO2peak defines the 

highest oxygen uptake obtained during an incremental exercise test and is a highly validated 

assessment of physical fitness. The AT measures the ±ɧO2 above which anaerobic metabolism 

supplements aerobic metabolism during exercise ŀƴŘ ǊŜǇǊŜǎŜƴǘǎ ŀƴ ƛƴŘŜȄ ƻŦ ŀƴ ƛƴŘƛǾƛŘǳŀƭΩǎ 

capacity for steady state exercise.(184) The assessment of an individualΩs AT and ±ɧO2peak 

(together with corresponding work/heart rate) also allows for accurate exercise intensities to be 

determined. In this thesis CPET derived markers of physical fitness (AT and ±ɧO2peak) are used to 

deliver an individually prescribed structured responsive exercise training programme for patients 

with IPF (for further discussion see Chapter 3.7). 

A further advantage of CPET over field exercise tests is that in addition to providing assessment of 

the patientΩǎ peak and submaximal exercise capacity, through integration of other 

cardiorespiratory variables (See Chapter 3.6 for definitions) CPET allows for an in-depth 

assessment of the pathophysiological mechanisms contributing to exercise limitation.  

One potential disadvantage of CPET testing as a prognostic tool in IPF is that it requires trained 

staff to complete the tests and maintain equipment. CPET utilises equipment that is relatively 

expensive to purchase and maintain. However, the clinical use of CPET is now widespread 

particularly in the field of perioperative medicine(185) hence the majority of hospitals have 

appropriate equipment and trained staff. Further CPET takes longer to perform than other field 

exercise tests with typically each CPET taking 45 - 60 minutes compared to 10-15 minutes for an 

ISWT or 6MWD. However due to the combination of the high validity of CPET outputs (specifically 

AT and ±ɧO2peak) as measures of exercise capacity, its ability to provide assessment of the 

mechanisms of exercise limitation, and the ability of CPET outputs (AT and ±ɧO2peak) to be used to 
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individually prescribe an exercise training intervention, CPET was included as a baseline 

assessment and secondary outcome measure in this thesis. 

 

1.4.5 Constant work rate tests (CWRT) 
 

The constant work rate test (CWRT) describes a laboratory-based exercise test performed at a 

predefined exercise intensity either on a treadmill or cycle ergometer with or without inspired 

and expired gas analysis (metabolic cart). The protocol used for the CWRT in this thesis is 

described in Chapter 3.5.3. Recently, the CWRT has gained popularity as an outcome measure 

following therapeutic intervention. The primary outcome for symptom limited CWRTs is time. 

Work-rates for symptom limited CWRTs are typically set at 75-85% of peak-work rate/work-rate 

at VḺ2peak and the test provides a measure of submaximal exercise capacity.(186) In a seminal 

cross-over designed RCT in patients with COPD, Oga et al. demonstrate that inhalation of a 

bronchodilator led to significant increase in FEV1 compared to placebo.(187) Further the 

bronchodilator led to a substantially greater percentage improvement in CWRT compared to both 

6MWD and ±ɧO2peak (percentage improvement; 19% vs. 1% vs. 3% respectively). Subsequent 

studies then confirmed the utility of the CWRT as a highly responsive outcome marker to exercise 

training interventions in COPD patients.(188) In a prospective observational study of a 10-week 

exercise intervention in patients with IPF (n=54), Arizono et al. demonstrated that endurance time 

on a CWRT at 80% of peak work rate improved by a significantly greater amount compared to 

±ɧO2peak, ISWT and 6MWD (percentage improvements; 181%, 7.6%, 9.1% and 6.0% 

respectively).(189) Further, in this study at 10-week follow-up, the control group reduced 

performance on the CWRT suggesting no significant learning effect to the test. Further to this 

regard, a large population study of COPD patients (n=463) performing two CWRTs at 75% peak 

work-rate 5 days apart, demonstrated that although there was a significant difference between 

test results (1st test - 7.88 min ± 4.8 versus 2nd test 8.44 min ± 5.1 p<0.001) the mean difference 

between tests was small at only 34 s (7% of baseline test performance).(190) The increased 

sensitivity of the CWRT to therapeutic intervention compared to other exercise tests is explained 

physiologically by the hyperbolic relationship between maximal sustainable exercise duration and 

work-rate for submaximal constant load exercise (discussed in Chapter 3.5.3). 

One further advantage of the CWRT over incremental CPET testing is that as the test is commonly 

performed at submaximal work rates it may be better representative of the intensity patients 

with chronic lung disease use to perform their everyday activities.(191) A potential disadvantage 

of CWRTs is the lack of standardisation of work-rates used for the test between different 

investigators which limits the comparability between effect size. However, an MCID for endurance 

time following CWRT has been estimated in patients with COPD with improvements from baseline 
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of җ100 s (95%CI 60-140 s)(188) or җ33% (95% CI 18-48%) (192) correlating with significant 

improvement in quality of life. A further potential disadvantage of CWRTs over field based 

exercise tests is the cost of equipment and the longer duration of the test which, although 

dependent on the protocol used, is typically in the region of 45 - 60 minutes per test.(186) Despite 

the caveats of the test the CWRT provides a controlled assessment of submaximal exercise 

capacity. Further as the CWRT has been shown to be more responsive to therapeutic 

interventions than other assessments it may enable clinically meaningful improvement in exercise 

capacity to be ascertained which would have not been identified had other tests been used in 

isolation. For these reasons endurance time on a submaximal CWRT (work-rate equal to 75% of 

work-rate at ±ɧO2peak) was chosen as the primary clinical outcome in this thesis (for further 

discussion see Chapter 3.5.3). 

 

In summary multiple formal assessments of exercise capacity exist which can be performed in 

either field- or laboratory-based settings. Exercise capacity assessments in patients with IPF/ILD 

provide valid assessments of functional impairment and are correlated with health-related quality 

of life. Poor performance on exercise capacity assessment is an independent marker of poor 

prognosis. The constant work rate test was chosen as the primary exercise capacity outcome for 

this thesis as it provides a controlled and objective assessment of submaximal exercise capacity. 

As the CWRT has been demonstrated to be more responsive to therapeutic interventions 

compared to other assessments it may enable clinically meaningful improvement in exercise 

capacity to be ascertained which would have not been identified had other tests been used in 

isolation. 

 

1.5 Exercise as a therapy for IPF 
 

Exercise training as part of pulmonary rehabilitation (PR) is a core therapy for patients with COPD 

with robust evidence supporting positive clinical benefit.(153, 193) However the evidence for 

exercise training in IPF is less established.(194) Despite this exercise training as part of PR is 

recommended as a core treatment for IPF by NICE.(195) Here the current evidence basis for 

exercise training/pulmonary rehabilitation as a therapy of patients with IPF is reviewed with focus 

on the effect of exercise training on functional status and quality of life. A systematic literature 

review of randomised controlled trial data titled Ψ9ŦŦŜŎǘǎ ƻŦ ŜȄŜǊŎƛǎŜ ǘǊŀƛƴƛƴƎ ƻƴ ŎŀǊŘƛƻǇǳƭƳƻƴŀǊȅ 

fitness in interstitial lung disease (ILD)Ω with narrative focus on the methodology of the exercise 

interventions of included studies using the frequency, intensity, type, and training (FITT) principles 
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relating these to the efficacy of the included studies is contained in  Chapter 2. A summary table 

of the individual studies included in this purposive literature review is contained in Table 1.5 

A 2014 Cochrane systematic review and meta-analysis assessing PR in ILD was published by 

Dowman et al.(194) This included results from four RCTs published in full text format, Nishiyama 

et al 2008,(196) Holland et al. 2008,(197) Jackson et al. 2014,(110) and Vainshelboim et al. 

2014.(198) This review concluded that PR in ILD was safe and let to small but clinically meaningful 

improvements in exercise capacity, symptoms, and quality of life at immediate post-intervention 

follow-up. However criticism of the RCTs included in this systematic review include small 

participant numbers in the intervention group (Nishiyama et al. 2008(196) n=13, Vainshelboim et 

al. 2014(198) n=15, Jackson et al. 2014(110) n=11) and methodological limitations including 

insufficient blinding of the assessor (Jackson et al. 2014(110) and Vainshelboim et al. 2014(198)), 

selective data reporting (Vainshelboim et al. 2014(198)) and incomplete outcome data (Jackson et 

al. 2014.(110)). 

This review stimulated an increased research interest in the role of PR in ILD. In 2021 this 

Cochrane systematic review was updated by Dowman et al. and a meta-analysis included. In this 

update a further eight clinical trials published as full-text articles were identified.(199) Three 

studies included in this review were assessed as low risk of bias (Holland 2008(197), Dale 

2014(200), and Dowman 2017).(201) A common factor introducing bias in included studies was 

insufficient/lack of blinding of the assessor, incomplete outcome reporting and lack of robust 

statistical methodology employed to account for dropouts from the intervention. This is 

particularly relevant to studies of the longer-term effects of PR/exercise training with one study 

having a 40% drop-out at 1-year follow-up.(202) 

 

1.5.1 Safety of exercise training in ILD 
 

In their discussion the review authors concluded that analyses of these studies revealed no safety 

implications for PR in ILD.  When interpreting this statement, and therapy/drug safety as an 

outcome in clinical trials in general, it is important to highlight the limitations in assessing safety 

of therapeutic interventions within clinical trials. The first consideration is that there is no 

universally accepted ΨƎƻƭŘ ǎǘŀƴŘŀǊŘΩ ǿŜǊŜ ōȅ ŀ ŘǊǳƎκƛƴǘŜǊǾŜƴǘƛƻƴ ǎŀŦŜǘȅ signal represents a true 

risk to patients, with the Medicines and Healthcare products Regulatory Agency (MHRA) stating 

άfor a medicine to be considered safe its expected benefits should be greater than any associated 

Ǌƛǎƪǎ ƻŦ ƘŀǊƳŦǳƭ ǊŜŀŎǘƛƻƴǎέ (203)ς this is obviously open to some interpretation both within the 

clinical/scientific community and the patient population. With individual patients willing to accept 

greater (or lesser) risk when considering whether to take a medication/undergo a treatment 
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which they understand to be potentially beneficial to them.  Second, as is a common limitation in 

many RCTs, none of the studies included in the review published by Dowman were powered to 

determine clinical safety. Rather sample sizes and any power calculations are estimated to 

provide adequate sample size to investigate the efficacy of the intervention with adverse events 

monitored as a secondary outcome measure. Hence although no statistical difference in adverse 

events (between intervention group and control) was recorded in any of the included studies this 

may represent a type 2 statistical error (failure to reject a false null hypothesis), particularly as 

important serious adverse events maybe infrequently occurring and hence require a large sample 

size to detect a statistically significant difference in prevalence between groups.(204) This is 

particularly relevant to the discussed studies in ILD which typically have small sample sizes. 

Further it is important to consider that the cohorts of patients included in the studies does not 

represent a truly heterogenous sample of the wider IPF patient population. To enter a clinical 

trial, it is necessary for a participant to meet all of the study inclusion criteria and not meet any of 

the study exclusion criteria. For example, the largest RCT to date by Dowman et al. excluded 

patients with concomitant significant respiratory disease and as smoking is a risk factor for IPF 

coexistence of emphysema with IPF is a common co-morbidity.  These restrictions on the types of 

patients recruited to clinical studies hence limit the generalisability of any inference on the safety 

of the intervention to the wider population of patients with ILD/IPF.   

 

1.5.2 Efficacy of exercise training in ILD 
 

Within their meta-analysis (n=585) Dowman et al. identify the common effect size at immediate 

follow-up of PR on 6MWD in ILD/IPF as +40 m (95%CI 33-47).(199) This is greater than the 

reported MCID for IPF of 22-45 m.(157, 158) Four included fully-published RCTs (197, 198, 200, 

202) utilised incremental CPET as an outcome measure to assess improvement in exercise 

capacity, with meta-analysis of immediate follow-up outcomes for all ILD (n=159) and IPF (n=62) 

revealing a common effect size estimate in ILD and IPF patients respectively of; peak work-rate + 9 

Watts (95%CI 6-12) and +10 Watts (95%CI 6-13) and ±ɧO2peak +1.28 ml.kg-1.min-1 (95%CI 0.5-2.1) 

and +1.45 ml.kg-1.min-1 (95%CI 0.5-2.4). Although no MCID for peak work-rate for ILD/IPF patients 

is currently available, the magnitude of these improvements is above the MCID for this variable in 

COPD patients of +4 Watts.(183)  

Meta-analysis (n=478) of the effect of PR on health-related quality of life (HRQL) assessed by both 

ǘƘŜ {ǘΦ DŜƻǊƎŜΩǎ ǊŜǎǇƛǊŀǘƻǊȅ ǉǳestionnaire (SGRQ) and chronic respiratory disease questionnaire 

(CRQ) score revealed a common effect size estimate on SGRQ total score (higher scores indicating 

worse health state) of -9.3 points (95%CI -11 to -7) and on the four domains of the CRQ (lower 
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scores indicating worse health state) of +0.68 points (dyspnoea domain), +0.66 points (fatigue 

domain), +0.63 points (emotion domain) and +0.67 points (mastery domain). The effect size for 

these changes being clinically meaningful and greater than the estimated MCID for both the SGRQ 

total score for IPF of 4-8 points(205, 206) and +0.5 for each CRQ domain.(207) Further analysis of 

available evidence (n=140) revealed that significant positive effect on health-related quality of life 

is maintained at longer term follow-up (>6months) SGRQ -4.9 points (95%CI -8 to -2) in analysis 

for all ILDs but not in sub-group analysis for IPF (n=89) -3.4 points (95%CI -7 to +1). 

The largest RCT assessing the impact of exercise training in ILD to date was performed by 

Dowman et al., this study included 142 participants with a variety of ILDs (IPF n=61, asbestosis 

n=22, CTD-ILD n=23, other ILD n=36).(201) Following an 8-week twice-weekly structured exercise 

intervention (see Table 1.5 for details), significant improvement was observed in both 6MWD 

(+25m 95% CI 2 -47m) and HRQL (SGRQ-IPF Total Score -5.8 points 95%CI -9.7 to -1.9). Using 

multiple regression this group identified that at 9-week follow-up patients with worse 6MWD at 

baseline showed greater improvement, for each 10 m improvement in baseline 6MWD the 

improvement in 6MWD observed declined by 1.4m. This finding is in agreement with previous 

non-controlled studies (208, 209) however other non-controlled studies have identified those 

with less impairment in baseline exercise capacity benefit most from PR.(210, 211) However at 6-

month follow-up, using step-wise regression analysis, Dowman et al. identified those with better 

preserved lung function and less pulmonary hypertension had greatest sustained 

improvement.(201) Criticism of this study is that the magnitude of the improvement in the 6MWD 

is small and at the lower end of the range for the MCID for this variable of 22-45m,(154, 157) with 

up to 50% of patients with IPF not achieving an MCID improvement.(212) Further only 66% of 

patients completed the programme with the pre-specified adherence of attendance at 12 out of 

16 sessions, suggesting that the training programme utilised may have been difficult to 

accomplish for all ILD patients. One factor contributing to ǘƘƛǎ Ƴŀȅ ƘŀǾŜ ōŜŜƴ ǘƘŀǘ ǘƘŜ ŀǳǘƘƻǊǎΩ 

estimated participants exercise intensities for walking and cycling exercises from their 6MWD 

using standardised formula.(213) Although these formulae have been validated at a population 

level, they may be inaccurate for individuals.(214) This may have led to inaccuracies in the training 

programme prescription which ŎƻǳƭŘ ƘŀǾŜ ŎƻƴǘǊƛōǳǘŜŘ ǘƻ ǇŀǘƛŜƴǘǎΩ ǇƻƻǊ ŀŘherence.  

A further RCT by Perez-Bogerd et al. in 2018 included 60 participants with ILD, 14 of which had 

IPF.(202) This study demonstrated significant improvement at 1-year follow-up in the 6MWD 

following a 6-month structured exercise training programme (1-year mean increase intervention 

vs control; 6MWD =+73 m p=0.002, peak work rate max predicted = +23%, p<0.001 and SGRQ 

Total score -11 points p=0.002).  
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Data from non-randomised studies investigating the effect of exercise training in ILD/IPF 

demonstrate benefit in both case controlled (208, 210) and retrospective studies.(209) In a large 

retrospective study Ferreira et al. identified 6MWD improved by a mean of 56 m p<0.001 

following 6-8 weeks of pulmonary rehabilitation.(209) Further patients with poorer baseline 

characteristics demonstrated greatest improvement. However this is in contrast to a prospective 

single cohort study by Kozu et al. which identified those with milder disease had greatest 

benefit.(215) Further insight into the longer-term effects of exercise training on patients with ILD 

is available from Ryerson et al.(208) These authors conducted a prospective single-armed multi-

centre cohort study of 54 patients with ILD (22 with IPF). Following 6-8 weeks of aerobic exercise 

individually tailored to participants 6MWD and disease severity, 6MWD improved significantly 

(+57.6m [95% CI 40.2 ς 75.1] p<0.0005). Further at 6 months follow up 6MWD was maintained at 

49.8 m above baseline. However as 11 patients (22%) did not attend 6-month follow-up there is 

significant risk of bias in the observation and risk of type-1 statistical error (mistaken rejection of a 

true null hypothesis).  

In a large (n=701) multi-centre retrospective study Guler et al. identified that patients who 

improved 6MWD following PR subsequently had a lower risk of death or lung transplant, when 

correcting for baseline 6MWD, age, and gender at 3-years (HR 0.97).(216) This finding is exciting 

as it suggests that improvement in exercise capacity translates to improvement in survival 

outcomes however they require validation in a dedicated prospective study.    

The above studies demonstrate that there is moderate evidence for the benefit of pulmonary 

rehabilitation on IPF/ILD on exercise capacity, symptoms, and quality of life at short-term follow-

up. Although the evidence is more limited these effects appear to be maintained at longer-term 

follow-up (6-12 months) in patients with ILD. However, the results of studies of long-term 

outcomes should be interpreted with caution due to the often high-drop-out rates of participants. 

The lack of evidence demonstrating significant long-term positive effects in patients with IPF may 

reflect the more progressive nature of IPF compared to other non-IPF ILDs. However due to the 

smaller samples sizes in sub-group analysis it is important to consider the risk of a type 2 

statistical error (failure to reject a false null hypothesis) affecting these analyses. 

The above discussed studies typically employed continuous aerobic exercise training. Two recent 

cross-over design pilot studies have explored the feasibility of single-bouts of cycle ergometer-

based interval training in patients with ILD using incremental CPET to prescribe exercise intensity. 

Wickerson et al. compared 20 minutes alternating 100% peak work-rate with 30s total rest, to 20 

minutes continuous exercise at 50% peak work-rate in 9 severe ILD patients awaiting lung 

transplantation.(217) Whereas Dowman et al. compared 3 exercise strategies; 1) alternating 30 s 

intervals of 100% peak work-rate and total rest, 2) repeating intervals of 2 minutes high intensity  
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(80% peak work-rate) followed by 2 minutes moderate intensity (40% peak work-rate), 3) 

Constant exercise at 60% peak work-rate, in 9 patients with a range of ILD severity (mean FVC% 

predicted 66% ±17).(218) Both studies concluded that high intensity intervals were safe and 

feasible in their study populations and, compared to continuous training, interval-based training 

may lead to a partial attenuation in exercise induced desaturation (although this did not reach 

statistical difference at end exercise in either study). A further study by Nikoletou et al. published 

as a conference abstract identified that in 23 patients with ILD an 8-week high-intensity interval 

training was feasible and non-inferior to continuous moderate intensity exercise, however detail 

of the type and intensity of exercise are not published.(219) These small studies demonstrate that 

single bouts of interval based exercise are safe and feasible in moderate and severe ILD 

populations, and this type of exercise may induce less desaturation. However, the feasibility and 

efficacy of an interval-based exercise programme in ILD/IPF patients remains unclear. 

The above studies demonstrate that exercise training is safe in patients with IPF and leads to short 

term improvement in exercise capacity and quality of life. The longer-term effect of exercise 

training in IPF remains uncertain. Current studies of exercise training in IPF typically utilise 

continuous aerobic exercise training with limited accurate tailoring of the programmes to the 

ƛƴŘƛǾƛŘǳŀƭΩǎ ŎŀǊŘƛƻǾŀǎŎǳƭŀǊ ŦƛǘƴŜǎǎ όōȅ ǿŀȅ ƻŦ ƘŜŀǊǘ-rate monitoring or work-rate prescription). 

Detailed evaluation of the exercise training prescriptions utilised in RCTs assessing exercise 

capacity in ILD/IPF and correlating this to their efficacy would provide insight into how best to 

prescribe exercise training in future RCTs and standard clinical care for patients with ILD/IPF. All 

but one of the RCTs to date of exercise training in ILD/IPF have utilised continuous based aerobic 

exercise training programmes as is commonly employed for patients with chronic obstructive 

pulmonary disease (COPD).(153) As a consequence of differing disease pathology, patients with 

IPF/ILD are more prone to exercise induced desaturation, especially in the early stages of their 

disease, compared to patients with COPD.(37) Hence it may be that patients with IPF are less 

suited than those with COPD to continuous moderate intensity exercise. Although the discussed 

two recent small studies have tested feasibility of single bouts of interval training in ILD/IPF(217, 

218), further research is required to ascertain feasibility and efficacy of interval training 

programme in patients with IPF.(220)  
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Table 1.5  Summary table of background literature review of evidence base for exercise training in interstitial lung disease. SVC=slow vital 

capacity, ETG = Exercise Training Group, CG= control group. TLIM time to symptom limitation, (UCSD) University of California San Diego shortness of 

breath questionnaire scores. *Severity presented as Mean FVC% and TLCO% predicted for participants in study (participants in ETG only for RCT studies).  

Authors Study Design Population and 
severity* 

 

Exercise intervention CPET Adherence Primary Outcome 
 

Other outcomes 

Holland et al. 
2008 (197) 

RCT 
CG= no 
intervention 

n=57 ILD 
(IPF=34) 
ETG=30 CG=27 
FVC=77% 
TLCO=50% 

F: 8-week twice weekly. I: Walking speed 
80% of max. speed at baseline 6MWD. 
Continuous exercise. T: 30 minutes. T: 
Walking or stationary cycling + 
resistance training 

Yes n=53 at 
baseline, n=8 
at f/u 

80% 6MWD at 9weeksς 
+34m  
(95% CI 6-64m)  
 

No difference 

±ɧO2peak ETG vs. GC 

No significant diff. 
6MWD ETG vs. GC at 
6-months 

Nishiyama et 
al 2008 
(196) 

RCT 
CG=no 
intervention 

n=30 IPF 
ETG=13 CG=15 
FVC=66% 
TLCO=59% 

F: 10-week twice weekly. I: walking 
speed 80% of baseline 6MWD, 80% peak 
WR cycling if CPET done. T: 
undocumented. T: Treadmill walking, 
stationary cycling + resistance training 

Yes, in some 
patients 
details not 
specified 

Not 
specified 

6MWD at 10weeks- 
+46m (95%CI 8-84) 
p<0.05  

Change in 6MWD 
and SGRQ at 10w 
correlated r2=-0.43 
p=0.02 

Ferreira et al. 
2009 
(209) 

Retrospective 
No 
comparator 

n=113 (IPF=50) 
FVC=62% 
TLCO=40%  

F: 6-8 weeks, two-three times weekly. I 
not specified. TΥ ΨŜƴŘǳǊŀƴŎŜΩ ǎǘǊŜƴƎǘƘ 
and respiratory muscle training, not 
specified further. T: 2-3 hours each 
session. 

No Not 
specified 

Unspecified 6MWD +56m 
p<0.001 following PR 
programme. 
Significant 
improvement in Borg 
Score and UCSD. 

Holland et al. 
2012 
(211) 

Prospective 
cohort 
No 
comparator 

n=44 (IPF=25) 
FVC=76%* 
TLCO=49%*  
*IPF patients 

As Holland et al. 2008  No 86% 6MWD at 9weeks 
increased in IPF and 
non-IPF patients 
+21m (SD 58) and 
+43m (SD 56) 
respectively 

Greater in ҧ 6MWD 
in those with higher 
FVC% r=0.49 p=0.01 

Ryerson et al. 
2014 
(208) 

Prospective 
cohort 
No 
comparator 

n=54 (IPF=22) 
FVC=69% 
TLCO=47% 

F: 6-9 week twice weekly observed 
exercise. I: Continuous aerobic exercise 
ΨǘŀƛƭƻǊŜŘ ǘƻ ƛƴŘƛǾƛŘǳŀƭ ǇŀǘƛŜƴǘΩ ŘŜǘŀƛƭǎ ƴƻǘ 
specified. T: walking, static-cycling 
resistance training. T: 20-30min/session  

No 93% 6MWD post PR       
+ 57.6m  
(95%CI 40-75) 
p<0.001 

Sustained ҧ of 
6MWD at 6 months 
+49.8m (95%CI 15-
85m) p=0.005 
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Authors Study Design Population and 
severity* 
 

Exercise intervention CPET Adherence Primary Outcome 
 

Other outcomes 

Vainshelboim 
et al. 2014 
(198) 
 
 
 
 

RCT 
CG=no 
intervention 

n=32 IPF 
ETG=15 CG=17 
FVC=66% 
TLCO=64% 

F: 12-week twice weekly. I: walk speed 
70-80% 6MWD, static-cycling 50-60% 
peak WR. Interval training 5min exercise 
1min rest. Progression at 6 weeks to 
20min continuous exercise treadmill 
walking, static cycling, stair climbing. T: 
60min, treadmill walk/static cycle/stairs  

Yes ςall 
participants 

94% 6MWD at 12-weeks 
+81m (95%CI 39-
124) p<0.001  
±ɧO2peak +2.6ml.kg-
1.min-1 (95%CI 1-
4.1) p=0.002 

ҧ in peak VT and 
peak ±ɧE ETG vs. CG; 
0.25L p<0.001 and 
11.6L p<0.001 
respectively 

Jackson et al. 
2014 (110) 

RCT 
CG=no 
intervention 

n=24 IPF 
ETG=14 CG=11 
FVC=61% 
TLCO=60% 

F: 12-week twice weekly. I: continuous 
exercise 60-80% age predicted max. HR. 
TT: 20min treadmill walking, 10min 
static cycling, 30min strength and 
flexibility training.  

Yes -all 
participants 

79% 6MWD at 3-
months. No 
significant 
difference.  

ҧ TLIM at 50W CWRT 
from 184s to 302s 
p=0.036 in ET group 
not achieving steady 
state 

Dowman et al. 
2017 
(201) 

RCT 
CG=usual care  

n=142 (IPF=61) 
ETG=72 (IPF=32) 
CG=68 (IPF=29) 

F: 8-week twice weekly + up to 3x 
weekly home sessions. I: continuous 
exercise walking at 80% peak walking 
speed 6MWD and cycling at 70% max. 
WR estimated from 6MWD. TT: 30min 
(15 min walking, 15min cycling) 

No 66% 6MWD at Week.9         
+25m (95%CI 2-
47m) p=0.03 
Sub analysis for 
6MWD in IPF: +31m 
(95%CI -5 to 66) 

No significant 
difference in 6MWD 
between groups at 6 
months. 

Perez-Bogerd 
et al. 2018  
(202) 

RCT 
CG=usual care 

n=60 (IPF=14) 
SVC=76% 
TLCO=45% 

F: 3-month three times weekly, then 3-
month twice weekly. I: continuous 
exercise, walking at 75% maximal speed 
6MWD, cycling 60% peak WR, 
progression to 110% walking speed and 
85% peak WR based on participants 
perceived effort. TT: total 90min each 
session. 30min each of static-cycling, 
treadmill walking, stair climbing, 
resistance training  

Yes-all 
participants 

67% 6MWD at 6months 
+72m (95% CI 36-
108)  

6MWD at 1year 
+73m (95%CI 28-118) 
ETG vs. CG group 
% predicted peak WR 
ҧ at 6month and 
1year +19% (95CI% 8-
29) and 23% (95%CI 
10-35) respectively  

Jarosch et al.  
2020 
(221) 

RCT 
CG=usual care 

n= 53 IPF 
ETG=36 
FVC=74% 
TLCO=44% 

F: Inpatient 5-6x weekly for 3 weeks 
I:  60%-100% peak WR Borgҗ4/10.  
T: static cycling and resistance training 
T: 15min aerobic 15min resistance  

Yes- for 
baseline 
exercise 
prescription 

97% 6MWD at 3weeks  
+61m (95%CI 8-62) 
 

6MWD 3 months no 
significant difference.  
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1.6 Summary, hypothesis and aims 
 

IPF is considered the prototypic progressive fibrotic lung disease. Despite advances in antifibrotic 

therapies there is no cure and the average life expectancy from diagnosis remains 2-4 years. 

Progressive disease is characterised by increasing breathlessness and exercise limitation and there 

is a clear unmet need for interventions which improve patients symptoms.  

Evidence suggests that the exercise limitation experienced by patients with IPF is multifunctional 

in nature with impairment in the respiratory, cardiovascular and peripheral muscle systems all 

apparent. Cardiopulmonary exercise testing (CPET) provides robust assessment of physical fitness 

and outputs from CPET (specifically AT and ±ɧO2peak) can be used to facilitate the provision of an 

individually prescribed exercise training programme. Previous studies in patients with IPF have 

identified that CPET is both safe and feasible in this patient group and that its outcomes have 

prognostic value.  

Pulmonary rehabilitation, an intervention which includes structured exercise training, is 

recommended in national and international guidelines for patients with IPF with evidence that it 

leads to short-term improvements in functional status and quality of life. Despite these 

recommendations the evidence reviewed in this chapter demonstrates that the individual 

responses to exercise training are variable and current exercise training strategies may not 

provide the most effective/efficient exercise training stimulus for each individual. Further the 

mechanisms underlying the training response in patients with IPF, and whether focused targeting 

of these could further increase clinical benefit, remain uncertain.  

There is a need to further investigate the positive effects of exercise training in IPF and to better 

understand the mechanism(s) underlying any positive training response. This greater 

understanding could enable the development of individualised exercise training strategies 

providing optimal symptomatic benefit for IPF patients which ultimately are available as part of 

standard clinical care. This thesis investigates a CPET derived individually prescribed exercise 

training programme in patients with IPF. The effect of the exercise training programme on 

exercise capacity, symptoms and quality of life is evaluated. CPET and venous blood sampling are 

used to investigate the physiological/biochemical mechanism(s) underlying exercise limitation and 

any positive exercise training response.  
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1.6.1 Null Hypothesis 
 

The null hypothesis under pinning this thesis was that an individualised 8-week interval based 

structured responsive exercise training programme (SRETP) in patients with IPF does not lead to 

significant improvements in either exercise capacity, symptoms, or quality of life. Further that the 

SRETP does not have any positive effects on the physiological and/or biochemical mechanisms 

limiting exercise capacity in patients with IPF. 

1.6.2 Aims and objectives 
 

1) To critically evaluate the design of the exercise training strategies used in published RCTs 

of exercise training in patients with ILD/IPF.  

 The Aim 1 objectives (addressed in Chapter 2) were to 

i. Design and conduct a systematic review of the relevant literature.  

ii. Describe and analyse the exercise interventions of included studies using the 

Frequency, Intensity, Time and Type (F.I.T.T) principles. 

iii. Relate the efficacy of included studies to their interventional design. 

 

2) To investigate whether an 8-week twice weekly SRETP has any effect on exercise capacity, 

symptoms and quality of life in a cohort of patients with IPF. Further to assess the 

feasibility and adherence to the SRETP and monitor the safety of the intervention in this 

patient cohort. 

The Aim 2 objectives (addressed in Chapter 4) were to: 

i. Quantify any effect of the SRETP on the primary and secondary clinical outcomes 

assessed at baseline and Week 9 following the SRETP. 

ii. Monitor the reasons for study withdrawal/non-completion 

iii. Quantify adherence to the SRETP, with good adherence defined as җ75% 

prescribed SRETP sessions completed. 

iv. Monitor the safety of the SRETP and outcome measures including any study 

related adverse and serious adverse events. 

 

3) To investigate the physiological and biochemical mechanisms of the exercise training 

response in patients with IPF. 

The Aim 3 objectives (addressed in Chapter 4 and 5) were to: 

i. Analyse and compare CPET derived exercise capacity, respiratory and 

cardiovascular parameters at baseline and Week 9 following the SRETP. 
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ii. Analyse and compare whole-body redox status in the IPF participants to age-

matched controls both pre- and post-CPET 

iii. Quantify any effect of the 8-week interval based individually prescribed SRETP on 

whole-body redox status in the IPF participants. 
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 Chapter 2  Systematic literature review: Effects of exercise  

   training on cardiopulmonary fitness in interstitial 

   lung disease (ILD) 
 

2.1 Review synopsis  
 

Interstitial lung disease (ILD) describes a heterogeneous group of inflammatory and fibrotic lung 

diseases with significant morbidity and mortality.(1) Progressive exercise limitation and functional 

impairment are key features of advancing ILD. Exercise training is recommended as part of 

pulmonary rehabilitation (PR) for patients with ILD/IPF in guidelines issued by NICE(195) following 

a small number of studies demonstrating that it improves short-term functional status.(194) Since 

publication of these guidelines there has been accumulating research interest into the effects of 

exercise training in ILD.  

Using Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) guidelines 

(222) the aim of this systematic review was to update the current evidence base for the effect of 

exercise training on cardiopulmonary fitness in patients with ILD. This review pays specific focus 

to the methodology of the exercise programmes (and ǇŀǘƛŜƴǘǎΩ adherence to them) in relation to 

the studies efficacy at improving physical fitness.  The methodology of the exercise programmes is 

discussed using the Frequency Intensity Time and Type (FITT) principles.(223)  

This review was registered on PROSPERO, an international database of prospectively registered 

systematic reviews in health and social care. Protocol registration ID CRD42021229246 

registration date 28th November 2020. 

 

2.2 Methodology overview  

 

Population of interest ς Adult interstitial lung disease 

Intervention ς Structured exercise training  

Comparison ς Standard care/non-exercise intervention (e.g., psychological and/or nutritional 
advice) 

Outcome ς Exercise capacity 

Types of Studies ς Randomised controlled trials 

Publication date ς Any 

Context/Location ς Worldwide 

Language ς English Only 
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2.3 Background   

 

2.3.1 Description of the condition  
 

Interstitial lung disease describes a heterogenous group of inflammatory and fibrotic lung 

disorders including but not limited to; IPF, non-specific interstitial pneumonia, chronic 

hypersensitivity pneumonitis, asbestosis, sarcoidosis and connective tissue disease related ILD. IPF 

is considered the model of a progressive fibrotic interstitial lung disease.(1) Advancing ILD of any 

type is characterised by progressive exercise limitation and functional impairment. Despite 

advances in antifibrotic therapy for patients with idiopathic pulmonary fibrosis (IPF)(78, 80) and 

non-IPF progressive fibrotic ILD(75) these treatments only slow, and do not halt, disease 

progression.  

The mechanisms of exercise limitation in patients with ILD/IPF are multifactorial and include 

ventilatory restriction, cardiovascular impairment and diffusion limitation (see Chapter 1.3 for full 

discussion).(37) Due to these pathophysiological processes patients with ILD have a propensity to 

desaturate on exertion early in the disease. Further patients with inflammatory ILDs may be 

prescribed corticosteroids or other immunomodulating drugs which can cause medication related 

myopathy which further negatively impacts on patients ability to exercise. 

  

2.3.2 Description of the intervention   

 

Structured exercise training can be defined as a specific planned and goal orientated physical 

activity programme.(223) For the purpose of this review an exercise intervention was considered 

ΨǎǘǊǳŎǘǳǊŜŘ ŜȄŜǊŎƛǎŜΩ ƛŦ ƛǘ ŎƻƴǎƛǎǘŜŘ ƻŦ ŀƴȅ ŦƻǊƳ ƻŦ ǎǳǇŜǊǾƛǎŜŘ ŀŜǊƻōƛŎ exercise with or without 

additional resistance/flexibility training.  

Control groups were pre-defined as patients randomised to receive either no intervention, 

psychological support, and or nutritional and dietary advise without an exercise component, or 

standard care (excluding attendance at pulmonary rehabilitation during the period of the RCT). 

 

For all included studies the exercise intervention is described using the Frequency Intensity Time 

and Type (FITT) principles. (223) Where FITT described the: 
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Frequency: The number of sessions, episodes, or bouts of exercise per week 

Intensity: The work rate, effort level, or metabolic demand of aerobic exercise. Quantifiable by 

several means including heart rate (HR), rate of oxygen consumption (±ɧO2), rating of perceived 

exertion (RPE), work-rate (Watts) or walking/running pace and/or slope of incline.   

Time: The duration of each individual exercise session in minutes and duration of any exercise 

intervals during that session. 

Type (modality): The mode of exercise (e.g., aerobic or resistance training) and the form in which 

it was performed (e.g., static bicycle, treadmill walking/running or shuttle walking/running).   

 

2.3.3 Why is it  important to do this review? 
 

A Cochrane systematic review of pulmonary rehabilitation in ILD published in 2014 concluded that 

exercise training was safe for patients with ILD and led to small but significant improvements in 

short-term exercise capacity, symptoms and quality of life.(194) However this review included 

only four randomised controlled trials and these had several methodological limitations including 

small study numbers of patients and unblinding of the assessor. Since this systematic review was 

published, there has been increased research interest into the effects of exercise on functional 

status in ILD and I am aware of a large RCT published by Dowman et al. demonstrating that 

exercise training led to a small (mean difference +25 m in 6MWD) but significant improvement in 

short-term exercise capacity in patients with ILD.(201) However, the magnitude of this 

improvement is close to the lower end of the minimum clinically important difference (MCID) of 

the 6MWD for patients with ILD of 22-45 m(154, 157) and further only 66% of patients achieved 

the predefined minimum adherence to the intervention. Hence suggesting that the exercise 

programme may not have been sufficiently optimised for maximal individual patient benefit.  

This review updates the current evidence basis for the impact of exercise training on patients with 

ILD. Focus is placed on providing detailed description of the exercise intervention using the FITT 

principles. Detailed description and evaluation of the composition of the exercise training 

programmes used in any included studies, the patients adherence to them, combined with the 

efficacy of the programme for improving patients physical fitness will help to inform optimal 

prescription of exercise therapy during future RCTs and standard-care pulmonary rehabilitation 

services. 
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2.4 Methodology 
 

2.4.1 Criteria for considering studies for this review   

 

2.4.1.1  Types of studies   

 

This review followed the PRISMA guidelines for performing systematic literature reviews.(222) 

Included studies were randomised controlled trials (RCTs) comparing structured exercise training 

(see description of Intervention) compared to a control group (see description of Intervention). 

Review articles, editorials, and articles not published in English (unless an English translation was 

available) were excluded.   

 

2.4.1.2 Types of participants   

 

Studies including adults over aged 18 years, with ILD as defined by the study investigators were 

included. No exclusions were made based on gender, or severity of ILD.  

 

2.4.2 Types of outcome measures 
 

2.4.2.1 Primary outcome  

 

The review primary outcome was 6-minute walk distance (6MWD) in meters. The 6MWD was 

chosen as the primary outcome as it is widely (almost universally) reported in research studies 

investigating exercise capacity in ILD(194) and is a commonly used test in clinical practice with a 

recognised MCID for patients with ILD.(154, 157) 

 

2.4.2.2 Secondary outcomes 

1. Other direct/indirect assessments of cardiorespiratory fitness assessed by laboratory 

and field-based exercise tests 

 

I. Incremental cardiopulmonary exercise test (CPET). Regarding CPET the following outputs 

were evaluated 

a. Peak volume of oxygen consumption (±ɧO2peak) expressed as ml.kg-1.min-1 or 

L.min-1 obtained during incremental CPET.  
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b. Volume of oxygen consumption at anaerobic/lactate threshold (AT) expressed as 

ml.kg-1.min-1 or L.min-1 

c. Peak Work-rate (Watts). 

d. ±ɧE/±ɧCO2. The ratio of the minute ventilation (±ɧE, L.min-1) to volume of carbon 

dioxide production (±ɧCO2, L.min-1) expressed at either the AT or ±ɧO2peak,  or as 

the slope of the relationship (as reported by the authors).  

e. Peak minute ventilation (peak ±ɧE, L.min-1) 

II. Constant work-rate test time to symptom limitation (TLIM) minutes/seconds as reported 

by the study authors.  

III. Incremental shuttle walk test (ISWT) (m).  

IV. Endurance shuttle walk test (ESWT) (m).  

V. Physical Activity monitoring either as an 

a. Exercise diary/validated physical activity questionnaire 

b. Wearable physical activity monitoring device (steps/day) 

 

2. Adherence to the exercise programme expressed as a percentage of the total number of 

sessions possible to attend.  

 

3. Any reported significant adverse events  

 

 

2.5 Search methods for identification of studies   

 

2.5.1 Electronic searches   

 

Electronic searches were performed using Ovid® (Ovid Technologies Inc., New York, NY, USA), 

incorporating Ovid Medline® (US National Library of Medicine, Bethesda, MD, USA), Ovid 

9ƳōŀǎŜϰ ό9ƭǎŜǾƛer Inc., Philadelphia, PA, USA) and the Cochrane Library (John Wiley and Sons Ltd, 

Hoboken, NJ, USA) on the 23rd of November 2020. The reference lists of relevant textbooks, 

included and excluded studies, and related review papers were hand searched for qualifying 

studies. Searches were reviewed for qualifying full-text articles until 24th September 2021. 
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2.6 Data collection and analysis   

 

2.6.1 Selection of studies 
 

Dr Katarina Pontoppidan (KP, acknowledged) and I independently inspected citations from the 

searches and identified relevant articles for inclusion or exclusion. Any disputes were resolved by 

consensus between KP and I following review of full text articles.    

 

2.6.2 Data extraction and management  
 

Dr Ben Welham (BW, acknowledged) and I performed data extraction on a standardised prepared 

simple data extraction document which included details of the study setting; study population 

and participant demographics, and baseline characteristics; details of the intervention and control 

conditions, study methodology and information for assessment of the risk of bias. 

 

2.6.3 Assessment of risk of bias in included studies   
 

BW and I independently assessed all included studies for internal validity using the revised 

Cochrane risk-of-bias tool for randomised trials (RoB-2) short version(224) (Appendix A.5). These 

criteria are based on evidence of associations between potential overestimation of effect and the 

level of bias of the article. With the risk of bias judged as those; 1) arising from the randomisation 

process, 2) due to deviation from the intended interventions (effect of assignment to the 

intervention), 3) due to missing outcome data, 4) due to measurement of the outcome, and 5) 

selection of the reported result. Inter-reviewer agreement for overall risk of bias assessment was 

calculated using Kappa statistics.  

 

2.6.4 Assessment of reporting biases   
 

Assessment of selecting reporting bias was determined by assessing whether a trial was 

registered on a trials registry, whether a protocol had been published, or the method section of 

the study report provided a list of outcome measures. These were compared to the reported 

outcomes in the results section of the study report. 
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2.6.5 Data synthesis   
 

A narrative synthesis of included studies was performed structured around the type of exercise 

intervention used applying the FITT principles, the study population characteristics, and outcome 

measures used.   
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2.7  Results 
 

The database search strategies are shown in Appendix A.1 and A.2. After removal of duplicates 

(n=2371) a total of 8372 candidate titles and abstracts were screened by the two independent 

reviewers (KP and TW). 8302 articles were excluded on title and abstract screening as they did not 

meet all inclusion criteria, with 70 references remaining to be reviewed in full text form. 35 

candidate articles were excluded on full text review. One included conference abstract was 

published as a full-text article after completion of the data-base searches. Therefore, in total 

thirty-six articles comprising of 20 conference abstracts and 16 full text articles were included in 

the final data analysis. The 36 included articles reported the results of 17 separate clinical trials. 

Systematic review PRISMA flow diagram Figure 2.1.(222)  

 

  

 

Figure 2.1  Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) 

flow diagram for this systematic review.   
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2.7.1 Included study characteristics 
 

Thirty-six articles, all of which reported RCTs, met the inclusion criteria for this systematic review. 

These articles reported the results of seventeen separate clinical trials all of which were RCTs 

(sixteen two-arm RCTs and one three arm RCT (Zhou et al. 2020(225)). To prevent duplication of 

effect size from multiple study reports of the same clinical trial, and to enhance readability, 

included articles which report results of the same clinical trial are referred to by a unifying study 

alias όƘŜǊŜ ŀŦǘŜǊ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ΨǎǘǳŘȅκǎǘǳŘƛŜǎΩύ as follows; Wewel 2005(226, 227), Holland 

2008(197, 228), Nishiyama 2008(196), Menon 2011(229, 230), Dale 2014(200) Jackson 2014(110, 

231-235), Vainshelboim 2014(198, 236-241), He 2016(242), Shen 2016(243), Ku 2016(244), 

Dowman 2017(201), Perez-Bogerd 2018(202, 245, 246), Naz 2018(247), De Las Heras 2019(248, 

249), Lanza 2019(250), Zhou 2020(225), Jarosch 2020 (221, 251, 252). For a full list of included 

articles see Appendix A.3 Systematic review list of included studies. 

Thirteen studies were published as full text articles (Holland 2008, Nishiyama 2008, Dale 2014, 

Jackson 2014, Vainshelboim 2014, He 2016, Ku 2016, Dowman 2017, Perez-Bogerd 2018, Naz 

2018, De Las Heras 2019, Zhou 2020, Jarosch 2020) and four were available only as a published 

conference abstract (Wewel 2005, Menon 2011, Shen 2016, Lanza 2019). Table 2.1 summarises 

the study design of the included studies.  

All studies reported outcomes immediately after completion of the intervention (at 9 weeks, 3 

months, or 6 months) with 7 studies reporting longer-term outcomes after an intervention free 

period, 3-6 months (Holland 2008, Dale 2014, Dowman 2017, Perez-Bogerd 2018, De Las Heras 

2019, Zhou 2020 and 11 months (Vainshelboim 2014). 
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2.7.2 Participants  
 

The sample size of included studies ranged from 18-142 participants with a mean (SD) sample size 

of 47 (32) and median (IQR) of 34 (28-59). 7 studies included patients with a range of ILDs (Wewel 

2005, Holland 2008, Menon 2011, Ku 2016, Dowman 2017, Perez-Bogerd 2018, De Las Heras 

2019), 1 study included only patients with asbestos/dust related chest disease (Dale 2014), one 

study included only patients with stage 3 or 4 sarcoidosis (Naz 2018), and 8 studies included only 

patients with IPF (Nishiyama 2008, Jackson 2014, Vainshelboim 2014, He 2016, Shen 2016, Lanza 

2019, Zhou 2020, Jarosch 2020). 2 studies had subgroup analysis for patients with IPF (Holland 

2008, Dowman 2017). The mean (SD) sample size of patients with a diagnosis of IPF (including IPF 

only studies and those with sub-group analysis for IPF) was 32 participants (17) range 25-62.  

All but one of the studies included male and female participants, with the study by Dale 2014 

including only males. The mean age of participants (in study intervention arms) ranged from 59 to 

70 years (two studies did not report participant age (Wewel 2005, Menon 2011). Participants in 

the included studies generally had mild to moderately impaired lung function at baseline with the 

mean FVC% predicted ranging from 52-77% and mean TLCO% predicted from 45-72%. 

 

2.7.3 Types of intervention 
 

All the included studies compared exercise training to no intervention. One study (Zhou 2020) 

compared three groups, exercise training vs. pulmonary daoyin (a traditional Chinese based 

medicine including meditative techniques) vs. no intervention, only the comparisons between 

exercise training vs. no intervention have been included in this review. In 14 studies the 

intervention was delivered primarily as an outpatient programme. In two studies the intervention 

was purely home-based (Wewel 2005, De Las Heras 2019) and in one study delivered as an 

inpatient programme (Jarosch 2020). The study by De Las Heras 2019 used a tele-based 

methodology with virtual training supervision to deliver a directly supervised home-based 

intervention. In 10 studies the intervention was limited to exercise training alone (Wewel 2005, 

Holland 2008, Menon 2011, Dale 2014, Vainshelboim 2014, He 2016, Shen 2016, Naz 2018, 

Lanza 2019, Zhou 2020). In the remaining 7 studies exercise training was included within a 

multimodal pulmonary rehabilitation intervention. Interventions supplemental to the exercise 

training included educational sessions (Nishiyama 2008, Jackson 2014, Ku 2016, Perez-Bogerd 

2018, Jarosch 2020), nutritional advice (De Las Heras 2019, Jarosch 2020), occupational therapy 

(Perez-Bogerd 2018), optimisation of medical care (Jarosch 2020) and psychological support 

(Perez-Bogerd 2018, Jarosch 2020). In 4 studies participants in the intervention group were 

instructed to follow a supplemental home-based exercise programme which ranged from an 
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additional 2-3 exercise sessions per week (Holland 2008, Jackson 2014, Ku 2016, Dowman 2017). 

The study interventions are summarised in Table 2.1. Below is a description of the characteristics 

of the exercise interventions included in each study using the Frequency, Intensity, Type, and 

Time (FITT) principles. In the 4 studies published as conference abstracts (Wewel 2005, Menon 

2011, Shen 2016, Lanza 2019) limited information on the exercise intervention was available. In 3 

studies (Dale 2014, Dowman 2017, Perez-Bogerd 2018) additional detail on the exercise 

intervention was provided in online supplemental material. For the purposes of this discussion 

unsupervised supplemental home-based exercise programmes are not discussed. 



Chapter 2 

50 
 
 
 
 

Table 2.1  Summary table of systematic review included studies: DPLD Diffuse parenchymal lung disease, GLD granulomatous lung disease 

(sarcoidosis, granulomatous polyangiitis), LCH Langerhans cell histiocytosis. CTD-ILD. Connective tissue disease related ILD. cHP chronic hypersensitivity 

pneumonitis, SVC; Slow Vital Capacity, ETG; Exercise training group, WR: work-rate, METs Metabolic equivalents of task (METs).wk = weeks RT resistance 

training. PA physical activity, AM- activity monitor, IPAQ- activity questionnaire.*denotes specified primary outcome. &Severity from ETG group 

Author, year 
(Country) 

Comparator 
Group 

ILD type and n ETG (n) Age and 
Severity& 

Exercise Intervention Exercise 
Outcomes Frequency Intensity  

& Time 
Type Progression 

Wewel 2005 
(226, 227) 
(Germany) 
RCT abstract 

Usual Care 
 

Total ILD=99 
UIP=38, 
NSIP=30, 
Sarcoid=23, 
EEA=8 
 

ETG=49 
Age=59y 
FVC= N/A 
TLCO= 49% 

Home Based  
6m 2x/day  
 
 

I:aerobic 
unspecified 
T:15min/ 
session 

self-paced 
walking.  

Not specified 6MWD 
CPET 
PA (AM) 

Holland 2008 
(197, 228) 
(Australia) 
RCT full text 

Usual Care + 
telephone f/u 

Total ILD=57 
IPF=34 
DPLD=14 
GLD=4,  
LCH=1 

ETG=30 
Age=70y 
FVC=77% 
TLCO=50% 

Outpatient 
8wk 2x/wk  
Homebased  
3x/wk 
 

I: 80% of 
6MWD walk 
speed. 
T:30min/ 
session  

Continuous 
exercise: 
static cycling, 
walking + lower 
limb strength 
RT  

guided by 
expert PT  

6MWD* 
CPET 

Nishiyama 
2008 
(196) 
(Japan) 
RCT full text 

Usual Care IPF=30 ETG=15 
Age=68y 
FVC=66% 
TLCO=59% 

Outpatient 
8wk 2x/wk 

I: Walking, 80% 
of 6MWD walk 
speed.  
Cycling 80% 
WRpeak if had 
CPET. 
T: aerobic=N/A 
Resistance= 
20min 

continuous 
exercise: 
treadmill 
walking, static 
cycling. RT  

unspecified 6MWD 

Menon 2011 
(229, 230) 
(India) 
RCT abstract 

Usual Care ILD=38  ETG=18 
TLCO=3.62ml.kP
A-1.min-1 

Outpatient 
8wk  N/A 

aerobic exercise 
unspecified 

unspecified unspecified 6MWD 
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Author, year 
(Country) 

Comparator 
Group 

ILD type and n ETG (n) Age and 
Severity& 

Exercise Intervention Exercise 
Outcomes Frequency Intensity  

& Time 
Type Progression 

Dale 2014 
(200) 
(Australia) 
RCT full text 

Usual Care Asbestos/dust 
related=35 
Total ILD=11 

ETG=18  
Age=70y 
FVC=86% 
TLCO=54% 

Outpatient 
8wk 3x/wk  

I: walking at 
80% 6MWD 
walk speed, 
Cycling 60% 
WRpeak.  

Borg җпκмл  
T: Week 1. 
30min, 
Week 2-8 
60min 

Continuous 
exercise:  
Walking and 
static cycling 

5% increase/wk 
if Borg<3/10 

6MWD* 
CPET 
CWRT 
PA (AM) 

Jackson 2014  
(110, 231-
235) 
(USA) 
RCT full text 

Usual Care IPF=25 ETG=14 
Age=71y 
FVC=60% 
TLCO=44% 

Outpatient 
12wk 2x/wk.  
Homebased 
x2/wk 
 

 I: 60-80% age 
predicted 
HRmax. T: 
2h/session; 
30min aerobic, 
30-45min 
strength/ 
flexibility 

Continuous 
exercise:  
treadmill 
walking, static 
cycling, RT 
 

self-directed  6MWD* 
CWRT 
PA (IPAQ) 

Vainshelboim 
2014 
(198, 236-
241) 
(Israel) 
RCT full text 

Usual Care IPF=34 ETG=16 
Age=69y 
FVC=66% 
TLCO=49% 

Outpatient  
12wk 2x/wk 

I: Weeks 1-6: 
Cycling  
50-60% WRpeak  
Walking:  
70-80% 6MWD  
Weeks 7-12: 
Cycling:  
60-70% WRpeak 
Walking:  
80-90%. 6MWD 
T: 
30min/session  

continuous 
exercise: 
treadmill 
walking, static 
cycling and stair 
climbing and RT 

see Intensity 
and Time 

6MWD* 
CPET 
PA (IPAQ) 
30s STT 
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Author, year 
(Country) 

Comparator 
Group 

ILD type and n ETG (n) Age and 
Severity& 

Exercise Intervention Exercise 
Outcomes Frequency Intensity  

& Time 
Type Progression 

He 2016 
(242) 
RCT full text 

Usual care IPF=30 ETG=15 
Age=65y 
FVC=65% 
TLCO=43% 

Outpatient 
12wk 3-5x/wk 

I: Cycling WR 
equal to 
baseline AT. 
T: 30-40min 
/session 

continuous 
static cycling 
exercise  

unspecified 6MWD* 

Shen 2016 
(243) 
(China) 
RCT abstract 

Usual Care IPF=31 ETG=16 
FVC=2.41L 
TLCO=54% 

Outpatient  
3months 3x/day 

I+T: aerobic 
unspecified 

continuous 
exercise 

unspecified 6MWD 

Ku 2016 
(244) 
(India) 
RCT full text 

Usual Care Total ILD=40 
IPF=25  

ETG=20 
Age=59y 
FVC=52% 

Outpatient  
8wk 2x/wk:  
Homebased 
8wk 2x/wk 

I: unspecified 
aerobic. T: 
2hours/session 

continuous 
exercise: static 
cycling/walking/ 
stairs/RT 

unspecified 6MWD 

Dowman  
2017 
(201) 
(Australia) 
RCT full text 

Usual Care + 
telephone f/u 

Total ILD=142 
IPF=61 
CTD-ILD=23 
Asbestosis=22 
Other ILD=36 

ETG=74 
FVC=76% 
TLCO=50% 

Outpatient:  
8wk 2x/wk  
Homebased 
8wk 3x/wk  

I: Walking: 80% 
6MWD pace. 
Cycling 70% 
max WR 
calculated from 
6MWD.  
RPE Borg  
12-14/20. 
Resistance 
training 10-12 
reps RPE Borg 
12-14/20.          
T: 30min 

Continuous 
exercise. Static 
cycling, walking 
(treadmill and 
corridor), RT.  

Walking:ҧ 
0.25-0.5km/hr 
per wk until 4-
5kph then 
increasing 
incline 1-2%. 
Cycling: 15% 
initial load 
weekly 
 
 
 
 

6MWD* 

Perez-Bogerd 
2018 
(202, 245, 
246) 
(Belgium) 
RCT full text 

Usual Care Total ILD=60 
IPF=14, cHP=16 
CTD-ILD=9 

ETG=30 
Age=63y 
SVC=76% 
TCLO=45% 

Outpatient:  
6months total 
3month=3x/wk  
3month =2x/wk  

I: cycling 60% of 
WRpeak, walking: 
75% 6MWD 
pace.  
T: 
90min/session 

continuous 
exercise: static 
cycling, 
treadmill 
walking, stair-
climbing, RT  

Cycling: 
increase to 85% 
WRpeak. 
Walking: 
increase to 
110% 6MWD. 
Based on RPE 

6MWD* 
CPET 
PA (AM) 
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Author, year 
(Country) 

Comparator 
Group 

ILD type and n ETG (n) Age and 
Severity& 

Exercise Intervention Exercise 
Outcomes Frequency Intensity  

& Time 
Type Progression 

Naz 2018 
(247) 
(Turkey) 
RCT full text 

Usual Care Stage 3/4 
sarcoid=18 

ETG=9 
Age=59y 
FVC=76% 
TLCO=45% 

Outpatient 
 12wk 2x/wk 

I: Cycling 70% 
WRpeak from 
6MWD. 
Walking 80% 
6MWD pace.  
Borg 4-6/10. 
T: 30mins  

continuous 
exercise: cycling 
walking and RT 

exercise 
intensity 
ҧwhen 
achieving 15min 
continuous 
exercise for RPE 
Borg 4-6 

6MWD* 

De Las Heras 
2019 
(248, 249) 
(Denmark) 
RCT full text 

Usual Care ILD=29 ETG=15 
Age=70y 
FVC=77% 
TLCO=47% 

Tele-supervised 
3months 
3-5x/wk 

I: HR targeted 
unspecified 
T:10-30min 
(60min/wk) 

static stepping, 
elastic bands, 
RT  

unspecified 6MWD* 
PA (AM) 

Lanza 2019 
(250)(Italy). 
RCT abstract 

Usual Care IPF=24 ETG=14 
Demographics 
N/A 

Outpatient: 
12wk 2x/wk 

I: unspecified. 
T: 90min 

unspecified unspecified 6MWD* 
30s STT 

Zhou 2020 
(225) 
(China) 
RCT full text 

Pulmonary 
Doaoyin or 
Usual Care 

IPF=64 ETG=31 
Age=64y 
FVC=2.25L 
TLCO=63% 

Outpatient  
2months 5x/wk 

I: HR intensity 
determined 
from 6MWD  
T: 30mins 

unspecified unspecified 6MWD* 

Jarosch 2020 
(221, 251, 
252) 
(Germany) 
RCT full text 

Usual Care IPF=53 ETG=36 
Age=68y 
FVC=74% 
TLCO=44% 

Inpatient 
3wk 5-6x/wk 

I:  60%-100% 
WRpeak 
Borgҗ4/10.  
T: 30 min 

continuous + 
interval: static 
cycling + RT  

self-directed to 
maintain RPE 
Borg 4-6/10. 

6MWD* 
PA (AM) 
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2.7.3.1 Exercise intervention: Frequency and volume 

 

The exercise interventions ranged from 3 weeks to 6 months in duration. The most frequent 

exercise intervention durations were 8 weeks (2 months) utilised in 7 studies (Holland 2008, 

Nishiyama 2008, Menon 2011, Dale 2014, Ku 2016, Dowman 2017, Zhou 2020) and 12 weeks (3 

months) in 7 studies (Jackson 2014, Vainshelboim 2014, He 2016, Shen 2016, Naz 2018, De Las 

Heras 2019, Lanza 2019). In two studies the exercise intervention was 6 months (Wewel 2005, 

Perez-Bogerd 2018) whereas in one study (Jarosch 2020) it was just 3 weeks in duration. 

The exercise interventions were delivered between twice to five times weekly. In eight studies the 

exercise frequency was twice weekly (Holland 2008, Nishiyama 2008, Jackson 2014, 

Vainshelboim 2014, Ku 2016, Dowman 2017, Naz 2018, Lanza 2019), four studies thrice weekly 

(Dale 2014, Shen 2016, Perez-Bogerd 2018, De Las Heras 2019) ,and in three studies 5 times/or 

more a week (He 2016, Zhou 2020, Jarosch 2020). In 2 studies the frequency of training was 

unspecified (Wewel 2005, Menon 2011).  

In studies with a quoted exercise session frequency and duration the mean total number of 

exercise sessions was 27 (13) range 15-60.  

 

2.7.3.2 Exercise intervention: Intensity and type 

 

Aerobic exercise was included in all seventeen studies. This was delivered in the form of 

continuous aerobic training in all but one study (Jarosch 2020) in which selected participants 

completed a combination of continuous and interval-based aerobic training. In ten studies aerobic 

exercise was supplemented by resistance/strength training (Holland 2008, Nishiyama 2008, 

Jackson 2014, Vainshelboim 2014, Ku 2016, Dowman 2017, Naz 2018, Perez-Bogerd 2018, De Las 

Heras 2019, Jarosch 2020). In 5 studies detailed description of the intensity and type of the 

exercise intervention was not specified (Wewel 2005, Menon 2011, Shen 2016, Ku 2016, Lanza 

2019).  

The most common modality of aerobic exercise was a combination of static cycling and 

treadmill/corridor walking (Holland 2008, Nishiyama 2008, Dale 2014, Jackson 2014, 

Vainshelboim 2014, Ku 2016, Dowman 2017, Perez-Bogerd 2018, Naz 2018). One study utilised 

only walking based exercise (Wewel 2005) and two studies only static cycling (He 2016, Jarosch 

2020). Stair climbing was performed as a supplemental aerobic exercise in three studies 

(Vainshelboim 2014, Ku 2016, Perez-Bogerd 2018).  
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The most prevalent method of prescribing walking intensity was as a percentage pace of 

participants baseline 6MWD. Six studies employed this methodology with prescribed pace ranging 

from 70-80% of participants baseline 6MWD pace (Holland 2008, Nishiyama 2008, Dale 2014, 

Vainshelboim 2014, Dowman 2017, Naz 2018).  

7 studies used incremental CPET to prescribe static-cycling exercise intensity (Nishiyama 2008, 

Dale 2014, Jackson 2014, Vainshelboim 2014, He 2016, Perez-Bogerd 2018, Jarosch 2020). Of 

these, 6 studies prescribed exercise intensity as a percentage of baseline peak work-rate (peak 

WR) (Nishiyama 2008, Dale 2014, Jackson 2014, Vainshelboim 2014, Perez-Bogerd 2018, Jarosch 

2020). With exercise intensity ranging from 60-80% of peak WR. One study (He 2016) prescribed 

exercise training based on participants anaerobic threshold (AT) derived from baseline CPET 

testing. In this study exercise intensity was prescribed at work rate equal to that achieved at the 

AT. Two studies used formula estimating ±ɧO2peak from participants 6MWD to prescribe static-

cycling exercise intensities (Dowman 2017, Naz 2018). One study used age-predicted heart rate 

(HR) to prescribe exercise intensity at 60-80% of HR max (Jackson 2014).  

5 studies used participant rated perceived exertion (RPE) to guide exercise intensity. RPE was 

quantified by either the traditional Borg score (rated from 6-20) or the modified Borg score (rated 

from 0-10) (Table 2.2). In studies that specified Borg RPE targets these were, җ4/10 (Dale 2014, 

Jarosch 2020), 3-5/10 (Vainshelboim 2014, 4-6/10 (Naz 2018), and 12-14/20 (Dowman 2017).  

In the 10 studies that included a strength/resistance training component the intensity of this was 

specified in 5. Two studies specified Borg RPE targets for strength/resistance exercises: 3-5/10 

(Vainshelboim 2014) and 12-14/20 (Dowman 2017). 4 studies specified the number of repetitions 

ŎƻƳǇƭŜǘŜŘ ǇŜǊ ŜȄŜǊŎƛǎŜ ƛƴ ǊŜƭŀǘƛƻƴ ǘƻ ŀ ǇŀǊǘƛŎƛǇŀƴǘΩǎ ǊŜǇŜǘƛǘƛƻƴ ƳŀȄƛƳǳƳ ŀƴŘ ǘƘƛǎ ǊŀƴƎŜŘ ŦǊƻƳ у 

(Perez-Bogerd 2018) to 12-14 (Dowman 2017), and 12-15 (Vainshelboim 2014, Jackson 2014). 
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Table 2.2  Borg and Modified Borg Breathlessness scores. Adapted from Ref (242) and (253) 

respectively. 

Borg  Modified Borg  

6  0 Rest 

7 Very, very light 0.5 Very, very light 

8    

9 Very light 1 Very light 

10    

11 Fairly light 2 Light 

12  3 Moderate 

13 Somewhat hard 4 Somewhat hard 

14    

15 Hard 5 Hard 

16  6  

17 Very hard 7 Very hard 

18  8  

19 Very, very hard 9 Very, very hard 

20  10  

 

 

2.7.3.3  Exercise intervention: Time 

 

The aerobic exercise training time varied from 15 minutes (Wewel 2005, Jarosch 2020) to 90 

minutes (Perez-Bogerd 2018) per session. The most prevalent duration of aerobic exercise was 30 

minutes per session which was employed in 8 studies (Holland 2008, Jackson 2014, Vainshelboim 

2014, He 2016, Dowman 2017, Naz 2018, De Las Heras 2019, Zhou 2020). In one study (Dale 

2014), once established on the programme, participants completed 60 minutes of aerobic 

exercise. In three studies the duration of the aerobic exercise training component was unspecified 

(Nishiyama 2008, Menon 2011, Ku 2016). 

Of the 10 studies that contained strength/resistance training, the duration of this component was 

specified in 4: 10 minutes/session (Vainshelboim 2014), 15 minutes/session (Jarosch 2020), 20 

minutes/session (Nishiyama 2008) and 30 minutes/session (Jackson 2014). 
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2.7.3.4  Exercise intervention: Progression 

 

The methodology of the exercise intervention included a statement/description on progression of 

aerobic training in 8 studies. In 3 studies limited detail of progression of training was provided and 

ŘŜǎŎǊƛōŜŘ ŀǎ ΨǎŜƭŦ-ŘƛǊŜŎǘŜŘΩ to maintain Borg RPE target (Jackson 2014, Naz 2016, Jarosch 2020). 

In one further study the authors state progression was individually guided by an expert 

physiotherapist (Holland 2008). 

The reports of four studies contained a detailed description of planned progression in exercise 

training (Vainshelboim 2014, Dale 2014, Dowman 2017, Perez-Bogerd 2018). In the Dale 2014 

study exercise intensity was increased by 5% of baseline 6MWD pace weekly to maintain Borg 

җ4/10. In the study by Vainshelboim 2014 exercise training was delivered in two 6-week blocks 

with training intensities for walking and cycling exercises increased by 10% in the second block 

(weeks 7-12). In the Dowman 2017 study walking intensity was progressed by 0.25-5 km/hr 

weekly and static cycling work-rate was increased by 15% weekly. In the Perez-Bogerd 2018 study 

cycling intensity was progressively increased from 60% to 85% peak WR and walking speed from 

75% to 110% of baseline 6MWD pace. 

 

2.7.4 Exercise capacity outcome assessment 
 

All included studies used the 6MWD as an assessment of functional exercise capacity. 8 studies 

included a secondary/additional outcome measure of functional exercise capacity this included, 

CPET output variables (e.g. peak WR) in 5 studies (Wewel 2005, Holland 2008, Dale 2014, 

Vainshelboim 2014, Perez-Bogerd 2018), symptom limited exercise duration (TLIM) during 

constant work-rate cycling in 2 studies (Dale 2014, Jackson 2014), and the 30s sit to stand test in 

2 studies (Vainshelboim 2014, Lanza 2019). No studies included the incremental shuttle work or 

endurance shuttle walk tests as outcome measures of exercise capacity. 7 studies included 

assessment of physical activity (PA). In 2 studies (Jackson 2014, Vainshelboim 2014) this was in 

the form of a validated questionnaire (the International Physical Activity Questionnaire [IPAQ] in 

both studies). In 5 studies (Wewel 2005, Dale 2014, Perez-Bogerd 2018, De Las Heras 2019, 

Jarosch 2020) physical activity was measured objectively using a wearable activity monitor.  

 

 

 



Chapter 2 

58 

2.7.5 Excluded studies 
 

Common reasons for excluding articles at full-text review included lack of a control group (n=19), 

retrospective study design (n=4), wrong intervention (n=4, unstructured exercise, or only a single 

bout of exercise) and non-random group allocation (n=3). A summary table of the reasons of 

exclusion for the 35 studies excluded at full text review is included in Appendix A.4. 

 

2.7.6 Risk of bias assessment 
 

Included studies were assessed for risk of bias using the Revised Cochrane Risk-of-Bias tool for 

randomised trials (RoB2) short version (224) by two independent reviewers (BW and I) (risk of 

bias summary Table 2.3 and Rob2 algorithm Appendix A.5). There was excellent agreement 

between reviewers for the overall risk of bias rating for included studies; 94% agreement, Kappa 

0.776, standard error 0.213, p<0.0001.  

2 studies were deemed as low risk of bias (Dale 2014, Dowman 2017) and 1 study was assessed as 

some concerns of bias (Holland 2008). The remaining studies were assessed as being at high risk 

of bias. This was due to bias arising from; risk of bias in the selection of the reported result 

(selective outcome reporting) (Nishiyama 2008, Jackson 2014, Vainshelboim 2014, He 2016, Ku 

2016, Perez-Bogerd 2018, Naz 2018, De Las Heras 2019, Jarosch 2020, Zhou 2020) risk of bias in 

measurement of the outcome (Jackson 2014, Vainshelboim 2014, He 2016, Ku 2016, Perez-

Bogerd 2018, Naz 2018, Jarosch 2020, Zhou 2020), missing outcome data (Jackson 2014, He 

2016, Ku 2016, Perez-Bogerd 2018, Jarosch 2020, Zhou 2020), and risk of bias due to deviations 

from the intended interventions (allocation concealment) (Jackson 2014, Vainshelboim 2014, He 

2016, Ku 2016, Jarosch 2020).  The 4 studies published in only abstract form (Wewel 2005, 

Menon 2011, Shen 2016, Lanza 2019) were deemed as probable high risk of bias as there was 

insufficient information available to perform a comprehensive risk of bias assessment. The study 

by Holland 2008 was rated as Ψsome concernsΩ ƻǾŜǊŀƭƭ ŘǳŜ ǘƻ ǘƘŜ ǳǎŜ ƻŦ ǘƘŜ Ψƭŀǎǘ ƻōǎŜǊǾŀǘƛƻƴ 

ŎŀǊǊƛŜŘ ŦƻǊǿŀǊŘΩ method to account for missing data (whereby if a subject drops out their last 

recorded measurement is used for all subsequent observation points). This was rated ŀǎ ΨǎƻƳŜ 

ŎƻƴŎŜǊƴǎΩ ǊŀǘƘŜǊ ǘƘŀƴ ΨƘƛƎƘ ǊƛǎƪΩ ŘǳŜ ǘƻ ǘƘŜ ŀǳǘƘƻǊǎ ǳǎŜ ƻŦ ŀ ǎŜƴǎƛǘƛǾƛǘȅ ŀƴŀƭȅǎƛǎ ŀƴŘ ǘƘŜ ǊŜƭŀǘƛǾŜƭȅ 

small number of patients with missing data at 9-weeks follow-up (7%). However, it is important to 

consider the risk of bias for this study as higher for 26-week follow-up outcomes as 19% of 

patients were lost to follow-up at this time point. In the Perez-Bogerd 2018 study the drop-out 

rate at 1-year assessment was 40% and this study was subsequently rated as high risk of bias.  
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In 4 studies the assessor was blinded to group allocation (Holland 2008, Dale 2014, Dowman 

2017, De Las Heras 2019). In six studies (Vainshelboim 2014, Jackson 2014, He 2016, Ku 2016, 

Perez-Bogerd 2018, Jarosch 2020) assessors were unblinded to group allocation and these studies 

were deemed high-risk of bias. In a further 6 studies no information on whether assessors were 

blinded to group allocation was available (Wewel 2005, Nishiyama 2008, Menon 2011, Shen 

2016, Lanza 2019, Zhou 2020). Unblinding of the assessor may have led to conscious or 

unconscious bias in encouragement given to participants during exercise test assessment (in the 

case of all exercise capacity assessments) or in how exercise capacity tests were reported (e.g., 

CPET variables [particularly AT] which require a trained operator to interpret).  

9 studies were registered on a clinical trials registry (Holland 2008, Dale 2014, Jackson 2014, 

Vainshelboim 2014, Dowman 2017, Perez-Bogerd 2018, De Las Heras 2019, Zhou 2020, Jarosch 

2020). Assessment of risk of bias in studies published as conference abstracts was limited by lack 

of availability of information. A common potential risk of bias to all studies arose from the nature 

of exercise training interventions and the inability to blind participants to the intervention. None 

of the included studies utilised a sham intervention, the inclusion of which would be of uncertain 

validity and extremely challenging to blind from participants. This common caveat was considered 

when completing the risk of bias assessment for all studies.  
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Table 2.3  Summary risk of bias assessment using the Revised Cochrane risk-of-bias tool for randomised trials (RoB2) short version.(224) ? High = 

probable high risk of bias- conference abstract studies with insufficient information available to confidently assess risk of bias 

 Q1. Risk of bias 
arising from the 
randomization 
process  
 

Q2. Risk of bias 
due to 
deviations from 
the intended 
interventions 
(allocation 
concealment) 
 

Q3. Risk of bias 
due to missing 
outcome data 
 

Q4. Risk of bias 
in measurement 
of the outcome 
 

Q5. Risk of bias 
in selection of 
the reported 
result (selective 
outcome 
reporting) 
 

Overall risk-of-
bias judgment 
 

Wewel 2005 Some Concerns ? High ? High ? High Some Concerns ? High 

Holland 2008 Low Low Some Concerns Low Low Some Concerns 

Nishiyama 2008 Some Concerns Some Concerns Some Concerns  High Some Concerns High 

Menon 2011 Some Concerns ? High ? High ? High Some Concerns ? High 

Jackson 2014 Low High High High Some Concerns High 

Dale 2014 Low Low Low Low Low Low 

Vainshelboim 2014 Low High Risk Some Concerns High High  High 

He 2016 Low High High Some Concerns High High 

Shen 2016 Some Concerns ? High Some Concerns ? High Some Concerns ?High 

Ku et al. 2016 Some Concerns High Some Concerns High Some concerns High 

Dowman 2017 Low  Low Low Low Low Low 

Perez-Bogerd 2018 Low Some Concerns Some Concerns High Low High 

Naz et al 2018 Low Some Concerns Low High  Some Concerns High 

De Las Heras 2019 Low Low Some Concerns Some Concerns High High 

Lanza 2019 Some Concerns ?High ?High ? High Some Concerns ? High 

Jarosch et al. 2020 Low  High Some Concerns High Low High 

Zhou et al. 2020 Low Some Concerns High  High Low High 
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2.7.7  Effect of interventions on exercise capacity 
 

A summary of the treatment effect of exercise training on exercise capacity on patients with ILD 

from included studies is illustrated in Table 2.4. The following sections describe the effect of the 

exercise interventions on exercise capacity as assessed by this reviews specified outcomes, 

6MWD, CPET variables, constant work-rate test endurance time (TLIM), physical activity, and safety 

and adherence to the intervention. 
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Table 2.4  Summary table of efficacy of exercise training on exercise capacity outcome measures in included studies. N/A= Not Assessed. METs-

metabolic equivalents, MPA moderate physical activity W=Watts AM=Activity Monitor IPAQ =international physical activity questionnaire &units for AT 

and ±ɧO2peak=ml.kg-1min-1 unless otherwise stated. Outcome data presented as mean difference ETG (Exercise Training Group) vs CG (Control Group) 

unless otherwise stated.*p<0.05, **p<0.01 NSD: no statistical difference. 

Study  
(n) 

6MWD CPET CWRT PA Dropout 
(ETG) 

Adherence 

Wewel 2005 
(226, 227) 
n=99 

6months  
ETG: pre vs. post NSD 
CG: significant decline p<0.05   

6months 
significant increase  
ET pre vs. post p<0.05  

N/A 6months 
Maintained in ET group  
unknown significance. 

N/A N/A 

Holland 2008 
(197, 228)  
n=57 

8weeks 
 +46m (95%CI 8-84)** 
6months: not significant 

8weeks 

±ɧO2peak&: +0.70 (-0.3 to 1.7) 

WRpeak: +3.5 Watt (-0.4 to 7.4) 

N/A N/A 6/30 
 
 

80% (24/30) 
completed 75% 
of sessions 

Nishiyama 
2008(196) 
n=30 

10weeks:  
+43m (95%CI 8-84)* 

Selected patients only data not 
reported 

N/A N/A 0/15 
 
 

100% 
Adherence 

Menon 2011 
(229, 230) 
n=28 

8weeks 
ETG:pre vs. post + 54m p=0.02 
CG: pre vs. post + 6m p=0.37 

N/A N/A N/A N/A N/A 

Dale 2014 
(200) 
n=35  

8weeks 
+ 53m (95%CI 32-74)** 
26weeks 
 + 45m (95%CI 17-73)**  

8weeks 
±ɧO2peak&: +0.01  
(95%CI -0.2 to 0.1) 

WRpeak +12W (95%CI 5-19)* 

8weeks 
+222s (95% 84 -360)** 
70% ҧ from baseline 

8weeks: - AM 
+1514steps/day* 
+0.08 METs* 
26weeks: - AM 
+0.11 METs*  

1/18 
 

84% (15/18) 
completed 80% 
of sessions.  
Mean 
adherence=83%   

Jackson 2014 
(110, 231-235)  
 n=25 

12weeks 
No significant difference 
ETG: pre 360m vs post 354m  
CG: pre 339m vs. post 324m  

N/A 12weeks 
ET  
Pre 184s vs. Post 302s*  

3months  
IPAQ 
+30532 total MET-
min*  

3/14 
 
 
 

78% (9/12) 
completed 
100% of 
sessions 

Vainshelboim 
2014   
(198, 236-241) 
n=34 

12weeks 
 +81m (95%CI 39-124)** 
11months: NSD  

12weeks 
AT&: +3.1 (95%CI 1.6-4.6)** 
±ɧO2peak&: +2.6 (95% 1.0-4.1)** 
WRpeak:+22W (95%CI 15-29)** 
11months:  NSD 

N/A 12weeks  
IPAQ  
+2164 MET min/wk**  

1/16 
 

100% (15/15) 
completed 
җ75% sessions. 
Mean =90%. 
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Study  
(n) 

6MWD CPET CWRT PA Dropout 
(ETG) 

Adherence 

He 2016  
(242) 
n=30 

12weeks: +37m p<0.05* 
ETG pre: 296m vs. post 355m*  

CG pre 292m vs. post 318m 

N/A N/A N/A 0/15 N/A 

Shen 2016 
(243) n=31  

3months 
ETG: pre 481m vs post 480mNS 

N/A N/A N/A N/A N/A  

Ku 2016 
(244) n=40 

8weeks 
 +24m p=0.04* 

N/A N/A N/A 0/20 
 

100% 
adherence 

Dowman 
2017 
(201) 
n=142 

8weeks 
ILD: +25m (95%CI 2-47m)* 
IPF: +31m (95%CI -5 to 66) 
6months NSD. 

N/A N/A N/A 3/74 
 

66% (50/74) 
completed 
җ75% sessions 

Perez-Bogerd 
2018 
(202, 245, 
246) 
 n=60 

3months 
+59m (95%CI 33-85)** 
6months 
 +72m (95%CI 36-108)** 
1year 
+73m (95%CI 28-118)** 

WRpeak (%predicted) 
3months: +10% (95%CI 2-19)** 
6months: +19% (95%CI 8-29)** 
1year: +23% (95%CI 10-35)** 

N/A 3 and 6 months AM 
No significant 
difference steps/day or 
METs  

10/30  
 

mean 
adherence 83% 
of sessions 

Naz 2018 
(247) n=18 

12weeks 
 +60m p=0.03* 

N/A N/A N/A 0/9  100% 
adherence 

De Las Heras 
2019  
(248, 249) 
n=29 

3 months: +40m p=0.03* 
6 months:+ 34m p=0.02 
9 months: +40m p=0.15 

N/A N/A 3, 6 and 9 months AM 
No significant 
difference in steps/day 
or 7-day vector 
counts/minute 

4/15 
 

3 months 
Mean 
adherence 64% 

Lanza 2019 
(250) n=24 

12weeks 
+94m p<0.01** 

N/A N/A N/A N/A  N/A  

Zhou 2020 
(225) 
n=64 

2months 
 +20m (95%CI 1-38)* 
6months: +25m (95%CI 2-49)* 

N/A N/A N/A  0/31 N/A  

Jarosch 2020  
(221, 251, 
252) n=54 

3weeks 
 +61m (95%CI 8-62)* 
3months:  NSD. 

Baseline assessment only N/A 3months AM 
No significant 
difference steps/day 

1/35 
 

97% mean 
adherence 
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2.7.7.1 6MWD 

 

2.7.7.1.1 Immediate follow-up 

 

All 17 studies reported effect of exercise training on 6MWD (total n=768). In fourteen studies 

(Holland 2008, Nishiyama 2008, Menon 2011, Dale 2014, Vainshelboim 2014, He 2016, Ku 2016, 

Dowman 2017, Perez-Bogerd 2018, Naz 2018, De Las Heras 2019, Lanza 2019, Zhou 2020, 

Jarosch 2020) significant improvement in the between group mean difference in 6MWD between 

the exercise group and controls was observed immediately following the intervention. No effect 

was observed in two studies (Jackson 2014, Shen 2016). Insufficient information was available in 

one study (Wewel 2005).  

The MCID for the 6MWD in ILD/IPF has been estimated at 22-45m (154, 157). In 13 studies 

(Holland 2008, Nishiyama 2008, Menon 2011, Dale 2014, Vainshelboim 2014, He 2016, Ku 2016, 

Dowman 2017, Perez-Bogerd 2018, Naz 2018, De Las Heras 2019, Lanza 2019, Jarosch 2020) the 

mean between group difference in 6MWD exceeded the lower MCID boundary estimate and in 8 

of these studies it exceeded the upper-boundary (Holland 2008, Nishiyama 2008, Dale 2014, 

Vainshelboim 2014, Perez-Bogerd 2018, Naz 2018, Lanza 2019, Jarosch 2020) (see Figure 2.2 for 

visual summary of effect sizes). 

 

Figure 2.2  Visual representation of effect of exercise training on 6MWD in patients with 

ILD at immediate follow-up in included studies. MCID LL: lower limit of the 6MWD MCID in ILD 

22m, MCID UL: Upper limit of the 6MWD MCID in ILD 45m. Squares represent published RCT, 

Circles represent studies in abstract form. Unfilled squares/circles studies with insufficient data or 

no significant improvement in 6MWD observed in the study. 
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In the 8 studies including studies of IPF patients only (Nishiyama 2008, Jackson 2014, 

Vainshelboim 2014, He 2016, Shen 2016, Lanza 2019, Zhou 2020, Jarosch 2020) and those with 

IPF sub-group analysis (Holland 2008, Dowman 2017), significant positive effect at immediate 

follow-up was observed in 6 analysis. In 2 studies (Jackson 2014, Shen 2016) no positive effect 

was observed. In the 2 sub-group analysis (Holland 2008, Dowman 2017) the effect of exercise 

training on 6MWD in patients with IPF failed to reach statistical significance;  +25 m p=0.34 

(Holland 2008) and +31 m (95%CI -5 to 66) (Dowman 2017). In 2 of the studies (Nishiyama 2008, 

He 2016) significant improvement exceeded the lower boundary (22m) of the MCID, and in 3 

studies (Vainshelboim 2014, Lanza 2019, Jarosch 2020) it exceeded the upper boundary (45m). 

  

2.7.7.1.2 Longer term follow-up 

 

The longer-term effect of exercise training on 6MWD (after an interval of no intervention) was 

assessed in 7 studies. The intervention free follow-up period ranged from 3-4 months (Holland 

2008, Dale 2014, Dowman 2017, Perez-Bogerd 2018, De Las Heras 2019, Zhou 2020) to 6-8 

months (De Las Heras 2019, Vainshelboim 2014). 4 of the studies identified a sustained 

improvement in the between group mean difference for 6MWD at longer-term follow-up; Dale 

2014 4 months intervention free, mean difference + 45 m p<0.01, Perez-Bogerd 2018 4 months 

intervention free, + 72 m p<0.01, De Las Heras 2019 3 months intervention free + 34 m p<0.05, 

and Zhou 2020 4 months intervention free, + 25 m p<0.05. With all 4 of these distances exceeding 

the lower boundary of the MCID and the study by Perez-Bogerd 2018 exceeding the MCID upper-

boundary. It is important to highlight that the study by Dale 2014 contained participants with 

predominantly non-ILD related dust/asbestos respiratory pathology (e.g., asbestos pleural 

disease) which tend to be slowly or even non-progressive hence the translatability of the findings 

of this study to patients with progressive ILD/IPF is limited. Further there were a high number of 

dropouts at long-term follow-up in both the Perez-Bogerd 2018 (40% dropout rate) and De Las 

Heras 2019 (33% dropout rate) studies. In the largest RCT of exercise training in ILD to date 

(Dowman 2017) no significant sustained improvement in 6MWD at 6 month follow-up (after a 4-

month intervention free period) was observed, mean difference +21 m (95%CI -3 to 44). 

 

2.7.7.1.3 Effect of disease severity on response to exercise training 

 

1 study (Dowman 2017) was adequately powered to assess the effect of disease severity on 

response to exercise training (assessed by 6MWD). Using stepwise multiple regression modelling 

with backward elimination (where all independent variables are entered initially then removed 

one-by-one if they do not contribute to the regression equation) the authors identify that both 



Chapter 2 

66 

lower 6MWD at baseline and allocation to exercise training predicted better improvement in 

6MWD at 9 weeks. Further for each 10 m increase in baseline 6MWD the 9-week improvement 

declined by 1.4 m. Suggesting that patients with greater physiological impairment at baseline had 

greatest short-term benefit. However, at 6-month follow-up better preserved baseline functional 

capacity predicted greatest improvement in 6MWD and this effect was independent of group 

allocation. Suggesting disease severity is the primary determinant of longer-term exercise 

capacity in patients with ILD an effect which is not modifiable by a single period of exercise 

training. 

 

2.7.7.1.4 Effect of exercise prescription on 6MWD outcome 

 

I sought to assess whether there was any difference between effect sizes of studies if grouped 

based on duration of the exercise intervention or the number of sessions delivered. Using 

{ǇŜŀǊƳŀƴΩǎ ŎƻǊǊŜƭŀǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘΣ ƴƻ ǎƛƎƴƛŦƛŎŀƴǘ ŎƻǊǊŜƭŀǘƛƻƴ ǿŀǎ ƻōǎŜǊǾŜŘ ōŜǘǿŜŜƴ ŜƛǘƘŜǊ Ψǘƻǘŀƭ 

ǿŜŜƪǎ ƻŦ ŜȄŜǊŎƛǎŜ ǘǊŀƛƴƛƴƎΩ ƻǊ ΨǘƘŜ ǘƻǘŀƭ ƴǳƳōŜǊ ƻŦ ǎŜǎǎƛƻƴǎ ǇǊŜǎŎǊƛōŜŘΩ ŀƴŘ the change in 6MWD 

at immediate follow-up (ҟ6MWD) r=0.21 p=0.79 and r=-0.26 p=0.74.  

Grouping studies into those with Җ8 weeks exercise duration or >8 weeks exercise duration, and 

those with 2 sessions per week or җ3 sessions/week revealed no significant difference in the 

ҟ6MWD (assessed using Mann Whitney U test), Z=-1.10 p=0.37 and Z=-0.41 p=0.69 respectively. 

Further comparing studies of Җ8 weeks training by training session duration, either Җ30 mins (9 

studies) or >30 minutes duration (4 studies), revealed no significant trend to superiority or 

inferiority. Hence suggesting that exercise programmes of Җ8 weeks including a minimum of 2 

sessions per week of 30 minutes aerobic exercise are equally as effective as longer/more frequent 

exercise training programmes. 

 

2.7.7.2 CPET variables 

 

5 studies utilised incremental CPET as an outcome measure to assess the effect of exercise 

training on exercise capacity (Wewel 2005, Holland 2008, Dale 2014, Vainshelboim 2014, Perez-

Bogerd 2018). 4 studies reported peak WR (Holland 2008, Dale 2014, Vainshelboim 2014, Perez-

Bogerd 2018, 3 studies reported ±ɧO2peak (Holland 2008, Dale 2014, Vainshelboim 2014), and 

one study reported AT and ±ɧE/±ɧCO2 (Vainshelboim 2014). Positive effect at immediate follow-up 

was identified in peak WR in 3 studies (Dale 2014, Vainshelboim 2014, Perez-Bogerd 2018) 

±ɧO2peak in one study (Vainshelboim 2014) and AT in one study (Vainshelboim 2014). One study 

(Perez-Bogerd 2018) identified positive effect on peak WR at longer term follow-up (1 year). 



Chapter 2 

67 

In the study by Holland 2008 no significant difference was observed between the intervention 

and control groups following exercise training on either ±ɧO2peak (+0.70 ml.kg-1.min-1 [95%CI -0.3-

1.7]) or peak WR (+3.5 W [95%CI -0.4-7.4]). However, in sub-group analysis for patients with IPF 

(published in a meta-analysis by Dowman et al. a significant increase in peak WR of +5.2 W (95%CI 

1.0-9.4) was identified.(199) A strong trend to significant increase in peak ±ɧE was also observed 

+4.7 L/min p=0.06. Dale 2014 identified a significant increase in peak WR at immediate follow-up 

(8 weeks) +12 W (95%CI 5-19) in favour of the intervention group although no significant 

corresponding increase in ±ɧO2peak was observed. The study by Vainshelboim 2014 included 

results of comprehensive CPET metabolic cart analysis with significant positive effect observed 

after 12-weeks exercise training in peak WR (+22 W [95%CI 15-29]), ±ɧO2peak (+2.6 ml.kg-1.min-1 

[95% CI 1.0-4.1] and AT (+3.1 ml.kg-1.min-1 [95%CI 1.6-4.6]). Further significant increases in both 

peak ±ɧE (+11.6L [95%CI 6.7-16.5]) and peak VT (0.25L [95%CI 0.1-0.4]) were observed following the 

exercise intervention. However, no significant change in the ±ɧE/±ɧCO2 at ±ɧO2peak was observed 

following the intervention. Further the between group differences were not maintained at 11-

month follow-up. In a study by Perez-Bogerd 2018, significant increase in participants peak WR 

expressed as percentage of predicted was observed at 3 months (+10% [95%CI 2-19]), 6 months 

(+19% [95%CI 8-29]) and 12 months (+23% [95%CI 10-35]). Although there are no established 

MCID(s) for CPET variables for ILD/IPF patients, the effect sizes observed in the positive studies 

discussed above are greater than the established MCID for peak WR in patients with COPD of 4 ±1 

Watts.(183) 

 

2.7.7.3  Constant work rate testing 

 

Two studies (Dale 2014, Jackson 2014) reported time to symptom limitation (TLIM) during a 

constant work-rate test (CWRT) as a measure of exercise capacity. In the Dale 2014 study, CWRT 

was performed at 80% of peak WR on baseline incremental CPET (with 2 min warm-up at 40% 

peak WR). This outcome was reported immediately following the 8-week exercise intervention 

with a significant mean improvement in TLIM of +222 s (95% 84-360) or +69.5% from baseline in 

favour of the intervention group. In the study by Jackson 2014 CWRT was performed at 50 Watts 

in all participants. The authors report a significant increase in TLIM from 184 s to 302 s p=0.036 

(+64% from baseline) at 12 weeks in patients in the exercise group who did not achieve a steady 

state (test duration <10 mins, n=unspecified) with no significant change in TLIM noted in the 

control group. However, the authors do not report the between group mean difference. Although 

no MCID is available for TLIM in ILD/IPF, the magnitude of the mean improvement observed in both 

these studies is above the quoted MCID for TLIM in COPD of a җ33% (95%CI 18-48) improvement 

from baseline.(192) 
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2.7.7.4 ISWT and ESWT 

 

No studies reported results of the ISWT or ESWT after a period of exercise training. 

 

2.7.7.5  Physical activity 

 

The effect of exercise training on physical activity (PA) was reported in 7 studies. In 5 studies 

(Wewel 2005, Dale 2014, Perez-Bogerd 2018, De Las Heras 2019, Jarosch 2020) this was 

measured objectively with a wearable activity monitor. In the study by Wewel 2005, insufficient 

information was available to determine any significant difference between groups. The study by 

Dale 2014 identified a significant between group difference in PA steps/day of +1514 steps/day 

p<0.05 at immediate follow-up (8 weeks) in favour of the exercise group. This effect size is above 

the MCID for this variable of +427 steps/day in COPD.(254) Further a trend to maintained 

increased mean PA at 6 months was observed (+1206 steps/day p=0.08). The Dale 2014 study also 

assessed PA as metabolic equivalents (MET, with one MET equal to the metabolic cost of sitting at 

rest Ғ 3.5 ml.kg-1.min-1) with significant improvement noted at both immediate and 6-month 

follow-up, +0.08 MET p<0.05 and +0.11 MET p<0.05 respectively. These results suggest that 3 

months of exercise training can improve PA and the positive effect can be maintained at 6 

months. However, the magnitude of the improvement is small and of uncertain clinical 

significance with no established MCID for improvement in PA assessed as MET equivalents. 

Further in the remaining three studies no significant difference between intervention and control 

groups was observed for PA measured as either steps/day (Perez-Bogerd 2018, De Las Heras 

2019, Jarosch 2020), moderate physical activity time (time/day spent at 3 METs or more) (Perez-

Bogerd 2018), or 7-day vector magnitude counts per minute (De Las Heras 2019), hence any 

positive effect of exercise training on physical activity in patients with ILD remains uncertain. 

 

2.7.7.6 Safety profile, dropouts, and adherence  

 

No studies reported serious adverse events related to the exercise intervention or outcome 

assessments. Intervention related adverse events reported were mild (grade 1) or moderate 

(grade 2) and included hypertension, joint pains, and mild spontaneously resolving chest pain.  

Information detailing the number of patients who completed the exercise intervention was 

available for 13 studies. In 5 studies (Nishiyama 2008, Ku 2016, He 2016, Naz 2018, Zhou 2020) 

the dropout rate was 0%, in 3 studies <10% (Vainshelboim 2014, Dowman 2017, Jarosch 2020), in 

3 studies  20-30% (Holland 2008, Jackson 2014, De Las Heras 2019) and one җ30% (Perez-Bogerd 
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2018). The high-dropout rate in the Perez-Bogerd study may be attributed to the long-duration of 

the training programme (6 months). 

5 studies prespecified a minimum adherence target (expressed as a percentage of the total 

number of exercise sessions available) for successful completion of the exercise programme; 75% 

(Holland 2008, Vainshelboim 2014, Dowman 2017), 80% (Dale 2014) and 100% (Jackson 2014). In 

these 5 studies the percentage of patients meeting the prespecified adherence target ranged 

from 66% (Dowman 2017) to 100% (Vainshelboim 2014). In the 6 studies that utilised an 

outpatient-based exercise training programme and reported mean adherence (Nishiyama 2008, 

Dale 2014, Vainshelboim 2014, Perez-Bogerd 2018, Naz 2018, Jarosch 2020) the mean adherence 

rates ranged from 83-100%. The study by De Las Heras 2019 utilised a virtually supervised home-

based tele-rehabilitation programme with a mean adherence to the programme of 64%. One 

study (Dowman 2017) reported adherence to supplemental homebased sessions with 54% of 

patients achieving the pre-specified 3 sessions per week. Lower adherence to unsupervised 

home-based exercise training compared to directly supervised sessions is perhaps not 

unexpected.  

Two studies (Dowman 2017, Perez-Bogerd 2018) compared the baseline characteristics of 

patients who adhered to the programme to those who did not. In both these analyses no 

significant between group difference was observed in baseline patient demographics, pulmonary 

function, or exercise capacity  

One study (Dowman 2017) was significantly powered to assess the effect of adherence to 

progression of exercise training on outcomes. In per-protocol analysis patients with IPF who 

progressed training intensity as the study schedule demonstrated greater improvement in 

exercise capacity as compared to non-progressors, mean 6MWD improvement +55 m (95%CI 13-

97) vs. +26 m (95%CI -14-67) respectively. Jackson 2014 reported results of participants self-

directed training progression in METs/session. These auǘƘƻǊǎΩ ƻōǎŜǊǾŜd a significant increase in 

participants METs/session from week 1-6, but not from week 7-12. Suggesting participants 

reached a plateau in their capacity to increase exercise intensity from week 7 onwards.  
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2.8  Discussion 
 

This systematic review updates the literature on the efficacy of exercise training in ILD. To the 

best of my knowledge, it is the first systematic review to provide a narrative description of the 

exercise interventions employed in studies assessing the efficacy of exercise training on exercise 

capacity in patients with ILD using the Frequency, Intensity, Time, and Type (FITT) principals and 

hence provides new insight into how best to structure future clinical trial and standard-of-care 

exercise prescriptions for patients. Here first the overall quality of the studies will be summarised, 

second the efficacy of exercise training in ILD/IPF will be discussed in relation to the previous 

literature, and third the efficacy of the exercise training will be discussed in relation to the 

exercise interventions utilised using the FITT principals. 

 

2.8.1  Quality of included studies 
 

This review included 36 articles which reported the results of 17 separate RCTs. 13 of these 

studies were published as peer-reviewed manuscripts and 4 in conference abstract form only. 

Overall, 2 studies (Dale 2014 and Dowman 2017) were rated as overall low risk of bias. All but one 

of the remaining studies was rated as high or probable high risk of bias. The most common 

reasons for assessing studies as high risk of bias were due to bias arising from selective outcome 

reporting and/or allocation concealment (unblinding of the assessor). The one remaining study 

(Holland 2008ύ ǿŀǎ ǊŀǘŜŘ ŀ ΨǎƻƳŜ ŎƻƴŎŜǊƴǎΩ in risk of bias assessment due to the use of the last-

observation-carried-forward analysis strategy. A common factor to all studies was unblinding of 

the participants. Given the nature of exercise interventions, it would be extremely difficult to 

deliver a sham intervention without participant subsequently gaining knowledge to which 

intervention they had been assigned.  

 

2.8.2 FITT principals  
 

In the four studies published as conference abstracts review of the constituents of the exercise 

intervention was limited by lack of specific detail. The overall quality of the description of the 

exercise interventions in studies published as full-text articles was of high quality but with 

extensive description limited by journal word counts. In 3 studies further description of the 

exercise intervention was provided within an online supplement. Inconsistency in the reporting of 

constituents of exercise interventions has been apparent across many areas of exercise research. 

In response to this, an extension to the Consolidated Standards of Reporting Trials (CONSORT) 
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statement,(255) the Consensus on Exercise Reporting Template (CERT) (256)- a 16-item minimum 

data set considered necessary to adequately report exercise interventions- was published in 2016 

with the aim of improving the standardisation of reporting in exercise intervention studies. In 

future published RCTs it would be reasonable to anticipate increased standardisation of reporting 

of exercise interventions due to the availability of the CERT statement and the now (almost 

universal) availability of online publishing for study protocols and supplemental manuscript 

material. Here the FITT constituents of the exercise interventions will be discussed and related to 

the studies efficacy. It is important to highlight the inability to control for any impact of 

supplemental non-exercise-based interventions, such as educational sessions, on functional 

capacity in the studies which included them within the study intervention. 

 

2.8.2.1  Frequency and volume 

 

In a review of pulmonary rehabilitation published in 2013 for the ATS/ERS it was proposed that 

longer exercise programmes with more frequent sessions appeared to have greater benefit for 

patients with chronic respiratory disease.(257) Further, as in the general population there is a 

dose relationship between physical activity and health outcomes. It has been suggested that if 

άsome exercise is good ς more exercise is betterΦέ(258) However, the BTS pulmonary 

rehabilitation guidelines published in 2013 recommended a relatively short minimum exercise 

training period of 6 weeks containing at least 12 directly supervised sessions, as programmes of 

this duration have demonstrated positive effect in patients with COPD.(153) The data summarised 

in this review provide an evidence base for the translation of this recommendation to patients 

with ILD/IPF. Suggesting that as is the case for patients with COPD, ILD patients can achieve 

clinically meaningful improvements in exercise capacity from programmes of relatively short 

duration (Җ8 weeks) containing a minimum of 2 exercise sessions per week. In the studies 

included in this review, no significant difference in the 6MWD effect size was observed when 

comparing between studies of Җ8-week duration and those of >8 weeks duration and when 

comparing those with 2 sessions per week to those with җ3 sessions. Further the study by Jarosch 

2020 tested an exercise programme of only 3 weeks duration and observed a significant increase 

in the 6MWD following the intervention.  

Further research is required to ascertain both the optimum (and minimum) duration of exercise 

training for positive effect on exercise capacity at immediate and longer-term follow-up. Further, 

more evidence is required to determine any positive effect of prolonged periods of exercise 

training (>3 months) on maintenance of exercise capacity in patients with ILD. It is also important 

to consider that the failure to observe a significant difference in effect size between exercise 

programmes of different duration/frequency may be due to lack of sufficient/individualised 
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progression of the exercise training hence limiting patients ability to continue to improve during 

the programme, a consideration which is discussed in more detail below. 

 

2.8.2.2  Intensity, time, and type 

 

In all but one of the included studies the aerobic exercise component consisted of constant 

moderate/high intensity exercise. In included studies walking speed was typically estimated from 

6MWD (70-80% of peak 6MWD) and cycling intensity estimated from peak WR (60-80% of peak). 

Only 1 study used heart rate to prescribe and monitor exercise training intensity (Jackson 2014) 

and one used CPET derived metabolic cart data (He 2016). In one study (Jarosch 2020) interval 

aerobic training consisting of 30 s at 100% peak WR was included within the programme for 

selected patients. As this was the only study using an interval training-based intervention a 

comparison between the efficacy of continuous versus interval-based training was not possible in 

this review. Further research is required to test the utility of interval-based exercise training in 

ILD/IPF both compared to standard care (no exercise) and to test non-inferiority/superiority to 

continuous aerobic training. A large randomised controlled trial comparing high-intensity interval 

training to continuous exercise in patients with ILD is currently recruiting.(259) 

In studies included in this review, where the exercise duration was specified, the majority (66%) 

utilised exercise training sessions of 30 minutes. No greater efficacy was identified in studies 

where the training duration was longer. This is in keeping with evidence from studies of exercise 

training in COPD (260) an provides an evidence base for translation of this observation to patients 

with ILD/IPF. Programmes with training sessions of longer duration may have redundancy in the 

training effect and potentially risk over-burdening patients and risk non-concordance.  

 

2.8.2.3 Progression of exercise training 

 

Progression of training is recommended as a key component in the design of structured exercise 

training programmes in a position statement by the American College of Sports Medicine.(258) 

Only 4 studies included in this review included a pre-specified methodology for progression of 

training during the exercise intervention. The study by Dowman 2017 highlights the importance 

of achieving exercise progression on patient outcomes from exercise training. The authors identify 

that IPF patients who successfully progressed their exercise training intensities achieved 

significant greater improvement in exercise capacity compared to those who did not. 

Lack of sufficient, and individualised, training intensity progression may have negative impact on 

both the overall efficacy of the intervention and participants adherence to it. Further if 
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progression in exercise intensity/duration is insufficient this may lead patients to not gain the 

maximum possible positive effect due to plateauing of the training effect as they physically adapt 

to the training load (as demonstrated in the Jackson 2014 study). On the other hand, progression 

in exercise intensity/duration beyond a ǇŀǘƛŜƴǘΩǎ ŎŀǇŀōƛƭƛǘƛŜǎ Ƴŀȅ ƭŜŀŘ ǘǊŀƛƴƛƴƎ ǎŜǎǎƛons to 

become over-burdensome and possibly contribute to non-adherence to the intervention. Further 

research is required to identify how best to progress training for ILD/IPF patients. Greater 

adaption of individualised exercise progression strategies within standard of care pulmonary 

rehabilitation and research studies of exercise training in ILD/IPF may increase both the efficacy of 

exercise interventions and patients adherence to them. 

 

2.8.3 Study efficacy and relation to previous literature 
 

2.8.3.1  6MWD 

 

This systematic review identifies that exercise training is safe and feasible in patients with ILD/IPF 

and leads to small but significant improvements in exercise capacity at immediate follow-up. 15 

out of the 17 trials included in this review demonstrate positive effect of exercise training on 

6MWD at immediate follow-up, with 13 studies reporting improvements in 6MWD above the 

lower boundary of the MCID (22 m) and 8 studies reporting an increase above the upper 

boundary of the MCID (45 m). A meta-analysis was not performed as part of this review, however 

a recent Cochrane meta-analysis of the short-term effect of pulmonary rehabilitation on exercise 

capacity in patients with ILD/IPF identified a common effect size of +40 m (95%CI 32-47) for 

patients with ILD (n=276) and +37 m (95% CI 26-48m) for patients with IPF (n=151).(199)  

Only one study included in the current review (Dowman 2017) was sufficiently powered to assess 

the effect of disease severity on patient response to an exercise training programme. This study 

identified that patients with greater impairment in exercise capacity at baseline had larger 

improvements in exercise capacity at short-term follow-up. This observation may be due to 

greater deconditioning in patients with lower baseline 6MWD or due to the ΨŎŜƛƭƛƴƎ ŜŦŦŜŎǘΩ ƻŦ ǘƘŜ 

6MWD preventing patients with higher baseline walk distances achieving significant 

improvement.(160) 

Although there is a considerable body of evidence demonstrating the short-term positive effect of 

exercise training on patients with ILD/IPF, the evidence supporting any longer-term benefits is less 

robust. 7 studies included in this review assessed the effect of exercise training on longer-term 

outcomes with 4 demonstrating sustained significant improvement in 6MWD above the lower 

limit of the MCID. However, the results of two of these studies should be interpreted with caution 
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due to the high drop-out rates of patients (40% in Perez-Bogerd 2018, and 33% in De Las Heras 

2019). The results of the study by Dale 2014 are of uncertain clinical relevance for patients with 

ILD/IPF, as only 30% of participants had an ILD diagnosis with the majority having benign 

asbestos/dust related pleural disease (conditions which are typically non-progressive unlike 

ILD/IPF). Further the large, and high-quality study, by Dowman 2017 failed to observe any 

significant effect of 8-weeks exercise training on exercise capacity at 6-month follow-up. Further 

in multiple regression the authors identify the best predictor for 6MWD at 6-months was 

preserved functional capacity at baseline with this effect independent of group allocation (e.g., 

exercise or control). This suggests that due to the progressive nature of ILD, disease status may 

have an overriding impact on patients long term functional capacity which cannot be modified to 

a significant degree by a single period of exercise training.  

 

2.8.3.2  CPET  

 

Five included studies used CPET as an outcome measure to assess efficacy of exercise training 

with 4 of these studies demonstrating significant positive effect in one or more CPET variable at 

immediate follow-up. 3 studies reported significant increases in peak WR which were above the 

MCID of +4 Watts for this variable in COPD. ±ɧO2peak was reported at immediate follow-up in 2 

studies with 1 identifying positive outcome. Peak minute ventilation was reported in 2 studies 

with both demonstrating significant increase after exercise training. These findings suggest that 

although ILD/IPF patients do not typically exhibit mechanical respiratory limitation to exercise 

(see Chapter 1.4.1) improvement in maximal ventilatory capacity (or unmasking of previously 

redundant capacity) may be a contributing mechanism to the improvement in exercise capacity 

observed in ILD/IPF patients following a period of exercise training. The effect of exercise training 

on other CPET variables is uncertain. Only the study by Vainshelboim 2014 reported any effect of 

exercise training on the AT and ±ɧE/±ɧCO2 (reported at ±ɧO2peak), with positive effect identified in 

the AT but not ±ɧE/±ɧCO2. Further prospective research into the effect of exercise training on other 

CPET variables particularly AT and ±ɧE/±ɧCO2 (ventilatory efficiency) is required as both these 

variables have been identified as having prognostic value in patients with ILD/IPF (see Chapter 

1.3.4). In addition to assessing the clinical efficacy of exercise training, these studies would 

provide valuable further insight into the physiological mechanisms underlying any improvement 

in exercise capacity in ILD/IPF patients following a period of exercise training. 
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2.8.3.3 Constant work rate tests  

 

Two included studies reported the effect of exercise training on TLIM during a constant work-rate 

test. Both studies identified a significant positive increase in TLIM following exercise training at 

immediate follow-up, with the magnitude of the improvements greater than the identified MCID 

for this variable in patients with COPD (җ33% improvement from baseline).(192) In the study by 

Jackson 2014 significant positive effect was observed despite no significant increase identified in 

the 6MWD in this study. Although the failure to observe a positive effect in 6MWD maybe due to 

a lack of power resulting from the ǎǘǳŘȅΩǎ small sample size, this observation is consistent with 

previous studies demonstrating the increased sensitivity of constant-work rate tests to 

therapeutic intervention compared to other assessments of exercise capacity.(188) An 

observation which is physiologically explained by the hyperbolic nature of the relationship 

between exercise duration and work-rate for constant load exercise above the steady state (see 

Chapter 3.5.3 for discussion). Due to their increased sensitivity to therapeutic intervention 

constant-work rate tests may have the capacity to detect positive (and clinically meaningful) 

intervention effect which may have been overlooked if the test was not performed and 

consequently should be increasingly utilised as an outcome measure in future studies of exercise 

training in ILD/IPF. 

 

2.8.3.4 ISWT and ESWT 

 

No included studies used the ISWT or ESWT as outcome measures, hence comment on the 

efficacy of these outcomes following exercise training in ILD/IPF is not possible. The ISWT has 

been utilised as an outcome measure post exercise training in COPD. In a large Cochrane review 

of PR in COPD the ISWT was considered to have higher quality of evidence for positive effect 

compared to the 6MWD (moderate vs. low quality respectively).(193) As discussed in Chapter 

1.3.2 the IWST follows a recorded audio que and hence may have greater interobserver 

standardisation compared to the 6MWD. This may help to reduce bias particularly in studies 

where the assessor is unblinded to patientsΩ group allocation.  

 

2.8.3.5  Physical Activity 

 

The effect of training on physical activity was only assessed objectively in five of the included 

studies. Two out of the five included studies where this outcome was assessed identified a small 

but significant improvement in PA (steps/day) at immediate follow-up. One study (Dale 2014) 
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identified a small but statistically significant maintained improvement in PA (measured as MET 

equivalents) at 6 months. However as discussed above, due to most participants in this study not 

having an ILD diagnosis, the relevance of the long-term outcomes of this study for patients with 

ILD/IPF is uncertain. The lack of effect of exercise on PA at longer-term follow-up is in keeping 

with the unclear maintenance of effect on exercise capacity assessed by 6MWD, however it may 

also be due to the failure of the exercise training interventions (and any supplemental non 

exercise interventions) to modify behavioural and lifestyle habits.  

 

2.8.4 Summary and conclusions 
 

This systematic review provides a narrative review of the efficacy of exercise training on 

cardiopulmonary fitness in patients with ILD with particular focus on the methodology of the 

exercise interventions using the F.I.T.T principals. A total of 36 articles were included which 

reported the results of 17 individual clinical studies. Of these, 2 of the 17 included studies were 

deemed at low risk of bias, and 14 studies were assessed as high risk of bias with common factors 

introducing bias including unblinding of the assessor and incomplete outcome data reporting. 

Review of study methodology using the F.I.T.T principles identified that included studies have 

utilised heterogenous exercise training strategies with limited provision for accurate and 

individualised prescription of the exercise training and any training progression. The results of 

included studies confirm previous observations that exercise training is safe and feasible in 

patients with ILD/IPF and leads to clinically meaningful improvement in exercise capacity at 

immediate follow-up. This review identifies that in patients with ILD/IPF aerobic exercise 

programmes of relatively short duration Ғ 8 weeks including a minimum of two 30-minute 

sessions/week are sufficient for positive clinical effect and are non-inferior to programmes either 

of longer duration or increased frequency of training. Longer-term (6 month or more) 

improvements are apparent in some studies although the evidence supporting this is less robust 

due to the small number of studies demonstrating positive effect and the often-high dropout 

rates. This review demonstrates that there is a need for future investigation into how best to 

deliver individualised exercise training programmes and progress exercise training loads for 

patients with ILD/IPF, including testing the utility of high-intensity interval-based training 

compared to both standard care and continuous moderate intensity exercise training. 
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 Chapter 3 Methods 
 

3.1  Introduction 
 

This chapter will describe the methodology underpinning this thesis. First the study setup, patient 

selection and recruitment of the clinical trial will be described. The methodological approaches 

relating to the study outcome measures including exercise capacity assessment (including CPET), 

pulmonary function testing, nutritional assessment, and quality of life assessment will be 

discussed. Second, the methodology relating to blood sample processing, storage, and redox 

analysis will be discussed. Finally, the general statistical principles and analysis utilised in this 

thesis will be described.  

 

3.2 Personal contribution  
 

For this thesis research, with oversight from my supervisory team, I designed the protocol for the 

clinical study, obtained full ethical approval and was the study principal investigator. I took the 

leading role in study recruitment, enrolment and the day-to-day delivery of the study. Following 

appropriate training, I undertook all the study clinical assessments including cardiopulmonary 

exercise test (CPET), 6-minute walk test, and bioelectrical impedance analysis (BIA), and I 

interpreted CPET metabolic cart data for the prescription of the exercise training programme. I 

was assisted during CPET visits by the NIHR Southampton Critical Care research team (Ms 

Samantha Leggett, Ms Rosie Geal and Ms Sitara Bali). CPET data reported as a study outcome 

measure was double-blind reported by CPET experienced clinicians (Dr Anna Freeman and Mr 

Andrew Bates) with Dr James Otto as the third reviewer. Spirometry and gas transfer assessments 

were conducted by the NIHR Southampton biomedical research centre (SBRC) respiratory 

physiologists (Ms Kerry Gove, Ms Rosie Geal and Mr David Hill). I prepared and pre-treated all 

venous blood samples prior to analysis and designed the study specific sample preparation and 

storage standard-operating procedure (SOP). Preparation of the venous blood into sample 

aliquots for storage was performed by the laboratory team in the Southampton NIHR Wellcome 

trust clinical research facility (NIHR WTCRF). Redox biomarker analysis was conducted by 

Professor Martin Feelisch and Ms Magdalena Minion within the Feelisch laboratory at the 

University of Southampton. Following initial guidance from Ms Helen Moyses (NIHR SBRC medical 

statistician), I designed and executed the data and statistical analysis plan.  
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3.3 Study set-up 
 

The study protocol was designed to deliver a CPET derived individualised structured responsive 

exercise training programme (SRETP) to patients with IPF. This was a single centre prospective 

cohort study. The overall aims of the study were to first test the safety and feasibility of the 

SRETP, second assess the impact of the SRETP on exercise capacity, symptoms, and quality of life, 

and third to investigate the physiological and biochemical mechanisms of the exercise training 

response in patients with IPF. The SRETP is described in detail in Chapter 3.7 and study specific 

methodology relating to the delivery of the clinical trial is described in Chapter 4.4.  

 

3.3.1 Ethics and approvals 
 

Ethical approval for this research study was obtained from the Hampshire A Research Ethics 

Council (REC Reference number: 17/SC/0342) and the Health Research Authority (HRA, IRAS ID: 

229497). Further favourable ethical approval was granted for two substantial amendments (REC 

Reference number 17/SC/0342a) and (REC reference 17/SC/0342b). University of Southampton 

research ethics approval was also obtained (Ergo2 reference number: 49421) and for subsequent 

amendments (A49421.A1 and A49421.A2). The primary sponsor for the study was University 

Hospital Southampton Foundation Trust (UHSFT) and full local sponsor Research and 

Development (R&D) department approval was obtained (UHSFT Sponsor reference RHM-

MED1441). The study was adopted as a study supported by the NIHR SBRC and the Southampton 

NIHR WTCRF. The study was adopted onto the Wessex NIHR Clinical Research Network (CRN) 

Portfolio of research studies. The study protocol was registered on clinicaltrials.gov 

(NCT03222648). All study participants provided fully informed written consent prior to study 

enrolment following NIHR Good Clinical Practice (GCP) and local standard operating procedure 

(SOP) of UHSFT. 

 

3.3.2 Patient and public involvement 
 

In designing the strategy for my patient and public involvement (PPI) for this thesis I sought advice 

from the NIHR Research Design Service (RDS) PPI development team. I chaired two patient and 

carer focus groups to present the design of the study and outline the planned study protocol 

including the visit schedule. I asked patients to share their previous experiences of pulmonary 

rehabilitation and exercise training. These meetings were held on 18th May 2017 and 8th June 

2017 in the NIHR WTCRF with a total of 6 patients and 2 relatives attending. The study design was 
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presented to the Wessex Interstitial Lung Disease (W.I.L.D) support group on Monday 15th 

October 2018 Flemming Park Eastleigh. 

Feedback from these meetings was overall positive with patients believing that the study had 

great value for patients and that the study schedule was manageable. It was felt that two sessions 

of exercise a week was appropriate whereas 3 per week may be over burdensome. The patients 

at these focus groups reviewed the protocol and felt that the screening visit could be combined 

with the baseline CPET visit without being over burdensome for most patients and consequently 

provision was made for this in the protocol. Further patients at work expressed wanting extended 

hours for study visits due to work commitments. Therefore, provision for early morning and late 

evening training sessions were made in the study schedule. 

 

3.3.3 Assessing safety in the study 
 

During the clinical study severe adverse events (SAEs) and adverse events (AEs) were monitored 

by the principal investigator (T.W), study team and study steering committee (Prof. Sandy Jack, Dr 

Mark Jones, Dr Sophie Fletcher and Prof. Michael Grocott). Any SAE/AEs were recorded and 

documented using SOP of the Southampton Wellcome Trust Clinical Research Facility (WTRCF). An 

SAE was defined as an untoward medical occurrence that resulted in death, was life-threatening, 

required inpatient hospitalisation or resulted in (or required intervention to prevent) persistent or 

significant permanent impairment or damage. An AE was defined as an untoward medical 

occurrence in a participant occurring during the study period. S/AEs were classified using the 

Common Terminology Criteria for Adverse Events (CTCAE) algorithm and local SOP of the 

Southampton WTCRF as; Grade 1 (Mild; asymptomatic or mild symptoms intervention not 

indicated), Grade 2 (Moderate; local or non-invasive treatment indicated), Grade 3 (Severe; 

medically significant - not immediately life-threatening), Grade 4 (Life-threatening) or Grade 5 

(resulting in death).(261) Any SAEs and AEs were reported following SOP of the Southampton 

WTRCF and a record kept in the study case report form (CRF). In the case of any SAEs reporting to 

study sponsor was within 24 hours. Review of safety by the study steering committee was 

continual but formal pre-planned review of safety was undertaken by the study steering 

committee after recruitment and completion of the first participant and after completion of the 

first six participants. 
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3.4 Patient selection 
 

3.4.1 Inclusion and exclusion criteria 
 

A summary diagram of the study is illustrated in Figure 3.1. The study had three arms to 

recruitment; 1) IPF patients recruited to the structured responsive exercise training programme 

(SRETP Group), 2) IPF patients recruited for baseline and end clinical assessments (Standard-of-

Care, SOC Group) and 3) Ψ/ƻƴǘǊƻƭΩ patients not affected by IPF recruited for pre and post standard-

of-care CPET blood samples.  

Study recruitment was from the 1st September 2017 to 1st April 2021. Recruitment and follow-up 

of IPF participants was terminated on the 17th March 2020 precluding further recruitment to the 

SRETP group and precluding meaningful recruitment to SOC group (for COVID-19 impact 

statement see Appendix G).  

IPF participants were recruited to the study if they satisfied the following criteria:  

3.4.1.1 Inclusion criteria 

ω Male and female subjects aged 18-85 years inclusive.  

ω A specialist MDT confirmed diagnosis of IPF based on current consensus guidelines of the 

 ATS and ERS.(56) 

ω Clinically stable for 3 months as judged by the investigator. 

¶  MRC Breathlessness Scale scores of 1-3. (see Table 3.7 and Appendix B) 

3.4.1.2 Exclusion criteria 

1) Baseline forced expiratory volume in 1 second (FEV1) to forced vital capacity (FVC) FEV1/FVC 

ratio of less than 0.7.  

2) Patients with severe heart failure; New York Heart Association (NYHA) grade III or IV, or 

known left ventricular systolic dysfunction less than 45%.  

3) Current use of ambulatory or long-term oxygen therapy.  

4) Oxygen saturations less than 85% on room air.  

5) The presence of infection or exacerbation, requiring hospitalization within 3 months of study 

recruitment. 

6) Commencement on anti-fibrotic therapy (Pirfenidone® or Nintedanib®) within 3 months prior 

to recruitment to the study. 

7) Neoplastic disease undergoing treatment or active follow-up. 

8) Patients taking oral corticosteroids: unless the dose was less than 15 mg of prednisolone or 

equivalent, and the dose was stable for 8 weeks at screening. 
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9) Current or previous history of sarcoidosis or collagen vascular disease. 

10) Any condition which would prevent completion of cycle-ergometer testing, pulmonary 

function tests or 6-minute walk test as judged by the investigator.  

11) Participation in a pulmonary rehabilitation program in 6 months prior to screening. 

12) Any condition excluding CPET based on the absolute contraindications outlined in the       

American College of Chest Physicians (ACCP)/ATS CPET guidelines 2003 (175) (see Table 3.1) 

13) Positive pregnancy test in females of childbearing age. 

 

 

Figure 3.1  Study protocol summary flow diagram and study outcome summary. LVEF- left 

ventricular ejection fraction, HRQL- health related quality of life, ҟAT-Peak- mid-point between AT 

and ±ɧO2peak (see text). 
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3.4.1.3 Control participants 

 

Participants without a diagnosis of IPF were recruited to the Control group for blood sample 

comparison pre and post standard-of-care CPET. Recruitment of control participants was targeted 

to achieve aged and sex matching to IPF participants. Age matching of controls to IPF participants 

was necessary for meaningful comparison of systemic redox status due to the age-related 

impairment of redox balance.(109) 

Participants recruited to the Control group met the following criteria: 

Control inclusion criteria 

ω Individuals referred for a peri-operative cardiopulmonary exercise test (CPET) as part of their 

standard clinical care at UHSFT. 

Control exclusion criteria 

ω Inability to give informed written consent  

ω Malignancy (except localized squamous or basal cell skin carcinoma) undergoing active 

investigation, treatment, or follow-up. 

¶ Current tobacco smoking. 

¶ Diagnosis of a significant chronic respiratory disease, severe left ventricular failure or 

collagen-vascular disease as judged by the investigating team. 

 

3.4.2 Patient recruitment 
 

Patients were recruited prospectively to the study. Study recruitment was between 1st 

September 2017 - 1st April 2021. Study recruitment and follow-up of patients with IPF was 

terminated on 17th March 2020 due to the impact of the COVID-19 pandemic (see Appendix G 

COVID-19 impact statement). The patient recruitment strategy used was described in the study 

protocol and approved by the Research Ethics Council. Patients with IPF meeting the study 

eligibility criteria were recruited from; specialist ILD clinics at UHSFT, a secure database of 

research volunteers held by the NIHR SBRC, and from the W.I.L.D patient and carer support group. 

Potentially suitable patients who had expressed permission to be contacted regarding suitable 

research studies were pre-screened against the study inclusion and exclusion criteria and either 

approached via telephone by the principal investigator (Dr Tim Wallis) or a Research Ethics 

Council approved study invitation letter was sent in the post. All patients who expressed an 

interest in the study, or who were referred as potentially suitable for the study by their specialist 

team, were contacted by the principal investigator (myself) to discuss the study in more detail and 

subsequently provided with the written patient facing documentation if they wished to receive 
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this. Prior to attending for screening visit all participants had received a copy of the appropriate 

approved patient information sheet with at least 24 hours to read and consider the documents 

prior to the visit. Due to time and funding constrains of this research patient facing study 

documentation was only available in written English.  

Suitable patients for the Control group were screened by the principal investigator (Dr Tim Wallis) 

from the UHSFT peri-operative clinical CPET service appointment list. Potentially suitable patients 

were pre-screened against the study control inclusion and exclusion criteria using their electronic 

medical records. Suitable patients were then approached by telephone. All control participants 

received a copy of the relevant study patient information documentation with adequate time to 

read and consider prior to consenting to participate in the study.  

 

 

3.5 Cardiopulmonary exercise testing 
 

Cardiopulmonary exercise testing (CPET) is an objective, structured, laboratory-based assessment 

of exercise capacity. The advantage of CPET over other methods of assessment of exercise 

capacity is that it enables an integrated assessment of the respiratory and cardiovascular systems 

ƛƴŎƭǳŘƛƴƎ ǘƘŜ ōƻŘȅΩǎ ƻȄȅƎŜƴ ǳǘƛƭƛǎŀǘƛƻƴ ŀƴŘ ŎŀǊōƻƴ-dioxide production under conditions of 

ƳŜŀǎǳǊŀōƭŜ ŜȄŜǊŎƛǎŜ ǎǘǊŜǎǎΦ /t9¢ ƛǎ ŎƻƴǎƛŘŜǊŜŘ ǘƘŜ ΨƎƻƭŘ-standŀǊŘΩ ŀǎǎŜǎǎƳŜƴǘ ƻŦ ŜȄŜǊǘƛƻƴŀƭ 

breathlessness and provides a safe, repeatable and non-invasive means of assessing physical 

fitness.(37) Serious adverse effects associated with CPET are rare; the incidence of major cardiac 

events is 1.2 per 10,000 tests (262) (recorded in studies of patients with cardiac disease) and 

mortality of 2-5 per 100,000.(175) In a recent review of all UK peri-operative CPET services no 

deaths were reported.(185) Previous studies have demonstrated the safety and feasibility of CPET 

in patients with IPF and CPET outputs including peak volume of oxygen consumption (±ɧO2peak) 

have prognostic value in IPF (as discussed in Chapter 1.4.4).(177, 194)  

 

3.5.1 Equipment and setup 
 

CPET was performed following guidelines of the 2003 guidelines of the ATS(175) and 2018 

guidelines of the Perioperative Exercise Testing and Training society (POETTs)(185). Prior to 

testing participants electronic medical records at UHSFT were screened for absolute 

contraindications to CPET (see Table 3.1) and contraindications were reviewed with participants 

prior to initiation of each CPET test.  
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Table 3.1 Absolute and relative contraindications to CPET. Adapted from reference (175) 

Absolute contraindications Relative contraindication 

Acute myocardial infarction (3-5 days) Left main coronary stenosis 

Unstable angina Moderate stenotic valvular disease 

Uncontrolled arrhythmias causing symptoms 

or haemodynamic compromise 

Severe untreated arterial hypertension at rest 

(systolic >200 mmHg, diastolic >120 mmHg) 

History of exercise induced syncope Tachyarrhythmia or bradyarrhythmia 

Syncope Hypertrophic cardiomyopathy 

Acute myocarditis or pericarditis Significant pulmonary hypertension 

Uncontrolled heart failure Advanced or complicated pregnancy 

Suspected dissecting aneurysm Electrolyte abnormalities 

Pulmonary oedema  

Acute pulmonary embolus or infarction  

Room air desaturation to <85% unless 

supplemental O2 is provided for exercise  

Acute non-cardiopulmonary disorder that may 

affect exercise performance/ aggravated by 

exercise 

 

 

CPET was performed on a computer controlled electromagnetically braked cycle ergometer 

(Ergoline® 2000, Germany) with breath-by-breath gas analysis using the Blue Cherry® software 

platform (Lovemedical Manchester, UK) following guidelines of the ATS 2003(175) and POETTs 

2018(185) and local SOP of the NIHR WTCRF at UHSFT. During CPET participants are continually 

monitored with pulse, arterial oxygen saturation by pulse oximetry (SpO2), blood pressure (BP), 

12-lead electro-cardiogram (ECG) and breath-by-breath gas analysis via a facemask (Figure 3.2). 

Attached to the facemask is a flow sensor (Geratherm Respiratory GmbH, Germany) this 

measures variation in flow stream pressure across a variable orifice membrane. Attached to the 

flow sensor is a 2-meter gas-sampling tube which connects to the gas analyser. There is a 0.2-0.4 

second delay between the gas activating the flow sensor and activating a response at the sample 
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analyser. This delay includes both the gas transport delay (time for gas to transverse the length of 

sampling tube) and the analyser response (the processing kinetics of the analyser to a change in 

gas composition). This time delay is compensated for by the CPET computer software (Blue 

Cherry®, Manchester UK) and is re-measured prior to each test during gas-calibration (see below). 

The partial pressure of water vapour in exhaled gas is reduced by a Nafion polymer within the gas-

sample tubing. This is necessary as without this reduction water vapour can lead to significant 

errors in metabolic gas-analysis.(263) The ambient room temperature, barometric pressure and 

humidity are continuously recorded using an environmental sensor (Ambi-Stick ς Geratherm 

Respiratory GmbH, Germany).  

 

Figure 3.2  A patient performing a CPET test with facemask for breath-by-breath gas 

analysis and 12-lead ECG. Patient consent for image obtained. 

Patients were asked to take any usual regular medications prior to the test but avoid caffeine, 

alcohol, cigarettes, and strenuous exercise on the day of the test. All CPETs were conducted in the 

morning or early afternoon (0800-1300) and patients were instructed to attend the research 

centre fasted and provided with a light breakfast of toast, butter, spread, jam or cheese at least 2 

hours prior to the test. This dietary restriction was necessary to control for nitrogen containing 

foods which would influence blood analysis of redox markers (personal communication from 

Professor Martin Feelisch). 

Prior to conducting each CPET it is necessary to calibrate the equipment for flow rates and gas 

concentration. Following training I performed the pre-test CPET calibrations for the participants 

CPETs. The flow sensor is calibrated for flow rates using a standardised 3 L syringe at three flow 

rates; low, medium, and high to simulate the range of flow encountered during the CPET from 

rest to intense exercise. Successful calibration requires calculated volumes to within a ± 3% error 

of agreement. Gas calibration was performed using ambient air (21 % O2 and 0% CO2 in balance N-

2) and a standardised, gravimetrically weighted calibration gas (BOC gases, Guildford UK) of 
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known concentrations equivalent to expired breath (15% O2, 5% CO2 in balance N2) to achieve 2-

point calibration accurate to ± 1%. Piped oxygen was available in the testing laboratory and 

before commencing the CPET it was ensured that a fully stocked adult resuscitation trolley with 

external cardiac defibrillator was readily available. The UHSFT medical emergency team was 

available via the hospital switchboard. Two members of staff (myself and one other) were present 

during all tests. It is a requirement for at least one CPET operator to have resus council UK adult 

life support accreditation. Colleagues assisting me with the CPET test included David Hill 

(acknowledged), Rosie Geal (acknowledged), James Cullinane (acknowledged), and Katarina 

Pontoppidan (acknowledged). 

The patientΩs demographics including anonymised study ID, initials and date of birth are entered 

into the Blue cherry ® software. It is necessary to enter the date of birth for calculation of 

predicted values. Height (metres), weight (kg) and gender were entered. The body mass index 

(BMI ς kg.m-2) and body surface area (BSA ς m2) are calculated by the software. All this 

demographic information is required for appropriate calculation of predicted values relating to 

test outcomes by the software. 12-lead ECG is recorded with limb leads on patients right and left 

shoulders and iliac crests to prevent impairment of cycling. The ECG electrodes are connected to 

the ECG analyser (AMEDTEC® software) and the ECG reviewed for significant abnormality prior to 

conducting the test. I performed spirometry testing for participants prior to the CPET test using 

the flow sensor as the mouthpiece. Standard operating procedure recommended by the ERS as 

described in Chapter 3.8.1 was followed for all spirometry tests.  

Once the above is complete, the patient is asked to climb onto the stationary bicycle. Once on the 

machine a correctly sized facemask is then selected for the patient and placed around their face 

to achieve a good seal with no air-leaks on air tightness testing. For test accuracy the size of the 

mask is entered on the software to account for the different dead-space volumes associated with 

each mask size (e.g. 100 ml for the small mask, 120 ml for the medium mask). Once the mask has 

been fitted correctly breath-by-breath gas analysis is commenced. The patient is then coached to 

give their ΨōŜǎǘ ŜŦŦƻǊǘΩ ǿƘƛƭǎǘ ŀŘǾƛǎƛƴƎ ǘƘŜƳ ǘƻ ƛƴŦƻǊƳ ǘƘŜ ǎǘŀŦŦ ƻōǎŜǊǾƛƴƎ ǘƘŜ test if they 

experience any adverse events (Table 3.2). Participants were informed to refrain from talking 

during the test to prevent compromising data, unless to signal discomfort or a need to stop. Seat 

height is adjusted to achieve a full extension without overextension of the knee joint during 

descending pedalling stroke, this value is then recorded and standardised for future tests. Non-

invasive blood pressure is recorded with an automated BP cuff, and SpO2 recorded using an ear 

probe. Breathlessness and leg pain symptoms (Borg Score) (253) see Appendix C were recorded at 

the start and end of each CPET. Real-time test data are displayed in numerical and graphical 

formats by the software during the exercise test. The exercise protocol is described in detail 
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below (Chapter 3.5.2) and interpretation of CPET parameters including estimation of AT using the 

V-Slope method are detailed in Chapter 3.6 

 

3.5.2 Exercise protocol for incremental CPET 
 

The following describes the CPET test protocol used for both IPF and control participants. Each 

CPET follows four main stages; rest, unloaded cycling, ramp exercise and recovery. During the 

resting phase (at least 3 minutes) the patient is asked to sit without pedalling on the bicycle. This 

phase is necessary to check for physiologically acceptable resting values of ±ɧO2 and ±ɧCO2 and pre-

test hyperventilation indicated by a respiratory-exchange-ratio (the ratio of ±ɧCO2/±ɧO2 [RER]) of 

>1.0. During unloaded cycling (3 minutes) patients were instructed to cycle between 55 and 65 

revolutions per minute (rpm) against no resistance (zero Watts). This phase allows patients to 

become familiar with the cycling motion and for quantification of the steady state metabolic cost 

(±ɧO2, ±ɧCO2 and ±ɧE) of unloaded cycling. The ramp phase of the test typically lasts 8 to 12 minutes 

during which patients are instructed to keep pedalling at 55 ς 65 rpm. For each patient the 

estimated ramp slope was first calculated using established formula derived by Wasserman et 

al.(184) 

 

±ɧO2 unloaded pedalling (mls.min-1) = 150 + (6 x weight in kg) 

 ±ɧO2peak (mls.min-1) = [Height (cms) ς Age (years)] x 20 (sedentary males) 

±ɧO2peak (mls.min-1) = [Height (cms) ς Age (years)] x 14 (sedentary females) 

Work rate increment/min = (±ɧO2peak ς ±ɧO2 unloaded pedaling)/100 

 

e.g. for 60 year old male 70kg and 170 cm 

 

±ɧO2 unloaded pedalling (mls.min-1) = 150 + (6 x 70) = 570 ml.min-1 

±ɧO2peak (mls.min-1)= [170 ς 60] x 20 = 2200 ml.mn-1 

Work-rate/min = 2200 ς 570 / 100 = 16.3  

Ғ мр ²ŀǘǘκƳƛƴ όǊŀƳǇ ǎƭƻǇe deliverable in 5 Watt per min increments)  

 The actual ramp slope used was selected pragmatically based on patients calculated predicted 

ramp slope using the above formula and subjective assessment of physical status on the day of 

the test (e.g., for IPF patients their FVC % predicted and 6MWD were considered), to achieve an 

estimated exercise time of approximately 8 to 12 minutes. Ramp slopes used for patients with IPF 

were 5, 10 and 15 Watts per minute. The ramp slope used in participants baseline CPET was 

recorded, and the same ramp slope used for all future tests for standardisation.  
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Patients were encouraged throughout the test with extra encouragement towards the end. The 

test was either terminated by patients reaching the limit of their exercise tolerance or due to 

symptom limitation (e.g., breathlessness, leg fatigue or chest pain). The test was terminated by 

the operator if the patient failed to maintain 50 rpm or greater for more than 1 minute. Specific 

early safety stopping criteria used are detailed in Table 3.2 adopted from Levett et al. 2018.(185) 

Following completion of the ramp exercise a 3-5 minute recovery phase is commenced were 

participants are encouǊŀƎŜŘ ǘƻ ΨŎƻƻƭ-ŘƻǿƴΩ ƻƴ the static-bicycle and pedal slowly against no 

resistance until pulse returned to within 10 bpm of baseline and blood pressure within 10 mmHg 

of resting values. 

 

Table 3.2  Early stopping criteria for early termination of CPET. Adapted from Ref. (185) 

 

3.5.3 Constant work-rate testing  

 

3.5.3.1 Constant work-rate test procedure 

 

The Constant work-rate test (CWRT) was performed with very similar operating procedure as the 

incremental CPET with full monitoring of heart rate using 12-lead ECG, non-invasive BP, SpO2 and 

metabolic cart. This test has been shown to be a highly sensitive end-point for assessing 

treatment response (Chapter 1.4.5).(147) The CWRT test was performed twice, once at baseline 

and once after completion of the exercise training programme. Participants had at least 48 hours 

Stopping criteria for early termination of CPET 

Angina Hypertension > 250 mmHg systolic or > 120 

mmHg diastolic 

>2 mm ST depression if symptomatic or > 4 

mm if asymptomatic or > 1 mm ST elevation 

Severe desaturation SpO2< 85% 

Significant arrhythmias causing symptoms or 

haemodynamic compromise 

Dizziness or presyncope 

Fall in blood pressure > 20 mmHg from 

highest value during the test 

Mental confusion/loss of co-ordination 
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recovery prior to each CWRT. In the CWRT following a 3-minute unloaded warm-up, participants 

cycled at 75% of the work rate achieved at ±ɧO2peak (termed 75% ±ɧO2peak here after) determined 

from their baseline CPET. The same work-rate was used for the baseline and end assessment test. 

The participant was instructed to cycle at this intensity aiming for a pedalling cadence of 60 rpm 

until symptom limitation. The exercise time was recorded in minutes and seconds (Endurance 

time).  The Borg score (breathlessness and leg score) was completed at the beginning and end of 

the test. The test was terminated either by the patient indicating that they had reached their 

symptom limitation or if their pedalling cadence fell to less than 50 rpm for greater than 1 minute 

ŘŜǎǇƛǘŜ ƎŜƴŜǊŀƭ ŜƴŎƻǳǊŀƎŜƳŜƴǘ ǎǳŎƘ ŀǎ ΨǿŜƭƭ ŘƻƴŜΩ ƻǊ ΨƴƛŎŜ rhythm.Ω During the CWRT 

participants were not given an idea of the time they had been cycling for by the research team. 

Further at the end of the first CWRT patients were not informed of their achieved Endurance time 

to ƘŜƭǇ ǇǊŜǾŜƴǘ ōƛŀǎ ŀǘ ǘƘŜ Ŧƛƴŀƭ ŀǎǎŜǎǎƳŜƴǘ ƻŦ ΨƘŀǾƛƴƎ ŀ ǘŀǊƎŜǘΩ ǘƻ ŀŎƘƛŜǾŜΦ 

3.5.3.2 Justification of the work rate for the CWRT 

 

Most of the previous literature on the utility of CWRT as an outcome measure comes from studies 

in COPD. In a position statement review for the ERS, Puente-Maestu et al. recommend the 

optimum duration for a pre-intervention high-intensity CWRT should be between 180-480 s with a 

range of 120-840 s (3 ς 14 minutes) acceptable.(186) This is similar to the optimum time range for 

an incremental CPET test of 8 - 12 minutes. This assumes that if tests are of significantly longer 

duration the participant will stop because of factors which are not related to the cardiopulmonary 

or neuromuscular systems rather, other factors such as boredom, motivation or discomfort. 

Further if tests are significantly shorter participants may be primarily limited by the strength of 

their peripheral muscles.(264) Hence when specifying the desired work-rate for a CWRT it is 

important to consider the predicted duration of exercise that the participant will likely be able to 

achieve for the given work-rateΦ ¢Ƙƛǎ ƛǎ ŘŜǘŜǊƳƛƴŜŘ ōȅ ōƻǘƘ ŀƴ ƛƴŘƛǾƛŘǳŀƭΩǎ ƘƛƎƘŜǎǘ ƻōǘŀƛƴŀōƭŜ 

work-rate whilst maintaining steady state termed the Ψcritical powerΩ ƻǊ ΨŦŀǘƛƎǳŜ ǘƘǊŜǎƘƻƭŘΩ ŀƴŘ 

ǘƘŜ ōƻŘȅΩǎ ǊŜǎŜǊǾŜ ǘƻ ǘƻƭŜǊŀǘŜ ǿƻǊƪ ŀōƻǾŜ ǎǘŜŀŘȅ ǎǘŀǘŜΦ(265) Although there is high variability 

between individuals, in young healthy individuals the critical power typically occurs at 70-80% of 

maximal oxygen consumption (±ɧO2max). To this regard, it is important to consider the dynamics 

of the work-rate (power)-time relationship for constant load exercise. At work-rates above steady 

state (where the individual will eventually be exercising at their ±ɧO2max) the relation between 

power and symptom limited exercise time (TLIM) is hyperbolic with the critical power marking the 

asymptote of this relationship. At work-rates above the critical power the TLIM gets exponentially 

shorter and at work-rates below the critical power the TLIM exponentially longer (Figure 3.3). 
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Figure 3.3  The critical power concept and the hyperbolic relationship between power and 

time for constant load exercise. The CP ς Critical power (dashed line) represents the asymptote 

of the hyperbolic power -ŘǳǊŀǘƛƻƴ ǊŜƭŀǘƛƻƴǎƘƛǇ ŀƴŘ ǘƘŜ ²Ω ŎǳǊǾŀǘǳǊŜ Ŏƻƴǎǘŀƴǘ (box above CP) 

represents the fixed amount of work that an individual can perform above the critical power. The 

Critical power is above the AT -Anaerobic threshold (solid line). The AT marks the transition from 

moderate to heavy intensity exercise and the critical power the transition from heavy to severe 

intensity exercise. Adapted from ref (265). 

 

The time to exercise limitation (TLIM) at work-rates above the critical power can be accurately 

estimated by the equation: 

 TLIM Ґ ²Ωκόt - CP)         (266) 

²ƘŜǊŜ ²Ω ƛǎ ǘƘŜ ŎǳǊǾŀǘǳǊŜ Ŏƻƴǎǘŀƴǘ ς  the fixed amount of high-intensity work an individual is 

able to perform above the critical power, P- is the work-rate performed and CP- is the critical 

power. 

 

In pooled analysis of three studies of patients with COPD (n=2608), TLIM was between 180-480 s in 

57% of participants (25% <180 s and 18% > 480 s) performing CWRTs with work rate at 75-80% of 

±ɧO2peak. In a study of patients with mild-moderate IPF (mean FVC 79%) Dowman et al. employed 

a work-rate of 85% of ±ɧO2peak with a mean TLIM of 428 s (standard deviation 228 s).(111) Arizono 

et al. employed a work-rate of 80% ±ɧO2peak and observed a 181% improvement in the TLIM in 

²Ω

CP
AT
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patients with IPF after a period of exercise training.(189) These studies demonstrate that high 

intensity work-rate CWRTs are safe for patients with IPF and are responsive to therapeutic 

intervention. With these results in mind the study steering group (Prof Sandy Jack, Dr Mark Jones, 

Prof Michael Grocott, Dr Sophie Fletcher and I) selected a CWRT load (Watts) of that achieved at 

75% ±ɧO2peak at baseline incremental CPET as the primary outcome measure for the clinical study. 

This was selected pragmatically to ensure a high enough work rate to prevent tests from being 

terminated by factors other than cardiopulmonary or neuromuscular limitation and not too short 

to be overly burdensome for the patient. 

 

3.6 Cardiopulmonary exercise test variables; definitions and physiological 

explanations 
 

The important physiological variables from CPET testing are briefly defined in Table 3.3. More 

detailed description of the underlying physiological explanations for these variables follows in this 

section. The ±ɧO2peak and AT are key variables for prescription of the structured responsive 

exercise training programme (SRETP) detailed in Chapter 3.7. These variables are also commonly 

used in the clinical setting for determining risk stratification in peri-operative assessment(185) 

and have prognostic value in the assessment of patients with respiratory disease (see Chapter 

1.4.4).(37) 
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Table 3.3   Summary definitions of CPET variables 

Parameter Abbreviation (units) Description  

Oxygen Uptake ±ɧO2 (mL.minute-1)  Volume of oxygen (O2) extracted from 

inspired gas at a given time point expressed 

as ml per minute. Expressed as an absolute 

value (mL.minute-1). 

Peak Oxygen Uptake ±ɧO2peak (mL.minute-1) 

or mL.kg-1.minute-1) 

Highest oxygen uptake during an 

incremental CPET test. Calculated as 

average ±ɧO2 over last 30 seconds of 

exercise. Expressed as an absolute value 

(mL.minute-1) or weight adjusted ( mL.kg-

1.minute-1). 

Anaerobic Threshold  AT (mL.minute-1) or  

mL.kg-1.minute-1) 

The exercise ±ɧO2 above which anaerobic 

metabolism supplements aerobic 

metabolism and is reflected by an increase 

in the lactate and lactate pyruvate ratio in 

muscle and arterial blood. With consequent 

systemic increase in blood lactate 

concentration. Expressed as an absolute 

value (mL.minute-1) or weight adjusted 

(mL.kg-1.minute-1). 

Respiratory Exchange 

Ratio 

RER (ratio) Ratio between the amount of CO2 produced 

in metabolism (±ɧCO2) and O2 used (±ɧO2). 

Work Rate WR (Watts) The amount of work done at a given time 

point expressed in Watts 

Oxygen Uptake/Work 

Rate 

±ɧO2/WR  

(ml.min-1.W-1) 

±ɧO2 at a given time point divided by the 

corresponding work rate (Watts). Expresses 

the oxygen cost of performing work. 

Oxygen Pulse O2 pulse  

(ml.beat-1) 

Expressed as oxygen uptake divided by 

heart rate (±ɧO2/HR). Represents the amount 

of O2 extracted by the tissues carried in each 

stroke volume. Can be expressed at AT and 

±ɧO2peak. 
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Parameter Abbreviation (units) Description  

Heart Rate Reserve HRR (1/min) Difference between the predicted highest 

heart rate and measured highest heart rate  

Maximum Voluntary 

Ventilation 

MVV (L) Parameter calculated at rest indirectly by 

multiplying the FEV1 by 40. 

Breathing Reserve BR % 

 

Expressed as percentage difference 

between MVV and maximum minute 

ventilation (VE) during exercise. 

Ventilatory Equivalents 

for CO2 and O2 (±ɧE/±ɧCO2 

and ±ɧE/±ɧO2) 

±ɧE/±ɧCO2 and ±ɧE/±ɧO2 

(ratio) 

The ventilatory equivalents for CO2 and O2 

measure the ventilatory requirement for a 

given metabolic rate. Both variables can be 

expressed at AT, peak exercise, or the slope 

of association through all work rates. 

End tidal Pco2 (PETCO2)  PETCO2 (mmHg) Partial Pressure of CO2 (PCO2) in respired gas, 

determined at the end of exhalation. 

Commonly the highest PCO2 during the 

alveolar phase of expiration. 

End tidal Po2 (PETO2) PETO2 (mmHg) Partial Pressure of O2 (PO2) in respired gas, 

determined at the end of exhalation. 

Commonly the highest PO2 during the 

alveolar phase of expiration. 

 

 

3.6.1 Oxygen uptake (±ɧO2) 
 

Oxygen uptake (±ɧO2) ŘŜǎŎǊƛōŜǎ ǘƘŜ ǳǘƛƭƛǎŀǘƛƻƴ ƻŦ ǘƘŜ ƻȄȅƎŜƴ ǊŜǉǳƛǊŜŘ ōȅ ǘƘŜ ōƻŘȅΩǎ ŎŜƭƭǎ ŦƻǊ 

metabolism. Physiologically ±ɧO2 is related to the rate of oxygen delivery to the tissues (cardiac 

output) and the extraction of oxygen from the blood (the difference between the arterial and 

mixed venous oxygen content). This relationship is expressed in the Fick equation. 

  ±ɧO2 = Cardiac Output x (arterial O2 content ς mixed venous O2 content) 

  Where Cardiac Output  (CO) = Heart Rate (HR) x Stroke Volume (SV) 

 And Stroke Volume = Left Ventricular (LV) End Diastolic Volume ς End LV Systolic Volume 
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During exercise the normal relationship of ±ɧO2 to work rate is linear at sub-maximal work-rates. 

The slope of the relationship between ±ɧO2 and increasing external work rate relates to the 

efficiency of the musculoskeletal system and this relationship is surprisingly consistent in normal 

subjects (independent of gender, age and height) with a mean of 10.2 mlO2.min-1.Watt-1 with a 

standard deviation of 1.(184) Values of less than 8.5 mlO2.min-1.Watt-1 are indicative of pathology 

in either the O2 transport, or O2 utilization by the tissues, for example due to cardiovascular 

disease. 

The relationship of oxygen uptake to work rate is dependent on the oxygen carrying capacity of 

the blood (haemoglobin concentration, shifts in the oxy-haemoglobin dissociation curve 

[influenced by temperature, pH and CO2]), cardiac output and the extraction of the oxygen from 

the blood by the tissues. 

During an incremental exercise as work rate increases, the subjects ±ɧO2 will increase until they 

reach the limit of their exercise capacity. In athletes and healthy individuals, a plateau of oxygen 

uptake is observed at near maximal work rates. Increased work at this point is achieved by, 

among other mechanisms, increased oxygen extraction from the blood. If a clear plateau in peak 

oxygen uptake is observed during an exercise test this is described as a maximum ±ɧO2 (±ɧO2max). 

This is often considered the gold standard assessment of physical fitness. However, in clinical 

CPET testing symptom limitation often causes exercise limitation prior to achieving a true plateau 

in ±ɧO2. If this occurs, the highest ±ɧO2 achieved during the test is  termed the peak volume of 

oxygen consumption (±ɧO2peak) and this is often used as an estimate for ±ɧO2max. ±ɧO2peak is 

dependent on the ǇŀǘƛŜƴǘǎΩ ǿŜƛƎƘǘΣ ŀƎŜΣ ǎŜȄ ŀƴŘ ǘƘŜ ŜȄŜǊŎƛǎƛƴƎ ƳǳǎŎƭŜ ƳŀǎǎΦ ²ƛǘƘ ǊŜŦŜǊŜƴŎŜ ǘƻ 

the effect of the exercising muscle mass, this includes influence of the type of exercise used for 

the test with treadmill exercise testing typically achieving an approximate 5-10% higher ±ɧO2peak 

than cycler ergometer testing.(175) In exercise test interpretation the reported ±ɧO2peak is usually 

averaged over the last 30 seconds of exercise before test termination (the method used to 

estimate ±ɧO2peak in this thesis). ±ɧO2 can be expressed as an absolute value (L.min-1) or per unit of 

mass (mL.kg-1.min-1). Reduced ±ɧO2peak expressed as a percentage of predicted values can 

represent dysfunction in the cardiovascular and or respiratory systems, the extraction of oxygen 

from the tissues, pathology in the peripheral muscle, or the sǳōƧŜŎǘΩǎ ŜŦŦƻǊǘ ŘǳǊƛƴƎ ǘƘŜ ǘŜǎǘ. In the 

absence of a plateau in the ±ɧO2 indicative of a ±ɧO2max, an RER >1.10 can be used, along with a 

age predicted heart rate reserve of less than 10 beats, to define a maximal CPET test with a 

symptom limited ±ɧO2peak achieved.(267) 

In healthy individuals severe intensity exercise is characterised by an exercise of sufficient 

intensity that if performed continuously the VḺ2 profile rises until VḺ2max is obtained and 

subsequent exhaustion (see Chapter 3.5.3.2 for discussion for the critical power concept).(265)  
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Population studies have collated data on reference ±ɧO2peak values(268) and various estimated 

formula for ±ɧO2peak values have been derived(184, 269-272). Despite their methodological 

limitations (including small number of participants and the inclusion of smokers in the sample), 

predicted values of Hansen(272), Jones(271) and Hansen and Wasserman.(184) have been 

recommended for use in clinical CPET interpretation. Those of Hansen et al.(272) were obtained 

from asbestos-exposed workers and consequently may underestimate predicted ±ɧO2peak.(184) 

Predicted values by Jones et al.(271) do not consider body weight or adjust for obesity using 

predicted body weight. For these reasons the predicted ±ɧO2peak values in this thesis have been 

calculated using equations derived by Hansen and Wasserman(184) (for predicted ±ɧO2peak 

equations see below). 

Predicted body weight (kg) 

Males = (0.79 X Height) - 60.7 

Females = (0.65 X Height) - 42.8 

Predicted ±ɧO2peak Males 

If actual weight equals or exceeds ideal weight 

Peak ±ɧO2 (L/min) = (0.0337 x Height) ς (0.000165 x Age x Height) ς (1.963 + 0.006 X Weight [actual 

-ideal]) 

Or if actual body weight less than ideal weight 

Peak ±ɧO2 (L/min) = (0.0337 x Height) - (0.000165 x Age x Height) ς (1.963 + 0.014 X Weight [actual 

-ideal]) 

Predicted ±ɧO2peak Females 

Peak ±ɧO2 (L/min) = 0.001 x Height x 14.783 - (0.11 x Age) + (0.006 x Weight [actual-ideal]) 

Where Height = cm, Weight = kg and Age = years. Equations from Hansen and Wasserman.(184) 

 

3.6.2 Carbon dioxide output (±ɧCO2) 
 

CO2 is produced in the mitochondria during cellular metabolism. At rest the amount of CO2 

produced is dependent on the basal metabolism and the amounts of carbohydrate, fat and 

protein in the diet. Due to the increased solubility of CO2 compared to O2 (in the order of 

approximately 20-fold), its excretion is more strongly dependant on ventilation than ±ɧO2. As a 

general rule for a constant ±ɧCO2 halving alveolar ventilation (±ɧA), will double the arterial CO2 



Chapter 3 

96 

concentration. The ratio of CO2 production to O2 utilisation is termed the respiratory quotient 

(RQ) and is dependent on the metabolic substrate, eating a western mixed diet the RQ is typically 

0.8. As the RQ relates to tissue substrate used for cellular metabolism, it cannot exceed 1 (the RQ 

for carbohydrate metabolism), and its quantification requires measurement of blood gases. By 

contrast the respiratory exchange ratio (RER) or [±ɧCO2/±ɧO2] can be measured at the mouth and 

can exceed 1 due to CO2 production independent of direct cellular metabolism or depletion of CO2 

stores due to hyperventilation. As CO2 is a weak acid, it is widely believed that it is used to buffer 

production of H+ ions produced as a by-product of lactate production during anaerobic 

metabolism.(273, 274) This is via the chemical relationship known as the Henderson-Hasselbalch 

equation.(275, 276) 

The Henderson-Hasselbalch equation 

[H+] + [HCO3-ϐ ҭ ώI2CO3ϐ ҭ ώ/h2] + [H2O] 

Hence because of H+ ion buffering by HCO3-, increased CO2 is produced which is then excreted in 

the exhaled breath. This effect underlies the changing rate of CO2 production during an 

incremental exercise test. Although the importance of HCO3
- in lactate buffering is widely 

accepted, it is important to note that some authors question the role of HCO3
- as the primary 

buffer of blood H+ and as a consequence question the validity of the notion of the anaerobic 

threshold derived solely from ±ɧCO2 dynamics.(277) 

At lower work rates ±ɧCO2 production is closely related to ±ɧO2 utilization with a value less than 1 

dependant on the RQ as described above, the slope of this relationship is termed S1 (see Figure 

3.4). As work-rates increase there is an inflection in ±ɧCO2-±ɧO2 relationship due to supplemental 

CO2 production from the buffering of lactate by HCO3, i.e. ±ɧCO2 produced independent of ±ɧO2 

used in aerobic metabolism, ƻǊ ΨŜȄŎŜǎǎΩ ±ɧCO2 ς the slope of this relationship is termed S2 (Figure 

3.4)) and is discussed further below (Chapter 3.6.3)  

 

S2

S1
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Figure 3.4  The modified V-slope method. CPET plot of ±ɧCO2 (y-axis) vs. ±ɧO2 (x-axis) 

demonstrating the AT, S1 and S2 ŀƴŘ ΨǘƘŜ ƭƛƴŜ ƻŦ мΩ  

3.6.3 Anaerobic threshold (AT) 
 

The anaerobic threshold (AT) represents the point at which anaerobic metabolism supplements 

energy production from aerobic metabolism during exercise. It is defined as the point where 

blood lactate first begins to rise during incremental exercise.(278) It represents an index of the 

ōƻŘȅΩǎ ŎŀǇŀōƛƭƛǘȅ ǘƻ ǎǳǎǘŀƛƴ steady state/submaximal exercise and marks the transition from 

ΨƳƻŘŜǊŀǘŜΩ ǘƻ ΨƘŜŀǾȅΩ ƛƴǘŜƴǎƛǘȅ ŜȄŜǊŎƛǎŜ.(265) Although the exact underlying mechanisms 

responsible for the changes in muscle and blood lactate, ±ɧCO2 production and ventilatory pattern 

are still controversial(277) as the AT is effort independent it has been widely adapted in clinical 

practice as a marker of physical capacity for prognostication and patient risk-stratification 

particularly in the field of perioperative medicine.(185) 

During aerobic metabolism adenosine triphosphate (ATP) required for muscle contraction is 

produced from the metabolism of carbohydrates, proteins and fats. During aerobic metabolism, 

glucose is first converted to pyruvate via the process of glycolysis in the cell cytosol. Pyruvate is 

then converted to Acetyl coA within the mitochondria which is then oxidised in the tricarboxylic 

acid (TCA) cycle. Reduced co-factors produced then subsequently undergo oxidative 

phosphorylation in the inner- mitochondrial membrane. During the aerobic metabolism of 

glucose 38 ATP are produced per glucose molecule (2 from glycolysis, 2 from TCA cycle, and 34 

from oxidative phosphorylation). However, if the rate of ATP utilisation (the demand) exceeds the 

rate at which pyruvate can be oxidised, pyruvate is converted to lactate enabling the regeneration 

of nicotinamide adenine dinucleotide (NAD+ ) from reduced NADH with increasing reliance on 

anaerobic metabolism to sustain the rate of ATP resynthesis. This produces a total of 2 ATP 

molecules and 4 H+ molecules per glucose. As described above, the widely accepted view is of 

buffering of H+ in the blood by HCO3- producing excess CO2 with consequent increase in ±ɧCO2.(184) 

At work rates below the AT the blood and muscle lactate/pyruvate ratio is equal to resting levels, 

however due to anaerobic glycolysis above the AT lactic acidosis develops.(184) 

The typical value for the AT for normal individuals is between 50-60% of ±ɧO2peak. Although there 

is a great degree of heterogeneity and is dependent on age, the modality of the exercise, and the 

test protocol used.(184) The absolute measured ±ɧO2 at AT for the same individual increases 

progressively between arm exercise, cycle ergometry and treadmill exercise. This variability is due 

to the increased muscle mass utilised between arm and leg exercises and possibly variation in the 

type of skeletal muscle fibre activated. As the AT reflects the point below which exercise can be 

performed without lactate accumulation, it is an excellent discriminator of the highest work rate 

that can be sustained during prolonged periods of exercise.(184)  



Chapter 3 

98 

 

3.6.4 Determination of the anaerobic threshold (AT) by gas-exchange using the V-

slope method 
 

During incremental exercise at work-rates below the AT the relationship of ±ɧCO2 and ±ɧO2 is linear 

(there is a slight lag in the ±ɧCO2 response at test commencement due to slower kinetics compared 

to the ±ɧO2 response). The linear relationship of ±ɧCO2-±ɧO2 below the AT has a slope ratio of less 

than 1 due to the influence of the respiratory quotient (RQ). With a typical value of 0.8 on a 

Western diet and a highest value of 1.0 (the RQ for carbohydrates). The slope of this linear ±ɧCO2-

±ɧO2 relationship is termed S1 (Figure 3.4). Immediately above the AT, due to the contribution of 

anaerobic glycolysis, excess ±ɧCO2 is produced from the buffering of lactate with a consequent 

increase in slope of the ±ɧCO2-±ɧO2 relationship (termed S2 Figure 3.4) to a value greater than 1. 

The V-slope method derives the AT from the S1-S2 inflection point (Figure 3.4). As this method of 

AT detection relies purely on gas-exchange it is also referred to as the 1st ventilatory threshold 

(VT1). For accurate analysis of the AT using this method it is necessary to exclude the slow kinetic 

phase of the ±ɧCO2 response (the first 60 seconds of exercise) and the portion of the ±ɧCO2-±ɧO2 

relationship above the respiratory compensation point (RCP) which ǊŜǇǊŜǎŜƴǘǎ ŀ ΨōǊŜŀƪ-ǇƻƛƴǘΩ ƛƴ 

the ±ɧE-±ɧCO2  relationship due to increasing lactate acidosis and excess ±ɧCO2 driving a 

hyperventilation response via stimulation of the carotid body chemoreceptors (e.g. respiratory-

compensation for the lactic acidosis). The RCP is defined as a greater than 15% change in the ±ɧE-

±ɧCO2 relationship.  In addition, as acute hyperventilation can lead to inappropriate increases in 

±ɧCO2 relative to ±ɧO2, this can consequently invalidate the determination of the AT by the V-slope 

method. To validate the accuracy of the AT assessment it is checked that hyperventilation relative 

to ±ɧO2 is present (indicating CO2 production independent of O2) and second that hyperventilation 

secondary to ±ɧCO2 is excluded (acute hyperventilation). Hence at the AT, the ventilatory 

equivalents for O2 (±ɧE/±ɧO2) having been flat start to increase (hyperventilation relative to O2) 

whereas the ventilatory equivalents for CO2 (±ɧE/±ɧCO2) continue to decrease (no hyperventilation 

relative to ±ɧCO2) (Figure 3.5). Further, the end tidal O2-±ɧO2 relationship having been declining/flat 

starts to increase without reciprocal decrease in end tidal CO2-±ɧO2 relationship (due to delay in 

respiratory compensation for metabolic acidosis during the incremental CPET) (Figure 3.6). Lastly 

at the AT the value of the RER is less than but approaching 1 (Figure 3.7).  
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Figure 3.5  Ventilatory equivalents for oxygen and carbon dioxide. ±ɧE/±ɧO2 [red dots] and 

±ɧE/±ɧCO2 [blue dots] (y-axis) vs. ±ɧO2 (x-axis) demonstrating that at the AT there is hyperventilation 

relative to ±ɧO2 (increasing ±ɧE/±ɧO2 relationship) without accompanying hyperventilation relative to 

±ɧCO2 (decreasing ±ɧE/±ɧCO2). 

 

Figure 3.6  End tidals for oxygen and carbon dioxide. End tidal O2 (PETO2) [blue dots] and End 

tidal CO2 (PETCO2) [pink dots] (y-axis) vs. ±ɧO2 (x-axis). At the AT PETO2 increases without fall in 

PETCO2. 

 

Figure 3.7  Respiratory exchange ratio (RER). RER (y-axis) vs. Work Rate [Watts] (x-axis) at 

the AT the RER is less than 1 but rising. 
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As the slope of S1 is less than 1 and the S1-S2 greater than one, a modification of the V-slope 

method determines the AT using the unitary tangent with Ψa slope of 1Ω on an equally scaled ±ɧO2 

vs. ±ɧCO2 plot (Figure 3.4). Using the modified V-ǎƭƻǇŜ ƳŜǘƘƻŘ ǘƘŜ !¢ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ΨǇƻƛƴǘ ƻŦ ŦƛǊǎǘ 

ŎƻƴǘŀŎǘΩ ǿƘŜƴ ŘǊŀǿƛƴƎ ǘƘƛǎ прo line in from the right (i.e., all points below will have a ±ɧCO2/±ɧO2 

relationship less than 1 and all points above a relationship greater than 1). The modified V-slope 

method is helpful in AT determination if there is not a clear inflection point in the ±ɧCO2-±ɧO2 

relationship.  The V-slope and modified V-slope methods depend exclusively on the buffering of 

lactate by bicarbonate with subsequent CO2 production and are hence independent of the 

ventilatory responses to exercise and chemoreceptor sensitivity. This has particular use in 

patients with chronic lung disease such as COPD who may have blunted chemoreceptor 

responses.(279) Although some authors criticise the physiological basis underpinning this 

methodology including the fundamental reliance on bicarbonate in lactate buffering central to the 

V-slope methods.(277) The use of the V-slope methods in AT determination are well established, 

widely utilised and validated with good inter-observer variability between experienced 

operators.(185)   

With training and supervision from Professor Jack I interpreted CPET data for ATs using the V-

slope/modified V-slope method and ±ɧO2peak for prescription of participant training intensities. 

All AT measurements used in the results of this thesis have been determined by two operators 

blinded to the study outcome (Dr Anna Freeman and Mr Andy Bates) with the mean of the two 

values reported. The value of a third reviewer (Dr James Otto) was reported if there was a greater 

than ±5% difference in reported values between assessors. The values reported by these 

assessors were also used for the ±ɧO2peak, ±ɧE/±ɧCO2 slope and ±ɧO2/WR slope. Again, the mean of 

the two assessors (AF and AB) for each of these variables was reported, with values of the 3rd 

reviewer (JO) used if there was a ±5% difference in the reported value(s) between assessors. Ms 

Samantha Leggett kindly co-ordinated the blinding of CPET test data for independent assessor 

reporting.  

 

3.6.5 Other CPET variables 
 

Other commonly utilised CPET variables and their definitions are summarised in Table 3.3 with 

further description below. 

3.6.5.1 Cardiac Variables 

 

O2- pulse represents the ±ɧO2/heart rate ratio and reflects the oxygen consumed per heartbeat. 

Assuming that the arterial and venous oxygen content are constant throughout exercise the O2 
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pulse can be used as a surrogate marker of stroke volume. In an incremental exercise test during 

the initial and intermediate phases stroke volume contributes predominately to the increase in 

cardiac output (CO=SV x HR). Hence the relationship between O2 pulse and work rate is hyperbolic 

with slow flattening near peak exercise. Early flattening of the O2 pulse most likely reflects 

cardiovascular limitation to exercise, whilst a decreasing O2pulse is considered a marker of 

possible myocardial ischaemia.(184). A reduction in the peak O2 pulse value during incremental 

CPET is present in exercise limiting cardiovascular disease, as a deconditioning response, and 

some non-cardiac causes of exercise limitation (e.g., mitochondrial myopathy).(280) The O2 pulse 

can be expressed as an absolute value mls.beat-1 or as a percent predicted. In this thesis the 

predicted equations derived by Hansen and Wasserman have been used.(184)  

O2 pulse predicted (ml.beat-1) = Predicted ±ɧO2peak [ml.min-1]/Predicted HR max [beats.min-1]  

Where predicted maximum HR [beats.min-1] = 220 - Age [years] 

Chronotropic index. The chronotropic index expresses the slope of the heart rate and ±ɧO2 

response during incremental exercise (ҟIwκҟ±ɧO2). Although derived by linear regression analysis 

from a plot of the HR vs. ±ɧO2 the chronotropic index can be accurately estimated by the following: 

Chronotropic index (L-1) = (HRmax ς HRrest)/ (±ɧO2peak ς ±ɧO2rest)  

Where; HR = beats.min-1 and ±ɧO2 = l.min-1 

Estimated predicted values of the chronotropic index are 42-53 L-1 for men and 63-71 L-1 for 

women.(281) Comprehensive predicted age, weight and sex adjusted values have recently been 

published(282) (mean [SD] values men 41.2± 9 L-1 and women 63.4 ± 15 L-1). Elevated 

chronotropic index suggests cardiovascular impairment, whereas a lower than predicted value 

together with a reduced ±ɧO2peak suggests chronotropic insufficiency (Figure 3.8(280)).  

 

Figure 3.8  The chronotropic index. Illustration of interpretation of the chronotropic index in 

context of heart rate and oxygen uptake. L/ULN- lower/upper limit normal. Adapted from 

reference(282). 
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±ɧO2/ Work rate relationship. The ±ɧO2/WR relationship expresses the oxygen cost of performing a 

given work. In healthy subjects the slope of the ±ɧO2/WR relationship during incremental CPET 

(excluding maximal exercise intensities), performed using standard protocol, is surprisingly 

constant with a normal range of 10.2 ml.kg-1.W-1 with standard deviation of 1.(283) Reduction in 

±ɧO2/WR indicates impairment of oxygen delivery to the muscle and is characteristic of  

cardiovascular limitation to exercise. Although obesity increases the metabolic cost of performing 

a given work rate, the slope of the ±ɧO2/WR relationship remains unchanged.(272) 

 

3.6.5.2 Respiratory Variables 

 

Ventilatory efficiency assessed by relationship between minute ventilation (±ɧE) and volume of 

CO2 (±ɧCO2) production (±ɧE/±ɧCO2 slope). The ±ɧE/±ɧCO2 slope describes the increase in ventilation in 

response to CO2 production and hence provides a measure of ventilatory efficiency (i.e. the 

amount of ventilation required to exhale a given amount of CO2). Physiologically ±ɧE/±ɧCO2 can be 

presented by the equation:   

±ɧE/±ɧCO2= K/ [PaCO2 X (1 -VD/VT)] (284) 

Where PaCO2 is the arterial CO2 partial pressure, VD is the pulmonary dead space, and VT is the 

tidal volume. Hence the ±ɧE/±ɧCO2 will be increased by a reduction in PaCO2 (because of relative 

hyperventilation) or increasing dead space ventilation (i.e., due to ±ɧ/vɧ mismatching). Normal 

values for the ±ɧE/±ɧCO2 slope are Җ32.(184) 

Maximum voluntary ventilation (MVV) and breathing reserve (BR). The MVV measures the 

maximum amount of air a person can inhale and exhale with voluntary effort per minute. This can 

be extrapolated directly from a 12-15 s forced manoeuvre (to avoid excess hyperventilation),(285) 

or indirectly by multiplying the FEV1 (L) by 40 (method recommended by the ATS/ERS (286) and 

used in this thesis). The breathing reserve (BR) expresses the difference between the MVV and 

the peak exercise ±ɧE in absolute terms or percentage. In individuals exhibiting mechanical 

ventilatory limitation to exercise the BR is typically less than 11 L or 15%.(185) 

End-tidals for CO2 and O2 (PETCO2 and PETO2). The reference range for PETCO2 in healthy subjects at 

rest is between 36 and 42 mmHg. During incremental exercise PETCO2 increases to the AT then 

decreases approaching peak exercise. Measured at the AT (the point of maximum ventilatory 

efficiency) the normal range for PETCO2  is estimated at җ35 mmHg.(184) Reduction in PETCO2  at 

the AT is evident in both cardiac and respiratory disease and has been shown to correlate with 

disease severity.(284) Reduced PETCO2 at the AT can suggest ±ɧ/vɧ mismatch, relative 

hyperventilation, or increased dead space ventilation. Sustained fall in the PETCO2 from the outset 

of exercise during an incremental CPET is a pattern typical of patients with pulmonary arterial 
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hypertension.(287) An abrupt reduction in PETCO2,with corresponding rise in PETO2, increase in 

RER, and associated exercise induced desaturation can be suggestive of exercise induced right to 

left shunting.(284) 

 

3.7 Structured responsive exercise training programme (SRETP)  

Patients with IPF participated in an 8-week twice-weekly structured responsive exercise training 

programme (SRETP). This training programme was adapted from a previous work completed by 

the Wessex Fit-4 surgery group (288) and previous research published by the group 

demonstrating positive effect of the training programme in patients with locally advanced rectal 

cancer and oesophageal cancer.(289, 290) The SRETP devised by this previous work was adapted 

to patients with IPF using expert advice (Prof Sandy Jack, Dr Mark Jones, Prof Michael Grocott and 

Dr Sophie Fletcher) and patient and public engagement (Chapter 3.3.2). 

 

3.7.1 Setup and training programme prescription  

Patients with IPF completed an in-hospital, outpatient, supervised 8-week, twice-weekly exercise 

programme. The SRETP was designed to be individualised ǘƻ ŜŀŎƘ ǇŀǊǘƛŎƛǇŀƴǘΩǎ ƭŜǾŜƭ ƻŦ ǇƘȅǎƛŎŀƭ 

fitness. This was achieved by using objective measures of physical capacity (AT and ±ɧO2peak) 

ŘŜǊƛǾŜŘ ŦǊƻƳ ƛƴŎǊŜƳŜƴǘŀƭ /t9¢ ǘŜǎǘƛƴƎ ǘƻ ŦƻǊƳǳƭŀǘŜ ŜŀŎƘ ǇŀǘƛŜƴǘΩǎ ŜȄŜǊŎƛǎŜ ǇǊŜǎŎǊƛǇǘƛƻƴ which 

included intervals of moderate and severe intensity exercise. The AT marks the transition from 

moderate to heavy intensity exercise. Severe intensity exercise intensity domain was directed by 

AT and ±ɧO2peak (Chapters 3.5.3.2 and 3.6.1).  The exercise training sessions were performed on a 

computer controlled, electromagnetically braked cycle ergometer (Ergoline 200, GmbH Germany 

Figure 3.9). By combining ƻōƧŜŎǘƛǾŜ ŀǎǎŜǎǎƳŜƴǘ ƻŦ ŀƴ ƛƴŘƛǾƛŘǳŀƭΩǎ ǇƘȅǎƛŎŀƭ ŦƛǘƴŜǎǎ ǳǎƛƴƎ /t9¢ with 

electromagnetically braked cycle ergometer-based exercise training, it was possible to deliver an 

individually prescribed intensity-controlled exercise programme.  

The exercise intervention was; 

Structured: twice a week for 8 weeks 

Responsive: training intensities were re-prescribed after a week 4 interim CPET 

Exercise: Aerobic exercise with periods of alternating ŜȄŜǊŎƛǎŜ ƛƴǘŜƴǎƛǘȅ ΨƛƴǘŜǊǾŀƭǎΩΦ 9ŀŎƘ ƛƴǘŜǊǾŀƭ 

consisting of a period of mƻŘŜǊŀǘŜ ƛƴǘŜƴǎƛǘȅ ΨǾŀƭƭŜȅsΩ ŀƴŘ ǎŜǾŜǊŜ ƛƴǘŜƴǎƛǘȅ ΨƘƛƭƭsΩΦ 

Training: a course of defined exercise. 

Programme: a period of goal orientated activity. 
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Figure 3.9  Two patients on the cycle-ergometer bikes used for the structured responsive 

exercise training programme (SRETP). Photograph taken in the physiology laboratory in the 

WTCRF at UHSFT. tŀǘƛŜƴǘǎΩ ŎƻƴǎŜƴǘ ŦƻǊ ƛƳŀƎŜ ƻōǘŀƛƴŜŘΦ 

All exercise sessions were supervised by a member of the research team trained to a minimum of 

basic life support (Myself [the majority] or a member of the NIHR SBRC research team) and 

carried out in the physiology laboratory of the NIHR WTCRF at UHSFT. All participants had their 

first training session observed by a medically trained clinician and a named medically trained 

clinician was available onsite during all subsequent training sessions. Where possible, dependent 

on availability, participants were exercised in pairs to provide camaraderie. Prior to each session 

ǇŀǘƛŜƴǘΩǎ ƎŜƴŜǊŀƭ ƘŜŀƭǘƘ ǿŀǎ ǊŜǾƛŜǿŜŘ ŀƴŘ ǇǳƭǎŜΣ ōƭƻƻŘ ǇǊŜǎǎǳǊŜΣ ŀƴŘ {PO2 were recorded. During 

the exercise heart rate was recorded continuously using a chest band monitor measuring R-R 

interval (Ergoline, Germany) and SpO2 continually recorded using a portable wrist monitor 

(CONTEC CMS50F, CONTEC medical®, China). Individual training intensities were stored on a chip-

card for each participant which is inserted into the cycle-ergometer. Patients were advised to 

pedal at between 55 and 65 rpm throughout the session. Following a 5-minute unloaded warm-

up, participants exercised at moderate intensity ς 80% of work-rate (Watts) at AT for 3 minutes 

(termed 80%AT) followed by 2 minutes at severe-intensity ς work-rate equal to 50% of the 

difference between AT and ±ɧO2ǇŜŀƪ όǘŜǊƳŜŘ рл҈ҟύΦ CƻǊƳǳƭŀ ŦƻǊ ŎŀƭŎǳƭŀǘƛƴƎ ǘƘŜ ǘǊŀƛƴƛƴƎ 

intensities is detailed below. This interval schedule is repeated 4-6 times (4 times week 1, 6 times 

weeks 2-8), followed by a 5-minute unloaded cool-down to complete 30-40 minutes of 

continuous exercise (Table 3.4). Good adherence to the SRETP was defined as completion of җтр҈ 



Chapter 3 

105 

of the prescribed sessions (i.e. a minimum of 12 out of 16 sessions completed). Early-termination 

criteria for the SRETP are the same as CPET (Table 3.2) or for any other reason instigated by the 

patient or observer. Patients performed the exercise training sessions without supplemental 

oxygen (current use of ambulatory or long-term oxygen was an exclusion to the study). Piped 

oxygen was available if required for all sessions (if SpO2 fell to <85%/otherwise clinically 

indicated). During the exercise the participantΩǎ progress through the session was visible to them 

and the researcher from a digital display at the head of the bike and they were offered gentle 

encouragement throughout the session (Figure 3.10). At the end of the session data was recorded 

onto the chip card automatically (time, work rate [Watts], heart rate, perceived effort). No home 

exercise, motivational, or non-exercise intervention was prescribed. Participants were instructed 

not to change their daily routine or start any other exercise programme during the study.  

Exercise intensity calculations. 

Moderate intensity exercise (Watts) (80%AT) 

= (work-load [Watts] at AT ς ѿ ƻŦ ǊŀƳǇ ǎƭƻǇŜ ώ²ŀǘǘǎϐύ Ȅ ул҈ 

Severe intensity exercise (Watts) (рл҈ҟ)  

= ((Work rate at ±ɧO2peak ς work-load at AT- ѿ ƻŦ ǊŀƳǇ ǎƭƻǇŜύ Ȅ рл҈ύ Ҍ work-load at AT 

Correction is made for the steepness of the ramp slope during incremental CPET due to the 

dependence of peak work-rate (peak WR) on the ±ɧO2 response kinetics i.e., the peak WR is 

dependent on the ramp slope used for the test, the steeper the ramp slope, the higher the peak 

WR obtained for a given ±ɧO2peak.(185) See Figure 3.11 study protocol summary. 

Table 3.4 Tabulated representation of the structured responsive exercise training 

programme (SRETP).  

Week 1 ς 4 interval repeats  

Warm-up 3 min 2 min 3 min 2 min 3 min 2 min 3 min 2 min Cool-down 

10W 
80% 
AT 

50% 
ɲ 

80% 
AT 

50% 
ɲ 

80% 
AT 

50% 
ɲ 

80% 
AT 

50% 
ɲ 

10W 

 

Weeks 2-8 ς 6 interval repeats 

Warm-

up 

3 min 2 min 3 min 2 min 3 min 2 min 3 min 2 min 3 min 2 min 3 min 2 min Cool-

down 

10W 
80% 
AT 

50%  
ɲ 

80% 
AT 

50%  
ɲ 

80% 
AT 

50%  
ɲ 

80% 
AT 

50% 
 ɲ 

80% 
AT 

50%  
ɲ 

80% 
AT 

50%  
ɲ 

10W 
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Figure 3.10  Example digital display of completed SRETP session. As visible to the participant 

and researcher on the head of the Optibike. Work-rate (straight-line left y-axis [Watts]) with 

superimposed heart rate from chest monitoring of R-R interval (black line right y-axis 

[beats/min]), x-axis (time [minutes]). 

Table 3.5  Summary representation of the SRETP using the Frequency, Intensity, Time, 

Type - Volume and Progression (FITT-VP) principles.  
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A: IPF SRETP 

and Standard of 

Care (SOC) 

group 

participant 

study schedule 

 

B: Non-IPF Control participant study schedule 

 

Figure 3.11 Summary illustration of study protocol for the three-armed study. A) IPF SRETP 

and standard of care groups. B) Non-IPF Control participants.  

Visit 1 

W0

ωScreening Visit

ωInformed consent, ECG, MRC Score, spirometry and gas transfer, 6MWD, SGRQ

Visit 2

W0 

ωBaseline incremental CPET and venous blood sampling pre and post CPET

ωExercise training prescribed based on CPET metabolic thesholds

Visit 3

W0

ωConstant work-rate test 

Exercise

W1-4 

ωEXERCISE (SRETP) GROUP ONLY

ωSRETP Weeks 1-4. Exercise twice weekly Week 1: 30 min (4 intervals),                                             
Weeks 2-4: 40 minutes  (6 intervals) per session

Visit 4

W4

ωEXERCISE (SRETP) GROUP ONLY

ωIncremental CPET and venous blood sampling pre and post CPET

ωExercise training re

Exercise

W5-8

ωEXERCISE (SRETP) GROUP ONLY

ωSRETP: Weeks 5-8. Exercise twice weekly: 40 minutes (6 intervals) per session

Visit 5

W9

ωConstant work-rate test 

Visit 6

W9

ωIncremental CPET and venous blood sampling pre and post CPET

ωMRC Score, spirometry and gas transfer, 6MWD, SGRQ

CONTROLS

ωInformed consent, MRC Score, ECG

ωIncremental CPETinc. spirometry (performed as standard care) and venous blood sampling 
pre and post CPET

FITT-VP Principle Descriptor  

Frequency 8-weeks twice weekly 

Intensity Warm-up and cool-down: unloaded peddling  

{ŜǾŜǊŜ LƴǘŜƴǎƛǘȅΥ ҟрл҈ ±ɧO2peak ς AT (see text for 
description). 2 minutes each interval 

Moderate intensity: 80% AT. 3 minutes each 
interval 

Time Week 1: 30 minutes (including 5 mins warm-up + 
cool-down). 4 interval repeats 

Weeks 2-8: 40 minutes. 6 interval repeats 

Type Aerobic interval training  

Modality: Static-electromechanically braked cycle 
ergometer 

Volume 16 sessions ς 10 hours 20 minutes  

Progression Training time increased Week 1 to Week 2 

Training intensities re-prescribed after interim 
(week 4) CPET 
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3.8 Pulmonary function testing 

This section describes in detail the methodologies used for obtaining pulmonary function test 

outcomes during this thesis. The following table (Table 3.6) summarises the outcome variables 

obtained from pulmonary function tests referred to in this thesis. 

 

Table 3.6  Summary definitions of pulmonary function test variables. 

Forced Expiratory Volume in 1 

second 

FEV1 Volume of gas exhaled during first 1 s of forced 

expiration. Can be reported as an absolute value (L) 

or as percent predicted. 

Forced Vital Capacity FVC Determination of vital capacity from a forced 

manoeuver. Can be reported as an absolute value (L) 

or as percent predicted. 

FEV1/FVC ratio FEV1/FVC ¢ƘŜ ǇǊƻǇƻǊǘƛƻƴ ƻŦ ŀƴ ƛƴŘƛǾƛŘǳŀƭΩǎ Ǿƛǘŀƭ ŎŀǇŀŎƛǘȅ ǘƘŀǘ 

they can exhale in 1 sec.  

Peak Expiratory flow rate PEFR maximal air flow (L/min) during expiration 

Transfer capacity of the lung, for 

the uptake of carbon dioxide 

TLCO A measure of the conductance of gas transfer from 

the alveolus to the blood.  Can be reported as an 

absolute value (ml.min-1.kPa-1) or as percent 

predicted. 

Transfer coefficient for carbon 

monoxide 

KCO An index of the efficiency of alveolar transfer of 

carbon monoxide.  Can be reported as an absolute 

value (ml.min-1.kPa-1) or as percent predicted. 

Alveolar Volume VA Volume of alveolar units contributing to ventilation 

measured by single breath dilution technique.  Can 

be reported as an absolute value (L) or as percent 

predicted. 
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3.8.1 Spirometry 
 

Spirometry was performed using the /ŀǊŦǳǎƛƻƴ aƛŎǊƻƭŀōϰ ό{ŀƴ 5ƛŜƎƻΣ ¦{!ύ ǎǇƛǊƻƳŜǘŜǊ in the 

respiratory physiology laboratory of the UHSFT WTCRF. Spirometry was also performed prior to 

each CPET test for estimation of the maximum minute ventilation (MVV). Spirometry using 

Carfusion Mircolabϰ equipment was kindly performed by experienced Association for Respiratory 

Technology and Physiology (ARTP) accredited NIHR SBRC respiratory physiologists; Mr David Hill, 

Ms Rosie Geel or Ms Kerry Gove. IPF patient spirometry results obtained using this equipment 

was used for the outcome results of this thesis. For control participants spirometry values 

referenced are those obtained from spirometry performed as part of CPET assessment. 

Spirometry at CPET assessments was performed using Blue-cherry software® and the CPET flow 

sensor mouthpiece. At spiromeǘǊȅ ǘƘŜ ǎǇƛǊƻƳŜǘǊȅ Ŧƭƻǿ ǎŜƴǎƻǊ ǿŀǎ ǇƭŀŎŜŘ ƛƴ ǘƘŜ ǇŀǘƛŜƴǘΩǎ ƳƻǳǘƘ 

with a good air-tight seal and a nose peg applied. After a period of tidal breathing patients were 

instructed to take a deep breath into full inspiration and exhale forcibly as hard and for as long as 

possible (with encouragement) until their lungs were completely empty (full expiration). The test 

was repeated at least three times (maximum of eight) until the two largest (technically 

acceptable) obtained attempts (for FEV1 and FVC) were repeatable within 150 ml.(291) For IPF 

patients were CPETs were performed on the same day as formal pulmonary function testing, to 

reduce the burden of testing on patients one technically acceptable effort for CPET spirometry 

reproducible to within 150 ml of both the FEV1 ŀƴŘ C±/ ƳŜŀǎǳǊŜƳŜƴǘǎ ƻŦ ǘƘŀǘ ŘŀȅΩǎ ŦƻǊƳŀƭ 

pulmonary function testing was accepted (Figure 3.12). 

All spirometry was reported to reference ranges of the Global Lung Initiative (GLI) 2012.(292) The 

largest individually obtained FEV1 and FVC and their ratio FEV1/FVC were recorded in the case 

report form (CRF). Tests were conducted following local SOP and following technical guidelines of 

the ATS and ERS 2019.(291)  

 

Figure 3.12 Example spirograph and flow volume loop. A) Spirograph and B) Flow Volume 

loop from CPET Blue Cherry ® software illustrating FEV1, PEFR and FVC 
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3.8.2 Single-breath carbon monoxide uptake in the lung 
 

Single-breath carbon monoxide uptake in the lung testing was performed using Inspire® 

I5ǇŦǘплллϰ (Hereford, UK) in the pulmonary function laboratory of the UHSFT WTCRF. Single-

breath carbon monoxide uptake in the lung was kindly performed by experienced ARTP 

accredited NIHR SBRC respiratory physiologists; Mr David Hill, Ms Rosie Geel or Ms Kerry Gove, to 

technical standards of the ERS and ATS 2017(293) and local standard operating procedure of the 

UHSFT WTCRF. Single-breath carbon monoxide uptake in the lung testing was used to measure 

the carbon monoxide transfer coefficient (KCO) and alveolar volume (VA) and derive the transfer 

capacity of the lung for the uptake of carbon monoxide (TLCO). Small concentrations of carbon 

monoxide (CO) are used to measure gas-transfer as transfer from the alveolus to the blood for CO 

is purely diffusion limited due to the high avidity of haemoglobin for CO (carboxyhemoglobin). 

Single-breath carbon monoxide uptake in the lung testing is referred to here after as TLCO testing. 

TLCO testing was performed with a standardised gas mixture comprising 21% oxygen, 0.3% 

methane, 0.3% carbon monoxide, and balance nitrogen (BOC Gases, Guildford UK). Methane is 

added to the gas-mixture to allow for calculation of lung volumes by inert gas dilution technique. 

TLCO, KCO and VA were reported using predicted reference ranges of the ERS 1993.(294) Reported 

TLCO values were corrected for baseline haemoglobin concentration using established formula. 

(295) 

  

During TLCO testing patients are instructed to make an air-tight seal around the mouthpiece and a 

nose peg is applied. After a short period of tidal breathing patients are instructed to take a slow 

breath out until their lungs are empty (or a maximum of 12 s whichever is sooner) then they are 

instructed to inhale deeply and quickly until their lungs are full and then hold their breath for 10 s. 

Patients are then instructed to breathe out quickly for 3-5 s. For optimal (Grade A) result quality 

during TLCO testing the following technical qualities are required; the vital capacity achieved during 

the manoeuvre must be at least 90% of that achieved in the same pulmonary function testing, a 

breath hold-time of between 8 and 12s, and a sample collection time (the period of exhalation 

were CO is measured) of less than 4 seconds.(291) The test is repeated after a 5-minute washout 

period. The test is repeated until two technically acceptable and repeatable (within 0.67 ml.min-

1.kPa-1) TLCo manoeuvres are obtained and the average reported. All TLCO measures reported in 

this thesis met Grade A quality assurance requirements.  

 

Methods of calculating the TLCo rely on the general principal that the TLCO is equal to the: 

 

Volume of CO uptake (ml/min)/[Difference between the alveolar and capillary partial pressure of 

CO (kPa)](296)  
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Hence the TLCO is expressed as ml per minute/kPa i.e. ml.min-1.kPa-1. Due to the high avidity of CO 

for haemoglobin the capillary PCO is always zero consequently the VCO is proportional to the rate of 

CO uptake (KCo) multiplied by the volume of lung available for gas exchange (alveolar volume, 

VA).(297) Hence the TLCo is equal to the rate constant for exchange of CO across the lung (KCO) 

multiplied by the accessible alveolar volume (VA).   

TLCO = KCO x VA   (297) 

 

The measured TLCO of the lung is dependent on age (increasing age reduces TLCO), sex (men have 

greater TLCO than women), height (due to the relation of body size with lung volume), and the 

concentration of haemoglobin in the blood (anaemia reduces TLCO). The TLCO is also effected by 

diseases that reduce the gas-transfer ability of the lung (for example secondary to alveolar 

destruction in IPF) and by diseases that reduce the volume of adequately expanded lung (e.g. 

neuromuscular weakness).(297) The TLCO is increased in exercise due to increased pulmonary 

blood flow to previously poorly perfused areas of the lung and can be artificially increased in 

pulmonary haemorrhage due to the presence of haemoglobin in the alveolus and subsequent 

carboxyhemoglobin formation.  

 

3.9 Six-minute walk distance (6MWD) 
 

The six-minute walk (6MWD) was performed indoors, on a flat unobstructed 30 meter corridor in 

the UHSFT WTRCF based on guidelines of the ATS 2002(151) and local SOP. Two investigators 

(myself and one other) were present during all 6MWDs. During the 6MWD patients had continued 

monitoring of SpO2 and heart rate with a small portable wrist monitor (CONTEC CMS50F, CONTEC 

medical®, China). Prior to the test patients were instructed to rest for a period of 10 minutes and 

the resting SpO2, heart-rate and Borg score (breathlessness and legs)(253) were recorded. Patients 

were instructed to walk as far as possible within 6 minutes, but not to run or jog. They were 

informed of each one minute elapsed and given gentle verbal encouragement ŜΦƎΦ Ψ²Ŝƭƭ ŘƻƴŜΣ н-

ƳƛƴǳǘŜǎ ŎƻƳǇƭŜǘŜŘΩ. During the test SpO2 and heart rate were recorded each minute. The test was 

terminated prematurely if the patient experienced adverse symptoms such as presyncope or 

chest pain, or the SpO2 fell to less than 85%. If SpO2 fell to <85% during screening 6MWD the 

patient was not eligible to enrol in the study. After 6 minutes the patient was instructed to stop, 

and the distance covered during the last lap recorded and added to the total number of 30 m laps 

completed for the total distance. At the end of the test the SpO2, heart rate and Borg score were 

recorded and SpO2 and heart rate monitored each minute for two-minutes during recovery.  
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3.10 Medical Research Council (MRC) breathlessness score  
 

The MRC score (Table 3.7) was completed at baseline and end assessment as a self-reported 

assessment of breathlessness on exertion by participants. The MRC score is a simple and validated 

tool for quantifying the disability associated with breathlessness first published in 1952.(298) It is 

used widely to stratify respiratory patients in everyday clinical assessment and for inclusion in 

pulmonary rehabilitation programmes or clinical research studies. It can either be self-reported or 

completed by the clinician and categorises patients into 5 grades (scores 1-5) with lower scores 

representing less impairment (in this thesis self-reported). The MRC score has been demonstrated 

to have excellent interobserver concordance rates of 98%.(299) In patients with IPF the MRC 

score at diagnosis has been shown to be an independent predictor of survival (300) and have 

strong negative correlation with both 6MWD (Spearman Rho r=-0.634 p<0.001) and ±ɧO2peak 

(r=0.731 p<0.0001).(301)  

Table 3.7  Medical Research Council (MRC) breathlessness score. Adapted from Ref. (302) 

Grade Degree of breathlessness related to activities 

1 Not troubled by breathlessness except on strenuous exercise 

2 Short of breath when hurrying on the level or walking up a slight hill 

3 Walks slower than most people on the level, stops after a mile or so, or stops after 15 
minutes walking at own pace 

4 Stops for breath after walking about 100 yards, or after a few minutes on level ground 

5 Too breathless to leave the house, or breathless when undressing 

 

3.11 Health related quality of life assessment 
 

Disease specific health related quality of life (HRQL) was collected at baseline and end assessment 

using the validated patient reported outcome measures (PROMs) such as ǘƘŜ {ǘΦ DŜƻǊƎŜΩǎ 

respiratory questionnaire (SGRQ)ςIPF (SGRQ-IPF see Appendix D).(303) The SGRQ-IPF provides 

outputs relating to three sub-domains; Symptoms, Activity and Impacts together with a Total 

score. The Total score for the SGRQ-IPF ranges from 0-100 with higher scores representing greater 

impairment. IPF specific MCID values for the SGRQ-IPF have been established with a reduction 

from baseline in Total score of җ3.9 points, Symptoms җфΦл Ǉƻƛƴǘǎ, Activities җфΦу Ǉƻƛƴǘǎ and 

Impacts җрΦп Ǉƻƛƴǘǎ identified as clinically meaningful.(206) The 5-level classification system of the 

EQ-5D® (EQ-5D-5L) (Appendix E) (304) was used as a measure of global HRQL after protocol 

substantial amendment 1 (SA1) (REC 17/SC/0342a and Ergo2: A49421.A1). The EQ-5D-5L reports 

on 5 domains; mobility, self-care, usual activities, pain/discomfort, anxiety/depression. Each 

domain is scored from 1 to 5 with higher scores representing greater impairment. Patients also 

complete a visual analogue score (VAS) index rating of their current health state from 0-100 (0 

worst health imaginable ς 100 best health imaginable). As recommended by NICE ED-5D-5L values 
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were mapped to reference EQ-5D-3L reference values to give the reported EQ-5D index 

score.(305, 306) Participants were given paper copies of both the SGRQ-IPF and EQ-5D-5L and 

provided ample time to complete them and were able to ask the researcher to clarify questions 

asked in the PROMs.  

 

3.12 Nutritional assessment 
 

For all patients, baseline and end nutritional assessment included simple measurement of body 

ŎƻƳǇƻǎƛǘƛƻƴΣ ǘƘŜ ǇŀǘƛŜƴǘΩǎ ƘŜƛƎƘǘ όƳύΣ ǿŜƛƎƘǘ όƪƎύ ŀƴŘ ōƻŘȅ Ƴŀǎǎ ƛƴŘŜȄ ό.aLΣ ƪƎ.m-2). For patients 

enrolled after substantial amendment 1 (SA1) (REC 17/SC/0342a and Ergo2: A49421.A1) a 

detailed body composition assessment using bioelectrical impedance analysis (BIA) and 

ǉǳŀƴǘƛŦƛŎŀǘƛƻƴ ƻŦ ǇŀǘƛŜƴǘΩǎ ŀǇǇŜǘƛǘŜ ǳǎƛƴƎ validated nutritional research questionnaires was 

obtained. The methodology underlying the components of the nutritional assessment including 

BIA is discussed below. 

 

3.12.1 Bioelectrical impedance analysis (BIA) 

 

Detailed body composition was assessed by bioelectrical impedance analysis (BIA) using the Seca 

mBCA 515 Medical Body Composition Analyser (Seca ® GmbH & Co. KG. Hamburg, Germany). All 

BIA analysis was performed in the physiology laboratory of the NIHR WTCRF at UHSFT following 

the SOP of the WTCRF. I performed all BIA assessments conducted in this thesis after training 

from Dr Kesta Durkin. Tests were performed with the patient standing, at least 2 hours after food, 

and prior to exercise. Participants were asked to remove all metal elements (e.g., jewellery) prior 

to testing. Specific exclusion criteria for BIA testing (pregnancy, implantable cardiac devices, and 

metal implants) were screened for prior to each test.  

BIA is a method used to obtain impedance values respective to different components of the body 

using a small undetectable electric current passed through the body between electrodes (on 

hands and feet).(307) Impedance (Z) has two principal components: resistance Rς the resistance 

to current flow, and reactance (Xc) ς the capacitive component of all tissues. Cells with a high 

proportion of fat have a low water content (typically 10-20%) and conduct electrical currents 

poorly (high resistance), hence have higher impedance values. Lean tissue cells have a high-water 

content (70-75%) and hence conduct more readily (low resistance and high capacitance) and have 

lower impedance. Low frequency currents cannot pass through cell membranes (because of high 

cell membrane capacitance) and pass through the extra-cellular space. With higher frequencies, 

the high capacitance of the cell membrane is diminished, and the cell membrane is penetrated. 
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Collection of impedance values across a range of frequencies allows the derivation of estimates of 

the various water compartments within the body; total body water (TBW), extracellular water 

(ECW) and intracellular water (ICW).(308) From which lean mass and fat mass can be derived. A 

range of frequencies are used, between 1 and 1000 kHz.    

From the BIA tests a range of values were reported including raw measured values, as well as 

derived values for example fat-free mass or total body water. All derived values are reported 

using the Seca ® analyser software. Fat-mass and Fat-free mass were adjusted for height using the 

formula below and presented as the fat mass index and fat-free mass index.(309)  

  Fat Free Mass Index (kg.m-2) = Fat free mass (kg)/Height (m)2 

From the principal components of Impedance (resistance [R] and reactance [Xc]) the phase angle 

( ) can be derived. This represents the angular shift (phase difference) between voltage and 

current sinusoidal wave forms (the arctangent of the Xc to R ratio). The phase angle (most 

commonly assessed at 50 Hz) is an overall measure of cellular mass, membrane integrity and 

hydration status, and hence is considered an excellent biological marker of cell health.(310) The 

phase angle is high in healthy individuals with good nutritional state, and low in those who are 

deconditioned and/or with poor nutritional status.(311) A low phase angle has been implicated as 

a poor prognostic marker in a variety of diseases,(312, 313) and is associated with markers of 

disease severity and prognosis in patients with COPD.(314). 

 

3.12.2 Appetite assessment 

 

The Council on Nutrition Appetite Questionnaire (CNAQ) was used to collect basic information on 

participants appetite and food habit enrolling after SA1 at baseline and follow-up (see Appendix 

F). The CNAQ is a simple and quick to complete PROM validated to predict weight loss in elderly 

adults. With a score of Җ28 predictive of a significant risk of an at least 5% weight loss in 6 

months.(315) The CNAQ consists of 8 questions with 5 possible responses rated on a scale (a=1, 

b=2, c=3, d=4, e=5) with a total score of 40 points. 5 selected questions from the CNAQ (see 

Appendix F) form the simplified nutritional assessment questionnaire (SNAQ) in which as score of 

than 14 marks poor appetite.(315)  
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3.13 Blood sample processing and analysis methodology 
 

3.13.1 Blood sample collection and pre storage processing 
 

Venous blood samples were collected pre and post incremental CPET at baseline for IPF and 

control participants, and at week 4 (limited sampling) and end assessment (week 9) for IPF 

participants.  

 

Venous blood sampling SOP for all sampling points is summarised as follows. Venous blood was 

collected into vacutainers (3x EDTA 3 ml, 1x Lithium/Heparin 6 ml, 1 x Serum 4 ml). In addition, 1 x 

2.5 t!·ƎŜƴŜϯ .ƭƻƻŘ wb! ǾŀŎǳǘŀƛƴŜǊ ό.5 .ƛƻǎŎƛŜƴŎŜǎϰ ²ƻƪingham, UK) was collected pre CPET at 

baseline (all participants) and end assessment (IPF participants only). Immediately after sample 

collection one EDTA sample was pre-treated with олл ˃[ of 100 mM in 10 mM Phosphate-

buffered saline, N-Ethylmaleimide (NEM) (Sigma-Aldrich Ltd., Gillingham, UK). NEM is an alkene 

membrane permeating agent that rapidly alkylates the sulfhydryl group (-SH) of thiols and 

disulfides preventing there ex-vivo artefactual oxidation.(316, 317) Hence pre-treatment with this 

agent acts to stabilise thiol and disulfide redox biomarkers to enable reliable redox analysis of 

stored snap frozen samples. Following pre-treatment, samples for plasma analysis were 

immediately centrifuged for 8 minutes at 1000xg. Serum samples stood for 30 minutes then were 

centrifuged for 30 minutes at 2000xg. Plasma and serum samples were snap frozen at -70/80oC. 

PXGene® tubes were stored at -20oC for 24 hours then transferred to -70/80oC. I carried out the 

pre-treatment and centrifugation of the plasma samples immediately after collection in the 

physiology laboratory of the NIHR WTCRF and prepared the NEM for sample pre-treatment. All 

other sample preparation was conducted by the CRF laboratory team (Gavin Babbage and team 

acknowledged) in the preparatory laboratory of the NIHR WTCRF following the study specific 

sample processing SOP. 

 

3.13.2 Redox analysis methodology 
 

Analysis for redox markers was conducted in laboratories of The School of Clinical and 

Experimental Sciences, Faculty of Medicine, University of Southampton with all sample analysis 

performed by Professor Martin Feelisch (Acknowledged) and Ms Magda Minnion (Acknowledged) 

following local SOP of the Feelisch Laboratory (as described in text). Here follows a summary of 

the methodological techniques utilised. 

 

3.13.2.1 Lipid peroxidation biomarkers 
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3.13.2.1.1 Determination of thiobarbituric acid reactive substances (TBARS) 

 

TBARS are formed as a by-product of lipid peroxidation and are a widely utilised marker of whole-

body oxidative stress. TBARS were assayed from serum venous blood samples. TBARS 

concentration were quantified using known concentrations of the tetrabutylammonium salt of 

Malondialdehyde (MDA) as an equivalence standard.(318, 319) Formation of the 1:2 MDA-TBA 

adduct was achieved under high-temperature (90-100oC) and acidic conditions. The pink MDA-

TBA adduct is then measured colorimetrically at 532 nm (MDA-TBA maximum absorbance) and 

750 nm (background correction) with experimental sample absorbance compared to a standard 

reference curve. Prior to analysis the TBARS reagent is brought to room temperature. A blank 

sample of deionized water is included in the assay. To prepare experimental 

ǎŀƳǇƭŜǎκǎǘŀƴŘŀǊŘǎκōƭŀƴƪǎ млл ˃[ was added to 50 ˃ [ ƻŦ ¢.!w{ /ƻƭƻǳǊ wŜŀƎŜƴǘ όнΥм ǊŀǘƛƻύΦ !ƭƭ 

standards/samples/blanks were incubated for 30 minutes on a block heater at 90oC then cooled 

ƻƴ ƛŎŜ ŦƻǊ мл ƳƛƴΦ ¢ƘŜƴ рл ˃[ ƻŦ ŜŀŎƘ ǎŀƳǇƭe (experimental/standard/blank) was added to each 

well (in duplicate) on a clear 384 well colorimetric microplate for absorbance reading at 532 and 

750 nm. 

 

3.13.2.1.2 4-Hydroxynonenal (4-HNE) 

 

4-HNE is a highly toxic aldehyde by-product of lipid oxidation, and such as been proposed as a 

biomarker of oxidative stress.(320) 4-HNE is thought to act as an indirect secondary messenger 

through covalent modification of downstream targets and has been implicated in a number of 

pathological processes including mitochondrial dysfunction, expression of pro-inflammatory 

cytokines, protein inactivation/dysfunction, and apoptosis.(321) Elevated blood 4-HNE 

concentrations are associated with several disease processes includiƴƎΣ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ,(322) 

atherosclerosis,(323) and acute lung injury.(324) Here 4-HNE was quantified using the antibody 

bound enzyme-linked immunosorbent assay (ELISA) technique (4-HNE micro-ELISA plate - 

Elabscience ® USA). Briefly, 50 ˃ [ ƻŦ ǇƭŀǎƳŀ then млл ˃[ ƻŦ Avidin-horseradish peroxidase (HRP) 

were added to each micro-ELISA well then incubated. Following addition of the TMB (3,3',5,5'-

Tetramethylbenzidine)-substrate reagent, further incubation, then addition of a stop reagent, 4-

HNE concentrations were then calculated by comparing the optical density of samples to the 

standard curve at 450 nm (Detection range 0.63 - 40 ng/ml). 

 

3.13.2.2  Total and Free Thiol groups 
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A thiol is a compound carrying a sulfhdryl group. The thiol metabolome comprises of free and 

bound thiols, disulfides and sulfides.(325) Thiols are sulfhydryl group compounds and are 

classified as either low molecular weight (e.g. glutathione [GSH], cysteine [Cys], and homocysteine 

[HCys]) or high molecular weight (e.g. protein thiols). Free thiols exist in the reduced (antioxidant) 

state (e.g. free GSH), whereas bound thiols, either to another thiol (via a disulfide bridge) or 

proteins are oxidised.(325) Non-protein bound oxidised thiols include; glutathione disulfide 

(GSSG), oxidised cysteine (CySS), and oxidised homocysteine (HCySS). The majority of thiols are 

protein bound with the most abundant thiol being the single free sulfhydryl group of Cys-34 on 

albumin.(326)  

Dependent on the ratio of free thiols to bound thiols the redox status of a cell/tissue (the ratio of 

reduced to oxidised thiols) and its redox reserve (the cells/tissues total antioxidant capacity which 

defines its resilience to oxidative stress) can be determined.(325, 327)   

Glutathione (GSH) is the end product of the transsulfuration pathway (Figure 3.13) and is the 

most abundant low molecular weight antioxidant in aerobic cells and consequently has a 

significant role in the antioxidant capacity of a cell/tissue(328) and the ratio of reduced to 

oxidised glutathione (GSH/GSSG) is considered a key indicator of extracellular redox potential 

(with lower values representing increased oxidant stress).(329) Cysteine is a semi-essential amino 

acid and is the precursor to glutathione in the transsulfuration pathway. The pro-drug of cysteine 

(N-acteyl cysteine) is a commonly used pharmacological antioxidant.(330) The Cys/CySS redox 

couple is also measured as a marker of extracellular redox status.(331) Homocysteine sits at the 

centre of three metabolic cycles (methionine, folate, and transsulfuration). Contrary to the two 

previously mentioned thiols which are widely thought to have beneficial health impact due to 

their reduced state antioxidant capacity, total homocysteine has been described in the literature 

as the άbad thiolέ.(332) As elevated total homocysteine levels have been identified as an 

independent risk factor for both cardiovascular(333) and neurodegenerative disease.(334) 

Homocysteine levels are dependent on nutritional status with deficiencies in either folate, 

Vitamin B12 or Vitamin B6 leading to elevation in plasma homocysteine.(335) Despite total 

homocysteine having negative prognostic value, as is the case for the other amino thiols, free 

HCys has reduced state antioxidant capacity and the ratio of reduced to oxidised homocysteine 

(HCys/HCySS) is used as a measure of extracellular redox status.(325) 
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Figure 3.13  Summary illustration of the transsulfuration, methionine and folate pathways 

highlighting thiol synthesis and metabolism. Vit. B12 ς Vitamin B12 (hydroxocobalamin), Vit. B6 - 

Vitamin B6 (pyridoxine) THF- Tetrahydrofolate, MTHF ς 5,10-Methylentetrahydrofolate. 

Intermediary pathway molecules and co-factors not shown. 

 

3.13.2.2.1 Total free thiol quantification 

 

Here total free thiols (TFTs), which largely reflect the availability of the single free cysteine group 

(Cys-34) of albumin, were assessed as a marker of whole-body redox status (with higher values 

representing increased antioxidant capacity and /or enhanced propensity for disulfide reaction). 

Total free thiols were determined spectrophotometrically (Molecular Devices SpextraMax M5 

plate reader) from serum samples ǳǎƛƴƎ 9ƭƭƳŀƴΩǎ ǊŜŀƎŜƴǘ (5,5'-dithio-bis-2-nitrobenzoic acid; 

DTNB) as previously described.(336) Briefly, first cysteine standards of varying concentration 

(from 0.977 ˃ a ǘƻ рлл ˃aύ ǿŜǊŜ ǇǊŜǇŀǊŜŘ ƛƴ лΦм a trisaminomethane (Tris) 10 mM EDTA pH 8.2 

buffer. Serum samples were then centrifuged at 16.1xg for 10 min then diluted 1:4 (v/v) with the 

0.1M Tris pH 8.2 buŦŦŜǊΦ фл ˃[ ƻŦ ǎǘŀƴŘŀǊŘ ŀƴŘ ŜȄǇŜǊƛƳŜƴǘŀƭ ǎŀƳǇƭŜǎ ǿŜǊŜ ǘƘŜƴ ǘǊansferred to a 

microplate and background absorption measured at 412 nM with a сол ƴa ǊŜŦŜǊŜƴŎŜ ŦƛƭǘŜǊΦ нл ˃[ 

of EllƳŀƴΩǎ reagent in 0.1M phosphate pH 7.0 buffer was then added to the plate prior to 

incubation in a dark room for 20 min with constant shaking (9ƭƭƳŀƴΩǎ ǊŜŀƎŜƴǘ ǇǊƻŘǳŎŜǎ ŀ 

measurable yellow product when it reacts with sulfhydryl groups). Following this incubation, 

absorption was reassessed. With the concentration of free thiol groups in the sample determined 

by comparing sample corrected absorbance (post incubation absorbance minus pre incubation 
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absorbance) to the absorbance of the cysteine standards. As sulfhydryl groups bound to protein 

account for the majority of serum free thiol groups, total free thiol concentrations were corrected 

for the serum protein concentration. 

 

3.13.2.2.2 Free thiol quantification 

 

The concentration of low molecular weight aminothiols and hydrogen sulfide (H2S) including 

reduced and oxidised forms of glutathione (free GSH and GSSG), cysteine (free Cys and CySS), 

homocysteine (free HCys and HCySS), and reduced and oxidised sulfide were quantified from NEM 

pre-treated plasma (prepared and stored as described in Chapter 3.13.1) using ultrahigh pressure 

liquid chromatography-electrospray ionization-tandem mass spectrometry (UPLC-ESI-MS/MS), 

[Xevo TQ-S, Waters UK] with chromatographic separation of the individual target analytes 

achieved using a UPLC column (Chromatograph Direct, Runcorn, UK) as previously described.(325) 

High pressure liquid chromatography (HPLC) ς mass spectrometry (MS) combines the physical 

separation capacity of HPLC with the mass analysis capability of MS. Electrospray ionization MS, 

developed by Fenn et al.(337) facilitates the use of HPLC-MS for quantification of large/polar 

biological molecules and involves the application of a high voltage to assist liquid aerosolization of 

the analyte during the ionization phase of MS. This process overcomes the propensity of polar 

macromolecules to fragment during the ionization process. Quantification of each ionized gas 

phase analyte is then achieved by comparing mass to charge peak intensities to paired stable-

isotope standards by tandem MS.    

Prior to thiol quantification each plasma sample was divided into three aliquots with one used for 

determination of free thiols, the second for ΨtotalΩ thiol status following treatment with 

dithiothreitol (DTT) used as a reducing agent to liberate oxidised thiols (total thiol status= free 

thiols + oxidised/bound thiols e.g. total GSH = free GSH + oxidised/bound GSH), and the third for 

acid-labile thiols (thiols liberated from protein binding or sulfane-sulfur compounds [those with 

divalent sulfur-sulfur bond]), which are quantified following addition of hydrochloric acid (HCL) 

then neutralization by sodium hydroxide (NaOH) (Figure 3.14).  
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Figure 3.14  Preparation of analytes for free, total, and acid-labile thiols quantification in 

EDTA plasma by UPLC-ESI-MS/MS. Samples divided in three aliquots one each for free thiols, 

total (free + oxidised/bound) thiols (following DTT reduction, and addition of NEM), and acid-

labile thiols (following addition of HCL, neutralization by NaOH, and addition of NEM). Adapted 

from Ref. (325)  

 

3.13.2.2.3 The thiol metabolome  

 

Using the above methodologies in this thesis thiol status is presented as  1) The Total Free Thiols 

(TFT) concentration and the TFT concentration corrected for serum protein concentration (TFT/g 

protein) 2) Low molecular ΨŦǊŜŜΩ weight reduced and oxidised thiols (GSH, GSSG , Cys, CySS, HCys, 

and HCySS) 3) The sum of the low molecular weight ΨfreeΩ thiol + oxidised/protein bound thiol 

concentrationsΣ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ǘƘŜ ΨǘƻǘŀƭΩ ǘƘƛƻƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴ (GSH Total, Cys Total, and HCys Total) 

4) Ratios of reduced to oxidised thiol couples (e.g., the ratio of GSH to GSSG [GSH/GSSG], cysteine 

to oxidised cysteine [Cys/CySS], and homocysteine to oxidised homocysteine [HCys/HCySS]) were 

calculated as markers of extracellular redox potential. 5) Free and Total sulfide concentration, and 

the ΨpersulfideΩ concentration which represents the protein bound component e.g. (Total ς Free 

Sulfides) with the persulfide compartment identified as a biologically relevant extracellular 

antioxidant biomarker.(338) 

UPLC-ESI-MS/MS

Ultrafiltration

Plasma

EDTA
Venous blood

+NEM

Rapid Centrifugation

Snap Frozen -80oC

+DTT +HCL

+NaOH

1 2 3

+NEM

+NEM



Chapter 3 

121 

3.13.2.3 Ferric reducing ability of plasma 

 

The FRAP assay estimates the total antioxidant capacity of the plasma by utilising the reducing 

capacity of Fe3+ to Fe2+ and was assessed as a marker of whole-body antioxidant capacity. The 

FRAP assay does not quantify antioxidant capacity contained within thiol groups due to the low 

pH effect on protein-thiol groups.(339) Test sample antioxidants reduce Fe3+TPTZ [2,4,6-Tris(2-

pyridyl)-s-triazine] (colourless) to Fe2+TPTZ (intensely blue colour) in an acidic pH medium. Blue 

Fe2+TPTZ  has a maximum absorption of 593 nm. The change in absorption is correlated with the 

antioxidant ability of the plasma by comparison to standard curves of known concentration. 

Standard concentration of TPTZ and Iron (III) chloride (FeCl3) [FRAP solution] are first prepared on 

the day of analysis using local SOP. 10 ˃ [ of centrifuged plasma samples (5 min at maximum 

speed) was mixed with 30 ˃ [ of ultrapure water. 15 ˃ [ of ultrapure water is then added to a flat-

bottomed 96 well plate with 5 ˃ [ of sample, standard and ultrapure water. Following this 150 ˃ [ 

of FRAP solution was added to each well and the plate then incubated at 37oC for 30 minutes 

prior to absorbance measurement at 593 nm.  

 

3.13.2.4 Nitric oxide production and metabolism: Nitrospecies analysis 

 

Nitrite (NO2-) and nitrate (NO3-) are end products of endogenous nitric oxide (NO) production and 

metabolism (for further discussion see Chapter 1.2.8.1). Nitrites are the reduced from of nitrate 

and are non-specific markers of antioxidant capacity. Nitrosation describes the conversion of 

organic compounds to nitroso derivatives. Total Nitroso derivatives (RXNO) can be sub-classified 

by the organic compound undergoing nitrosation e.g. S- nitroso species (thiols) [RSNOs], and N- 

nitroso species (amino compounds) [RNNOs].  

 

3.13.2.4.1 Nitrite and nitrate 

 

In this thesis nitrite and nitrate were quantified from NEM treated EDTA plasma samples 

(prepared and stored as described in Chapter 3.13.1), following methanol precipitation of protein, 

using a high-performance liquid chromatography (HPLC) analysis system (ENO-20, Amuza Inc. 

USA).(340) HPCL separates the components of a liquid sample allowing for quantification of the 

type and mass of solutes. Here 50 ˃ L of EDTA plasma was used for nitrite/nitrate analysis. In the 

HPCL analyser nitrite and nitrate are first separated in the separation column allowing for 

simultaneous and independent quantification of nitrite and nitrate. Separated nitrite and nitrate 

then flow into the reduction column. Nitrate is then reduced to nitrite by reaction with cadmium 

and reduced copper. Nitrite then reacts with the reactor solution (Griess reagent) producing a 
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diazo compound (compounds with two linked nitrogen atoms in the terminal position) which is 

measured at 540 nm (green light). By comparing absorbance peaks of chromatogram to standard 

curves the concentrations of nitrite and nitrate are then determined (Detection limit 0.1pmol/L).   

 

3.13.2.4.2 Total nitrosation products (RXNO) 

 

Total nitrosation products (RXNO) were determined from NEM pre-treated EDTA plasma using 

gas-phase chemiluminescence analytical detection (CLD 77am sp, EcoPhysics) following removal 

of nitrite with acid sulfanilamide and reduction of nitroso species by acid triiodie as 

described.(341) Detection of NO species by this method is of high validity and is based on the 

reaction of NO with ozone (O3). This reaction leads to the formation of NO2, a proportion of which 

arises in an electromagnetically excited state (NO2*), this emits near-infrared light as it decays to 

ground-state which (provided O3 is present in excess) is directly proportional to NO 

concentration.(342) NO2 is then released into the gas phase by chemiluminescence reaction with 

O3 (see Figure 3.15) Due to the sensitivity of the assay and the ubiquitous presence of 

environmental nitrite containing compounds the RXNO assay is highly sensitive to contamination 

during sample processing/storage. RNXO concentrations of >100 nM are supraphysiological and 

were consequently deemed extreme outliers and excluded from the final analysis ((342) and 

Professor Martin Feelisch personal communication).

 

Figure 3.15  Summary overview of process of NO quantification by gas-phase 

chemiluminescence detection. 

ta¢ 

hȊƻƴŜ ƎŜƴŜǊŀǘƻǊ 

όhоύ 

bh Ҍ hо         hо Ҍ bhнϝ 

bhн 

[LDI¢ 

/ƘŜƳƛƭǳƳƛƴŜǎŎŜƴŎŜ ŘŜǘŜŎǝƻƴ ǎȅǎǘŜƳ 

wŜŀŎǝƻƴ /ƘŀƳōŜǊ 

!ƳǇƭƛŬŜǊ 
b·h· ǎǇŜŎƛŜǎ ǊŜŘǳŎŜŘ ǘƻ bh ōȅ ŀŎƛŘƛŎ 

ǘǊƛƛƻŘƛŘŜ 



Chapter 3 

123 

3.13.2.4.3 Cyclic guanosine monophosphate (cGMP)  

cGMP was measured as a downstream marker of NO signalling.(343) Soluble NO traverses the cell 

membrane and activates intracellular guanylate cyclase (GC). Activated GC then catalyses the 

conversion of ƎǳŀƴƻǎƛƴŜ р-triphosphate (GTP) to cGMP. cGMP then acts as a secondary 

messenger co-ordinating the multiple downstream effects of NO.(344) cGMP concentration in 

plasma was quantified using ELISA (cGMP parameter assay kit R&D Systems ® [UK Assay range 

2.1-500 pmol/mL]). cGMP ELISAs were repeated in triplicate, using 100 ˃L of EDTA treated plasma 

per well. 

3.14  Statistical analysis 

Here general statistical principles of the thesis are described. Specific statistical considerations for 

individual analysis are discussed in the relevant Chapters. This statistical analysis plan was derived 

with guidance from a medical statistician (Dr Helen Moyses NIHR SBRC Medical Statistician). 

Data analyses were performed using a stepwise approach. First descriptive statistics were used to 

summarise baseline demographics and clinical outcome variables. Due to the small sample size 

continuous data are presented as the median and interquartile range (1st quartile ς 3rd quartile). 

Categorical or binary variables are presented as frequencies (n) and percentages of total. 

To draw comparisons between variables non-parametric tests were used and due to the small 

sample size limiting the statistical power of the analyses and any statistical evaluation of 

normality.(345) Hence, the Wilcoxon signed rank test was used for comparisons between 

continuous variables in two paired groups (e.g., pre and post SRETP) and the Mann-Witney U test 

was used to compare between continuous variables in unpaired groups (e.g., comparing the 

Control group to IPF participants). The Chi Squared (˔н) ƻǊ CƛǎƘŜǊΩǎ ŜȄŀŎǘ ǘŜǎǘ όused if more than 

20% of cells in the 2x2 table had expected frequencies of <5) were used as appropriate to 

compare between categorical variables. {ǇŜŀǊƳŀƴΩǎ correlation coefficient was used to assess any 

correlation between continuous variables. P-values of <0.05 were deemed significant.  

Due to the exploratory nature of this research p-values were not adjusted for multiple 

comparisons but the impact of the multiplicity of testing on the strength of the conclusions drawn 

is discussed in the relevant chapters. Pre-planned interim analysis of the safety, acceptability and 

adherence was performed after the first six-patients had completed the SRETP. Data from this 

interim analysis was presented in my first progression review report. Due to the exploratory 

nature of this research no adjustments to p-values or power-calculations have been made 

because of this pre-planned interim analysis. Data and statistical analyses were performed using 

Microsoft® Excel® 365 (WA, USA), IBM® SPSS® Version 26 (NY, USA) and Graph-Pad Prism® version 

9 (CA, USA). 
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 Chapter 4  Structured exercise training in patients with  

   idiopathic pulmonary fibrosis 

 

4.1 Introduction 
 

This chapter describes a single-centre prospective pilot cohort study performed with the aim of 

investigating a cardiopulmonary exercise test (CPET) derived, interval-based, individualised 

structured responsive exercise training programme (SRETP) in patients with idiopathic pulmonary 

fibrosis (IPF). 

This chapter will first present the relevant study specific methodology of the clinical trial. Then the 

characteristics of the study population and the results of the primary and secondary outcomes are 

presented. Then in exploratory analysis CPET is used to investigate the physiological mechanisms 

of exercise limitation in the cohort and predictors of individual responses to the SRETP.  

 

4.2 Null Hypothesis 
 

The null hypothesis under pinning this Chapter was that an individualised 8-week interval based 

structured responsive exercise training programme (SRETP) for patients with IPF does not lead to 

significant improvements in either exercise capacity, symptoms, or quality of life. Further that the 

SRETP does not have any positive effect on the physiological mechanisms limiting exercise 

capacity in patients with IPF. 

4.3 Aims and objectives 
 

1) To investigate the effect of the SRETP on exercise capacity, symptom severity and health 

related quality of life in a cohort of patients with IPF. Further to assess the feasibility and 

adherence to the SRETP and monitor safety of the intervention in this patient cohort. 

i. Quantify any effect of the SRETP on the primary and secondary clinical outcomes 

assessed at baseline and Week 9 following the SRETP. 

ii. Quantify adherence to the SRETP, with good adherence defined as җ75% prescribed 

SRETP sessions completed. 

iii. Monitor the safety of the SRETP and outcome measures including any study related 

adverse and serious adverse events and the reasons for study withdrawal/non 

completion. 
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2) To investigate the physiological mechanisms of the exercise training response in patients with 

IPF 

i. Analyse and compare CPET derived exercise capacity, respiratory and 

cardiovascular parameters at baseline and Week 9 following the SRETP. 

 

4.4 Methods 
 

The general methodology for the ethical approvals, patient selection and procedures performed 

as part of the study are described in Chapter 3. Here the specific methodology relevant to the 

development and delivery of the clinical trial is discussed. 

 

4.4.1 Study design 
 

4.4.1.1 Study schedule 

 

Patients were recruited prospectively to this single-centre cohort pilot study. The study had full 

ethical and sponsor approvals (REC: 17/SC/0342 and UoS Ergo2: 49421). The study was sponsored 

by University Hospital Southampton NHS Foundation Trust (UHSFT) (RHM MED1441) and was 

registered on the international clinical trial registry clinicaltrials.gov (NCT03222648). 

 

4.4.1.2 Patients 

 

Written informed consent was obtained from all participants prior to enrolment in the study. IPF 

participants were recruited to the study from 1st  September 2017 ς 17th March 2020. Study 

recruitment for IPF participants was terminated on 17th March 2020 due to the COVID-19 

pandemic (see Appendix G). All patients with IPF enrolled in the study met the study eligibility 

criteria as detailed in Chapter 3.4.1. Patients were recruited from a local database of research 

receptive patients, outpatient clinics at UHSFT, and local patient support groups as described in 

Chapter 3.4.2. Willing patients were provided with the study specific patient information 

documentation at least 24 hours prior to consenting to the study and attending the screening 

assessment. 

 



Chapter 4 

127 

4.4.1.3 Procedures  

 

Baseline assessment for IPF participants included a full medical history and assessment of; 

functional status, health related quality of life, body composition and nutritional status (study 

summary table [Table 4.1] and protocol visual summary [Figure 3.1]) for relevant methodologies 

and procedures see Chapter 3. Baseline CPET (for methodology see Chapter 3.5) was performed 

on all participants to measure physical fitness and derive AT and ±ɧO2peak, which were utilized to 

prescribe the SRETP. The CPET was repeated at Week 4 to allow adaptation of the training 

programme according to changes in physical fitness (AT and ±ɧO2peak) to maintain exercise at 

protocol levels, and at Week 9 to quantify any change in cardiovascular fitness from baseline. Pre 

and post-CPET venous blood samples were taken at Week 0, Week 4, and Week 9. These samples 

were pre-treated, immediately centrifuged and snap-frozen for future biomarker analysis (as 

described in Chapter 3.13). 
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Table 4.1 Study schedule for the Structured Exercise Training in Idiopathic Pulmonary 

Fibrosis (REHAB-IPF) study 

Visit Assessments 
Visit 1 -Screening Visit 

  

Informed Consent, medical history and examination, 

height and weight, MRC score, vital signs, ECG, 

spirometry and gas transfer, and 6MWD  

Visit 2 ς CPET 

Could be combined with Visit 1 

Incremental CPET, Venous blood sampling pre and post 

CPET, health related quality of life questionnaires (SGRQ-

IPF and EQ-5D-5L), CNAQ and SNAQ questionnaire 

Visit 3 ς Constant work-rate test  

At least 48 hours after Visit 2 

Constant work-rate (WR) test, Bio-electrical impedance  

Exercise intervention 

Week 1 

Week 1 SRETP- 30 minutes twice weekly 

Vital signs and medical review prior to training at each 

visit 

Exercise intervention 

Weeks 2 ς 4 

Weeks 2-4 of SRETP- 40 minutes twice weekly 

Vital signs and medical review prior to training at each 

visit 

Visit 4- Interim CPET 

Week 4 of Intervention 

Incremental CPET, venous blood sampling pre and post 

CPET 

Exercise intervention 

Weeks 5 ς 8 

Weeks 5-8 of SRETP- 40 minutes twice weekly 

Vital signs and medical review prior to training at each 

visit 

Visit 5 ς Constant WR test 

2-5 days after final exercise 

session 

Constant WR test, Bio-electrical impedance  

Visit 6 ς End assessment 

2-5 days after Visit 5 

Medical history and examination, height and weight, vital 

signs, ECG, spirometry and gas transfer, MRC score, 

6MWD, SGRQ-IPF and EQ-5D-5L, CNAQ and SNAQ 

questionnaire, Incremental CPET, venous blood sampling 

pre and post CPET. 
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4.4.1.4 Intervention 

 

IPF participants attended an in-hospital, outpatient, supervised 8-week twice-weekly SRETP. 

Exercise intensities were determined from symptom limited CPET. The full description, 

justification, and methodology of the SRETP is described in detail in Chapter 3.7. In brief, exercise 

training consisted of 30 to 40 minutes of interval training (including 5-minute warm-up and cool-

down) on an electromagnetically braked cycle-ergometer (Optibike, Ergoline GmbH, Germany). 

The training programme was preloaded on a chip-and-pin card which executed intervals 

automatically. Each Interval consisted of 3 minutes at moderate intensity (80% of work-rate at AT) 

followed by 2 minutes at high intensity (work-rate equal to midpoint between AT and ±ɧO2peak). 

Training was progressive with the total number of intervals increased from 4 to 6 after the first 

two sessions and the training intensities re-prescribed following an interim CPET at week 4 (Visit 

4). The training programme was adapted from positive studies in patients with cancer(289, 290) 

following patient and carer consultations and expert opinion. (see Table 3.4) for exercise training 

schedule summary). There was no additional non-exercise or home-based training intervention. 

 

4.4.2 Study development 

 

Pre-planned interim analysis was performed after the first 6 participants had completed the 

SRETP (results presented in 1st Progression review January 2020, n=6 patients completed the 

SRETP with no SAEs). During this interim analysis the study protocol was reviewed by the study 

steering committee (my supervisory team and I) in the context of the interim results of the study 

and advances in literature in the field. 

 

4.4.2.1 Amendment of study design 

 

A standard of care group was proposed to allow for control of any impact of the natural 

progression of the disease during the study time frame on exercise capacity, lung function and 

quality of life. This arm was added to the study protocol and ethical approval obtained in 

substantial amendment 2 (SA2) REC reference 17/SC/0342b and A49421.A2. The termination of 

the study for enrolment and follow-up of participants with IPF on 17th March 2020 due to the 

COVID-19 pandemic precluded recruitment to this planned arm of the study. 
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4.4.2.2  Amendment of outcome measures 

 

Following the interim analysis, it was recognised that this study provided a unique platform to 

further investigate the impact of body composition and nutritional status on exercise capacity in a 

comprehensively phenotyped cohort of patients with IPF. Hence following discussion with the 

study steering committee a comprehensive nutritional assessment including validated nutritional 

questionnaires and bioelectrical impedance testing (BIA) was added to the study protocol and 

ethical approval obtained in substantial amendment 1 (SA1) (REC reference 17/SC/0342a and 

A49421.A1). 

Further at the interim study review provisional quantitative data and informal feedback from 

patients identified that the SGRQ-IPF may not have been providing a holistic assessment of 

ǇŀǘƛŜƴǘǎΩ ǉǳŀƭƛǘȅ ƻŦ ƭƛŦŜΦ !ƭǘŜǊƴŀǘƛves were considered and trialled, and I subsequently obtained 

ethical approval for the addition of the EQ-5D-р[ϰ to the study protocol as a more global 

measure of health-related quality of life in addition to the SGRQ-IPF (REC reference 17/SC/0342a 

and A49421.A1). 

Due to the impact of COVID-19 terminating recruitment of patients with IPF to the study on 17th 

March 2020, the small sample size of IPF participants enrolled after these amendments precluded 

comprehensive analysis of these outcome measures (see Appendix G for full COVID-19 impact 

statement). 

 

4.4.3 Outcomes 
 

The methodology underpinning all outcome measures are described in Chapter 3. Below 

describes the specified outcome measures for the clinical trial. 

 

4.4.3.1 Primary outcome measure 

 

The primary outcome of the study was to assess the effect of the SRETP on participants exercise 

capacity assessed by endurance time on a submaximal constant work-rate test. 

1. Change in endurance time (minutes) on a constant work-rate test at work rate (Watts) 

equal to 75% of work rate achieved at ±ɧO2peak at baseline incremental CPET see Chapter 

3.5.3 for methodology. This outcome was assessed at baseline and Week 9.  
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2. In exploratory analysis of this variable a җ33% improvement from baseline endurance 

time was used to classify participants as responders (җ33% improvement) and non-

responders (<33% improvement) to the SRETP based on the previous published MCID for 

this variable.(192) 

 

4.4.3.2 Secondary outcome measures 

 

Secondary outcomes for the study included assessment of functional capacity, symptom severity, 

health related quality of life, nutritional status and the safety, feasibility and adherence to the 

intervention. Assessments of functional capacity included; 6MWD (Chapter 3.9), lung function 

(Spirometry and Gas transfer) (Chapter 3.8), outcome variables from CPET (AT, ±ɧO2peak, peak 

work-rate [peak WR], ±ɧE/±ɧCO2slope, ±ɧO2/WR slope) (Chapter 3.5). Symptom severity was 

assessed by the MRC breathlessness score (Chapter 3.10 and Appendix B) and Borg 

breathlessness score (Appendix C). Health-related quality of life was assessed by the SGRQ-IPF 

(Chapter 3.11 and Appendix D) and the EQ-5D-5L questionnaire (Chapter 3.11 and Appendix E). 

Nutritional status was assessed using the council for nutrition appetite questionnaire (CNAQ) and 

simplified nutritional questionnaire (SNAQ) (Chapter 3.12 and Appendix F), BMI, and body 

composition assessed by bioelectrical impedance (BIA) (Chapter 3.12.1). All secondary outcomes 

were assessed at week 0 and week 9. CPET variables were also assessed at week 4. All CPETs were 

reported for AT, ±ɧO2peak, ±ɧE/±ɧCO2slope and ±ɧO2/WR slope by two independent CPET 

experienced clinicians blinded to the intervention (A.F and A.B) with the results of a blinded third 

reviewer (J.O) used for any outcome(s) with a ±5% difference between reported values. 

Safety was monitored continuously by recording any adverse/serious adverse event(s) occurring 

during the study period (Chapter 3.3.3). Feasibility assessed by recording the reasons for any 

study withdrawal/non completion. Good adherence to the SRETP was defined as completion of 

җ75% (e.g., a minimum of 12 out of 16 sessions) of the prescribed exercise sessions. 

 

4.4.4 Statistical analysis 
 

General statistical considerations are discussed in Chapter 3.14.  

To draw comparisons between variables non-parametric tests were used and due to the small 

sample size limiting the statistical power of the analyses and any statistical evaluation of 

normality,(345) hence non-parametric tests were used (see Chapter 3.14). These general 

statistical principles were pre-planned with Dr Helen Moyses NIHR BRC Medical statistician. 

Hence, the Wilcoxon signed rank test was used for comparisons between continuous variables in 
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two paired groups (e.g., pre and post-SRETP). The Mann-Witney U test was used to compare 

between continuous variables in unpaired groups (e.g., comparing responders to non-responders) 

{ǇŜŀǊƳŀƴΩǎ correlation coefficient was used to assess any correlation between participantΩǎ 

baseline characteristics and the primary outcome (endurance time) and secondary exercise 

capacity outcomes (6MWD, ±ɧO2peak, AT and peak WR) both at baseline and the change in these 

variables (ҟWeek 9 ς baseline) following the SRETP. P-values of <0.05 were deemed significant. 

Due to the exploratory nature of this research, p-values were not corrected to account for 

multiplicity. This is considered when interpreting the strengths of any associations observed.  

In secondary analysis for paired/repeated measures (e.g., Baseline vs. Week 4 vs Week 9 

measured in the same participant) the FriŜŘƳŀƴΩǎ ǘŜǎǘ όƴƻƴ-ǇŀǊŀƳŜǘǊƛŎύ ŀƴŘ ǿƛǘƘ 5ǳƴƴΩǎ ǘŜǎǘ ŦƻǊ 

multiple comparison (with Bonferroni correction) was used. Exploratory statistical testing for 

normality using the Shapiro-Wilk test was performed prior to these analyses for primary and 

secondary outcomes and were p<0.05 (suggesting rejection of H0) the ANCOVA (parametric) with 

Geisser-Greenhouse correction was also reported for comparison.  

 

4.4.4.1 Power Calculation 

 

No a priori power calculation was conducted as this study was designed as a pilot study. However, 

an interim power calculation based on interim data from the first 6 patients completing the SRETP 

was conducted based on the primary outcome (endurance time). For a continuation of a single-

arm study with a baseline endurance time mean of 9.06 minutes ± 3.68, ǘƻ ŘŜǘŜŎǘ ŀ җоо҈ ƛƴŎǊŜŀǎŜ 

from baseline (the proposed MCID for endurance time in patients with COPD(192)) with a Type-I 

ŜǊǊƻǊ ǊŀǘŜ ƻŦ ʰҐлΦлр ŀƴŘ ул҈ ǇƻǿŜǊ (1- )̡, required a total sample size of 12 (software used 

www.ClinCalc.com [accessed 1st August 2019] formula reference (346)). 
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4.5 Results 
 

4.5.1 Study recruitment 
 

Seventeen patients attended screening for the study. Two patients failed screening both due to 

presence of exclusion criteria at screening (n=1 FEV1/FVC <0.7, and n=1 recent prescription of 

ambulatory oxygen). Of the fifteen patients with IPF recruited to the study, fourteen patients 

were recruited to the SRETP arm and one recruited to the SOC arm. Four patients did not 

complete the study. Three of which were in study at the point of study termination for 

recruitment and follow-up of IPF participants on 17th March 2020 due to the COVID-19 pandemic 

(Appendix G). Two of these participants had been recruited to the SRETP arm (n=1 stopped study 

after Visit 4 and n=1 stopped study after Visit 3) and the third was recruited to the SOC arm 

(stopped study after Visit 3). One further patient withdrew from the SRETP arm after Visit 3 due 

to an unrelated health condition. In total of the 14 patients recruited to the SRETP arm, eleven 

patients completed the exercise programme. Consolidated Standards of Reporting Trials 

(CONSORT) participant flow through the study is illustrated in Figure 4.1.(255)  

 

Figure 4.1  CONSORT diagram illustrating active participant flow through the clinical study. 

*Study recruitment and follow-up for patients with IPF was terminated on 17th March 2020 due 

to the COVID-19 pandemic. 
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4.5.2 Baseline characteristics 
 

4.5.2.1 Baseline demographics 

 

The baseline demographics of enrolled participants is illustrated in Table 4.2. Of the fifteen 

participants with IPF recruited 13 were males (87%) and two females. All patients recruited to the 

study were of white British ethnicity. The median age of participants (lower and upper 

interquartile range [IQR]) was 72.5 years (69.1-80.1). Two-thirds of participants (n=10) were ex-

smokers and one-third (n=5) were taking antifibrotic therapy at enrolment (all taking 

Nintedanib®). The MRC breathlessness score distribution was, stage 1 - 7% (n=1), stage 2 - 40% 

(n=6) and stage 3 - 53% (n=8). Common medical comorbidities in enrolled participants included 

hypertension (33%), gastro-oesophageal reflux disease (GORD) (33%), type 2 diabetes (20%), 

cerebrovascular disease (CVD) (20%), COPD (20%), and ischaemic heart disease (IHD) (13%). 

 Table 4.2  IPF participant baseline characteristics. 

 Whole Cohort n=15 

Median (IQR) % (n) 

Completed SRETP n=11  

Median (IQR) % (n) 

Age (years) 72.5 (69.1-80.1) 71.9 (67.2-79.0) 

Gender (Male) 87% (n=13) 82% (n=9) 

BMI (kg.m-2) 28.1 (25.7-32.4) 28.0 (25.7-32.3) 

Ex-smoker  67% (n=10) 82% (n=9) 

Pack Years (Ex-smokers only) 15.0 (9.0-22.0)  15.0 (3.0-25.0) 

MRC Stage  Stage 1- 7% (n=1) 

Stage 2- 40% (n=6) 

Stage 3- 53% (n=8) 

Stage 1- 0% (n=0) 

Stage 2- 27% (n=3) 

Stage 3- 73% (n=8) 

Antifibrotic Therapy 33% (n=5) 27.3% (n=3) 

Ethnicity (White British) 100% (n=15) 100% (n=11) 

Obesity (BMI>30 kg.m-2) 38% (n=6) 36% (n=4) 

GORD 33% (n=5) 27% (n=3) 

Hypertension 27% (n=4) 27% (n=3) 

COPD 20% (n=3) 27% (n=3) 

T2DM 20% (n=3) 18% (n=2) 

Cerebral vascular disease 20% (n=3) 18% (n=2) 

IHD 13% (n=2) 9% (n=1) 

Chronic kidney disease 6% (n=1)  9% (n=1) 

Atrial filtration  6% (n=1) 9% (n=1) 
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4.5.2.2  Baseline physiological parameters 

 

4.5.2.2.1 Lung function 

 

At baseline participants had a median FVC% predicted of 78 (73-88) and FEV1/FVC ratio of 0.82 

(0.79-0.84). Participants exhibited moderate gas transfer impairment at baseline with a median 

TLCO% predicted of 52.0 (41-62) and KCO% predicted of 85.0 (74-94). The baseline gender-age-

physiology (GAP) stage(55) distribution for the whole IPF cohort was; stage 1 - 47% (n=7), stage 2 - 

47% (n=7), and stage 3 - 7% (n=1) (Table 4.3). 

Table 4.3  IPF participant pulmonary function tests at baseline. 

 Whole Cohort n=15 

Median (IQR) % (n) 

Completed SRETP n=11 

Median (IQR) % (n) 

FEV1 (L) 2.28 (1.99-2.61) 2.20 (1.97-2.61) 

FEV1 % 84.0 (82.0-90.0) 86.0 (73.0-90.0) 

FEV1/FVC ratio 0.82 (0.79-0.84) 0.82 (0.79-0.85) 

FVC (L) 2.71 (2.48-3.11) 2.64 (2.48-3.11) 

FVC (% predicted) 78.0 (73.0-88.0) 78.0 (72.0-88.0) 

TLCO (% predicted) 52.0 (41.0-62.0) 51.0 (36.0-57.0) 

KCO (% predicted) 85.0 (74.0-94.0) 80.0 (60.0-93.0) 

GAP Stage Stage 1- 46.7% (n=7) 

Stage 2- 46.7% (n=7) 

Stage 3- 6.7% (n=1) 

Stage 1- 45.5% (n=5) 

Stage 2- 45.5% (n=5) 

Stage 3- 9.1% (n=1) 

 

4.5.2.2.2 Body composition and nutritional status 

 

The median BMI of enrolled participants at baseline was 28.0 kg.m-2 (25.7-32.3). Over one third 

(38% [n=6]) ƻŦ ǇŀǘƛŜƴǘǎ ǿŜǊŜ ƻōŜǎŜ ό.aLҗол ƪƎΦm-2) and no patients were classed as underweight 

based on BMI assessment (BMI <18.5 kg.m-2). Of patients who had a baseline BIA assessment 

completed (n=7), 57% (n=4) of participants had a fat mass index (FMI) of greater than 8.9 kg.m-2, a 

criterion identifying obesity based on this variable.(347) The median phase angle of participants 

was 5.10 (4.2-5.4), 43% (n=3) of participants with BIA assessment at baseline had a phase angle of 

less than the 5th centile of their age-appropriate reference (<4.77° for males җтл ȅŜŀǊǎ ŀƴŘ <4.22° 

ŦƻǊ ŦŜƳŀƭŜǎ җтл ȅŜŀǊǎ (348)) a cut-off value identified as an independent predictor of both 

impaired nutritional status and survival in patients with cancer (Table 4.4).(349) Baseline 

nutritional status was assessed using the CNAQ and SNAQ questionnaires with baseline data 

available for 7 participants. The median CNAQ score was 30 (28-31) and the median SNAQ score 
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was 16 (15-16). 29% (n=2) of participants with available data scored Җ 28 on the CNAQ 

questionnaire, a threshold score which accurately identifies patients at risk of җ5% weight loss 

over the next 6 months.(350) No participants had a SNAQ score of Җ13 points, a threshold score 

using this outcome measure predictive of poor appetite. 

Table 4.4  IPF participant body composition at baseline. Bioelectrical impedance data 

available at baseline for Whole Cohort (n=7) and participants completing the SRETP (n=3). 

 Whole Cohort  
n=15 

Completed SRETP 
n=11 

Simple Measures Median (IQR) % (n) Median (IQR) % (n) 

Body Mass (kg) 78.2 (71.0-96.8) 78.1 (71.0-96.8) 

Body Mass Index (kg.m-1) 28.0 (25.7-32.3) 28.0 (25.7-32.3) 

Bioelectrical Impedance Analysis n=7 Median (IQR) n=3 Median (min-max) 

Fat Free Mass (kg)  55.9 (48.5-56.5) 51.0 (45.9-55.9) 

Fat Free Mass (%) 67.4 (60.0-70.2) 65.0 (60.0-69.2) 

Fat Free Mass Index (kg.m-2) 18.3 (17.4-19.6) 18.3 (15.1-18.8) 

Fat Mass (kg) 32.6 (29.8-40.0) 27.4 (20.4-37.4) 

Fat Mass (%) 27.6 (20.5-37.5) 35.0 (30.8-40.1) 

Phase Angle () 5.1 (4.2-5.4) 5.1 (4.2-5.2) 

wŜǎƛǎǘŀƴŎŜ όʍύ 551.6 (536.0-562.0) 554.9 (546-736) 

Reactance (ʍύ 46.30 (40.0-53.3) 49.7 (40.0-49.9) 

 

4.5.2.3 Baseline exercise capacity 

 

Participants exercise capacity at baseline was assessed by endurance time on a constant work-

rate test at 75% ±ɧO2peak, 6MWD and incremental CPET. Results from baseline exercise capacity 

assessments are summarised in Table 4.5.   

 

4.5.2.3.1 Endurance time and 6MWD 

 

The median work-rate at 75% ±ɧO2peak utilised for the constant work-rate test was 65 Watts (45-

85) with participants achieving a median endurance time of 8.05 minutes (5.83-10.60). This 

duration is within the range considered an acceptable baseline test duration of 3-14 minutes as 

recommended by the ERS.(186) The median baseline 6MWD was 405.0 m (352-475). The median 

pre 6MWD Borg breathlessness score was 0.5 (0-1) and post Borg breathlessness score was 3.0 

(1-4). 



Chapter 4 

137 

4.5.2.3.2  CPET exercise capacity variables 

 

Incremental CPET testing demonstrated that most participants had significant impairment of peak 

exercise capacity at baseline with a median ±ɧO2peak of 11.95 ml.kg-1min-1 (11.5-14.2), and percent 

predicted ±ɧO2peak of 67% (57-76). One participant (who withdrew from the SRETP arm after visit 

3) was a significant outlier with a high peak exercise capacity, ±ɧO2peak of 27.4 ml.kg-1min-1 (147% 

predicted).  

Baseline AT data was not available for one participant due to poor quality of the metabolic cart 

data around the AT. The median baseline AT in the fourteen remaining participants was 8.05 

ml.kg-1min-1 (7.4-9.9), with all but one participant having an AT of less than 11  ml.kg- 1min-1 a 

value which is widely used in perioperative medicine to stratify patients with poor physical 

capacity and at increased perioperative risk.(351) Significant deconditioning (indicated by the AT 

expressed as a percentage of ŀƴ ƛƴŘƛǾƛŘǳŀƭΩǎ predicted ±ɧO2peak [AT/ ±ɧO2peak pred.] being less 

than 50%) was apparent with 13 of the 15 participants meeting this threshold with the median 

AT/±ɧO2peak pred. of the cohort 42.0% (38-47).  

 

4.5.2.3.3  CPET respiratory variables 

 

Participants tended to exhibit a rapid respiratory rate (RR) during peak exercise, median 39 

breath.min-1 (34-47) min. 30 - max. 90. However, participants did not typically exhibit mechanical 

ventilatory limitation to exercise with the median breathing reserve (BR) within the normal 

expected range at 38.5% (19.5-55.5) with only one participant having significant reduction in BR 

of <15%.(185) However participants demonstrated marked ventilatory inefficiency with a median 

(IQR) ±ɧE/±ɧCO2 slope of 41.0 (35.5-55.0). All but one of the participants exhibited an increase in 

partial pressure of CO2 (PETCO2) from rest to AT. However the median PETCO2 at the AT was 

reduced at 31.0 mmHg (26.4-36.0) (normal range җ35 mmHg). In the one participant where PETCO2 

reduced from rest to AT the magnitude of this was small at -0.5 mmHg and of uncertain 

significance. 8 participants had a PETCO2 at the AT of less than 35 mmHg a value which is 

predictive of disease severity in patients with cardiorespiratory disease.(284) 

Significant exercise-induced desaturation was observed in participants from rest to peak exercise, 

with the median SpO2 decreasing from 99.0% (97-99) at rest to 92.5% (89-96) at ±ɧO2peak (p<0.01) 

with a median desaturation of 6% from baseline. 40% (n=6) of patients desaturated to SpO2Җфн҈ 

at peak exercise and 13% (n=2) desaturated to SpO2Җ88%. No participants desaturated to less 

than 85% during CPET (a protocol safety stopping criteria).  
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4.5.2.3.4 CPET cardiovascular variables 

 

The median heart rate reserve (HRR, age predicted max. HR ς actual max. HR) of participants was 

28 beats.min-1 (3-47) with a minimum of -20 and a maximum of 75. One-third (n=5) of patients 

had a normal HRR of <15 beats.min-1 a value typically used (in conjunction with other parameters) 

to indicate cardiovascular limitation to exercise.(175) The relationship between ±ɧO2 and work rate 

(±ɧO2/WR slope) was relatively preserved throughout the cohort with a median value of 9.7 

 ml.min-1.Watt-1 (9.0-10.3) with one participant having a ±ɧO2/WR slope of less than 8.5  ml.min-

 1.Watt-1, a value indicative of impairment in oxygen delivery.(283) Reduction in baseline peak 

oxygen pulse (O2 pulse) was apparent with a median O2 pulse of 8.5 ml.beat-1 (7.6-11.7) or 83.9% 

predicted (60-99). A reduced peak O2 pulse is suggestive of either an exercise limiting 

cardiovascular disease, a deconditioning response, or impairment in muscle O2 utilisation.(280). 

Further assessing participants cardiovascular response to exercise using the chronotropic index 

(ҟIwκҟ±ɧO2) revealed 4 participants having chronotropic index values greater than one standard 

deviation above their sex predicted values (reference mean ±SD men 41.2 ± 9 L-1 and women 63.4 

±15 L-1) and hence suggestive of an impaired cardiovascular response to exercise. A further one 

participant had a chronotropic index below their sex predicted value which, as this occurred in 

conjunction with a reduction in VḺ2peak, is suggestive of chronotropic insufficiency.(280).   
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Table 4.5  IPF participant baseline exercise capacity assessment. Whole cohort and 

participants completing the SRETP. *Baseline AT data unavailable for 1 participant. 

 Whole Cohort n=15 SRETP n=11 

Variable Median (IQR) or % (n) Median (IQR) or % (n) 

Constant Work Rate Test at 75% ±ɧO2peak 

Endurance time (minutes) 8.05 (5.8-10.6) 8.11 (6.6-10.6) 

Constant load work-rate (Watts) 65 (45-85) 54 (42-66) 

6 Minute Walk Distance 

6MWD (m) 405 (352-475) 390 (323-438) 

Incremental CPET 

Exercise Capacity Parameters 

Ramp slope (Watts.min-1) 10 (10-10) 10 (10-10) 

AT (ml.kg-1min-1)*  8.05 (7.4-9.9) 8.05 (7.4-9.5) 

AT/predicted ±ɧO2peak (%)* 41.18 (37.1-44.3) 41.97 (37.9-47.1) 

Workload at AT (Watts)* 45 (37-58) 39 (32-47) 

±ɧO2peak (ml.kg-1min-1) 11.95 (11.5-14.2) 11.70 (11.5-14.1) 

±ɧO2peak % predicted  66.67 (57.1-75.9) 66.67 (47.0-72.2) 

Workload at ±ɧO2peak (Watts) 90 (66-112) 71 (62-93) 

Cardiovascular Parameters 

Rest HR (beat.min-1) 77 (67-92) 77 (67-92) 

Peak HR (beat.min-1) 117 (98-143) 112 (98-126) 

Heart rate reserve (HRR) 
(beat.min-1) 

28 (3-47) 36 (24-56) 

O2 pulse at ±ɧO2peak (ml.beat-1) 8.45 (7.6-11.7) 8.30 (7.3-10.8) 

O2 pulse percent predicted (%) 83.9 (60-99) 84.1 (601-96) 

±ɧO2/WR slope (ml.min-1.Watt-1) 9.70 (9.0-10.3) 9.70 (8.9-10.5) 

Chronotropic index (L-1) 55.31 (35.6-65.0) 47.58 (35.6-65.0) 

Peak Borg score (leg pain) 4.0 (1.0-5.0) 5.0 (2.0-6.0) 

Respiratory Parameters 

SpO2 at rest (%) 99 (97-99) 99 (97-99) 

SpO2 at ±ɧO2peak (%) 93 (89-96) 93 (89-96) 

Rest Respiratory Exchange Ratio 
(RER) (ratio) 

0.88 (0.86-0.89) 0.88 (0.86-0.89) 

Peak RER (ratio) 1.10 (1.0-1.3) 1.09 (1.0-1.3) 

±ɧE/±ɧCO2 slope (ratio) 41.00 (35.5-55.0) 48.70 (35.3-56.2) 

PETCO2 at rest (mmHg) 27.0 (26-28) 27.0 (25-29) 

PETCO2 at AT (mmHg)* 31.0 (26-36) 29.5 (24-36) 

PETO2 at rest (mmHg) 114.0 (111-117) 115 (112-117) 

PETO2 at AT (mmHg)* 110 (104-114) 112.0 (105-115) 

Peak ±ɧE (L.min-1) 62.00 (48.0-83.0) 53.50 (48.0-72.0) 

Peak RR (breath.min-1) 39 (34-47) 39 (31-48) 

Peak VT (L.breath-1) 1.59 (1.32-1.87) 1.57 (1.26-1.64) 

Breathing reserve (%) 38.5 (19.5-55.5) 42.0 (34-46.5) 

Rest Borg score (breathlessness) 0.0 (0.0-1.0) 0.5 (0.0-1.0) 

Peak Borg score 
(breathlessness) 

3.0 (4.0-5.0) 4.0 (3.0-5.0) 
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4.5.2.4 Baseline health related quality of life assessment  

 

Baseline data for the SGRQ-IPF was available for all participants, data for the EQ-5D-5L 

questionnaire was available for 7 participants (Table 4.6). Significant impairment in HRQL was 

apparent at baseline with a median total SGRQ-IPF score of 40.4 (23.4-63.5). Nine participants had 

an SGRQ-IPF score of җ30 a value identified as an independent risk factor of mortality.(49) The 

median (IQR) baseline EQ-5D-5L index score was 0.84 (0.84-0.88) (the ideal health state index 

being a score of 1.00) and the median EQ-5D-VAS score (rated from 0-100) was 70 (60-85).  

Table 4.6  IPF participant baseline health related quality of life (HRQL) scores. St. Georges 

Respiratory Questionnaire-IPF (SGRQ-IPF) and the 5-level version of the EQ-5D (EQ-5D-5L). 

Patient reported outcome Whole Group Completed SRETP 

SGRQ ς IPF Median (IQR) n=15 Median (IQR) n=11 

Symptoms domain 60.30 (41.6-80.9) 73.80 (44.8-84.2) 

Activity domain 67.20 (38.4-89.2) 78.30 (48.1-100.0) 

Impacts domain 21.10 (2.8-44.6) 31.30 (3.0-45.4) 

Total Score 40.40 (23.4-63.5) 52.40 (23.7-64.1) 

EQ-5D-5L Median (IQR) n=7 Median (min-max) n=3 

EQ-5D VAS Score (%) 70 (60-85) 75 (60-85) 

EQ-5D Index  0.84 (0.84-0.88) 0.84 (0.81-1.00) 

 

4.5.2.5 Exploratory statistical normality testing of baseline characteristics  
 

Due to the small sample size limiting statistical power as discussed in Chapters 3.14 and 4.4.4 

non-parametric tests have been used to report primary and secondary clinical outcomes in this 

Chapter. In exploratory analyses the Shapiro-Wilk test of normality was performed and results 

presented below (Table 4.7). In variables were H0 rejected (p<0.05) parametric tests have also 

been presented for comparisons of repeated measures (e.g., Baseline vs. Week 4 vs. Week 9). 

Table 4.7  Exploratory normality testing using Shapiro-Wilk test of normality on baseline 
CPET variables in participants completing the SRETP. n=11 *p<0.05. 

Outcome variable Statistic Degrees of freedom (df) Significance 

Endurance time (mins) 0.991 11 0.960 

6MWD 0.989 11 0.946 

AT 0.943 10 0.530 

±ɧO2peak 0.784 11 0.357 

Peak WR 0.776 11 0.050 

±ɧE/±ɧCO2 slope 0.950 11 0.819 

Peak ±ɧE 0.924 11 0.351 

Peak O2pulse 0.951 11 0.385 

Heart Rate Reserve 0.089 11 0.030* 
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4.5.3 Primary outcome following the SRETP 
 

4.5.3.1 Endurance time  

 

In patients who completed the SRETP (n=11) the median (IQR) work rate (Watts) used for the 

constant work-rate endurance time test at 75% baseline ±ɧO2peak was 54 Watts (42-66) with a 

minimum of 27 Watts and maximum of 117 Watts.  

Significant improvement in endurance time was observed following the SRETP. The median (IQR) 

endurance time in participants who completed the SRETP was 8.12 minutes (6.60 -10.60) at 

baseline and 15.14 minutes (11.04-23.65) at Week 9, the median change was + 6.72 minutes (2.91 

-14.62) p=0.003 (Figure 4.2). The median percentage change in endurance time from baseline was 

+82% (36-137) with a minimum of +20% and a maximum of +680%.  

Nine of the 11 participants who completed the SRETP (82%) increased their endurance time by 

more than 33% from baseline, the proposed MCID value for endurance time in patients with 

COPD.(192) 

 

Figure 4.2  Endurance time (minutes) on constant load test at 75% baseline ±ɧO2peak for 

participants completing the SRETP. A) Dot plot of individual values of the endurance time 

(minutes) at baseline and Week 9. Error bars represent the median and upper and lower 

interquartile range. B) dot and line plot illustrating individual participant change in endurance 

time (minutes) from baseline to Week 9. n=11. Comparisons made using Wilcoxon signed rank 

test. 
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4.5.4 Secondary outcomes following the SRETP 
 

4.5.4.1 6-minute walk distance (6MWD) 

 

Paired baseline and Week 9 data for the 6MWD was available for 10 patients who completed the 

SRETP (one participant declined to undertake the Week 9 6MWD due to knee pain). Following the 

SRETP a strong trend to improvement in the 6MWD was observed with the median (IQR) distance 

walked of participants who completed the SRETP increasing from 390 m (323-438) at baseline to 

425 m (348-450) at Week 9. The median change in the 6MWD was +40 m (24-66) p=0.078 (+10% 

from baseline) with a minimum change of -88 m and maximum of +82 m (Figure 4.3). 

The MCID value for the 6MWD in IPF/ILD has been estimated at between 22-45 m (154, 157). 80% 

(n=8) of participants increased their 6MWD by greater than the lower MCID boundary estimate of 

22m and 50% (n=5) increased their 6MWD by greater than the upper boundary estimate limit of 

45 m.  Of the two patients with a <33% improvement in endurance time, one improved their 

6MWD by >45 m, whilst the other had a <22 m improvement.  

 

Figure 4.3  6-minute walk distance (6MWD) in patients completing the SRETP. A) Dot plot of 

individual 6-minute walk distance (6MWD) [m] at baseline and Week 9. Error bars median and 

interquartile range. B) dot and line plot illustrating individual participant change in 6MWD (m) 

from baseline to Week 9. Baseline n=11, Week 9 and paired data n=10. Comparisons made using 

Wilcoxon signed rank test. 
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4.5.4.2 Spirometry and Gas Transfer  

Significant improvement in FVC% predicted was noted following the SRETP. The median (IQR) 

FVC% predicted in participants completing the SRETP increased from 78.0 % (72-88) at baseline to 

81.0% (74-88) at Week 9 p=0.023 (Figure 4.4). The median change in FVC% predicted was + 5.00% 

(1-5), a value which is greater than the lower limit boundary estimate for the IPF specific MCID of 

+2-6% for this variable.(352) A non-significant increase in the absolute FVC (L) was observed with 

a median change of +0.07L (-0.60 to 0.20) p= 0.131. No significant difference in other spirometric 

or gas transfer assessments was observed between baseline and Week 9.(Table 4.8). 

Table 4.8  Comparison of spirometry and gas transfer assessments at baseline and Week 9 

in participants who completed the SRETP (n=11). Baseline vs. Week 9 made using Wilcoxon 

signed rank test. *p<0.05 

Pulmonary Function 

Test Variable  

Baseline  

Median (IQR) 

Week 9 

Median (IQR) 

p value 

FEV1 (L) 2.20 (1.97-2.61) 2.07 (1.93-2.56) 0.929 

FEV1 % predicted 86.0 (73.0-90.0) 84.00 (74.0-89.0) 0.759 

FVC (L) 2.64 (2.48-3.11) 2.87 (2.52-3.23) 0.131 

FVC % predicted 78.0 (72-88) 81.0 (74-88) 0.023* 

FEV1/FVC (%) 82% (79-85) 80% (74-83) 0.248 

TLCO % predicted 51.0 (36.-57) 51.00 (31-56) 0.121 

KCO % predicted 80.0 (60-93) 80.00 (61-86) 0.100 

 

 

Figure 4.4  FVC% predicted in participants completing the SRETP. A) Individual FVC% values 

at baseline and Week 9. Error bars illustrate median and interquartile (IQR) range. B) dot and line 

plot illustrating individual change in FVC% predicted baseline to Week 9. n=11. Comparisons made 

using Wilcoxon signed rank test. 
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4.5.4.3 CPET variables 

 

4.5.4.3.1 Exercise capacity variables 

 

CPET metabolic cart data in the 11 participants completing the SRETP at baseline, Week 4 and 

Week 9 is summarised in Table 4.9A 

In participants who completed the SRETP a non-significant increase in ±ɧO2peak was observed 

from baseline to Week 9, median 11.70 ml.kg-1min-1 (11.5-14.1) vs. 12.95 ml.kg-1min-1 (11.2-13.7) 

respectively. With a median change of +0.60 ml.kg-1.min-1 (-0.5 to +1.2) p=0.328 (Figure 4.5) 

(Table 4.9A). Further no significant difference was identified using CǊƛŜŘƳŀƴΩǎ ǘŜǎǘ ǿƛǘƘ 5ǳƴƴΩǎ 

test for multiple comparison p=0.761 (Table 4.9B).  In n=7 participants ±ɧO2peak increased by җ0.5 

ml.kg-1.min-1, in n=2 ±ɧO2peak declined by җ0.5 ml.kg-1.min-1 and in the remaining n=3 it remained 

unchanged (±0.5 ml.kg-1.min-1).  

 

Figure 4.5  ±ɧO2peak in participants completing the SRETP. A) Individual ±ɧO2peak values at 

baseline, Week 4 and Week 9. Error bars illustrate median and interquartile range (IQR). B) dot 

and line plot illustrating individual participant change in ±ɧO2peak. n=11. Comparisons made using 

Wilcoxon signed rank test. NS = not significant 
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Participants AT values demonstrated significant intraindividual variability which may reflect 

erratic respiratory pattern around the AT making accurate interpretation challenging. Comparing 

AT values through the SRETP no significant change in AT from baseline to either Week 4 or Week 

9 was observed. The median baseline and Week 9 AT values in participants completing the SRETP 

were 8.05 ml.kg-1min-1 (7.4-9.5) vs. 7.95 ml.kg-1min-1 (7.0-8.6) p=0.484 (Figure 4.6). There was no 

significant change in participants AT expressed as a percentage of predicted ±ɧO2peak at Week 9 

following the SRETP (median, Baseline 42.0% vs. Week 9 42.0% p=0.58) (Table 4.9A).  

 

 

Figure 4.6  AT in participants completing the SRETP. A) Individual AT values at baseline, 

Week 4 and Week 9. Error bars illustrate median and interquartile range (IQR). B) dot and line plot 

illustrating individual participant change in AT. n=10.  
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At Week 9 a significant and clinically meaningful increase from baseline was observed in 

participants peak WR with a median increase of +8 Watts (6-16) p = 0.010 (+11% from baseline) 

(Figure 4.7) Thiǎ ǊŜǎǳƭǘ ǿŀǎ ŀƭǎƻ ŦƻǳƴŘ ǘƻ ōŜ ǎƛƎƴƛŦƛŎŀƴǘ ƛƴ ǎŜŎƻƴŘŀǊȅ ŀƴŀƭȅǎƛǎ ǳǎƛƴƎ CǊƛŜŘƳŀƴΩǎ ǘŜǎǘ 

ǿƛǘƘ 5ǳƴƴΩǎ ǘŜǎǘ ŦƻǊ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ όCǊƛŜŘƳŀƴΩǎ ǇҐлΦлофΣ ōŀǎŜƭƛƴŜ ǾǎΦ ²ŜŜƪ ф ǇҐлΦлпоύ 

(Table 4.9B). The magnitude of the increase being greater than the MCID for this variable in COPD 

of +4 Watts.(183) Participants peak WR increased significantly from baseline to Week 4 median 

change +7.0 Watts p=0.018. Although a trend to further increase was observed from Week 4 to 

Week 9 this did not reach statistical significance, median change +3 Watts p=0.092.  

 

Figure 4.7  Peak work-rate in participants completing the SRETP A) Individual peak work-

rate values at baseline, Week 4 and Week 9. Error bars illustrate median and interquartile range 

(IQR). B) dot and line plot illustrating individual participant change in peak work-rate. n=11 

Comparisons made using Wilcoxon signed rank test.  NS =not significant. 
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4.5.4.3.2 Respiratory Variables 

 

Following the SRETP participants exhibited a significant increase in their peak mechanical 

ventilatory capacity during CPET. The median peak minute ventilation (peak ±ɧE) [L.min-1] in 

participants who completed the SRETP increased significantly from 53.50 L.min-1 (48.0-72.0) at 

baseline to 69.50 L.min-1 (55.5-76.0) at Week 9, median change +9 L.min-1 (2-19) p=0.033 (Figure 

4.8A) (Table 4.9A). This result was also found to be significant in secondary analysis using 

CǊƛŜŘƳŀƴΩǎ ǘŜǎǘ ǿƛǘƘ 5ǳƴƴΩǎ ǘŜǎǘ ŦƻǊ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ όCǊƛŜŘƳŀƴΩǎ ǇҐлΦллсΣ ōŀǎŜƭƛƴŜ ǾǎΦ ²ŜŜƪ 

9 p=0.006) (Table 4.9B). The increase in peak ±ɧE was manifest from a non-significant increase in 

both the peak tidal volume (VT) and peak respiratory rate (RR) with median changes of +0.94 

L.breath-1 (-0.02 to 0.20) p=0.090 and +3.5 breath.min-1 (1.5-7.5) p=0.102 respectively (Table 

4.9A). In ǎŜŎƻƴŘŀǊȅ ŀƴŀƭȅǎŜǎ ǳǎƛƴƎ CǊƛŜŘƳŀƴΩǎ ǘŜǎǘ ǿƛǘƘ 5ǳƴƴΩǎ ǘŜǎǘ ŦƻǊ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ŀ 

significant increase in RR from baseline to Week 9 was identified (p=0.039) (Table 4.9B). 

Correspondingly a significant reduction in the median breathing reserve from 42.0% (34-56) at 

baseline to 34.5% (27-40) at Week 9 p=0.037 was observed. No significant change in participants 

SpO2 during peak exercise was observed as a consequence of the SRETP, median SpO2 93% (89-96) 

baseline vs. 92% (88-98) Week 9 p=0.789 (Table 4.9A). 

 

Figure 4.8  Peak minute ventilation (±ɧE) in participants completing the SRETP. A) Individual 

peak ±ɧE values at baseline, Week 4 and Week 9. Error bars illustrate median and interquartile 

range (IQR). B) dot and line plot illustrating individual participant change in peak ±ɧE. n=11 

Comparisons made using Wilcoxon signed rank test. NS = not significant. 
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No significant change in the median ventilatory efficiency assessed by the slope of relationship 

between minute ventilation and volume of CO2 production (±ɧE/±ɧCO2 slope) was observed 

following the SRETP. In participants who completed the SRETP the median ±ɧE/±ɧCO2 slope ratio at 

baseline was 48.70 (35.3-56.2) and at Week 9 45.95 (38.6-63.6) p=0.286 (Figure 4.9A). 

 

Figure 4.9  ±ɧE/±ɧCO2 slope in participants completing the SRETP A) Individual ±ɧE/±ɧCO2 values 

at baseline, Week 4 and Week 9. Error bars illustrate median and interquartile range (IQR). B) dot 

and line plot illustrating individual participant change in ±ɧE/±ɧCO2. n=11 
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4.5.4.3.3 Cardiovascular variables 

 

A significant reduction was noted in the median HRR following the SRETP from +36 beat.min-1 (24-

56) at baseline to +25 beat.min-1 (17-41) at Week 9, median change -6 beat.min-1 (-10 to 2) 

p=0.041 (Figure 4.10). No significant difference however was identified in repeated measures 

ǘŜǎǘƛƴƎ ǳǎƛƴƎ CǊƛŜŘƳŀƴΩǎ ǘŜǎǘ ǿƛǘƘ 5ǳƴƴΩǎ ǘŜǎǘ ŦƻǊ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ όCǊƛŜŘƳŀƴΩǎ ǇҐлΦмнлύ 

(Table 4.9B) or ANOVA with Geisser-Greenhouse correction (as Shapiro-Wilk p<0.05) p=0.050. 

Further, there was no change in the number of participants (n=5) with an HRR of Җ15 beats.min-1 

(the reference range for this parameter(175)). 

 

Figure 4.10  Heart rate reserve (HRR) in participants completing the SRETP. A) Individual HRR 

values at baseline, Week 4 and Week 9. Error bars illustrate median and interquartile range (IQR). 

B) dot and line plot illustrating individual participant change in HRR. n=11. Comparisons made 

using Wilcoxon signed rank test. NS = not significant. 
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A trend to reduction in the ±ɧO2/WR slope was observed following the SRETP, median change -0.85 

ml.min-1.W-1 (-1.75 to 0.10) p=0.075 (Figure 4.11). However, there was no change in the number 

of participants (n=1) with a ±ɧO2/WR slope less than 8.5 ml.min-1.W-1 (indicative of significant 

impairment in oxygen delivery) as a consequence of the SRETP. The trend to reduction in ±ɧO2/WR 

slope may reflect participants increasing their peak WR without significant change in ±ɧO2peak 

rather than a consequence of a developing impairment in oxygen delivery as a consequence of 

the SRETP (see discussion). 

 

. 

Figure 4.11  ±ɧO2/ WR slope in participants completing the SRETP. A) Individual ±ɧO2/WR slope 

values at baseline, Week 4 and Week 9. Error bars illustrate median and interquartile range 

(IQR).B)  dot and line plot illustrating individual participant change in ±ɧO2/WR slope. Comparisons 

made using Wilcoxon signed rank test. n=11. 
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Although there was an apparent reduction in the median O2 pulse from baseline to Week 9 

(median baseline 8.45 ml.beat -1 vs. Week 9 7.75 ml.beat -1 Figure 4.12) this was not identified to 

be statistically significant (p=0.89) with 5 patients reducing their peak O2 pulse and 6 increasing. 

Further no significant reduction in the median peak O2 pulse expressed as a percent predicted 

was observed (median 84.1% vs. 75.6% p=0.59). A non-significant increase in the median 

chronotropic index was observed from baseline to Week 9 (47.58 L.min-1 vs. 54.54 L.min-1 p=0.18). 

In secondary analyses using FriŜŘƳŀƴǎ ǘŜǎǘ ǿƛǘƘ 5ǳƴƴΩǎ ǘŜǎǘ ŦƻǊ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ŀ ǎƛƎƴƛŦƛŎŀƴǘ 

increase in the chronotropic index from baseline to Week 4 was identified (p=0.014) (Table 4.9B). 

However, there was no significant change in the number of participants with chronotropic index 

greater than one standard deviation above their sex appropriate reference value (suggestive of 

cardiovascular limitation to exercise) baseline n=4 vs. Week 9 n=5 p=0.18. (Table 4.9A) 

 

Figure 4.12  peak O2 pulse in participants completing the SRETP. A) Individual peak O2 pulse 

values at baseline, Week 4 and Week 9. Error bars illustrate median and interquartile range (IQR). 

B) dot and line plot illustrating individual participant change in peak O2 pulse n=11.  
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4.5.4.4 Safety, feasibility, and adherence  
  

No serious adverse events were reported. In total two grade 1 exercise related adverse events 

were reported both of which were mild post exercise presyncope which resolved after a short 

period of observation. 

Of the fourteen patients who were recruited to the SRETP arm, 78% (n=11) completed the SRETP. 

One patient withdrew from the SRETP arm after visit 3 due to an unrelated health condition. Two 

patients were in the SRETP arm at the point of study termination due to the COVID-19 pandemic. 

No patients withdrew from the study citing the SRETP or study assessments as the reason for 

withdrawal. 

Excluding the two participants in the SRETP arm enrolled at the point of study termination due to 

the COVID-19 pandemic, 92% of participants enrolled to the SRETP arm (11 out of 12) completed 

the SRETP with good adherence (җ75% of total available training sessions completed). Of the 

eleven patients who completed the 8-week twice weekly SRETP the median adherence rate was 

88% (14 out of 16 sessions) with a minimum of 75% and a maximum of 100%. The 2 participants 

in the SRETP arm enrolled at the point of study termination due to COVID-19 had adherence rates 

of 75% (9 out of 12 sessions) and 100% (4 out of 4 sessions) respectively. The above 

demonstrating that SRETP was a feasible intervention in this cohort of patients with IPF. 
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Table 4.9A  Summary table of CPET metabolic cart variables in participants completing the SRETP (n=11). ** p<0.01 *p<0.05, &n=10 for AT and AT 

derived parameters. Comparisons between all time points made using Wilcoxon signed rank test.  

 Baseline  
(n=11) 

Week 4  
(n=11) 

Week 9  
(n=11) 

Week 0 
vs. 

Week 9 

Week 0 
vs. 

Week 4 

Week 4 
vs. 

Week 9 

Median (IQR) p p p 

Exercise Capacity Parameters     

AT (ml.kg-1min-1) & 8.05 (7.4-9.5) 7.90 (7.3-8.2) 7.95 (7.0-8.6) 0.484 0.260 0.953 

Workload at AT (Watts) & 39 (32-47) 41 (35-52) 35 (30-56) 0.612 0.114 0.441 

AT/predicted VḺ2 peak (%)& 41.97 (39.6-43.9) 38.75 (34.2-42.0) 41.98 (30.3-45.8) 0.575 0.343 0.859 

±ɧO2peak (ml.kg-1min-1) 11.70 (11.45-14.1) 12.15 (10.7-13.7) 12.95 (11.2-13.7) 0.328 0.477 0.657 

±ɧO2 percent predicted 66.67 (47.0-72.2) 64.55 (56.0-75.1) 67.67 (48.1-76.1) 0.328 0.875 0.722 

Workload at ±ɧO2peak (Watts) 71 (62-93) 85 (69-101) 84 (73-101) 0.010** 0.018* 0.092 

Cardiovascular Parameters     

Peak HR (beat.min-1) 112 (98-126) 118 (109-130) 116 (110-135) 0.052 0.067 0.476 

HRR (beat.min-1) 36 (24-56) 23 (19-43) 25 (17-41) 0.041* 0.067 0.423 

O2 pulse at ±ɧO2 (ml.beat-1) 8.45 (7.6-11.7) 8.40 (7.4-9.5) 7.75 (6.6-9.7) 0.894 0.625 0.929 

O2 pulse percent predicted 84.16 (60.7-96.0) 81.72 (63.5-88.9) 75.69 (62.1-99.4) 0.594 0.722 0.859 

±ɧO2/WR slope (ml.min-1.W-1) 9.70 (8.9-10.5) 9.00 (8.0-10.6) 9.00 (8.6-9.3) 0.075 0.838 0.505 

Chronotropic Index 47.58 (35.6-65.0) 55.48 (47.9-65.4) 54.54 (46.5-60.9) 0.182 0.008** 0.021* 

Respiratory Parameters     

SpO2 at ±ɧO2peak (%) 93 (89-96) 91 (85-92) 92 (88-98) 0.789 0.020* 0.373 

±ɧE/±ɧCO2 slope (ratio) 48.70 (35.3-56.2) 44.35 (42.6-61.3) 45.95 (38.6-63.6) 0.286 0.075 0.929 

PETCO2 at AT (mmHg)& 29.5 (24.4-36.0) 30.0 (24.5-33.8) 31.5 (24.8-34.0) 0.206 0.291 0.196 

PETO2 at AT (mmHg)& 112.0 (105.5-115.1) 112.5 (108.0-117.0) 110.5 (107.8-117.0) 0.833 0.752 0.612 

±ɧE at ±ɧO2peak (L.min-1) 53.50 (48.0-72.0) 65.00 (51.0-67.0) 69.50 (55.5-76.0) 0.033* 0.119 0.093 

Peak RR (breath.min-1) 39 (31-48) 40 (36-52) 40 (36-57) 0.109 0.202 0.094 

Peak VT (L.breath-1) 1.57 (1.3-1.6) 1.54 (1.45-1.73) 1.64 (1.5-1.9) 0.092 0.656 0.094 

Breathing Reserve (%) 42.0 (34.0-46.5) 42.0 (32.0-52.0) 34.50 (27.0-40.0) 0.037* 0.229 0.059 

Other CPET Variables 

RER at ±ɧO2Peak (ratio) 1.09 (1.0-1.26) 1.15 (1.1-1.25) 1.21 (1.1-1.3) 0.056 0.202 0.230 

Peak Borg score (Breathlessness) 3.0 (4.0-5.0) 4.0 (3.0-5.0) 3.0 (1.0-5.0) 0.495 0.894 0.201 

Peak Borg Score (leg pain) 4.0 (1.0-5.0) 3.0 (1.0-5.0) 3.0 (0.0-4.0) 0.090 0.182 0.482 
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Table 4.9B  Summary table of CPET metabolic cart variables in participants completing the SRETP (n=11). ** p<0.01 *p<0.05, &n=10 for AT and AT 

derived parameters. Comparisons using Friedman test with DǳƴƴΩǎ test for multiple comparison.  

 Baseline  
(n=11) 

Week 4  
(n=11) 

Week 9  
(n=11) 

FrieŘƳŀƴΩǎ 
Comparison 

Week 0 vs. 
Week 9 

Week 0 vs. 
Week 4 

Week 4 vs. 
Week 9 

Median (IQR) p p p p 

Exercise Capacity Parameters      

AT (ml.kg-1min-1) & 8.05 (7.4-9.5) 7.90 (7.3-8.2) 7.95 (7.0-8.6) 0.687 0.453 0.453 1.000 

Workload at AT (Watts) & 39 (32-47) 41 (35-52) 35 (30-56) 0.587 0.617 0.617 0.951 

AT/predicted VḺ2 peak (%)& 41.97 (39.6-43.9) 38.75 (34.2-42.0) 41.98 (30.3-45.8) 0.687 0.453 0.453 1.000 

±ɧO2peak (ml.kg-1min-1) 11.70 (11.45-14.1) 12.15 (10.7-13.7) 12.95 (11.2-13.7) 0.761 0.522 0.522 1.000 

±ɧO2 percent predicted 66.67 (47.0-72.2) 64.55 (56.0-75.1) 67.67 (48.1-76.1) 0.587 1.000 1.000 0.951 

Workload at ±ɧO2peak (Watts) 71 (62-93) 85 (69-101) 84 (73-101) 0.006** 0.006**  0.128 0.859 

Cardiovascular Parameters      

Peak HR (beat.min-1) 112 (98-126) 118 (109-130) 116 (110-135) 0.120 0.264 0.210 1.000 

HRR (beat.min-1) 36 (24-56) 23 (19-43) 25 (17-41) 0.120 0.264 0.210 1.000 

O2 pulse at ±ɧO2 (ml.beat-1) 8.45 (7.6-11.7) 8.40 (7.4-9.5) 7.75 (6.6-9.7) 0.913 1.000 1.000 1.000 

O2 pulse percent predicted 84.16 (60.7-96.0) 81.72 (63.5-88.9) 75.69 (62.1-99.4) 0.913 1.000 1.000 1.000 

±ɧO2/WR slope (ml.min-1.W-1) 9.70 (8.9-10.5) 9.00 (8.0-10.6) 9.00 (8.6-9.3) 0.320 1.000 1.000 1.000 

Chronotropic Index 47.58 (35.6-65.0) 55.48 (47.9-65.4) 54.54 (46.5-60.9) 0.012* 1.000 0.017* 0.057 

Respiratory Parameters      

SpO2 at ±ɧO2peak (%) 93 (89-96) 91 (85-92) 92 (88-98) 0.441 1.000 0.602 1.000 

±ɧE/±ɧCO2 slope (ratio) 48.70 (35.3-56.2) 44.35 (42.6-61.3) 45.95 (38.6-63.6) 0.086 0.165 0.165 1.000 

PETCO2 at AT (mmHg)& 29.5 (24.4-36.0) 30.0 (24.5-33.8) 31.5 (24.8-34.0) 0.267 0.507 1.000 0.634 

PETO2 at AT (mmHg)& 112.0 (105.5-115.1) 112.5 (108.0-
117.0) 

110.5 (107.8-
117.0) 

0.962 1.000 1.000 1.000 

±ɧE at ±ɧO2peak (L.min-1) 53.50 (48.0-72.0) 65.00 (51.0-67.0) 69.50 (55.5-76.0) 0.039* 0.043*  0.264 1.000 

Peak RR (breath.min-1) 39 (31-48) 40 (36-52) 40 (36-57) 0.039* 0.043* 0.264 1.000 

Peak VT (L.breath-1) 1.57 (1.3-1.6) 1.54 (1.45-1.73) 1.64 (1.5-1.9) 0.404 0.602 1.000 1.000 

Breathing Reserve (%) 42.0 (34.0-46.5) 42.0 (32.0-52.0) 34.50 (27.0-40.0) 0.021*  0.023* 1.000 0.210 

Other CPET Variables 

RER at ±ɧO2Peak (ratio) 1.09 (1.0-1.26) 1.15 (1.1-1.25) 1.21 (1.1-1.3) 0.060 0.057 1.000 0.407 

Peak Borg score (SOB) 3.0 (4.0-5.0) 4.0 (3.0-5.0) 3.0 (1.0-5.0) 0.185 1.000 0.407 1.000 

Peak Borg Score (leg pain) 4.0 (1.0-5.0) 3.0 (1.0-5.0) 3.0 (0.0-4.0) 0.264 0.602 0.602 1.000 
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4.5.4.5 Symptom severity scores 

 

Significant reduction was observed in participant rated breathlessness assessed using the MRC 

breathlessness scale at Week 9 following the SRETP. 5 participants reduced their MRC Score by 1 

point (indicating a positive effect) and 6 remained unchanged (Wilcoxon Signed rank p=0.03). 

Although the median change in MRC score was 0 (0-1), the mean change in MRC Score was -0.54 

points. Following the SRETP no change was noted in participants modified Borg breathlessness 

score at peak exercise after either the 6MWD (median change +0.50 points [-1.5 to 1.1] p=0.86) or 

CPET (median change 0.0 points [-1.0 to 0.0 p=0.50]. However, there was a trend to reduction in 

the peak perceived rating of leg pain symptoms using the modified Borg scale following CPET from 

4.0 (1.0-5.0) at baseline to 3.0 (0.0 -4.0) at Week 9 p=0.09. 

 

4.5.4.6  Health related quality of life assessment 

 

No significant difference was observed in the total SGQR-IPF score or individual domain scores 

following the SRETP (Table 4.10). A non-significant reduction was evident in the Symptoms 

domain of the SGRQ-IPF with the median score in participants completing the SRETP of 73.8 (44-

80) at baseline and 63.4 (36-76) at Week 9 p=0.176. In total 6 participants reduced their SGRQ-IPF 

Total score by җ3.9 points a value identified as the MCID for this outcome.(206). Limited data was 

available for the EQ-5D-5L with 3 participants having paired baseline and Week 9 data. The EQ-

5D-5L index score reduced (negative effect) from baseline to Week 9 in all three participants with 

available data and the ED-5D-VAS score decreased in two participants and increased in one.  

Table 4.10 Effect of the SRETP on Health-Related Quality of Life. SGRQ-IPF - {ǘΦ DŜƻǊƎŜΩǎ 

Respiratory Questionnaire ς IPF, EQ-5D-5L- the 5 level EQ-5D. Baseline vs. Week 9 comparison 

made using Wilcoxon signed rank test. *p<0.05. 

 Baseline Week 9 Comparison 

SGRQ-IPF Domain Median (IQR) n=11 Median (IQR) n=11 p value 

Symptoms  73.80 (44.8-84.2) 63.40 (33.5-75.5) 0.176 

Activity  78.30 (48.1-100.0) 67.30 (48.1-88.0) 0.594 

Impacts  31.30 (3.0-45.4) 31.49 (6.0-42.5) 0.678 

Total Score 52.40 (23.7-64.1) 52.11 (21.7-58.7) 0.790 

EQ-5D-5L Median (min-max) n=3 Median (min-max) n=3 p value 

EQ-5D VAS Score 75 (60-85) 65 (60-95) 1.000 

EQ-5D Index 0.84 (0.81-1.0) 0.74 (0.62-1.00) 0.595 
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4.5.4.7 Body composition and nutritional status 

 

Following the SRETP there was no significant change observed in participants body mass or body 

mass index. With the median change in body mass -0.25 kg (-1.25 to 1.00) p=0.14 and change in 

BMI -0.26 kg.m-2 (-1.25 to 1.00) p=0.21.  

Due to the small sample size of patients with paired BIA and nutritional questionnaire data, any 

assessment of effect of the SRETP on these outcomes was limited. However, no significant change 

in either of these outcomes was observed (Table 4.11). 

 

Table 4.11  Effect of the SRETP on body composition and nutritional status. Assessed by 

simple measures, bioelectrical impedance (BIA) and the CNAQ and SNAQ questionnaires. Baseline 

vs. Week 9 comparison made using Wilcoxon signed rank test. *P<0.05 

 Baseline Week 9 p 

Simple Assessment (n=11) median (IQR) 

Body Mass (kg) 78.5 (70.9-96.7) 78.1 (71.0-96.8) 0.14 

Body Mass Index (kg.m-2) 28.0 (25.7-32.3) 28.1 (25.8-31.0) 0.21 

Bioelectrical Impedance (n=3) median (min -max)  

Fat Free Mass (kg)  51.0 (45.9-55.9) 49.9 (46.3-54.1) 0.285 

Fat Free Mass (%) 65.0 (60.0-69.2) 63.8 (58.7-70.3) 0.285 

Fat Free Mas Index (kg.m-2) 18.3 (15.1-18.8) 18.0 (15.5-18.6) 0.593 

Fat Mass (kg) 27.4 (20.4-37.4) 28.4 (19.6-38.1) 0.593 

Fat Mass (%) 35.0 (30.8-40.1) 41.3 (36.2-46.3) 0.109 

Phase Angle () 5.1 (4.2-5.2) 5.2 (4.1-5.2) 1.000 

wŜǎƛǎǘŀƴŎŜ όʍύ 554.9 (546-736) 577 (551-731) 1.000 

Reactance (ʍύ 49.7 (40.0-49.9) 52.3 (39.8-52.3) 1.000 

Nutritional Questionnaires (n=3) median (min -max)  

CNAQ 31 (26-31) 32 (29-33) 0.414 

CNAQ <29 2 0 0.400 

SNAQ 16 (16-16) 16 (14-17) 0.655 

SNAQ<14 0 0 1.000 
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4.5.5 Predictors of baseline exercise capacity 
 

To assess the association between ǇŀǊǘƛŎƛǇŀƴǘǎΩ baseline characteristics and their baseline 

exercise capacity (primary outcome [endurance time], and secondary outcomes [6MWD, AT, 

±ɧO2peak and peak WR]) data from all IPF participants who undertook baseline assessments was 

ǳǎŜŘ όƴҐмрύ ŀƴŘ ōƛǾŀǊƛŀǘŜ ŎƻǊǊŜƭŀǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘǎ ŎŀƭŎǳƭŀǘŜŘ ǳǎƛƴƎ {ǇŜŀǊƳŀƴΩǎ Ǌŀƴƪ Ŏƻ-efficient r.  

 

4.5.5.1 Baseline age, lung function and body composition 

 

No significant correlations were observed between patients age, baseline lung function or body 

composition (BMI, FFMI and FMI) and either baseline endurance time, 6MWD, AT, ±ɧO2peak, or 

peak WR. In participants with baseline BIA (n=7) a trend of negative correlation between fat mass 

index (FMI) (kg.m-2) and AT (ml.kg-1.min-1) r=-0.75 p=0.052 was observed but this did not reach 

statistical significance (Table 4.12) 

 

Table 4.12 {ǇŜŀǊƳŀƴΩǎ ŎƻǊǊŜƭŀǘƛƻn coefficients between selected baseline demographics, 

pulmonary function and body composition and baseline exercise capacity. FFMI fat-free mass 

index, FMI- fat mass index. n=15. &n=14 for AT variables, &n=7 for FFMI and FMI. Assessment of 

correlation madŜ ǳǎƛƴƎ {ǇŜŀǊƳŀƴΩǎ Ǌŀƴƪ Ŏƻ-efficent r. 

 Age  

(years) 

FVC% 

predicted 

TLCO% 

predicted 

BMI 

(kg.m-2) 

FFMI& 

(kg.m-2) 

FMI& 

(kg.m-2) 

Endurance time 

(m) 

r=0.03 

p=0.91 

r=-0.75 

p=0.78 

r=-0.06 

p=0.84 

r=-0.13 

p=0.71 

r=-0.61 

p=0.22 

r=-0.54 

p=0.22 

6MWD  

(m) 

r=0.00 

p=1.00 

r=0.34 

p=0.21 

r=0.25 

p=0.37 

r=-0.13 

p=0.65 

r=0.11 

p=0.82 

R=-0.36 

P=0.43 

AT  

(ml.kg-1.min-1)& 

r=0.07 

p=0.82 

r=0.29 

p=0.32 

r=-0.10 

p=0.73 

r=-0.06 

p=0.82 

r=-0.36 

p=0.43 

r=-0.75 

p=0.05 

±ɧO2peak  

(ml.kg-1.min-1) 

r=0.01 

p=0.99 

r=0.33 

p=0.24 

r=0.17 

p=0.55 

r=-0.41 

p=0.88 

r=-0.18 

p=0.70 

r=-0.64 

p=0.12 

Peak WR (Watts) r=-0.01 

p=0.99 

r=0.03 

p=0.92 

r=0.40 

p=0.14 

r=0.34 

p=0.22 

r=-0.29 

p=0.54 

r=0.07 

p=0.88 
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Comparing participants baseline exercise capacity to their baseline physiological status stratified 

using the validated GAP staging metric (Table 1.1) and the MRC score (Table 3.7) identified 

significant correlation between baseline physiological function and exercise capacity. Higher 

baseline GAP score (higher scores indicating greater impairment) was significantly negatively 

correlated with ±ɧO2peak (r= -0.62 p=0.01). Consistent with previous studies, higher MRC score 

(higher scores indicating greater impairment) correlated negatively with exercise capacity with 

MRC score demonstrating negative correlation with both 6MWD (r= -0.76 p<0.01) and peak WR 

(r= -0.63 p=0.01) (Table 4.13).(301)  

 

Table 4.13  Comparison of stratified baseline physiological status and baseline exercise 

capacity. Physiological status stratified using the gender-age-physiology (GAP) score and medical 

research council (MRC) breathlessness score. n=15, &n=14 for AT. GAP Stage distribution Stage 1 

n=7, Stage 2 n=7, stage 3 n=1, MRC Score distribution Stage 1 n=1, Stage 2 n=6, Stage 3 n=8. 

!ǎǎŜǎǎƳŜƴǘ ƻŦ ŎƻǊǊŜƭŀǘƛƻƴ ƳŀŘŜ ǳǎƛƴƎ {ǇŜŀǊƳŀƴΩǎ Ǌŀƴƪ Ŏƻ-efficent r. 

 Gender- Age-Physiology 

(GAP) Score 

Medical Research Council 

(MRC) breathlessness Score 

Endurance time 

(m) 

r=-0.13 

p=0.65 

r= -.042 

p= 0.88 

6MWD  

(m) 

r= -0.49 

p= 0.07 

r= -0.76 

p<0.01**  

AT̂  

(ml.kg-1.min-1)& 

r= -0.27 

p= 0.36 

r= -0.08 

p=0.78 

±ɧO2peak  

(ml.kg-1.min-1) 

r= -0.62 

p=0.01*  

r= -0.49 

p= 0.07* 

Peak WR (Watts) r=- 0.48 

p= 0.07* 

r= -0.63 

p= 0.01*  

 

4.5.5.2 Baseline CPET parameters  

 

Participants HRR during incremental CPET was the only baseline CPET variable found to have 

significant correlation with participants baseline endurance time (r= -0.55 p=0.04) (Figure 4.13A 

and Table 4.14). No other significant correlations were observed between either exercise capacity 

(6MWD, AT, ±ɧO2peak or peak WR) or other CPET parameters, and participants baseline endurance 

time (Table 4.14). Consistent with previous observations, strong positive correlation was 

observed between participants 6MWD and ±ɧO2peak (r=0.68 p<0.01) (Figure 4.13B).(155, 156) 
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Strong negative correlation was observed between baseline ±ɧE/±ɧCO2 slope (a measure of 

ventilatory inefficiency) and both 6MWD (r= -0.57 p=0.03) and peak WR (r=-0.71 p<0.01) (Figure 

4.13C-D). Participant peak VT during baseline CPET demonstrated significant positive correlations 

with their ±ɧO2peak (r=0.67 p<0.01), AT (r=0.57 p<0.01) and peak WR (r=0.74 p<0.01) (Figure 

4.13E-G). This finding suggesting that although patients tended not to demonstrate mechanical 

respiratory limitation as assessed by the breathing reserve (median BR 38.5% [BR <15% indicating 

respiratory limitation]) mechanical respiratory function did contribute to the observed exercise 

limitation. Significant positive correlation was also observed between peak O2pulse and peak WR 

(r=-0.60 p=0.02) (Figure 4.13H).
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Table 4.14  Comparison of baseline exercise capacity vs. baseline cardiorespiratory CPET parameters. Units Endurance time (ET) (minutes), 6MWD (m), ±ɧO2peak 

and AT (ml.kg-1.min-1), Peak WR (Watts), ±ɧE/±ɧCO2  (ratio), peak ±ɧE (L.min-1), peak VT (L), SpO2 at peak (%), heart rate reserve ς HRR (beats.min-1), ±ɧO2/WR (ml.min-1.W-1), 

peak O2 pulse (ml.beat-1) *p<0.05, **p<0.01. n=15, &n=14 for AT comparisons. !ǎǎŜǎǎƳŜƴǘ ƻŦ ŎƻǊǊŜƭŀǘƛƻƴ ƳŀŘŜ ǳǎƛƴƎ {ǇŜŀǊƳŀƴΩǎ Ǌŀƴƪ Ŏƻ-efficent r. 

 ET 6MWD ±ɧO2 

peak 

AT& Peak 

WR 

±ɧE/±ɧCO2 peak ±ɧE peak VT  SpO2 at 

peak 

HRR ±ɧO2/ WR peak 

O2pulse 

 

Endurance 

time (min) 

1 r=0.01 

p=0.98 

r=0.11 

p=0.69 

r=-0.28 

p=0.33 

r=0.06 

p=0.83 

r=-0.44 

p=0.10 

r=-0.47 

p=0.07 

r=-0.47 

p=0.07 

r=-0.04 

p=0.90 

r= -0.55 

p= 0.04*  

r=-0.10 

p=0.72 

r=-0.23 

p=0.41 

6MWD  

(m) 

r=0.01 

p=0.98 

1 r=0.68 

p<0.01**  

r=-0.02 

p=0.94 

r=0.69 

p<0.01**  

r=-0.57 

p=0.03* 

r=0.29 

p=0.28 

r=0.36 

p=0.19 

r=0.49 

p=0.06 

r= -0.31 

p= 0.27 

r=-0.01 

p=0.83 

r=0.22 

p=0.43 

±ɧO2peak 

(ml.min-1.kg-1) 

r=0.11 

p=0.69 

r=0.68 

p<0.01**  

1 r=0.47 

p=0.09 

r=0.71 

p<0.01**  

r=-0.43 

p=0.10 

r=0.45 

p=0.09 

r=0.67 

p<0.01**  

r=0.30 

p=0.28 

r= -0.17 

p= 0.55 

r=-0.05 

p=0.98 

r=0.49 

p=0.06 

AT  

(ml.min-1.kg-1) 

r=-0.28 

p=0.33 

r=-0.02 

p=0.94 

r=0.47 

p=0.09 

1 r=0.28 

p=0.32 

r=-0.17 

p=0.57 

r=0.26 

p=0.37 

r=0.57 

p=0.04*  

r=-0.45 

p=0.10 

r= -0.22 

p= 0.45 

r=0.03 

p=0.91 

r=0.49 

r=0.08 

Peak WR  

(Watts) 

r=0.06 

p=0.83 

r=0.69 

p<0.01**  

r=0.71 

p<0.01**  

r=0.28 

p=0.32 

1 r=-0.71 

p<0.01**  

r=0.55 

p=0.03* 

r=0.74 

p<0.01**  

r=0.27 

p=0.33 

r= -0.35 

p= 0.21 

r=-0.05 

p=0.86 

r=0.60 

p=0.02* 
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Figure 4.13 Comparison of baseline variables and exercise capacity A) Endurance time vs. heart rate reserve B) ±ɧO2peak vs. 6MWD C) 6MWD vs. ±ɧE/±ɧCO2 slope D) 

Peak WR vs. ±ɧE/±ɧCO2 slope E) ±ɧO2peak vs. peak VT F) peak VT vs. AT& G) peak VT vs. Work Rate H) peak WR vs. O2 pulse. Assessment of correlation made using SpearƳŀƴΩǎ 

rank co-efficent r. n=15 &n=14 for AT. 

r= 0.57
p=0.04

C D

E F G H

r= -0.71
p<0.01

r= 0.60
p=0.02

r= 0.67
p<0.01

r= 0.74
p<0.01

r= 0.68
p<0.01

r= -0.57
p=0.03

A Br= -0.55 
p=0.04
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4.5.6 Predictors of response to the SRETP 
 

4.5.6.1 Primary outcome 

 

No significant correlation was observed between either participantsΩ baseline age, FVC% 

predicted, TLCO% predicted, BMI, or change in these parameters following the SRETP (Week 9 -

baseline here after referred to as ҟ), and their ҟ percentage endurance time (Table 4.15). Further 

no significant correlation was observed between either baseline exercise capacity or baseline 

CPET variables, or change in these variables following the SRETP, and ҟ% endurance time (Table 

4.16 and Table 4.17) 

 

4.5.6.2 Secondary outcomes 

 

A strong positive correlation was observed between baseline TLCO% predicted and ҟAT (r=0.78 

p<0.01). However, the physiological significance of this finding is unclear as no significant change 

in AT was observed following the SRETP and the magnitude of the individual changes small (± 1 

ml.kg-1.min-1 in all but 2 participants) (Table 4.15, Figure 4.14A). Unexpectedly, a significant strong 

positive correlation was observed between participants age and ҟ6MWD (r=0.71 p=0.02) (Figure 

4.14B). Consistent with previous study reports, a strong negative correlation was observed 

between participant baseline 6MWD and their ҟ6MWD (m) (r= -0.66 p=0.04) (Table 4.16, Figure 

4.14C).(201) Further a significant negative correlation was observed between baseline ±ɧO2peak 

and ҟpeak WR (r= -0.70 p=0.02) (Figure 4.14D). These observations suggesting that participants 

with greater impairment in exercise capacity at baseline experienced greater improvement in 

their exercise capacity following the SRETP.  

Significant negative correlation was observed between baseline peak ±ɧE and ҟ±ɧO2peak (r= -0.64 

p=0.04) (Figure 4.14E). Further strong positive correlation was observed between ҟpeak ±ɧE and 

both ҟ±ɧO2peak (r=0.90 p<0.01) and ҟpeak WR (r=0.92 p=<0.01) (Table 4.17 and Figure 4.15A,B). 

Consistent with results of Vainshelboim et al. 2014, strong positive correlation was observed 

between ҟpeak tidal volume (ҟpeak VT) and ҟ±ɧO2peak (r=0.80 p<0.01) (Figure 4.15C).(198) Strong 

positive correlation was also observed between ҟpeak VT and ҟ6MWD (r=0.70 p=0.02) (Figure 

4.15D). These observations suggesting that increased mechanical ventilatory capacity may in part 

underlie the improvement in exercise capacity observed following the SRETP. Significant positive 

correlation was observed between ҟpeak O2pulse and both ҟ±ɧO2peak and ҟpeak WR. However 

positive correlation of change in these variables may be expected as ±ɧO2 is used to derive O2 pulse 

and there is linear relationship between ±ɧO2 and WR during submaximal exercise.(283) No other 

significant correlations between exercise capacity variables and CPET parameters were observed. 
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Table 4.15   Comparisons between both baseline and ҟ(Week 9 -baseline) physiological variables vs. ҟ exercise capacity. *p<0.05, **p<0.01. n=11 &n=10 for 

ҟ6MWD and ҟAT comparisons. !ǎǎŜǎǎƳŜƴǘ ƻŦ ŎƻǊǊŜƭŀǘƛƻƴ ƳŀŘŜ ǳǎƛƴƎ {ǇŜŀǊƳŀƴΩǎ Ǌŀƴƪ Ŏƻ-efficent r. 

 Age  

(years) 

FVC% 

predicted 

TLCO% 

predicted 

BMI 

(kg.m-2) 

ҟFVC% 

predicted 

ҟTLCO% 

predicted 

ҟBMI 

(kg.m-2) 

ҟ Endurance time 

(% Change) 

r= 0.16 

p= 0.63 

r= 0.36 

p= 0.28 

r= -0.01 

p= 0.98 

r= -0.38 

p= 0.28 

r= 0.17 

p= 0.63 

r= -0.48 

p= 0.14 

r= -0.23 

p=0.50 

ҟ 6MWD&  

(m) 

r=0.71 

p= 0.02* 

r= -0.06 

p= 0.87 

r= 0.10 

p= 0.83 

r=0.08 

p= 0.83 

r= -0.18 

p= 0.62 

r= -0.39 

p= 0.27 

r= -0.21 

p= 0.57 

ҟ ±ɧO2peak  

(ml.kg-1.min-1) 

r= -0.11 

p= 0.76 

r=-0.31 

p= 0.36 

r= 0.23 

p= 0.50 

r= 0.30 

p= 0.38 

p= 0.23 

p= 0.50 

r= -0.56 

p= 0.07 

r= 0.12 

p= 0.73 

ҟ AT&  

(ml.kg-1.min-1) 

r= -0.29 

p= 0.43 

r= 0.38 

p= 0.28 

r= -0.78 

p<0.01**  

r= -0.14 

p= 0.97 

r= 0.08 

p= 0.83 

r= 0.03 

p= 0.94 

r= 0.33 

p= 0.35 

ҟ Peak WR  

(Watts) 

r =-0.09 

p= 0.79 

r= -0.02 

p= 0.96 

r= 0.42 

p= 0.20 

r= 0.30 

p= 0.38 

r= -0.02 

p= 0.95 

r= -0.60 

p=0.05 

r= -0.27 

p= 0.94 
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Table 4.16  Comparison between both baseline exercise capacity and other CPET variables  vs. ҟ exercise capacity. Units Endurance time- ET (percent %), 6MWD 

(m), ±ɧO2peak and AT (ml.kg-1.min-1), Peak WR (Watts), ±ɧE/±ɧCO2  (ratio), peak ±ɧE (L.min-1), peak VT (L.breath-1), SpO2 at peak (%), HRR- heart rate reserve (beats.min-1), 

±ɧO2/WR (ml.min-1.W-1), peak O2 pulse (ml.beat-1). !ǎǎŜǎǎƳŜƴǘ ƻŦ ŎƻǊǊŜƭŀǘƛƻƴ ƳŀŘŜ ǳǎƛƴƎ {ǇŜŀǊƳŀƴΩǎ Ǌŀƴƪ Ŏƻ-efficient r. *p<0.05 n=11, &n=10 for ҟ6MWD and ҟAT 

 ET (%) 6MWD  ±ɧO2 

peak 

AT Peak 

WR  

±ɧE/±ɧCO2 
 peak ±ɧE 

 

peak VT 

 

 SpO2 at 

peak  

HRR 

 

±ɧO2/ WR 

 

peak 

O2pulse 

 

ҟEndurance  

(% Change) 

r= -0.26 

p= 0.45 

r=-0.31 

p=0.36 

r =-0.53 

p =0.09 

r= -0.38 

p= 0.32 

r =-0.53 

p= 0.91 

r =0.17 

p =0.98 

r= -0.47 

p= 0.07 

r= -0.24 

p= 0.48 

r =0.23 

p= 0.49 

r =0.26 

p= 0.45 

r= 0.12 

p= 0.72 

r= 0.13 

p= 0.71 

ҟ6MWD&  

(m) 

r= -0.31 

p= 0.36 

r= -0.66 

p= 0.04* 

r =0.51 

p=0.13 

r =0.35 

p= 0.35 

r=-0.36 

p=0.31 

r=0.49 

p=0.15 

r= -0.28 

p= 0.45 

r =-0.47 

p= 0.17 

r= 0.02 

p=0.96 

r= 0.00 

p= 1.00 

r= 0.51 

p= 0.13 

r= -0.18 

p= 0.96 

ҟ±ɧO2peak 

(ml.min-1.kg-1) 

r= 0.43 

p= 0.19 

r = 0.43 

p= 0.19 

r= -0.50 

p= 0.12 

r= 0.35 

p=0.33 

r=-0.25 

p=0.47 

r=-0.10 

p=0.77 

r= -0.64 

p=0.04* 

r= 0.21 

p= 0.54 

r= 0.44 

p= 0.17 

r= -0.18 

p= 0.60 

r= 0.36 

p= 0.28 

r= -0.73 

p= 0.83 

ҟAT& 

(ml.min-1.kg-1) 

r= 0.52 

p= 0.13 

r =0.42 

p= 0.23 

r= 0.28 

p= 0.43 

r= -0.41 

p= 0.24 

r= 0.53 

p=0.12 

r=-0.72 

p=0.02 

r= -0.37 

p=0.29 

r= 0.18 

p= 0.96 

r= 0.22 

p= 0.54 

r= -0.37 

p= 0.29 

r= 0.10 

p= 0.79 

r= 0.12 

p= 0.75 

ҟPeak WR  

(Watts) 

r = -0.31 

p= 0.83  

r= -0.45 

p=0.16 

r =-0.70 

p=0.02* 

r=0.12 

p=0.74 

r=-0.31 

p=0.36 

r= -0.05 

p= 0.89 

r= -0.41 

p= 0.22 

r= -0.08 

p= 0.82 

r= -0.53 

p= 0.09 

r= 0.09 

p= 0.79 

r= 0.14 

p= 0.68 

r= 0.01 

p= 0.99 
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Table 4.17 Comparisons between both ҟ exercise capacity and ҟ CPET variables vs. ҟ exercise capacity Units Endurance time (ET) (percent %), 6MWD (m), 

±ɧO2peak and AT (ml.kg-1.min-1), Peak WR (Watts), ±ɧE/±ɧCO2  (ratio), peak ±ɧE (L.min-1), peak VT (L.breath-1), SpO2 at peak (%), HRR heart rate reserve (beats.min-1), ±ɧO2/WR 

(ml.min-1.W-1), peak O2 pulse (ml.beat-1). !ǎǎŜǎǎƳŜƴǘ ƻŦ ŎƻǊǊŜƭŀǘƛƻƴ ƳŀŘŜ ǳǎƛƴƎ {ǇŜŀǊƳŀƴΩǎ Ǌŀƴƪ Ŏƻ-efficient r. *p<0.05m **p<0.01. n=11 . &n=10 for ҟ6MWD and ҟAT. 

 ҟET ҟ6MWD ҟ±ɧO2 

peak 

 

ҟAT ҟPeak 

WR 

ҟ±ɧE/±ɧCO2 ҟpeak ±ɧE ҟpeak VT  ҟSpO2 at 

peak 

ҟHRR ҟ±ɧO2/ WR ҟpeak 

O2pulse 

 

ҟEndurance  

(% Change) 

1 r= 0.27 

p= 0.47 

r =0.10 

p= 0.77 

r= -0.42 

p= 0.91 

r= 0.42 

p= 0.22 

r= -0.09 

p= 0.98 

r= 0.34 

p= 0.31 

r= 0.09 

p= 0.79 

r= -0.40 

p= 0.22 

r= -0.35 

p= 0.29 

r= -0.40 

p= 0.22 

r= -0.14 

p= 0.69 

ҟ6MWD&  

(m) 

r= 0.27 

p= 0.47 

1 r= 0.54 

p= 0.11 

r= -0.38 

p= 0.31 

r = 0.29 

p= 0.42 

r= -0.45 

p= 0.19 

r= 0.52 

p= 0.12 

r= 0.70 

p= 0.02*  

r= 0.15 

p= 0.68 

r= -0.24 

p= 0.95 

r= 0.15 

p= 0.68 

r= 0.24 

p= 0.51 

ҟ±ɧO2peak 

(ml.min-1.kg-1) 

r =0.10 

p= 0.77 

r= 0.54 

p= 0.11 

1 r =0.06 

p= 0.88 

r= 0.83 

p<0.01**  

r= -0.12 

p= 0.73 

r= 0.90 

p<0.01**  

r= 0.80 

p<0.01**  

r= 0.15 

p= 0.66 

r= -0.50 

p= 0.12 

r= 0.15 

p= 0.66 

r= 0.77 

p<0.01**  

ҟAT&  

(ml.min-1.kg-1) 

r= -0.42 

p= 0.91 

r= -0.38 

p= 0.31 

r =0.06 

p= 0.88 

1 r =0.61 

p= 0.87 

r= 0.07 

p= 0.86 

r= -0.12 

p= 0.75 

r= -0.07 

p= 0.84 

r= 0.22 

p= 0.54 

r= -0.74 

p= 0.01* 

r= 0.22 

p= 0.54 

r= -0.13 

p= 0.73 

ҟPeak WR  

(Watts) 

r= 0.42 

p= 0.22 

r = 0.29 

p= 0.42 

r= 0.83 

p<0.01**  

r =0.61 

p= 0.87 

1 r= 0.11 

p= 0.73 

r= 0.92 

p<0.01**  

r= 0.54 

p=0.08 

r= -0.03 

p= 0.94 

r= -0.53 

p= 0.92 

r= -0.27 

p= 0.94 

r= 0.63 

p=0.03*  
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Figure 4.14 Comparisons between baseline variables and ҟ exercise capacity !ύ .ŀǎŜƭƛƴŜ ŀƎŜ ǾǎΦ ҟ 6MWD B) Baseline TLCO҈ ǇǊŜŘƛŎǘŜŘ ǾǎΦ ҟ!¢, C) Baseline 6MWD 

vs. ҟ сa²5Σ D) Baseline ҟ±ɧO2peak ǾǎΦ ҟǇŜŀƪ ²wΣ E) Baseline peak ±ɧE  vs. ҟ±ɧO2peak. !ǎǎŜǎǎƳŜƴǘ ƻŦ ŎƻǊǊŜƭŀǘƛƻƴ ƳŀŘŜ ǳǎƛƴƎ {ǇŜŀǊƳŀƴΩǎ Ǌŀƴƪ Ŏƻ-efficient r. n=11, n=10 for 

ҟ6MWD and ҟAT 

CB

D E

r= 0.71
p=0.02

r= -0.66
p=0.04

r= -0.70
p=0.02

r= -0.64
p=0.04

A r= 0.78
p<0.01
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Figure 4.15 Comparisons between ҟ peak ±ɧE ŀƴŘ ҟVT  vs. ҟ exercise capacity. !ύ ҟ ǇŜŀƪ ±ɧE ǾǎΦ ҟ ±ɧO2ǇŜŀƪ .ύ ҟ ǇŜŀƪ ±ɧE ǾǎΦ ҟ ǇŜŀƪ ²w /ύ ҟ ǇŜŀƪ VT ǾǎΦ ҟ ±ɧO2peak.          

D) ҟ peak VT vs ҟ 6MWD. !ǎǎŜǎǎƳŜƴǘ ƻŦ ŎƻǊǊŜƭŀǘƛƻƴ ƳŀŘŜ ǳǎƛƴƎ {ǇŜŀǊƳŀƴΩǎ Ǌŀƴƪ Ŏƻ-efficient r. n=11, n=10 for ҟ6MWD  

CA Br= 0.90
p<0.01

r= 0.92
p<0.01

r= 0.80
p<0.01

D r= 0.70
p=0.02
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4.5.6.2.1 Exploratory analysis of responder status 
 

In exploratory ŀƴŀƭȅǎƛǎ ƻŦ ǘƘŜ ǇǊƛƳŀǊȅ ƻǳǘŎƻƳŜ ǇŀǊǘƛŎƛǇŀƴǘǎ ǿŜǊŜ ǎǘǊŀǘƛŦƛŜŘ ƛƴǘƻ ΨǊŜǎǇƻƴŘŜǊǎΩ 

(those with a җоо҈ ƛƳǇǊƻǾŜƳŜƴǘ ƛƴ ŜƴŘǳǊŀƴŎŜ ǘƛƳŜ ŦǊƻƳ ōŀǎŜƭƛƴŜύ ŀƴŘ Ψƴƻƴ-ǊŜǎǇƻƴŘŜǊǎΩ όǘƘƻǎŜ 

with a <33% improvement) to the SRETP based on the previous published MCID for endurance 

time.(192) 82% (n=9) of participants were classified as responders using this stratification method. 

Despite the small-sample size considerably limiting statistical power, responders were identified 

as having a lower baseline peak WR compared to non-responders (median, 69 Watts vs. 125 

Watts p=0.04). Although the interpretation of the result is limited by the small sample size, this 

finding is consistent with the above discussed results demonstrating a greater response to the 

SRETP in those with greater impairment in exercise capacity at baseline. Comparing baseline 

characteristics responders tended to have a lower BMI compared to non-responders (median, 

27.8 kg.m-2 vs. 33.4 kg.m-2p=0.07) however no other statistically significant differences between 

responders and non-responders were observed (Table 4.18). 

Table 4.18  Comparison of baseline characteristics in participants completing the SRETP 

stratified as ΨResponderΩ җ33% improvement in endurance time vs. Ψnon-responderΩ <33% 

improvement.. Comparison made using Mann-Whitney U test. &Responder AT n=8 

Baseline characteristics Responder (n=9) Non-Responder (n=2)  

 Variable Median (IQR) 
 or % (n) 

Median (min-max)  
or %(n) 

p  

Age (years) 76.7 (62-85) 68.7 (65-72) 0.327 

FVC % predicted 79 (41-89) 74 (72-76) 0.218 

TLCO% predicted 51 (29-86) 52 (50-54) 0.909 

BMI (kg.m-2) 27.8 (22-32) 33.5 (32-34) 0.073 

Baseline Endurance time (min) 8.12 (5.8-11.3) 8.29 (7.2-9.32) 1.000 

6MWD (m) 390 (251-508) 420 (365-419) 0.582 

AT (ml.kg-1.min-1) 7.90 (6.6-10.3)& 8.9 (8.3-9.5) 0.400 

±ɧO2peak (ml.kg-1.min-1) 11.50 (11.3-13.0) 14.23 (12.8-15.7) 0.145 

±ɧO2peak % predicted 63.35 (467.-74.1) 69.1 (66.6-71.5) 0.727 

Peak WR (Watts) 69 (60-85) 125 (95-155) 0.036 

±ɧE/±ɧCO2 slope 50.6 (38-60) 37.1 (34-41) 0.218 

peak ±ɧE (L.min-1) 50.0 (38-67) 75.3 (68-83) 0.218 

peak VT (L) 1.54 (1.0-1.6) 1.86 (1.6-2.1) 0.145 

SpO2 at peak exercise (%) 91 (87-94) 88 (85-91) 0.436 

HRR beat.min-1 23 (20-44) 12.5 (- 9 to 35) 0.436 

±ɧO2/ WR slope (ml.min-1.Watt-1) 9.70 (7.1-11.0) 9.30 (8.9-9.7) 0.582 

Peak O2 pulse (ml.beat-1) 8.3 (6.9-10.1) 11.0 (7.6-14.5) 0.582 
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4.6 Discussion 
 

These results demonstrate that a CPET derived, high-intensity, interval based SRETP led to 

significant and clinically meaningful improvement in participants exercise capacity assessed by 

endurance time on a constant load test at 75% of baseline ±ɧO2peak. Significant improvement was 

also observed in participants peak WR and FVC% predicted, and a significant reduction observed 

in participant rated MRC breathlessness score. The SRETP was found to be feasible with good 

adherence in this cohort of patients with IPF with no serious adverse events encountered.  At 

baseline participants demonstrated significant impairment in exercise capacity, which appeared 

multifactorial in nature with deconditioning and, ventilatory, cardiovascular and diffusion 

limitation all contributing to the observed exercise limitation. Greater physiological impairment at 

baseline was associated with poorer baseline exercise capacity. Further in participants who 

completed the SRETP, those with greater impairment in exercise capacity at baseline appeared to 

have a greater improvement in their exercise capacity following the SRETP.  

 

4.6.1 Effect of the SRETP on exercise capacity 
 

4.6.1.1 Endurance time 

 

A statistically significant improvement in endurance time was noted following the SRETP despite 

the relatively small number of participants in this study (n=11). The median percentage 

improvement in endurance time was 82%. Although no MCID exists for constant load tests in ILD 

the magnitude of the median improvement observed in this study is substantially greater than the 

җ33% improvement from baseline reported as the MCID for this variable in patients with 

COPD.(192) With 82% (n=9) of participants in the present study improving their endurance time 

by greater than this value. As the constant load work-rate was set at 75% of baseline ±ɧO2peak it 

represents a sub-maximal exercise test which is likely to reflect the exercise intensity used by 

patients with IPF when performing everyday physical activities.(191) In corroboration with the 

increase in endurance time observed in this study being clinically meaningful for patients is the 

observed significant reduction in participant reported MRC breathlessness score.  

The significant increase observed in endurance time was accompanied by an increase in exercise 

capacity assessed by peak WR (median increase + 8 Watts p=0.01) and 6MWD (median increase 

+40 m p=0.08). No significant change in participants AT or ±ɧO2peak was observed following the 

SRETP. Comparing the percentage changes from baseline in endurance time, peak WR and 6MWD 

(+82%, 11% and 10% respectively) the increased sensitivity of endurance time to the intervention 

is evident. The increased sensitivity of endurance time observed in this study is consistent with 
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the previous documented increased sensitivity of constant-load exercise tests to therapeutic 

intervention.(187, 189) Similar to the findings of this study, Arizono et al. identified in n=24 

patients with IPF, that following a 10-week exercise intervention, patients constant load exercise 

test performance at 80% peak WR improved by +181% compared to a +6% improvement in their 

6MWD.(189)  

The physiological basis for the increased sensitivity of the constant-work rate test compared to 

other exercise tests observed in this and other studies, relates to the hyperbolic relationship 

between work-rate (watts) and duration of sustainable exercise (time) for submaximal exercise. 

(265) The time an individual can sustain exercise during a submaximal exercise test is determined 

by the ƛƴŘƛǾƛŘǳŀƭΩǎ highest obtainable work-rate whilst maintaining steady-state physiological 

conditions (typically ±ɧO2 and blood lactate) (termed the critical power) and the fixed amount of 

work that an individual can perform above steady state (termed the curvature constant) (see 

Chapter 3.5.3.2 for discussion). !ƴ ƛƴŘƛǾƛŘǳŀƭΩǎ critical power marks the asymptote of the 

hyperbolic relationship between work-rate and sustainable exercise duration for submaximal 

exercise. Therefore, for exercise at a fixed work-rate ŀōƻǾŜ ŀƴ ƛƴŘƛǾƛŘǳŀƭΩǎ ŎǊƛǘƛŎŀƭ ǇƻǿŜǊ small 

changes in their critical power may induce large changes in ŀƴ ƛƴŘƛǾƛŘǳŀƭΩǎ ƳŀȄƛƳŀƭ ǘƻƭŜǊŀǘŜŘ 

exercise duration. Further due to the power-time duration relationship, large changes in 

endurance time are more likely to reflect a change in the critical power, rather than purely a 

change in the curvature constant.(266)(Figure 3.3).  

Accurate estimation of the critical power requires multiple maximal exercise tests and hence was 

not feasible in the present study.(353) However, given the magnitude of the increase in 

endurance time observed in this study, and the nature of the critical power-time dynamic, it is 

reasonable to hypothesise that an increase in critical power was a contributing physiological 

mechanism by which participants improved their endurance time as a consequence of the SRETP 

independent of changes in their anaerobic threshold or peak oxygen uptake.   

 

4.6.1.2 6-minute walk distance 

 

A strong trend towards positive effect of the SRETP was observed in the 6MWD with a median 

increase of +40 m, however this did not reach statistical significance (p=0.08). Eight of the 10 

participants improved their 6MWD by greater than the lower limit of the predicted MCID for this 

variable in ILD (154, 157). Previous RCTs of exercise training in IPF have demonstrated a significant 

increase in 6MWD (197, 198, 201) although one RCT failed to identify significant change.(110) The 

observation that a significant increase in the 6MWD was not identified in the present study 

despite the large increase in endurance time observed is in keeping with previous observations 
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that endurance time is more sensitive to therapeutic intervention compared to the 6MWD as 

discussed above. A possible physiological explanation for this may be that although the constant 

load test is a submaximal test for all participants (performed at 75% ±ɧO2 peak), this may not be 

the case for the 6MWD. During the 6MWD patients are instructed to walk as far as possible within 

the time (i.e., approximating to their maximal walking speed), hence in patients with more severe 

functional limitation the 6MWD may better reflect maximal rather than submaximal exercise 

capacity.(152) This proposition is further supported by the strong positive correlation observed 

between 6MWD and ±ɧO2peak in this study (r=0.68 p<0.01) an observation which is consistent 

with previous studies.(155, 156) It is also important to consider that in patients with better 

preserved exercise capacity (baseline 6MWD greater than Ғ 450 m) significant improvement in 

the 6MWD may be limited by the well documented ΨŎŜƛƭƛƴƎ ŜŦŦŜŎǘΩ ƻŦ ǘƘƛǎ ǘŜǎǘ, whereby due to the 

nature of the test (patients are instructed not to run) it is not possible to observe significant 

increase (see Chapter 1.4.1 for further discussion).(160) Lastly it is possible that the small sample 

size in this thesis study led to a type 2 statistical error (mistaken acceptance of a true null 

hypothesis). The small sample size of this study was compounded by missing data for the 6MWD, 

as one participant who had significant improvement in their endurance time was not able to 

undertake the 6MWD at week 9 due to knee pain. 

 

4.6.1.3 CPET parameters and lung function 

 

Although an observed trend toward increase in ±ɧO2peak was apparent (Figure 4.5), no significant 

change was observed in either participants ±ɧO2peak or anaerobic threshold (AT) following the 

SRETP. Previous research into the effect of exercise training on CPET parameters of exercise 

capacity in ILD is limited with only 4 full published RCTs to this effect. Only one previous study 

(Vainshelboim et al. 2014(198)) has demonstrated positive effect of exercise training on AT and 

±ɧO2 peak (mean change + 3.1 ml.kg-1.min-1 and 2.6 ml.kg-1.min-1 respectively). In the present study 

significant increase in peak WR was observed (median increase +8 Watts) with the magnitude of 

this increase greater than the proposed MCID for this variable in patients with COPD of 4 ±1 

Watts.(183) This observation is consistent with 3 previous studies of patients with ILD/IPF.(198, 

200, 202) The lack of significant positive effect of the SRETP on AT and ±ɧO2 peak may reflect a 

type II statistical error due to the small sample size of the study. Alternatively, patients 

physiological impairment may have prevented improvement in their peak oxygen uptake or 

anaerobic threshold. Further research investigating any effect of exercise training on AT and 

±ɧO2peak in patients with IPF/ILD is required. 
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Following the SRETP there was significant increase in participants mechanical respiratory capacity. 

With a significant increase in both FVC% predicted (+5% p=0.02) and peak ±ɧE during CPET (+ 9 

L.min-1 p=0.03) observed. The finding of a significant increase in FVC% predicted following a 

period of exercise training is in corroboration with, and of similar magnitude to that, observed by 

Vainshelboim et al. 2014.(198) The increase in peak ±ɧE observed in this study is also consistent 

with results of previous studies(197, 198) and is of similar magnitude to the mean difference of 

+7.21 L.min-1 calculated in a meta-analysis of the effect of exercise training on this variable from 

available evidence by Dowman et al. 2021.(199) In the present study the increase in peak ±ɧE was 

manifest as a non-significant increase in both peak respiratory rate and VT. A strong positive 

ŎƻǊǊŜƭŀǘƛƻƴ ǿŀǎ ƻōǎŜǊǾŜŘ ōŜǘǿŜŜƴ ҟ±ɧE ŀƴŘ ōƻǘƘ ҟ±ɧO2ǇŜŀƪ ŀƴŘ ҟǇŜŀƪ ²w όǊҐ лΦфл ǇғлΦлм ŀƴŘ 

r=0.92 p<0.01 respectively). In addition, a strong positive correlation was observed between 

ҟǇŜŀƪ VT anŘ ҟ±ɧO2peak (r=0.80 p<0.01) and observation consistent with, and of similar 

magnitude to, that observed by Vainshelboim et al (r=0.78 p<0.01 in their study).(198) The 

direction of these correlations is in keeping with a positive physiological response. These results 

suggest improvements in ventilatory mechanics may, at least in part, underlie the improvement in 

exercise capacity observed following the SRETP. Although the present study, or that of 

Vainshelboim et al., did not employ specific respiratory muscle training (the Vainshelboim study 

did utilise deep breathing exercises), it may be that the high ventilatory demand during interval-

based exercise acts as a training stimulus to promote increased strength of the respiratory 

muscles. However, no significant correlation was observed between change in ventilatory 

ǇŀǊŀƳŜǘŜǊǎ ŦƻƭƭƻǿƛƴƎ ǘƘŜ {w9¢t όҟC±/҈ ǇǊŜŘƛŎǘŜŘΣ ҟ.w҈Σ ҟww ƻǊ ҟǇŜŀƪ ±Tύ ŀƴŘ ҟ9ƴŘǳǊŀƴŎŜ ǘƛƳŜ 

suggesting that although the observed change in ventilatory capacity is significantly correlated 

with change in peak exercise capacity it may not be solely accountable for the improvement in 

endurance time observed.  

Further it may be that as most patients did not demonstrate mechanical limitation to exercise at 

baseline indicated by a breathing reserve of <15% (median baseline BR 42% with n=1 BR<15%), 

that improvement in the cardiovascular response to exercise, or functionality of the peripheral 

muscles as a consequence of the SRETP, led to participants being able to work at higher work 

rates with a consequent increase in their peak ±ɧE. Consistent with this possibility of improved 

cardiovascular functioning because of the SRETP is the significant reduction observed in heart rate 

reserve [HRR] following the SRETP (median change -6 beat.min-1). However, counter to this 

suggestion is that there may have been unmasking of impairment of oxygen delivery following the 

SRETP as identified by the observed trend to reduction in the slope of the relationship between 

oxygen uptake and work-rate (±ɧO2/WR slope, expressing the oxygen cost of performing work) 

(median change -0.85 ml.min-1.W-1 p=0.08). Although a lower ±ɧO2/WR slope represents less 

oxygen utilisation per Watt (suggestive of increased efficiency) it is important to consider in 
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patients with cardiopulmonary disease, particularly at heavy/vigorous exercise intensities above 

the AT, this may represent a developing oxygen debt that is then repaid in recovery.(354) This 

observation suggesting that although there was an apparent trend to reduction in ±ɧO2/WR during 

the study, this may reflect an increased oxygen debt as a consequence of the higher work rates 

achieved at Week 9 without corresponding significant increase in ±ɧO2peak. Further investigation 

of this hypothesis was not possible due to the lack of comprehensive CPET recovery data. Due to 

their lung disease, patients had significant breathlessness at peak exercise which prevented them 

being able to tolerate the CPET mask during recovery. 

 

4.6.1.4 Health related quality of life outcomes and symptom severity 

 

No significant change in participants health-related quality of life (HRQL) assessed by either the 

SGRQ-IPF or EQ-5D-5L was noted following the SRETP. Interpretation of results of the EQ-5D-5L is 

extremely limited by the small sample size of 3 for this variable. Lack of data for this outcome was 

secondary to the termination of the study due to the COVID-19 pandemic. A trend to positive 

effect was noted in the SGRQ-IPF symptoms domain with 6 patients demonstrating positive effect 

following the SRETP. It could be proposed that the non-significant effect of the SRETP on HRQL 

scores suggest that the improvement in endurance time observed is not clinically meaningful for 

patients. Although there is no MCID for endurance time in ILD, 82% of patients improved by 

greater than the MCID value for this variable in COPD (җ33% (192)). Further a significant reduction 

in participants MRC breathlessness scores was apparent suggesting that patients noted a 

perceivable reduction in breathlessness on a day-to-day basis. Further it may be that the lack of 

positive effect in this current study on HRQL is due to a type 2 statistical error because of the 

small sample size. Consistent with this possibility is that previous studies have demonstrated a 

positive effect of exercise training on HRQL assessed by the SGRQ or SGRQ-IPF (196, 198, 202, 

235). CǳǊǘƘŜǊ ƛƴ ŀƎǊŜŜƳŜƴǘ ǿƛǘƘ ǘƘƛǎ ǎǘǳŘȅΩǎ ƻōǎŜǊǾŜŘ ǘǊend in reduction in the SGRQ-IPF 

symptoms domain, one RCT demonstrated significant change in only this SGRQ-IPF domain (235), 

suggesting that the symptoms domain may have increased sensitivity to change following an 

exercise therapy.   

 

4.6.1.5 Body composition and nutritional status 

 

In depth analysis of any impact of the SRETP on nutritional status was limited by the small sample 

size (n=3) of completers with BIA and nutritional questionnaire data due to the termination of the 

study because of the COVID-19 pandemic. Body mass index data was available for all 11 
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participants completing the SRETP with no significant change identified. Recently there has been 

increased appreciation of the impact of nutritional status on exercise capacity in ILD/IPF, with 

body composition identified as an independent predictor of exercise capacity in patients with ILD 

(143, 355) and further investigation into any effect of exercise training on body composition and 

nutritional status is warranted.   

 

4.6.2 Safety, feasibility and adherence  
 

The SRETP utilised in this study employed intervals of higher and lower intensity aerobic exercise 

using an electromagnetically braked cycle ergometer to deliver an individually prescribed exercise 

programme. It is possible that patients with IPF may be particularly suited to interval, as opposed 

to continuous moderate intensity, exercise as the periods of lower intensity exercise allow for 

recovery from the ventilatory, diffusion and cardiovascular impairment present during 

exercise.(37) 

No serious adverse events were noted either as a consequence of the study assessments 

(including CPET) or the exercise-programme. As discussed in Chapter 1.5.1 there are inherent 

limitations common to many clinical studies in assessing safety of an intervention and there is no 

gold-standard assessment as to whether a drug/intervention safety signal represents a true risk to 

patients.(184) Safety of the SRETP in this cohort was determined by assessment of the study 

steering committee (My supervisory team and I) from monitoring SAEs and AEs.  It is important to 

consider that as the cohort of patients in this study do not present and heterogenous sample of 

patients with IPF (in particular patients requiring oxygen therapy were excluded) and the study 

was not adequately powered to formally assess safety, it is not possible to ascertain whether the 

SRETP is a safe intervention in the wider IPF population from the results of this study. Further 

assessment and monitoring of the safety of the SRETP is required in a larger study (see Chapter 6 

for discussion) with continued safety monitoring ongoing after any potential future standard of 

care implementation of the intervention. 

All participants who completed the SRETP had good adherence to the exercise programme. 

Further no participants withdrew from the SRETP citing the exercise programme as the reason for 

withdrawal and the two participants enrolled in the SRETP at study termination due to COVID-19 

also demonstrated good adherence rates. No patients withdrew from the study stating the SRETP 

or other study interventions as the reason for withdrawing and informal feedback from patients 

completing the study was positive. The above demonstrating that the SRETP was a feasible 

intervention in this patient cohort. The finding that the interval based SRETP utilised in this study 

was safe and feasible with good adherence in patients with IPF is consistent with other pilot 

studies.(217-219) The results of the present study are supplemental to those performed by 
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Dowman (218) and Wickerson (217) as these studies tested only single sessions of high intensity 

interval-based exercise. The study by Nikoletou (219) is published only in abstract form without 

detail of the nature of the exercise programme so the interpretability of the results of this study 

are limited. Recently the protocol for a large randomised controlled trial testing efficacy of high 

intensity versus continuous moderate intensity aerobic exercise in patients with fibrotic ILD has 

been published and the trial is currently recruiting.(259) 

 

4.6.3 Investigating the mechanisms of exercise limitation in IPF 
 

4.6.3.1 Baseline exercise capacity 

 

Participants in this study exhibited significantly impaired peak exercise capacity at baseline with a 

median ±ɧO2peak of 11.95 ml.kg-1.min-1 (67% predicted). In a prospective study Vainshelboim et al. 

identify a VO2peak of <13.8 ml.kg-1.min-1 as an independent predictor of mortality and 10 of the 

15 participants in the present study meet this threshold.(178) Participants AT was severely 

impaired at baseline with all but one of the participants having an AT <11 ml.kg-1.min-1 a value 

widely used in perioperative medicine to define those at increased risk of poor perioperative 

outcome.(351) Although no one physiological baseline characteristic significantly correlated with 

baseline exercise capacity, strong negative correlation was observed between poorer 

physiological status when stratifying participants using either their baseline GAP or MRC score, 

the latter finding consistent with previous study reports.(301)  

An inŘƛǾƛŘǳŀƭΩǎ AT expressed as a percentage of their predicted ±ɧO2peak (AT/ ±ɧO2peak pred.) is 

often used as a measure of physical condition with a value of <50% defined as representing 

significant deconditioning.(184) Using this definition significant deconditioning at baseline was 

apparent in this cohort of IPF patients with 13 of the 15 participants meeting this threshold. 

Patients with IPF have many reasons to be deconditioned including reduction in quantity, or 

avoidance of, physical activity due to dyspnoea and sarcopenia leading to a vicious cycle of 

reducing exercise capacity and increasing symptom burden.   

 

4.6.3.1.1 Respiratory Impairment 

 

The majority of participants (14 out of 15) demonstrated normal values for breathing reserve (BR, 

normal range <15%) suggesting that in this group of IPF patients peak exercise capacity was not 

purely limited by ventilatory mechanics. This is consistent with results of previous studies in 

patients with ILD/IPF (126, 127), although others have identified significant mechanical 

respiratory limitation in this group of patients.(184) Further although most patients had 
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significant BR, high respiratory rates (RR) were observed at peak exercise (median 39 breath.min-

 1) an observation consistent with previous studies of CPET in ILD.(356) Due to their restrictive lung 

disease patients are limited in their ability to increase peak tidal volume and consequently 

increase ±ɧE during exercise predominately by increasing RR.(37) Consistent with VT being an 

important factor contributing to exercise limitation in this cohort are the strong positive 

correlations observed between baseline peak VT  and ±ɧO2peak (r= 0.67), AT (r= 0.56) and peak WR 

(r= 0.74). 

Despite not exhibiting definitive mechanical ventilatory limitation to exercise, consistent with 

previous observations(131, 178, 184) it was apparent that participants exhibited marked 

ventilatory inefficiency (increased ±ɧE/±ɧCO2 slope). Although no significant correlation was 

observed between ±ɧE/±ɧCO2 and either ±ɧO2peak or AT, a strong negative corelation was observed 

between ±ɧE/±ɧCO2 slope and both peak WR (r= -0.71) and 6MWD (r= -0.57). These correlations are 

in a physiologically meaningful direction with higher ±ɧE/±ɧCO2 slopes representing greater 

impairment. Negative correlation of ±ɧE/±ɧCO2 with exercise capacity in IPF patients has previously 

been observed in a retrospective study,(357) however to the best of my knowledge not previously 

demonstrated in a prospective clinical study of patients with IPF.  

Increased ±ɧE/±ɧCO2 slope can be due to relative hyperventilation and or increased dead space 

ventilation because of ±ɧ/vɧ mismatching. To definitively exclude acute hyperventilation as a cause 

of a raised ±ɧE/±ɧCO2 relationship accurate calculation of the dead space to tidal volume ratio 

(VD/VT) is necessary. To achieve this an accurate P(a-A] CO2 gradient needs to be determined via 

arterial blood gas sampling (see Chapter 3.6.5.2) which may have been overburdensome for 

participants in the present study. However, the high ±ɧE/±ɧCO2 slope, combined with the low end-

tidal CO2 values recorded at the AT, normal resting RER (0.88) and exercise induced desaturation 

suggest that the high ±ɧE/±ɧCO2 slopes observed in participants of this study most likely primarily 

reflect dead space ventilation secondary to ±ɧ/vɧ mismatching rather than because of acute or 

chronic hyperventilation.  

Modest exercise induced desaturation was observed (median SpO2 at VḺ2peak 93%) consistent 

with the overall mild to moderate disease severity and moderate reduction in diffusion capacity at 

baseline (median TLco 51% predicted) of patients in this study. No significant correlation was 

observed between peak SpO2 and peak exercise capacity, although these data are exploratory and 

limited by the small sample size, the lack of correlation observed between the degree of exercise 

induced desaturation and exercise capacity is consistent with a previous study by Bye et al. who 

failed to observe an increase in peak work-rate in a cohort of ILD patients (who desaturated 

during exercise) completing two CPETs breathing either room air or supplemental oxygen.(125) 

These observations may suggest other factors cause limitation of peak exercise capacity in 

patients with mild-moderate ILD prior to oxygen extraction at the peripheral muscle being limited 
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by PaO2. It is however important to consider that supplemental oxygen has been shown to 

improve performance during high intensity constant load exercise tests in patients with IPF(111, 

128) suggesting that during sustained submaximal exercise oxygen extraction does become a rate 

limiting factor for exercise performance. 

 

4.6.3.1.2 Cardiovascular Impairment 

 

One-third of patients achieved their age predicted maximum heart-rate range during peak 

exercise indicated by a heart rate reserve (HRR) of Җ15 beats.min-1. In this cohort all but one of 

the participants had a normal baseline ±ɧO2/WR slope (10 ml.min-1.W-1 ±1) suggesting there was 

not significant impairment of oxygen delivery to the tissues in the cohort as a whole. However, 

baseline HRR was the only baseline parameter significantly correlated with baseline endurance 

time (r= -0.55). Further participants were noted to have an impaired peak O2 pulse predicted 

(median 83%) and 5 participants exhibited chronotropic index values greater than one standard-

deviation above their age and sex adjusted reference range (suggestive of an abnormal 

cardiovascular response to exercise). Unlike peak O2 pulse which is calculated by peak ±ɧO2/peak 

HR, the chronotropic index represents the slope of the HR and ±ɧO2 ǊŜƭŀǘƛƻƴǎƘƛǇΣ ƘŜƴŎŜ ƛǘΩǎ ǾŀƭǳŜ ƛǎ 

independent of the absolute value of peak ±ɧO2 (which itself may be reduced due to non-cardiac 

pathology).  

Pulmonary vascular disease is associated with advancing IPF and has been identified as an 

additive mechanism of exercise limitation in this group of patients.(358) Unfortunately, due to the 

pilot nature of this study baseline echocardiography was not included in the study design, making 

it not possible to quantify if participants in this study had pulmonary hypertension at baseline. 

Ventilatory inefficiency and exercise induced desaturation were apparent in the cohort, however 

no participants exhibited a corresponding significant fall in PETCO2 from rest to AT, a combination 

of CPET findings which can be suggestive of pulmonary hypertension and or right-left shunting .  

 

4.6.3.2 Predictors of response to the SRETP 

 

An unexpected finding was the strong pƻǎƛǘƛǾŜ ŎƻǊǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ ōŀǎŜƭƛƴŜ ŀƎŜ ŀƴŘ ҟ6MWD 

suggesting that older participants had greater response to the SRETP as assessed by the 6MWD. 

The large RCT of exercise training in ILD by Dowman et al did not observe significant correlation 

between age and 6MWD (r-0.07).(201) However, although a mechanistic explanation for this 

association is unclear, exercise training has been shown to be effective in older adults (359) and 

not a barrier to positive outcome from exercise training in patients with COPD.(360)   
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Comparison between participants baseline exercise capacity and ǘƘŜƛǊ ҟ ŜȄŜǊŎƛǎŜ ŎŀǇŀŎƛǘȅ 

following the SRETP revealed significant negative correlation between baseline 6MWD and 

ҟсa²5 όǊҐ -0.66) and baseline ±ɧO2peak and ҟpeak WR (r= -0.70). No significant correlations 

were oōǎŜǊǾŜŘ ōŜǘǿŜŜƴ ǇŀǊǘƛŎƛǇŀƴǘǎ ōŀǎŜƭƛƴŜ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ŀƴŘ ҟŜƴŘǳǊŀƴŎŜ ǘƛƳŜ. In exploratory 

secondary analysis of the primary outcome participants were stratified into those who improved 

their percentage eƴŘǳǊŀƴŎŜ ǘƛƳŜ ōȅ җ оо҈ ŦǊƻƳ ōŀǎŜƭƛƴŜ ΨǊŜǎǇƻƴŘŜǊǎΩΣ ŀƴd those who did not 

Ψƴƻƴ-ǊŜǎǇƻƴŘŜǊǎΩΣ ŀǎ ǘƘƛǎ ǾŀƭǳŜ Ƙŀǎ ōŜŜƴ ŜǎǘƛƳŀǘŜŘ ŀǎ ǘƘŜ a/L5 ŦƻǊ ǘƘƛǎ variable in COPD.(192) 

Drawing comparison between ΨrespondersΩ and Ψnon-respondersΩ was extremely limited by both 

the small overall sample size (n=11) and small number of participants classified as Ψnon-

respondersΩ (n=2). However, with these limitations in mind, it is interesting that ΨǊŜǎǇƻƴŘŜǊǎΩ ƘŀŘ 

a lower baseline peak WR compared to Ψnon-respondersΩ (69 Watts vs. 125 Watts p=0.03). This 

observation is in keeping with the above discussed significant negative correlations observed 

between baseline exercise capacity and response to the SRETP. The observation that those with 

poorer exercise capacity at baseline had greater response to exercise training at immediate 

follow-up identified in this study is consistent with the results of a large RCT (n=142) of exercise 

training in ILD by Dowman et al. which was statistically powered to assess effect of baseline 

characteristics on efficacy.(201) The authors identified those with lower baseline 6MWD had 

greatest improvement in 6MWD ŀǘ ф ǿŜŜƪǎΦ ¦ǎƛƴƎ ŎƻƳǇƻǎƛǘŜ ŀƴŀƭȅǎƛǎΣ ǘƘŜ ŀǳǘƘƻǊǎΩ ƛdentified for 

each 10 m increase in baseline 6MWD, the gain in 6MWD achieved following the exercise 

intervention at 9 weeks declined by -1.4 m. 

 

4.6.4 Limitations of the study 
 

This study has limitations which are important to discuss. First, the small sample size limits the 

statistical power of the analysis increasing both the risk of type 1 (rejection of a true null 

hypothesis) and type 2 (mistaken acceptance of a true null hypothesis) statistical errors, and 

potentially limits the reproducibility of the study results to the wider IPF population. However, 

this cohort represents a relatively heterogenous group of patients with mild to moderate disease 

severity which is typical of patients who may be considered appropriate for referral to outpatient 

based standard-of-care exercise training interventions. It is important when interpreting the 

results of this study to consider the impact of multiplicity of testing leading to a type 1 statistical 

error and p-values of less than 0.05 occurring by chance. Analysis of results of CPET could be 

particularly prone to this caveat given the large number of results produced from one test. 

Consideration for the risk of multiplicity of testing was considered in my prospectively designed 

statistical analysis plan. The primary outcome for the study was pre-specified and despite the 

small sample size a highly significant result was observed, and I believe it is justifiable to regard 
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this result as having high validity. Results from other analysis should be viewed as exploratory and 

hypothesis generating, with further validation required in a future, appropriately powered, 

definitive study. 

As this study was not designed as a dedicated feasibility study,(361) it was not possible to formally 

evaluate the wider study design. However, in this cohort of patients the SRETP was completed 

with good adherence, no patients withdrew from the study citing the SRETP or study outcomes as 

the reason for withdrawal, and informal feedback from patients was positive, supporting the 

conclusion that the SRETP was a feasible intervention for this cohort of patients with IPF. During 

the study no serious adverse events were encountered to suggest any safety concerns. However, 

given that this cohort of patients represent a selected cohort of patients with a mild-moderate 

disease severity with a small sample size it is not possible to definitively determine the safety of 

this intervention in the wider IPF population. Hence the safety of the intervention would need to 

be further investigated in any future definitive study (see Chapter 6 for discussion) and continued 

to be monitored after any future potential standard of care implementation.  

A limitation of this study is the high proportion of males recruited (82% of participants completing 

the SRETP were male) and this limits the translatability of these findings to female patients with 

IPF. However IPF is more common in males with international case series identifying a 70-80% 

male predominance,(10, 11) and the 2021 U.K ILD registry identified that 78.5% of patients 

diagnosed with IPF in the last 9 years (2013-2021) recorded on the national registry were male 

(total IPF cases recorded n=3275).(12) Further the prevalence of males in this cohort is similar to 

that observed in a large retrospective study of all IPF patients referred to standard care ILD clinics 

at UHS (n=247 [n=194 from UHS] 74% male).(362) 

A further limitation with the demographics of the sample cohort is that all patients recruited were 

of White British ethnicity. This limits the translatability of the results to patients with IPF of 

different ethnicities. It is important when interpreting this limitation to consider the demographic 

of the population from which patients were recruited to this single centre study. Data from the 

Hampshire County Council census ƛƴ нлмф ƛŘŜƴǘƛŦȅ ǘƘŀǘ фмΦу҈ ƻŦ IŀƳǇǎƘƛǊŜΩǎ ǇƻǇǳƭŀǘƛƻƴ 

(n=1,394,800) are White British.(363) Hence suggesting that this cohort was overall 

representative of the local population from which patients were recruited. Equality, diversity, and 

inclusion (EDI) is vital to ensure representative research and is an NIHR priority,(364) hence it 

would vital to carefully consider, and have a robust strategy to ensure, EDI in any future definitive 

study (See Chapter 6.2 for discussion) 

A further issue with the study design is the lack of a comparator group to control for the natural 

progression of the disease. However, to be eligible for the study patients had to be clinically 

stable for 3 months prior to study recruitment and the overall time course of the study was 
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relatively short (9-10 weeks) hence it is unlikely that a change in clinical status led to significant 

bias. A prospective comparator control group was added to this thesis as a substantial 

amendment however due to the impact of the COVID-19 pandemic recruitment to the whole 

study was terminated when only one participant had been recruited to this arm of the study and 

completed baseline assessment only. A further factor is the inability to exclude bias generated 

from potential improvement in participants test performance due to a learning effect. Regarding 

the primary outcome this effect is most likely to be non-significant. A large study (n=463) of COPD 

patients performing two constant load tests at 75% of peak work-rate 5 days apart demonstrated 

a mean difference between tests of only 34 s with the within subject coefficient of variation for 

the test 24%.(190) This is substantially less than the median improvement from baseline noted in 

this study (+82%).   

 

4.6.5 Further investigation into the mechanisms of positive effect from the SRETP 
 

As discussed above it is apparent that the IPF participants in this study predominantly exhibited 

multifunctional exercise limitation with deconditioning, ventilatory limitation, ±ɧ/vɧ mismatch, 

cardiovascular impairment and diffusion limitation all contributing. Following the SRETP there was 

an increase in participants mechanical ventilatory capacity with the magnitude of the change 

correlating with increases in peak exercise capacity. However, changes in ventilatory parameters 

(ҟC±/҈Σ ҟ±ɧE and ҟVT) did not significantly correlate with changes in participants endurance time 

suggesting that they do not fully explain the improvement observed in this variable. Further 

improvement in endurance time was not accompanied by corresponding significant improvement 

in participants ±ɧO2peak and AT, which are highly validated ŀǎǎŜǎǎƳŜƴǘǎ ƻŦ ŀƴ ƛƴŘƛǾƛŘǳŀƭΩǎ ƳŀȄƛƳŀƭ 

and sustainable exercise capacity respectively.(184) Hence further investigation is required to 

explain the large increases in endurance time observed. As discussed above improvement in 

endurance time on a constant load submaximal exercise test is a product of either an increase in 

ŀƴ ƛƴŘƛǾƛŘǳŀƭΩǎ ŎǊƛǘƛŎŀƭ ǇƻǿŜǊ ǘƘǊŜshold (the asymptote of the hyperbolic power-time relationship 

for sub-maximal exercise) and or the curvature constant (the amount of work that can be done 

above steady state). Studies in patients with COPD investigating the mechanisms of improvement 

in constant load endurance time following exercise training have identified that there is an 

increase in the rate of re-oxygenation of the peripheral muscle,(365) a reduction in the amount of 

lactic acidosis during the constant load test(366) and a reduction in the degree of dynamic lung 

hyperinflation during exercise.(367) However, no such studies have been performed in patients 

with IPF.  

As discussed in Chapter 1.2.8 impaired redox status (in favour of oxidants) has been identified in 

IPF patients at rest and following acute exercise. Although low levels of oxidative stress promote 
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increase muscle contractile force during exercise, high levels of oxidative stress can impair muscle 

performance by promoting contractile dysfunction with resultant muscle weakness.(368, 369). As 

discussed in Chapter 1.2.8.2 there is evidence from healthy individuals that increased antioxidant 

capacity, an effect which may be mediated by an increase in antioxidant enzymes, is a method by 

which exercise exerts its positive effects.(116, 117). However, no such studies have been carried 

out in patients with IPF who appear to have impaired resting redox status, and consequently 

maybe intrinsically sensitive to an oxidative challenge (such as exercise).(123) Hence it is possible 

oxidative stress is a mechanism of exercise limitation in patients with IPF and that improvement in 

redox status (in favour of antioxidants) at least in part may underlie the positive effects of 

exercise in this patient group. Counter to this, as oxidative stress is a putative mechanism leading 

to interstitial fibrosis in IPF (as discussed in Chapter 1.2.7), and acute bouts of exercise may cause 

oxidative stress, it is important to determine whether a period of exercise training causes a 

cumulative oxidative stress burden.  

Hence, in the next stage of this thesis, within the same cohort of participants presented in this 

clinical study, the effects of both acute exercise and a period of exercise training (this SRETP) on 

redox status in patients with IPF are investigated. The hypothesis tested is that this cohort of IPF 

patients have impaired redox status (in favour of oxidative stress) compared to age-sex matched 

controls. Further that improvement in redox status (in favour of antioxidants) is a mechanism by 

which exercise training exerts its positive effects in this patient group. These analyses will help to 

both further understand the mechanisms of exercise limitation in patients with IPF and the 

biochemical mechanisms underlying the improvement in exercise capacity observed in this clinical 

study.  
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4.7 Summary 
 

An 8-week twice weekly, high-intensity, interval-based and CPET-derived SRETP led to significant 

and clinically meaningful improvement in exercise capacity assessed by the primary outcome 

endurance time. Statistically significant improvement in FVC% predicted and peak WR was 

observed with a strong trend to improvement in 6MWD also apparent. Although no significant 

improvement in health-related quality of life was identified following the SRETP, participant 

related breathlessness improved with a statistically significant reduction observed in the MRC 

breathlessness score. The SRETP was found to be a feasible intervention in this cohort of patients 

and completed with good adherence (җ75% sessions completed) with no serious adverse events 

encountered.  

CPET testing revealed that the majority of participants had significantly impaired baseline exercise 

capacity with multiple interacting pathophysiological mechanisms contributing to this observed 

impairment including deconditioning, mechanical ventilatory impairment, ±ɧ/vɧ mismatch, 

cardiovascular impairment, and diffusion limitation. Following the SRETP significant increase in 

mechanical ventilatory capacity was observed and this significantly correlated with increases in 

participants peak exercise capacity. Suggesting that improved respiratory function may underlie 

some of the training response identified. Patients with greater impairment in exercise capacity at 

baseline were found to have a greater training response to the SRETP, an observation which is 

consistent with a large prospective study adequately powered to assess the effect of disease 

severity on response to exercise training.  

The statistically significant increase in endurance time observed in this study was not 

accompanied by a corresponding significant increase in CPET-derived assessments of 

cardiopulmonary fitness (AT and ±ɧO2peak). Although this observation is consistent with the 

known increased sensitivity of constant-load exercise tests to therapeutic intervention (a 

consequence of the hyperbolic relationship between work-rate and time for submaximal exercise) 

the mechanisms underlying participants increased exercise test performance remain unclear. 
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 Chapter 5  Investigating the effect of exercise on   

   systemic redox status in patients with IPF 
 

5.1 Introduction 
 

In Chapter 4 this thesis has discussed results of a clinical study investigating an individually 

prescribed structured responsive exercise training programme (SRETP) in patients with IPF. The 

SRETP was demonstrated to be safe and feasible with good adherence (median 88%) in this 

patient group and ƭŜŘ ǘƻ ǎƛƎƴƛŦƛŎŀƴǘ ƛƳǇǊƻǾŜƳŜƴǘǎ ƛƴ ǇŀǘƛŜƴǘǎΩ ŜȄŜǊŎƛǎŜ ŎŀǇŀŎƛǘȅ ŀƴŘ ŦǳƴŎǘƛƻƴŀƭ 

status. Significant and clinically meaningful improvement was observed in the studies primary 

outcome endurance time on a constant load test at 75% ±ɧO2peak (median improvement +82% 

p=0.003), with 9 of 11 patients improving their endurance time by җ33% a value estimated as the 

minimum clinically important difference (MCID) for this form of exercise test in patients with 

COPD.(192) However, no corresponding significant change was observed in participants peak 

oxygen uptake (±ɧO2peak) or anaerobic threshold (AT) following the SRETP.  

As discussed in Chapter 3.5.3 ŀƴ ƛƴŘƛǾƛŘǳŀƭΩǎ ǇŜǊŦƻǊƳŀƴŎŜ ŘǳǊƛƴƎ ŀ Ŏƻƴǎǘŀƴǘ-load submaximal 

exercise test is physiologically related to their critical power threshold (the asymptote of the 

hyperbolic power-time relationship for submaximal exercise) and the fixed amount of work they 

can perform above steady-state (termed the curvature constant)(Figure 3.3).(265) With large 

improvements in test performance more likely to reflect an increase in critical power than 

curvature constant.(266)  

DƛǾŜƴ ǘƘŜ ƭŀǊƎŜ ƛƳǇǊƻǾŜƳŜƴǘ ƛƴ ǇŀǊǘƛŎƛǇŀƴǘǎΩ ŜƴŘǳǊŀƴŎŜ ǘƛƳŜ ƻōǎŜǊǾŜŘ ŦƻƭƭƻǿƛƴƎ ǘƘŜ {w9¢t, 

without significant change in their ±ɧO2peak or AT, I sought to evaluate alternative mechanisms 

ǳƴŘŜǊǇƛƴƴƛƴƎ ǘƘŜ ƛƳǇǊƻǾŜƳŜƴǘ ƛƴ ǇŀǊǘƛŎƛǇŀƴǘǎΩ ǎǳōƳŀȄƛƳŀƭ ŜȄŜǊŎƛǎŜ ŎŀǇŀŎƛǘȅΦ 

In Chapter 4 I identified that the SRETP led to significant improvement in participantǎΩ peak ±ɧE 

during incremental CPET. Further the delta (ҟ) (Week 9- baseline) in both peak ±ɧE and VT 

correlated with improvements in peak exercise capacity (ҟ±ɧO2peak and ҟpeak WR). However, 

neither improvement ƛƴ ǇŀǊǘƛŎƛǇŀƴǘǎΩ peak exercise capacity, nor peak ventilatory capacity during 

CPET, were found to correlate with changes in endurance time, suggesting that improvement in 

these factors did not solely account for the improvement in constant-load exercise test 

performance observed.    

As discussed in Chapter 1.2.7 impaired redox status (in favour of oxidants) has been identified in 

patients with IPF at rest compared to age-match controls.(84, 85) With evidence from mechanistic 

studies that oxidative stress can cause progression of pulmonary fibrosis(83) and that biomarkers 

of oxidative stress are correlated with validated measures of disease severity in IPF.(90) There is 
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evidence from a limited number of clinical studies that acute exercise can cause further oxidative 

stress in patients with IPF,(108, 110, 111) however the effect of a period of exercise training on 

redox status in IPF patients is unknown. Although low levels of oxidative stress during exercise 

may be required for optimal muscular contractile function,(370) high oxidative stress loads during 

exercise impact negatively on muscular performance to promote contractile dysfunction and 

muscular fatigue.(369) Hence there is a putative mechanistic rationale to propose that 

dysregulated redox status (in favour of oxidants) may be a further mechanism of exercise 

limitation in patients with IPF. 

There is evidence from healthy individuals that improvement in redox balance (in favour of 

antioxidants) may be a mechanism by which exercise exerts its positive effects.(116) Whether 

these observations translate to patients with IPF, who due to their unfavourable resting redox 

status are potentially particularly vulnerable to an oxidative challenge (such as exercise) is 

unknown.(123)  

Hence in the present Chapter, in the same cohort of patients with IPF recruited to the clinical 

study discussed in Chapter 4, first the effect of acute exercise on redox status in patients with IPF 

is investigated. Then the CPET derived, individually prescribed SRETP studied in Chapter 4 is used 

to investigate the effect of a period of exercise training on redox status in IPF patients. 

 

5.2 Null Hypothesis 
 

Patients with IPF have do not have impaired redox status (in favour of oxidative stress) compared 

to age-sex matched controls and that the 8-week SRETP does not alter redox status in this cohort 

of patients with IPF.   

 

5.3 Aims and objectives 
 

Aim: To investigate the effect of both acute exercise and a period of exercise training on 

whole-body redox status in patients with IPF. 

Objectives: 

i. Analyse and compare whole-body redox status in IPF patients to age-matched 

controls both pre- and post-CPET 

ii. Quantify any effect of the 8-week individually prescribed SRETP on whole-body 

redox status in IPF patients.  
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5.4 Methods 
 

Sample processing and analytical methodology of the redox biomarker analysis is described in 

Chapter 3. Here methods specifically relating to the study design are described. 

 

5.4.1 Control participant study design 
 

The Control arm to the study was added as a substantial amendment (REC reference 17/SC/0342a 

and UoS Ergo2 A49421.A1) to the protocol after interim analysis of the first 6 IPF patients 

recruited to the SRETP where the mean age of participants was 71 years. There are no reliable 

reference ranges for systemic redox biomarkers in older people and as basal redox activity 

increases with age,(109) using a reference range from younger people would be insecure. There 

are also no reference ranges of change in redox state with an incremental CPET. Therefore, there 

was a need to conduct measurements of redox state before and after a CPET, performed using 

identical protocol to that completed by the IPF participants, in an age and gender-matched 

control group. 

5.4.1.1 Patients 

 

Patients with IPF were recruited as described in Chapters 3.4.1. and 4.4.1.2. Control participants 

were prospectively recruited from the UHSFT perioperative CPET service and had been referred 

for standard-of-care perioperative CPET prior to elective surgery. A sample size of twelve was 

proposed to ensure ten control participants were successfully recruited allowing for a 20% drop-

out rate. Control participants were selectively approached to achieve an age and sex-matched 

cohort to the IPF cohort. This was achieved by grouping patients based on age into subgroups 

(Җ60 years, 61-65 years, 66-70 years, 76-80 years, җ80 years). Control participant eligibility criteria 

are summarised below (Table 5.1) and in Chapter 3.4.1. 
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Table 5.1  Inclusion and Exclusion Criteria for Control participants 

Control participant eligibility criteria 

Inclusion Criteria 

Age and sex matched to IPF patients 

Referred for standard care perioperative cardiopulmonary exercise test at UHSFT 

Exclusion Criteria 

Inability to give informed consent 

Current tabaco smoking 

Malignancy (except localised squamous or basal skin carcinoma) undergoing active 

investigation, treatment, or follow-up 

Diagnosis of significant chronic respiratory disease, severe left ventricular failure or collagen-

vascular disease as judged by the investigating team 

 

5.4.1.2 Procedures 

 

Patients are referred to the UHSFT perioperative CPET service by their clinical team for 

assessment prior to surgical intervention to facilitate accurate, and individualised, preoperative 

risk assessment.(371) Following full ethical approval for the amendment including recruitment 

strategy (see Chapter 3.3.1) I pre-screened UHSFT perioperative CPET lists for suitable patients 

and invited them to participate via telephone. If patients wished to participate, they were 

provided with the relevant written patient information documentation and given adequate time 

to read this and ask questions, prior to giving fully informed written consent on the day of their 

perioperative CPET appointment. Following consent, control participants medical, drug and 

surgical history was taken using a pre-designed paper case report form. Control CPETs were 

performed as part of standard-of-care perioperative assessment and conducted by the UHSFT 

perioperative CPET team (Dr James Oto, Gurinder Raiyat, and Toran Williams acknowledged). 

CPETS performed by the UHSFT perioperative CPET team follow guidelines and protocol of the 

POETTs society (185) and UHSFT SOP and hence employ identical protocol to that used for IPF 

participants in the clinical study and described in Chapter 3.5.2. Pre- and post-CPET venous blood 

samples were taken from control participants with identical sampling to IPF participants at 

baseline assessment as described in Chapter 3.13.1. If control participants had clinical blood 

samples required as part of the perioperative assessment these were taken at the same time as 

the pre-CPET samples. All CPET variables for both IPF and Control participants were double blind 

reported by experienced CPET clinicians blinded to outcomes and group allocation (A.F, A.B and 

3rd reviewer J.O) as described in Chapter 3.6.4. 
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5.4.2 Redox Biomarker Analyses 
 

The analytical methodology for redox biomarker analysis is discussed in Chapter 3.13.1 here the 

assays used are described in brief. Whole-body redox status was assessed by the total free thiol 

concentration in serum, which largely represents the free cysteine group (Cys-34) of albumin 

(336) (with higher values representing increased antioxidant capacity and/or enhanced propensity 

for disulfide reduction) and in EDTA plasma by the low molecular weight aminothiol and sulfide 

concentrations.(325) Whole-body lipid peroxidation was measured in serum using the 

thiobarbituric acid reactive substances (TBARS) assay (318, 319), with 4-hydroxynonenal (4-HNE) 

protein adducts assayed as complementary markers of lipid oxidation status.(320) Plasma 

antioxidant capacity was measured using the ferric reducing ability of plasma (FRAP) assay, 

however the FRAP does not quantify antioxidant capacity contained within thiol groups due to the 

low pH effect of the assay on protein-thiols.(339) Nitrate, nitrate and total nitroso species (RXNO) 

were assayed in EDTA plasma as biomarkers of nitric oxide (NO) production and metabolism with 

cyclic guanosine monophosphate (cGMP) assessed as a marker of downstream NO signalling.(343)  

 

5.4.3 Statistics 
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General statistical methodology and considerations for the thesis are discussed in Chapter 3.14, 

here specific statistical considerations relating to this Chapter are described. Statistical testing for 

normality was not performed a-priori due to the small sample size limiting the statistical power of 

these analyses,(345) hence non-parametric tests were used (see Chapter 3.14). These general 

statistical principles were pre-planned with Dr Helen Moyses NIHR BRC Medical statistician. For 

continuous variables, comparisons between groups (e.g., Control vs. IPF participants) were made 

using the Mann-Witney U test and paired group comparisons (e.g., pre vs. post CPET) were made 

using the Wilcoxon signed rank test.  

To prevent multiplicity of comparison paired comparisons for IPF participants are made between 

only the baseline and Week 9 time points. Due to the exploratory nature of these analyses p-

values have not been adjusted for multiple comparisons with the impact of this considered when 

discussing the results.  

In secondary analysis for matching/repeated measures (e.g., Baseline vs. Week 4 vs Week 9 in the 

ǎŀƳŜ ǇŀǊǘƛŎƛǇŀƴǘǎύ ƻŦ ǇŀƛǊŜŘ ƎǊƻǳǇǎ ǘƘŜ CǊƛŜŘƳŀƴΩǎ ǘŜǎǘ όƴƻƴ-ǇŀǊŀƳŜǘǊƛŎύ ŀƴŘ ǿƛǘƘ 5ǳƴƴΩǎ ǘŜǎǘ ŦƻǊ 

multiple comparison (with Bonferroni correction) was used. Exploratory statistical testing for 

normality using the Shapiro-Wilk test was performed prior to these analyses and were p<0.05 

(suggesting rejection of H0) the ANCOVA (parametric) with Geisser-Greenhouse correction was 

reported for comparison.  

Due to the lack of comparable pilot data, and the exploratory nature of the research, the sample 

size of the control group was not based on a power calculation but chosen pragmatically with the 

aim of achieving a 1:2 ratio of Control participants to IPF participants at baseline.  
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5.5 Results 
 

5.5.1 Control participants demographics and exercise capacity 
 

5.5.1.1 Control participant demographics 

 

11 control participants were consented to participate in the study. One participant was excluded 

after CPET due to the unexpected finding of severe airway obstruction and profound respiratory 

limitation to exercise on CPET (FEV1/FVC =0.53, Breathing reserve =14% with ±ɧO2peak expressed 

as percent predicted =77%).  

10 control participants (80% males) were included in the final analysis. There was no significant 

difference between Control and IPF patients for age (median, Control 70.4 vs. IPF 72.5 years 

p=0.14), sex (males, 80% vs. 87% p=1.00), BMI (30.1 kg.m-2 vs. 28.0 kg.m-2 p=0.46), or smoking 

history (ex-smoker 70% vs. 67% p=0.86). Control participants had a non-significantly higher 

incidence of ischaemic heart disease (50% vs. 13% p=0.08). No other significant differences in 

baseline demographics between Control and IPF participants was observed (Table 5.2).  

The most common surgical indication for referral of Control participants for pre-operative 

assessment was elective abdominal aortic aneurysm (AAA) repair in 40% (n=4). 3 participants 

were being assessed prior to non-malignancy related lower gastro-intestinal surgery (reversal of 

IŀǊǘƳŀƴΩǎ ƴҐн ώƴƻƴ-malignant initial indication], and complex inguinal hernia repair n=1). The 3 

remaining control participants were referred for assessment prior to; diaphragmatic hernia repair 

(n=1), deep brain stimulation insertiƻƴ όŦƻǊ tŀǊƪƛƴǎƻƴΩǎ ŘƛǎŜŀǎŜύ ώƴҐмϐΣ ŀƴŘ ōƛƭŀǘŜǊŀƭ ǘƻǘŀƭ ƪƴŜŜ 

replacement (n=1). 
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Table 5.2  Baseline demographics of Control participants compared to IPF participants. 

MRC- Medical Research Council Breathlessness score, BMI-body mass index, COPD- chronic 

obstructive pulmonary disease GORD- gastroesophageal reflux disease. Control vs. IPF 

comparisons made using Mann-Whitney U test.  

 Control  

n=10 

Median (IQR) or % (n) 

IPF  

n=15 

Median (IQR) or % (n) 

 

 

p 

Age (years) 70.4 (61.7-75.0) 72.5 (69.1-80.1) 0.144 

Sex (Male) 80% (n=8) 87% (n=13) 1.000 

BMI (kg.m-2) 30.1 (23.5-35.1) 28.0 (25.7-32.3) 0.461 

Ex-smoker  70% (n=7) 67% (n=10) 0.861 

Pack Years (ex-smokers) 10.0 (10.0-30.0) 15.0 (9.0-22.0) 0.962 

Ethnicity (White British) 100% (n=10) 100% (n=15) 1.000 

Obesity (BMI>30 kg.m-2) 50% (n=5) 38% (n=5) 0.444 

Ischaemic heart disease 50% (n=5) 13% (n=2) 0.075 

Hypertension 40% (n=4) 27% (n=4) 0.734 

COPD 20% (n=2) 20% (n=3) 1.000 

Cerebral vascular disease 20% (n=2) 20% (n=3) 1.000 

Atrial Fibrillation 20% (n=2) 9% (n=1) 0.543 

GORD 10% (n=1) 33% (n=5) 0.345 

Type 2 diabetes mellitus 10% (n=1) 20% (n=3) 0.504 

Chronic kidney disease 10% (n=1) 9% (n=1) 1.000 

tŀǊƪƛƴǎƻƴΩǎ ŘƛǎŜŀǎŜ  10% (n=1) 0% (n=0) 0.400 

 

5.5.1.2 Control participant CPET variables compared to IPF participants 

 

5.5.1.2.1 Exercise capacity assessment 

 

Comparison of results from incremental CPET for the Control compared to the IPF participants at 

baseline are illustrated in Table 5.3. Both groups exhibited significant impairment in exercise 

capacity at baseline and there was no statistically significant difference in peak exercise capacity 

(±ɧO2peak) between Control and IPF participants either expressed as a weight adjusted value 

(median Control 14.17 ml.kg-1.min-1 vs. IPF 11.95 ml.kg-1.min-1 p=0.16) or as a percentage of 

predicted (median, Control 65% vs. IPF 67% p=0.81). No statistically significant between group 

difference was observed for the AT either when expressed as a weight adjusted value (median, 

Control 9.10 ml.kg-1.min-1 vs. IPF 8.05 ml.kg-1.min-1 p=0.26) or when comparing the percentage of 

patients with an AT of less than 11 ml.kg-1.min-1 (a value predictive of poor perioperative 
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outcomes) Controls 70% vs. IPF 92% p=0.27. In both groups the median AT expressed as a 

percentage of predicted ±ɧO2peak (AT/ ±ɧO2peak predicted) was less than 50% indicating significant 

deconditioning (median ±ɧO2peak predicted, Control 47% vs. IPF 42% p=0.17).  

The impairment in exercise capacity observed in Control participants is consistent with these 

patients being prior identified by the referring clinician as having subjectively assessed impaired 

physical fitness necessitating referral for perioperative CPET assessment prior to elective surgery.  

 

5.5.1.2.2  CPET respiratory parameters 

  

In keeping with their diagnosis of fibrotic lung disease, compared to the Control group, IPF 

patients had significantly greater ±ɧE/±ɧCO2 slope representing increased ventilatory inefficiency 

(median, IPF 41.0 vs Control 32.8 p=0.002) and exhibited significant exercise-induced desaturation 

SpO2 at ±ɧO2peak (median, IPF 93% vs. Control 99% p=0.002). In keeping with the greater 

ventilatory inefficiency observed in IPF patients, this group also had significantly lower PETCO2 at 

AT compared to Controls (median, IPF 31 mmHg vs. Control 36 mmHg p=0.02). IPF patients had a 

significantly higher FEV1/FVC ratio (median, IPF 0.82 vs. Control 0.74 p<0.01) and a trend to lower 

FVC% predicted (median, IPF 78% vs. Control 92% p=0.06). No significant between group 

difference was observed for peak minute ventilation, peak tidal volume or breathing reserve 

(Table 5.3). 

5.5.1.2.3 Cardiovascular parameters 

 

Control participants had significantly lower ±ɧO2/WR slope (expressing the oxygen cost of 

performing work) compared to IPF participants (median Control 8.70 ml.min-1.W-1 vs. IPF 9.70 

ml.min-1.W-1p=0.041) suggestive of impaired oxygen delivery in Controls. However, no significant 

difference was observed between peak heart rate, heart rate reserve, O2 pulse or chronotropic 

index between Control and IPF patients (Table 5.3).  
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Table 5.3  Comparison of CPET and spirometry variables between Controls and IPF 

participants. &n=14 for AT parameters in IPF group. Control vs. IPF comparisons made using 

Mann-Whitney U test. *p<0.05, **p<0.01 

 Control n=10 IPF n=15  
Variable Median (IQR) % 

(n) 
Median (IQR) % 

(n) 
p 

Incremental CPET 

Exercise Capacity Parameters 

Ramp slope (Watts.min-1) 10 (10-15) 10 (10-10) 0.093 
AT (ml.kg-1.min-1) & 9.10 (8.1-11.4) 8.05 (7.4-9.9) 0.259 

AT/predicted ±ɧO2peak (%)& 46.97 (41.4-50.1) 41.18 (37.1-44.3) 0.166 

Workload at AT (Watts) & 45 (43-68) 45 (37-58) 0.437 

±ɧO2peak (ml.kg-1.min-1) 14.17 (13.2-19.8) 11.95 (11.5-14.2) 0.160 
±ɧO2peak % predicted  64.93 (62.3-83.6) 66.67 (57.1-75.9) 0.807 
Workload at ±ɧO2peak (W)  105 (72-136) 90 (66-112) 0.338 
Cardiovascular Parameters 

Peak HR (beat.min-1) 126 (99-155) 117 (98-143) 0.311 
HRR (beat.min-1) 21 (4 to 49) 28 (3-47) 0.643 
Peak O2 pulse (ml.beat-1) 10.02 (8.4-14.60) 8.45 (7.6-11.7) 0.428 
O2 pulse % predicted  89.30 (70.4-104) 83.9 (60-99) 0.311 
±ɧO2/WR slope (ml.min-1.W-1) 8.70 (7.6-9.5) 9.70 (9.0-10.3) 0.041* 
Chronotropic Index (L-1) 38.24 (32.0-64.5) 55.31 (35.6-65.0) 0.567 
Respiratory Parameters 

SpO2 at rest (%) 99 (99-100) 99 (97-99) 0.215 
SpO2 at ±ɧO2peak (%) 99 (98-99) 93 (89-96) 0.002** 
±ɧE/±ɧCO2 slope (ratio) 32.83 (31.1-35.8) 41.00 (35.5-55.0) 0.002** 
PETCO2 at AT (mmHg)& 36.0 (33-43) 31.0 (26-36) 0.022* 

PETO2 at AT (mmHg)& 108.0 (103-113) 110.0 (104-114) 0.403 

±ɧE at ±ɧO2peak (L) 50.0 (40-81) 62.00 (48-83) 0.428 
Peak VT (L) 1.55 (1.37-2.30) 1.59 (1.32-1.87) 0.567 
Breathing Reserve (%) 37.0 (18-67) 38.5 (20-56) 0.892 
Other CPET Variables 

RER at ±ɧO2Peak (ratio)  1.17 (1.1-1.24) 1.10 (1.0-1.3) 0.978 
Peak Borg score (SOB)  5.0 (3.75-6.4) 3.0 (4.0-5.0) 0.311 
Spirometry 

FEV1 (L) 2.42 (1.89-2.99) 2.28 (1.99-2.61) 0.461 
FEV1 (% predicted) 90.5 (61.2-98.7) 84.0 (82.0-90.0) 0.461 
FVC (L) 3.13 (2.57-3.97) 2.71 (2.48-3.11) 0.285 
FVC (% predicted) 92.0 (79.2-95.2) 78.0 (73.0-88.0) 0.062 
FEV1/FVC (ratio) 0.74 (0.69-0.81) 0.82 (0.79-0.84) 0.008** 
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5.5.2 Systemic whole-body redox status analysis 
 

Here the results of the redox biomarker analysis study are presented. Results are first presented 

for objective 1 ς Comparison of whole-body redox status in Control and IPF participants at 

baseline. The aims of this objective were first to compare resting whole-body redox status in IPF 

patients compared to age, sex and functionally matched Controls and second to investigate the 

effect of an acute exercise challenge on whole-body redox status in both cohorts. Then for 

objective 2 ςThe effect of an individually prescribed, structured responsive exercise training 

programme (SRETP) on whole-body redox status in patients with IPF. The aims of this second 

objective were to investigate any impact of the SRETP on whole-body redox status.  

 

5.5.2.1 Objective 1: Comparison of whole-body redox status in Control and IPF participants at 

baseline 

 

5.5.2.1.1 The thiol redox metabolome 

 

The thiol metabolome comprises of free and bound thiols, disulfide and sulfides.(325) Thiols are 

classified as low molecular weight (e.g., glutathione, cysteine and homocysteine) and high 

molecular weight thiols (e.g., protein thiols) see Chapter 3.13.2 for discussion. Free thiols exist in 

their reduced state (e.g., free glutathione [GSH]), whereas bound thiols are oxidised (e.g., two 

glutathione to give glutathione disulfide [GSSG] or binding of a low molecular weight thiol to a 

protein).  

Here the thiol metabolome is presented as 1) Total free thiol (TFT) concentration in serum (low 

molecular weight thiols + protein free thiols) and the TFT concentration corrected for plasma 

protein (TFT/g protein). 2) Individual low molecular weight thiol concentrations in EDTA plasma. 

3) Individual Ψ¢ƻǘŀƭΩ ǘƘƛƻƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƛƴ 95¢! ǇƭŀǎƳŀ ό¢ƻǘŀƭ ǘƘƛƻƭ = low molecular weight free 

thiol + oxidised/protein bound thiol [e.g. Total GSH = free GSH + oxidised/protein bound GSH]). 4) 

The ratios of reduced to oxidised free thiol couples (e.g., the ratio of GSH to GSSG ς GSH/GSSG, 

cysteine [Cys] to oxidised cysteine [CySS] ς Cys/CySS, and homocysteine [Hcys] to oxidised 

homocysteine [HCySS] ς Hcys/HCySS. 5) Free and total sulfide concentrations in EDTA plasma and 

in addition the persulfide concentration which represents the protein bound component e.g. 

(Total ς Free Sulfides). 
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5.5.2.1.1.1 Total free thiols 

 

Total free thiols were assayed as a measure of whole-body redox status (with higher values 

indicating increased antioxidant capacity/enhanced propensity for disulfide reduction). No 

significant difference in total free thiol concentrations were observed between IPF patients and 

Controls either pre- or post-CPET (Figure 5.1A). The median total free thiol concentration 

corrected for serum protein was pre-CPET, ContǊƻƭ лΦтф ˃ƳƻƭκƎ ǇǊƻǘein ǾǎΦ LtC лΦуу ˃ƳƻƭκƎ 

protein p=0.26 and post-/t9¢ /ƻƴǘǊƻƭ лΦтр ˃ƳƻƭκƎ ǇǊƻǘein vs IPF лΦуо ˃ƳƻƭκƎ ǇǊƻǘein p=0.19. In 

both groups no significant change in total free thiol concentrations were observed following CPET. 

(Figure 5.1B and Table 5.4).  

 

Figure 5.1  Total free thiol concentration in serum for Control and IPF participants. A) Total 

free thiols B) Total free thiol concentration corrected for serum protein. PRE CPET (blue) and POST 

CPET (red). Individual dot plots with median ± IQR. IPF PRE CPET n=15 POST CPET n=14, Control 

PRE CPET n=10, POST CPET n=10. 

 

5.5.2.1.1.2 Glutathione  

 

Glutathione (GSH) is the end-product of the transsulfuration pathway and is a ubiquitous low 

molecular weight antioxidant in many organisms.(328) No significant difference was observed in 

total GSH concentrations between Control and IPF participants either pre- (median, Control 2.40 

µM vs IPF 3.82 µM p=0.34) or post-CPET (median, Control 3.25 µM vs. IPF 3.66 µM p=0.80) (Figure 

5.2A and Table 5.4). Post-CPET a significant increase in total GSH concentrations was observed in 

Control Participants (median, pre 2.40 µM vs. post 3.25 µM p=0.007) a response that was not 

observed in IPF participants (p=0.38).  

In both groups significant interpatient differences were apparent in free GSH and GSSG 

concentrations, however no significant between group difference was observed for either free 

GSH or GSSG pre- or post-CPET (Figure 5.2B,C). A trend toward a small increase in GSSG 
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concentrations, indicative of oxidative stress, was observed in Controls pre to post CPET (pre 5.30 

nM vs. post 5.75 nM p=0.051) a response not observed in IPF participants (pre 5.40 nM vs. 6.65 

nM p=0.98). (Figure 5.2C) 

The ratio of reduced to oxidised glutathione (GSH/GSSG) is considered a key indicator of 

extracellular redox potential.(329) In the present analysis IPF patients had significantly increased 

oxidative stress as indicated by a lower ratio of GSH/GSSG compared to Controls pre-CPET with a 

strong trend of association observed post-CPET; median pre-CPET IPF 736 vs. Control 1856 

p=0.046, and post-CPET IPF 457 vs. Control 1337 p=0.051 (Figure 5.2D). Consistent with the stress 

of CPET, GSH/GSSG ratios tended to decrease pre to post-CPET in both groups however no 

significant change was observed in either group (Table 5.4).  

 

Figure 5.2  Glutathione thiol status in plasma for Control and IPF participants. A) Total GSH, 

B) free GSH, C) GSSG, D) GSH/GSSG redox couple. PRE CPET (blue) and POST CPET (red). Individual 

dot plots with median ± IQR. IPF PRE CPET n=15 POST CPET n=14, Control PRE CPET n=10, POST 

CPET n=10. Control GSH/GSSG Pre and Post n=9, IPF  GSH/GSSG Pre n=14 and GSH/GSSG post 

n=13. Control vs. IPF comparisons made using Mann-Whitney U test. Within group PRE vs. POST 

CPET comparisons made using Wilcoxon signed rank test. NS- not significant 
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5.5.2.1.1.3 Cysteine  

 

Cysteine (Cys) is a semi-essential amino acid, and the prodrug of cysteine (N-acetyl cysteine) is a 

commonly used pharmacological antioxidant.(330) No significant difference was observed in total 

Cys concentrations between Control and IPF patients pre-CPET (median, Control 254 µM vs. IPF 

232 µM p=0.34) (Figure 5.3A), however an non-significant trend to lower total Cys, consistent 

with increased oxidative stress, was observed in IPF participants post-CPET (Control 269 µM vs. 

IPF 222 µM p=0.07).(Figure 5.3A)  

Free Cys and CySS had considerable interpatient variability in both groups. No significant 

difference in free Cys or CySS concentrations were observed between Control and IPF participants 

either pre- or post CPET (Figure 5.3B,C). 

The Cys/CySS redox couple was measured as a marker of extracellular redox status (with lower 

values representing increased oxidant stress).(331) No significant difference was observed 

between the ratio of reduced to oxidised cysteine (CyS/CySS) between Controls and IPF 

participants either pre- (median Control 0.15 vs. IPF 0.17 p=0.37) or post-CPET (median Control 

0.15 vs. IPF 0.16 p=0.84) (Figure 5.3D). 

 

Figure 5.3 Cysteine thiol status in plasma for Control and IPF participants. A) Total Cys, B) 

free Cys, C) CySS, D) Cys/CySS redox couple. PRE CPET (blue) and POST CPET (red). Individual dot 

plots with median ± IQR. IPF PRE CPET n=15 POST CPET n=14, Control PRE CPET n=10, POST CPET 

n=10. 
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5.5.2.1.1.4 Homocysteine  

 

Homocysteine sits at the centre of three metabolic cycles (methionine, folate, and 

transsulfuration). Whilst glutathione and cysteine are widely thought to have beneficial health 

impact due to their reduced state antioxidant capacity, elevated total homocysteine is a risk 

factor for several chronic diseases.(332) Total Hcys concentrations were non-significantly higher in 

Controls compared to IPF participants both pre- (Control 14.3 µM vs. IPF 10.6 µM p=0.37) and 

post-CPET (Control 14.6 µM vs. IPF 10.2 µM p=0.10) (Figure 5.4A and Table 5.4). However total 

Hcys concentrations in both groups were consistent with normal age-relevant reference values 

previously observed in large population studies.(372) Consistent with the acute stress of exercise, 

CPET led to a small but significant reduction in free Hcys in IPF participants (median, pre 132 nM 

vs. post 116 nM p=0.04) a response that was not observed in Control participants (median, pre 

141 nM vs. post 142 nM p=0.24) (Figure 5.4B). Wide interpatient differences in oxidised 

homocysteine (HCySS) concentrations were observed particularly in Control participants. 

However, no significant difference was observed in HCySS concentrations between Control and 

IPF participants either pre- (median, Control 23.8 nM vs. IPF 17.2 nM p=0.37) or post-CPET 

(median, Control 22.2 nM vs. IPF 15.0 p=0.21) (Figure 5.4C). Further, no significant difference was 

observed in the Hcys/HCySS redox couple between Control and IPF participants (Figure 5.4D). 

 

Figure 5.4  Homocysteine thiol status in plasma for Control and IPF participants. A) Total 

Hcys, B) Free Hcys, C) HCySS, D) Hcys/HCySS redox couple. PRE CPET (blue) and POST CPET (red). 

Individual dot plots with median ± IQR. IPF PRE CPET n=15 POST CPET n=14, Control PRE CPET 

n=10, POST CPET n=10. Within Group PRE vs. POST CPET. Within group PRE vs. POST CPET 

comparisons made using Wilcoxon signed rank test. NS -not significant  
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5.5.2.1.1.5 Sulfides 

 

No significant between group difference in total sulfide concentrations were observed either pre-

(median, Control 6.57 ˃ a vs. IPF 6.91 ˃ a p=0.98) or post-CPET (Control 7.97 ˃a vs. IPF 7.01 ˃a 

p=0.80) (Figure 5.5A). Wide interpatient variation was observed in both Control and IPF 

participant free sulfide concentrations, however no significant pre- (median Control 2923 nM vs. 

IPF 2574 nM p=0.89) or post-CPET (median Control 2190 nM vs. IPF 2242nM p=0.84) between 

group difference was observed (Figure 5.5B). Persulfides (Total -Free) sulfides represent the 

bound sulfide compartment and have recently been identified as a biologically relevant 

extracellular antioxidant biomarker.(338) No significant between group difference was observed 

in persulfide concentration either pre- (median, Control 3.71 ˃ a ǾǎΦ LtC 3.81 ˃ a p=0.40) or post-

CPET (Control 4.54 ˃ a ǾǎΦ IPF пΦфн ˃a p=0.93) (Figure 5.5C and Table 5.4). 

 

Figure 5.5  Sulfide acid-thiol status in plasma for Control and IPF participants. A) Total 

Sulfide, B) Free Sulfide, C) Persulfide (Total -Free Sulfide). PRE CPET (blue) and POST CPET (red). 

Individual dot plots with median ± IQR. IPF PRE CPET n=15 POST CPET n=14, Control PRE CPET 

n=10, POST CPET n=10. 
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5.5.2.1.2 Ferric reducing ability of plasma (FRAP) 

 

The ferric reducing ability of plasma (FRAP) assay provides a global assessment of antioxidant 

capacity dependent on the reducing capacity of Fe3+ to Fe2+.(339) No significant difference was 

observed in FRAP assay concentration between Control and IPF participants either pre-(median 

Control 1447 ˃ a vs. IPF 1362 ˃a p=0.22) or post-CPET (median Control 1436 ˃a vs. IPF 1345 ˃a 

p=0.51. No significant change was observed in the FRAP concentration following CPET in either 

group. (Figure 5.6 and Table 5.4) 

 

Figure 5.6 Ferric reducing ability of plasma (FRAP) concentration in Control and IPF 

participants. PRE CPET (blue) and POST CPET (red). Individual dot plots with median ± IQR. IPF PRE 

CPET n=15 POST CPET n=14, Control PRE CPET n=10, POST CPET n=10. 

 

5.5.2.1.3 Lipid peroxidation products 

 

Thiobarbituric acid reactive substances (TBARS) are formed as a by-product of lipid peroxidation 

and are a widely used, and highly validated, biomarker of whole-body oxidative stress.(318, 319) 

No significant difference was observed in serum TBARS concentration between Controls and IPF 

patients either pre- (median, Control 4.05 µM vs. IPF 4.13 µM p=0.40) or post-CPET (median, 

Control 4.78 µM vs. IPF 4.95 µM) p=0.59. Consistent with the acute stress of CPET, TBARs tended 

to increase pre- to post-CPET in both Controls and IPF participants (Figure 5.7A) although these 

changes were not statistically significant in either group (Control p=0.12, IPF p=0.43) (Table 5.4). 

4-Hydroxynonenal (4-HNE) protein adducts were assayed as complementary markers of lipid 

oxidation status.(320) No significant difference was observed in 4-HNE concentrations between 

Control and IPF participants either pre- (Control 7.20 ng.ml-1 vs. IPF 8.30 ng.ml-1 p=0.85) or post-

CPET (median, Control 9.60 ng.ml-1 vs. IPF 8.15 ng.ml-1 p=0.44). No significant change in 4-HNE 

concentrations were observed pre- to post-CPET in either group.(Figure 5.7B and Table 5.4) 
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Figure 5.7  Lipid peroxidation status in Control and IPF participants. A) TBARS B) 4-HNE. PRE 

CPET (blue) and POST CPET (red). Individual dot plots with median ± IQR. IPF PRE CPET n=15 POST 

CPET n=14, Control PRE CPET n=10, POST CPET n=10.
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Table 5.4  Baseline pre and post CPET whole-body redox status in Control vs. IPF participants pre and post cardiopulmonary exercise test (CPET). Results 

presented as median (IQR). TFT- Total free thiols, ̂GSH/GSSG Control PRE n=9 and POST n=9 IPF PRE n=14 and POST n=13. Control vs. IPF comparisons made using 

Mann-Whitney U test. Within Group PRE vs. POST CPET comparisons made using Wilcoxon signed rank test. *p<0.05. 

 CONTROL  
Median (IQR) 

IPF  
Median (IQR) 

Control vs IPF 

Analyte PRE (n=10) POST (n=10) p PRE (n=15) POST (n=14) p PRE p POST p 

TFT  
( M˃) 

51.80 
(37.4-63.6) 

47.10 
(36.1-57.1) 

0.123 56.70 
(40.1-69.1) 

55.15 
(46.2-61.1) 

0.432 0.531 0.321 

TFT Protein 
(umol/g prot) 

0.785 
(0.59-0.99) 

0.745 
(0.52-0.94) 

0.740 0.880 
(0.67-1.16) 

0.830 
(0.76-1.01) 

0.141 0.261 0.192 

GSH TOTAL 
ό˃aύ 

2.395 
(1.81-3.97) 

3.245 
(2.02-4.53) 

0.007** 3.820 
(1.31-5.12) 

3.655 
(2.24-4.69) 

0.382 0.338 0.796 

GSH FREE 
(nM) 

4337.5 
(2444-8716) 

5424.0 
(2784-9340) 

0.114 3102.0 
(2488-5595) 

4317.0 
(2427-6332) 

0.510 0.531 0.341 

GSSG 
(nM) 

5.300 
(0.95-7.67) 

5.750 
(1.18-12.48) 

0.051 5.400 
(3.30-10.40) 

6.650 
(2.20-14.48) 

0.975 0.643 0.752 

GSH/GSSG^ 

Ratio 
1855.8 

(893-2454) 
1337.2 

(647-2345) 
0.066 736.1 

(289-1246) 
456.8 

(354-1077) 
0.600 0.046* 0.051 

CyS TOTAL 
ό˃aύ 

254.0 
(217.3-286.8) 

268.5 
(220.8-287.5) 

0.407 232.0 
(197.0-260.0) 

222.0 
(183.8-250.5) 

0.530 0.338 0.074 

Cys FREE 
(nM) 

9001.0 
(7305-11217) 

9185.0 
(6846-11218) 

0.646 9486.0 
(7527-10908) 

7426.0 
(5322-9891) 

0.100 0.935 0.311 

CySS  
(nM) 

62530.5 
(46465-74334) 

52496.5 
(46261-74426) 

0.445 51099.0 
(43229-64214) 

50066.5 
(41728-56889) 

0.433 0.238 0.285 
 

CyS/CySS 
Ratio 

0.150 
(0.12-0.22) 

0.150 
(0.12-0.21) 

0.134 0.170 
(0.15-0.21) 

0.155 
(0.12-0.21) 

0.865 0.367 0.841 

HcyS TOTAL 
ό˃aύ 

14.30 
(8.5-15.8) 

14.55 
(8.91-16.4) 

0.114 10.60 
(8.8-13.7) 

10.19 

(8.57-11.6) 
0.140 0.367 0.096 
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 CONTROL  
Median (IQR) 

IPF  
Median (IQR) 

Control vs IPF 

Analyte PRE (n=10) POST (n=10) p PRE (n=15) POST (n=14) p PRE p POST p 

HcyS FREE 
(nM) 

140.5 
(127-186) 

142.0 
(114-161) 

0.241 132.0 
(109-160) 

115.5 
(96-143) 

0.041* 0.567 0.312 

HCySS 
(nM) 

23.75 
(8.6-48.8) 

22.20 
(6.52-48.0) 

0.445 17.20 
(9.7-23.3) 

14.95 
(5.8-22.8) 

0.300 0.367 0.212 

Hcys/HCySS 
Ratio 

6.090 
(3.79-13.53) 

5.30 
(3.18-17.22) 

0.878 8.090 
(5.50-19.85 

9.005 
(4.47-20.69) 

0.975 0.311 0.341 

Sulfide FREE 
(nM) 

2923.0 
(1213-3370) 

2189.5 
(1438-3184) 

0.799 2574.0 
(1295-3739) 

2242.0 
(1756-3716) 

0.638 0.892 0.841 

Sulfide TOTAL 
ό˃aύ 

6.565 
(5.58-8.81) 

7.965 
(5.69-8.83) 

0.575 6.910 
(5.68-8.20) 

7.005 
(5.69-10.67) 

0.397 0.978 0.796 

PerSulfide ˃ a 
(Total -Free S) 

3.71 
(3.58-6.56) 

4.54 
(3.64-6.27) 

0.959 3.81 
(3.11-5.91) 

4.92 
(3.62-6.13) 

0.158 0.397 0.931 

FRAP  
( M˃) 

1446.5 
(1324-1567) 

1436.0 
(1137-1629) 

0.074 1362.0 
(1237-1502) 

1344.5 
(1241-1505) 

0.470 0.216 0.508 

TBARS  
( m˃) 

4.05 
(2.90-4.84) 

4.78 
(3.55-6.28) 

0.123 4.13 
(3.49-6.61) 

4.95 
(3.92-7.80) 

0.432 0.397 0.585 

4-HNE  
(ng/ml) 

7.20 
(5.83-11.72) 

9.60 
(6.08-11.25) 

0.575 8.30 
(5.50-13.00) 

8.15 
(6.00-9.78) 

0.209 0.849 0.437 
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5.5.2.1.4 Markers of nitric oxide (NO) production and metabolism  

 

Nitrite, nitrate and total nitroso species (RXNO) were measured as biomarkers of NO production 

and metabolism. Nitrites (NO2
-) are the reduced from of nitrate (NO3

-) and are non-specific 

markers of antioxidant capacity. No significant difference in plasma nitrite concentration was 

observed between Control and IPF patients either pre- (median, Control 0.84 µM vs. IPF 1.22 µM 

p=0.26) or post-CPET (median, Control 0.99 µM vs. IPF 0.98 µM p=0.75). Consistent with reported 

post exercise responses in healthy individuals(373, 374) CPET induced a non-significant increase in 

nitrite concentrations in Controls (pre 0.уп ˃a ǾǎΦ pƻǎǘ лΦфф ˃a ǇҐлΦ16), whilst in IPF patients a 

trend to a reduction in nitrite post-CPET was observed (pǊŜ мΦнн ˃a ǾǎΦ pƻǎǘ лΦфу ˃a p=0.13) 

(Figure 5.8A and Table 5.5). Plasma nitrate concentration was not found to differ significantly 

between Control and IPF patients either pre- (Control 31.4 µM vs. IPF 27.8 µM p=0.57) or post-

CPET (median, Control 31.7 µM vs. IPF 32.1 µM p=0.80). No significant change in the pre to post-

CPET nitrate concentration was observed in either group.(Figure 5.8B)  

To complete assessment of NO status total nitrosospecies (RXNO) were assessed in EDTA plasma. 

As discussed in Chapter 3.13.2.4, due to its high sensitivity and the ubiquitous presence of 

environmental nitrite containing compounds, the RXNO assay is highly sensitive to contamination 

during sample processing and storage with values of >100 nM deemed supraphysiological ((342) 

and Professor Martin Feelisch personal communication) with 3 baseline data points (n=1 Control 

and n=2 IPF) excluded from the analysis due to RXNO concentrations >100nM). RXNO 

concentrations tended to reduce pre to post-CPET in both groups, although the magnitude of the 

reduction was more pronounced in the IPF group (median, pre 14.1 nM vs. post 7.60 nM p=0.18), 

compared to Controls (median, pre 20.6 nM vs. post 15.40 nM p=0.52). However, no significant 

between group difference in RXNO concentrations were observed either pre-  or post-CPET 

(Figure 5.8C).  

Cyclic guanosine monophosphate (cGMP) concentration in EDTA plasma was measured as a 

marker of downstream NO signalling. Wide interindividual variation in cGMP concentrations were 

observed in both groups. cGMP concentrations tended to be higher in IPF participants both pre 

(Control 152 pmol.ml-1 vs. IPF 179 pmol.ml-1 p=0.24) and post-CPET (Control 115 pmol.ml-1 vs. IPF 

200 pmol.ml-1 p=0.06). A non-significant trend to reduction in Control cGMP concentrations was 

observed pre to post-CPET (151 pmol.ml-1 vs. 115 pmol.ml-1 p=0.09), an observation which was 

not apparent in IPF participants (179 pmol.ml-1 vs. 200 pmol.ml-1 p=0.98). (Figure 5.8D and Table 

5.5).  
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Figure 5.8  Nitric oxide production and metabolism biomarkers in plasma for Controls and 

IPF participants. A) Nitrite, B) Nitrate, C) Total Nitrospecies (RXNO), D) Cyclic guanosine 

monophosphate (cGMP) PRE CPET (blue) and POST CPET (red). Individual dot plots with median ± 

IQR. IPF PRE CPET n=15 POST CPET n=14, Control PRE CPET n=10, POST CPET n=10. RXNO Control 

PRE n=10, POST n=9, IPF PRE n=14, POST n=13 (see text). Control vs. IPF comparisons made using 

Mann-Whitney U test. Within group PRE vs. POST CPET comparisons made using Wilcoxon signed 

rank test. NS- not significant  
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Table 5.5 Baseline pre and post CPET nitric oxide (NO) production and metabolism redox biomarker concentrations in Control vs. IPF participants pre and post 

cardiopulmonary exercise test (CPET). &RXNO Control PRE n=10, POST n=9, IPF PRE n=14, POST n=13. Results presented as median (IQR).  Control vs. IPF comparisons 

made using Mann-Whitney U test. Within Group PRE vs. POST CPET comparisons made using Wilcoxon signed rank test. 

 CONTROL 
Median (IQR) 

IPF 
Median (IQR) 

Control vs IPF 

Analyte PRE (n=10) POST (n=10) p PRE (n=15) POST (n=14) p PRE p POST p 

Nitrite  
ό˃aύ 

0.835 
(0.70-0.98) 

0.990 
(0.84-1.17) 

0.155 1.220 
(0.43-1.37) 

0.975 
(0.60-1.13) 

0.133 0.261 0.752 

Nitrate  
ό˃aύ 

31.35 
(25.8-39.9) 

31.65 
(25.8-48.2) 

0.285 27.80 
(22.4-47.0) 

32.10 
(26.9-46.0) 

0.600 0.567 0.796 

RXNO& 

(nM) 
20.60 

(11.45-32.05) 
15.40 

(6.55-29.40) 
0.515 14.05 

(9.37-20.2) 
7.60 

(3.9-15.7) 
0.182 0.212 0.110 

cGMP 
(pmol/ml) 

151.50 
(100.0-180.3) 

115.00 
(97.4-167.3) 

0.086 179.00 
(137.0-209.0) 

199.50 
(101.3-232.5) 

0.975 0.238 0.064 
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5.5.2.1.4.1 Effect of exercise-induced desaturation on biomarkers of NO production and 

metabolism 

 

As NO is primarily formed from L-arginine by nitric oxide synthase (NOS) in an oxygen dependent 

reaction, the effect of exercise-induced desaturation on the pre to post-CPET change in 

nitrite/nitrate concentrations (delta, ҟ Pre CPET ς Post CPET) was investigated in IPF participants. 

When stratifying patients based on SpO2 at ±ɧO2peak όғфн҈ ǾǎΦ җфн҈ύ no significant between group 

difference was observed in either absolute nitrite or nitrate concentrations pre- or post-CPET 

(Figure 5.9A,B and Table 5.6), or the ҟƴƛǘǊƛǘŜ ƻǊ ҟƴƛǘǊŀǘŜ (Figure 5.9C,D and Table 5.6). Further no 

significant linear association was observed between the absolute magnitude of the exercise 

induced desaturation (SpO2 at ±ɧO2peak- SpO2 ŀǘ ǊŜǎǘύ ŀƴŘ ŜƛǘƘŜǊ ҟƴƛǘǊƛǘŜ όǊҐлΦл9 p=0.77) or 

ҟƴƛǘǊŀǘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ όǊҐ-0.23 p=0.43).  

 

Table 5.6 Baseline nitrite and nitrate concentrations pre and post cardiopulmonary 

exercise test stratified by peripheral oxygen saturations (SpO2) at ±ɧO2peak [<92% vs. җфн҈]. 

Results presented as median and interquartile range, PRE = pre-CPET, POST = post-CPET, Delta = 

(Pre CPET ς Post CPET). Comparison made using Mann-Whitney U test. &SpO2 җфн҈ tƻǎǘ /t9¢ and 

delta n=8 

Baseline 
Nox 

SpO2 at Peak Exercise Comparison 

<92% (n=6) җ92% (n=9) p 

Nitrite PRE 
(˃a) 

1.06 
(0.65-1.57) 

1.26 
(0.39-1.35) 

0.96 

Nitrite POST 
(˃a)&  

0.86 
(0.56-1.43) 

1.03 

(0.48-1.11) 
0.85 

Delta Nitrite 
(Pre ς Post) & 

-0.11 
(-0.43 to +0.07) 

-0.14 
(-0.27to +0.06) 

0.95 

Nitrate PRE 
(˃a) 

28.85 
(19.97-71.30) 

27.80 
(22.9-44.5) 

0.95 

Nitrate POST 
(˃a)& 

30.25 
(23.9-64.3) 

36.80 

(27.3-45.0) 
1.00 

Delta Nitrate 
(Pre ς Post)& 

-0.23 
(-7.7 to +4.1) 

1.60 
(-3.61 to +5.31) 

0.76 
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Figure 5.9 Baseline nitrite and nitrate concentrations in IPF participants stratified by 

peripheral oxygen saturations (SpO2) at ±ɧO2peak [<92% vs. җфн҈]. A) Nitrite, B) Nitrate, C) Delta 

Nitrite (Pre CPET ς Post CPET), D) Delta Nitrate (Pre CPET ς Post CPET). SpO2<92% (circles) n=6 vs. 

SpO2җ92% (triangles) n=9 (SpO2җфн҈). SpO2җфн҈ Post CPET and delta n=8. Pre CPET- Blue 

circle/triangles, Post CPET- Red circles/triangles, W0- Week 0 (Baseline).  

 

5.5.2.2 Exploratory statistical test of normality  

 

Due to the small sample size limiting statistical power as discussed in Chapters 3.14 and  5.4.3 

non-parametric tests have been used to report primary results in this Chapter. In exploratory 

analyses the Shapiro-Wilk test of normality was performed on redox outcomes and results 

presented in below (Table 5.7). Were H0 rejected (p<0.05) parametric tests have also been 

presented for comparison of tests on repeated measures. 
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Table 5.7  Exploratory normality testing using Shapiro-Wilk test of normality on baseline 

Redox biomarker variables for IPF participants completing the SRETP n=11. *p<0.05 

 

 

 

 

5.5.1.2 Objective 2: Investigating the effect of the SRETP on whole-body redox status in 

patients with IPF 

 

Here the results of longitudinal analysis investigating the effect of the 8-week individually 

prescribed SRETP on whole-body redox status in patients with IPF is described. Eleven IPF patients 

completed the 8-week, twice-weekly SRETP as described in Chapter 4. 11 paired pre-CPET venous 

blood samples (Baseline ς Week 9) were obtained and n=10 paired post-CPET (Baseline ς Week 9) 

were obtained (baseline post-CPET bloods were not available for one participant). n=8 of these 

patients had pre- and post-CPET samples collected at the interim Week 4 time-point.  

 

5.5.2.2.1 The Thiol redox metabolome 

 

5.5.2.2.1.1 Total free thiols 

 

At Week 9, following SRETP completion, there was a significant increase in the post-CPET total 

free thiol concentrations (Figure 5.10A), with the median (IQR) total free thiol concentration 

corrected for serum protein in participants who completed the SRETP, increasing from 0.80 

Outcome variable Statistic Degrees of freedom (df) Significance 

Total Free thiols/protein 0.916 11 0.288 

GSH (Total) 0.869 11 0.076 

GSH/GSSG 0.855 10 0.085 

GSH (Free) 0.799 11 0.009** 

GSSG 0.820 11 0.017* 

Cys (Total) 0.956 11 0.718 

Cys (Free) 0.941 11 0.534 

CySS 0.910 11 0.242 

Cys/CySS 0.876 11 0.092 

HCys (Total) 0.907 11 0.222 

HCys (Free) 0.736 11 0.001** 

HCySS 0.851 11 0.043* 

HCys/HCySS 0.708 11 <0.001** 

Sulfide (Total) 0.940 11 0.515 

Sulfide (Free) 0.925 11 0.362 

TBARS 0.697 11 <0.001** 

FRAP 0.926 11 0.373 

Nitrite 0.994 11 0.640 

Nitrate 0.641 11 <0.001** 

cGMP 0.949 11 0.596 

RXNO 0.955 10 0.724 
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m˃ol/g protein (0.76-0.95) at baseline to 1.05 ˃ mol/g protein (0.90-1.18) at Week 9 p=0.005. The 

median increase in total free thiols was +0.26 m˃ol/g protein (0.05-0.43) [+33% from baseline] 

(Figure 5.10B) (Table 5.8 A). This significant result was corroborated in secondary analyses using 

CǊƛŜŘƳŀƴΩǎ ǘŜǎǘ ǿƛǘƘ 5ǳƴƴΩǎ ǘŜǎǘ ŦƻǊ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ όCǊƛŜŘƳŀƴΩǎ ǇҐ лΦлмн ōŀǎŜƭƛƴŜ ǾǎΦ ²ŜŜƪ 

9 p=0.010 (Table 5.8B). This change indicative of an increase in post-exercise (CPET) antioxidant 

capacity. Further pre-CPET total free thiol concentrations tended to increase following the SRETP, 

however the magnitude of this change was not statistically significant (median, baseline 0.87 

m˃ol/g protein vs. Week 9 1.03 ˃mol/g protein p=0.18). With a significant change across the 

three groups identified using the Friedman test p=0.034 (Table 5.8B). As observed at baseline, 

there was no significant pre- to post-CPET change in total free thiol concentrations at Week 

9.(Table 5.8 A)  

 

 

 

Figure 5.10  Total free thiol concentrations in serum for IPF participants completing the 

SRETP. A) Total free thiols, B) Total free thiols corrected for serum protein concentration. Baseline 

(Orange), Week 4 (Purple), and Week 9 (Green). PRE- Pre-CPET, POST- Post-CPET. Individual dot 

plots with median ± IQR. Baseline PRE CPET n=11, Baseline POST CPET n=10, Week 4 Pre CPET n=8 

Week 4 POST CPET n=7, Week 9 PRE CPET n=11, Week 9 POST CPET n=11. Comparisons made 

using Wilcoxon signed rank test.  
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5.5.2.2.1.2 Glutathione 

A significant increase in post-CPET antioxidant capacity assessed by the total GSH concentration 

was observed following the SRETP. In participants who completed the SRETP, the median post-

CPET total GSH concentration increased from 3.28 ˃a at baseline to 4.50 ˃ a at Week 9 p=0.028. 

(Figure 5.11A) The median increase from baseline to Week 9 was +0.73 ˃a (-0.07 to +1.41) [+22% 

from baseline]. In secondary anaƭȅǎŜǎ ǳǎƛƴƎ ǘƘŜ CǊƛŜŘƳŀƴΩǎ ǘŜǎǘ ǿƛǘƘ 5ǳƴƴΩǎ test for multiple 

comparison this result was not found to be significant(Table 5.8B), however this may in part be 

due to reduced statistical power due to the small sample size at week 4 (n=8). Consistent with the 

response observed in Controls at baseline, following the SRETP (Week 9) total GSH concentrations 

increased significantly pre to post-CPET in the IPF participants (Week 9 median, pre 3.35 ˃a vs. 

post 4.50 ˃ a p=0.021) (Figure 5.11A,). No significant change was observed in pre-CPET total GSH 

concentrations (Figure 5.11A, and Table 5.8 A,B,C). Free GSH and GSSH concentrations did not 

change significantly following the 8-week SRETP (Figure 5.11B,C). Following the SRETP at Week 9, 

no significant change was observed In the GSH/GSSG ratio either pre- (median baseline 516 vs. 

Week 9- 495 p=0.44) or post-CPET (median, baseline 440 vs. Week 9 480 p=0.58) (Figure 5.11D). 

 

Figure 5.11 Glutathione thiol status for IPF participants completing the SRETP. A) Total GSH, 

B) free GSH, C) GSSG, D) GSH/GSSG ratio&. Baseline (Orange), Week 4 (Purple), and Week 9 

(Green). PRE- Pre-CPET, POST- Post-CPET. Baseline PRE CPET n=11, Baseline POST CPET n=10, 

Week 4 PRE CPET n=6, Week 4 POST CPET n=8, Week 9 PRE CPET n=11, Week 9 POST CPET n=11. 

&GSH/GSSG W0 PRE n=10 W9 n=9, W4 PRE n=5 POST n=6, W9 PRE n=9 and POST n=9 Baseline vs. 

Week 9 and PRE vs. POST CPET. Comparisons made using Wilcoxon signed rank test. 
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5.5.2.2.1.3 Cysteine  

 

Following the SRETP, no significant change was observed in total Cys concentrations either pre- 

(median, baseline 250 ˃a vs. Week 9 244 ˃a p=0.93) or post-CPET (median, baseline 237 ˃a vs. 

Week 9 257 ˃ a p=0.14) (Figure 5.12A and Table 5.8 A,B). Wide interpatient variation in the 

concentrations of free Cys and oxidised cysteine (CySS) were observed (Figure 5.12B,C), and 

following the SRETP no significant pre- or post-CPET change was observed in either free Cys or 

CySS, or the Cys/CySS redox couple (Figure 5.12B,C,D and Table 5.8 A,B).  

 

Figure 5.12  Cysteine thiol status for IPF participants completing the SRETP. A) Total Cys, B) 

Free Cys, C) CySS, D) Cys/CySS redox couple. Baseline (Orange), Week 4 (Purple), and Week 9 

(Green). PRE- Pre-CPET, POST- Post-CPET. Individual dot plots with median ± IQR. Baseline PRE 

CPET n=11, Baseline POST CPET n=10, Week 4 PRE CPET n=7, Week 4 POST CPET n=8, Week 9 PRE 

CPET n=11, Week 9 POST CPET n=11. 
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5.5.2.2.1.4 Homocysteine 

 

No significant change was observed in total homocysteine (hCys) concentrations following the 8-

week SRETP either pre- (median, baseline 11.20 ˃ a vs. Week 9 10.40 ˃ a p=0.17) or post-CPET 

(median, baseline 10.70 ˃ a vs. Week 9 11.20 ˃a p=0.65) (Figure 5.13A). In contrast to the 

identified significant reduction in free hCys pre- to post-CPET at baseline, free hCys levels did not 

change significantly pre to post-CPET at Week 9 (median Week 9 pre 107 nM vs. post 102 nM 

p=0.88) (Figure 5.13B). Given the reduced state of free hCys, this observation is consistent with 

the above presented observations of increased post-exercise (CPET) antioxidant capacity at Week 

9. No significant changes were observed in HCySS or the hCys/HCySS redox couple, either pre- or 

post-CPET (Figure 5.13 C,D and Table 5.8 A,B,C). 

 

Figure 5.13  Homocysteine thiol status for IPF participants completing the SRETP. A) Total 

hCys, B) Free hCys, C) HCySS, D) hCyS/HCySS redox couple. Baseline (Orange), Week 4 (Purple), 

and Week 9 (Green). PRE- Pre-CPET, POST- Post-CPET. Individual dot plots with median ± IQR. 

Baseline PRE CPET n=11, Baseline POST CPET n=10, Week 4 PRE CPET n=7, Week 4 POST CPET n=8, 

Week 9 PRE CPET n=11, Week 9 POST CPET n=11. 
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5.5.2.2.1.5 Sulfides 

 

Following the 8-week SRETP the total sulfide concentration did not change significantly either pre-

(median, baseline 6.15 ˃a vs. Week 9 7.39 ˃a p=0.18) or post-CPET (median, baseline 7.01 ˃a 

vs. Week 9 7.70 ˃a p=0.54) (Figure 5.14A). Further, no significant change was observed in free 

sulfide concentrations at Week 9 following the SRETP (Figure 5.14B). Consistent with other 

observations of increased antioxidant capacity following the SRETP, the persulfide concentration 

pre-CPET tended to increase from baseline to Week 9 (median, baseline 3.45 nM vs. Week 9 5.50 

nM p=0.08) (Figure 5.14C and Table 5.8 A,B). 

 

Figure 5.14  Sulfide acid-thiol status for IPF participants completing the SRETP. A) Total 

Sulfide, B) Free Sulfide, C) Persulfide (Total -Free). Baseline (Orange), Week 4 (Purple), and Week 

9 (Green). PRE- Pre-CPET, POST- Post-CPET. Individual dot plots with median ± IQR. Baseline PRE 

CPET n=11, Baseline POST CPET n=10, Week 4 PRE CPET n=7, Week 4 POST CPET n=8, Week 9 PRE 

CPET n=11, Week 9 POST CPET n=11. 
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5.5.2.2.2 Ferric reducing ability of plasma (FRAP) 

 

Plasma antioxidant buffering capacity assessed by the FRAP assay did not change significantly 

either pre- (median, 1290 ˃ a vs. 1361 ˃ a p=0.790) or post-CPET (1326 ˃a vs. 1402 ˃ a p=0.241) 

following the 8-week SRETP. However, consistent with the observed increase in post-exercise 

antioxidant capacity following the SRETP, a non-significant increase in FRAP concentrations pre to 

post-CPET was identified at Week 9 (median, pre 1361 ˃a vs. post 1402 ˃ a p=0.083 (Figure 5.15 

and Table 5.8 A,B).  

 

Figure 5.15 Ferric reducing ability of plasma (FRAP) assay concentrations for IPF participants 

completing the SRETP. Baseline (Orange), Week 4 (Purple), and Week 9 (Green). PRE- Pre CPET, 

POST- Post CPET. Individual dot plots with median ± IQR. Baseline PRE CPET n=11, Baseline POST 

CPET n=10, Week 4 PRE CPET n=7, Week 4 POST CPET n=8, Week 9 PRE CPET n=11, Week 9 POST 

CPET n=11. 

 

5.5.2.2.3 Lipid peroxidation products 

 

Following the 8-week SRETP, TBARS concentrations did not change significantly compared to 

baseline either pre- (median, baseline 4.33 ˃ a vs. Week 9 5.99 ˃ a p=0.21) or post-CPET (median, 

baseline 5.48 ˃ a vs. Week 9 4.41 ˃ a p=0.11) or using assessment of repeated measures either 

pre- or -post CPET (Table 5.8 B,C). However, consistent with the observed increase in post-CPET 

antioxidant capacity at Week 9, a significant reduction in TBARS pre to post-CPET was apparent at 

Week 9 (indicative of reduced oxidative stress). Whereas TBARs tended to increase pre- to post-

CPET at baseline and Week 4 (Figure 5.16A), following SRETP completion (Week 9) TBARS 

concentration decreased significantly pre- to post-CPET; median (IQR) change -1.20 ˃ M (-1.44 to 

+0.13) p=0.016 (20% reduction pre-post CPET) (Figure 5.16A and Table 5.8 A,B,C). No significant 

change in 4-HNE concentrations were observed following the SRETP (Figure 5.16B). 
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Figure 5.16  Lipid peroxidation status for IPF participants completing the SRETP. A) TBARS& B) 

4-HNE. Baseline (Orange), Week 4 (Purple) and Week 9 (Green). PRE- Pre-CPET, POST- Post-CPET. 

Individual dot plots with median ± IQR. Baseline PRE CPET n=11, Baseline POST CPET n=10, Week 

4 PRE CPET n=8, Week 4 POST CPET n=8, Week 9 PRE CPET n=11, Week 9 POST CPET n=11. 

&TBARS Week 4 POST n=7. Comparisons made using Wilcoxon signed rank test.
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Table 5.8 A  Whole-body redox status at Baseline, Week 4 and Week 9 pre and post cardiopulmonary exercise test (CPET) for IPF patients completing the 

structured responsive exercise training programme (SRETP). Results presented as median (IQR). ̂ GSH/GSSG W0 Pre n=10 W9 n=9, W4 Pre n=5 Post n6, W9 Pre n=9 and 

Post n=9. Baseline vs. Week 9 and PRE vs POST CPET comparisons made using the Wilcoxon signed rank test. *p<0.05, **p<0.01. 

Analyte Baseline  
Median (IQR) 

Week 4 
Median (IQR) 

Week 9  
Median (IQR) 

Baseline vs. Week 
9 
 

PRE (n=11) POST (n=10) PRE (n=8) POST (n=8) PRE (n=11) POST (n=11) p PRE p POST p 

TFT  
ό˃aύ 

52.60 
(40.1-61.7) 

53.40 
(46.3-56.7) 

69.20 
(61.1-75.6) 

63.20 
(52.7-79.4) 

63.40 
(48.4-78.1) 

61.20 
(53.3-80.4) 

0.155 0.093 0.028* 

TFT Protein 
ό˃ƳƻƭκƎ ǇǊƻǘ.) 

0.870 
(0.67-1.02) 

0.795 
(0.76-0.95) 

1.130 
(1.02-1.32) 

0.960 
(0.86-1.18) 

1.030 
(0.90-1.18) 

1.050 
(0.97-1.18) 

0.168 0.182 0.005** 

GSH  
TOTAL ό˃aύ 

3.960 
(1.26-5.12) 

3.275 
(1.38-4.61) 

3.420 
(1.56-4.84) 

3.540 
(1.85-5.26) 

3.350 
(1.53-4.73) 

4.500 
(1.96-6.09) 

0.021
*  

0.790 0.028* 

GSH  
FREE (nM) 

2836.0 
(2056-5595) 

3127.5 
(1709-5710) 

2687.0 
(1115-5297) 

2775.0 
(1271-5364) 

3058.0 
(1877-6040) 

3757.0 
(1823-7140) 

0.722 0.328 0.333 

GSSG  
(nM) 

4.500 
(3.30-17.80) 

6.650 
(2.18-15.18) 

3.300 
(0.50-6.10) 

5.600 
(1.15-9.83) 

5.500 
(0.60-15.70) 

9.600 
(4.40-17.40) 

0.110 0.508 0.066 

GSH/GSSG^  
Ratio 

516.1 
(227-1246) 

439.5 
(288-787) 

439.9 
(243-1221) 

320.0 
(227-658) 

495.4 
(300-1836) 

480.3 
(147-1063) 

0.086 0.441 0.575 

CyS  
TOTAL ό˃aύ 

250.0 
(218-282) 

236.5 
(183-261) 

222.0 
(183-240) 

244.5 
(183-257) 

244.0 
(184-280) 

257.0 
(196-311) 

0.424 0.929 0.139 

Cys  
FREE (nM) 

9945.0 
(8130-11268) 

7820.0 
(4427-10377) 

10044 
(7512-16882) 

8451 
(6000-17013) 

7278.0 
(5824-15641) 

6403.0 
(5055-13382) 

0.534 1.000 0.722 

CySS   
(nM) 

62509.0 
(50220-71077) 

52260.0 
(42283-63615) 

47920 
(46123-61872) 

49330 
(45623-63324) 

59608.0 
(38371-63323) 

47575.0 
(36041-56271) 

0.213 0.790 0.508 

CyS/CySS 
Ratio 

0.180 
(0.15-0.21) 

0.145 
(0.12-0.22) 

0.180 
(0.16-0.30) 

0.185 
(0.13-0.23) 

0.170 
(0.10-0.26) 

0.190 
(0.12-0.21) 

0.905 0.441 0.777 

HCyS  
TOTAL ό˃aύ 

11.20 
(8.95-15.90) 

10.70 
(9.01-12.98) 

11.40 
(9.70-12.50) 

12.10 
(9.89-13.9) 

10.40 
(6.73-12.30) 

11.20 
(9.21-12.40) 

0.505 0.168 0.646 

HCyS  
FREE (nM) 

135.0 
(119-160) 

110.5 
(95-178) 

138.0 
(122-266) 

131.5 
(91.5-162) 

107.0 
(92-186) 

102.0 
(87-125) 

0.878 0.248 0.648 
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Analyte Baseline  
Median (IQR) 

Week 4 
Median (IQR) 

Week 9  
Median (IQR) 

Baseline vs. Week 
9 
 

PRE (n=11) POST (n=10) PRE (n=8) POST (n=8) PRE (n=11) POST (n=11) p PRE p POST p 

HCySS  
(nM) 

18.00 
(13.4-36.9) 

19.20 
(9.6-27.3) 

29.30 
(11.7-42.4) 

20.90 
(10.5-24.4) 

14.40 
(10.5-23.6) 

17.80 
(10.6-26.0) 

0.594 0.182 0.285 

HCys/HCySS 
Ratio 

6.200 
(3.72-8.85) 

7.100 
(3.87-12.13) 

6.170 
(4.30-22.70) 

6.510 
(4.38-22.47) 

4.750 
(3.89-22.20) 

5.800 
(4.35-18.06) 

0.086 0.657 0.203 

Sulfide  
TOTAL ό˃aύ 

6.150 
(5.35-8.15) 

7.005 
(5.25-10.68) 

8.350 
(5.88-9.55) 

7.225 
(5.51-7.96) 

7.390 
(5.53-10.20) 

7.700 
(5.89-10.50) 

0.859 0.182 0.541 

Sulfide  
FREE (nM) 

2574.0 
(1334-3739) 

2463.5 
(1808-3893) 

2304.0 
(1816-4648) 

1598.0 
(1337-3771) 

2564.0 
(1599-4562) 

2358.0 
(1379-4590) 

0.657 0.657 0.721 

Persulfide (˃a) 
Total-Free 

3.45 
(2.70-4.90) 

4.67 
(3.29-5.22) 

4.90 
(4.06-6.05) 

4.40 
(3.46-5.31) 

5.50 
(3.93-6.81) 

5.02 
(2.50-6.92) 

0.594 0.075 0.721 

FRAP 
ό˃aύ 

1290 
(1237-1502) 

1326 
(1241-1505) 

1339 
(1079-1463) 

1366 
(1176-1480) 

1361 
(1242-1485) 

1402 
(1236-1525) 

0.083 0.790 0.241 

TBARS  
όM˃) 

4.330 
(3.49-6.61) 

5.475 
(4.17-7.93) 

4.320 
(2.06-6.81) 

6.160 
(2.97-7.30) 

5.990 
(3.76-8.44) 

4.410 
(3.84-7.08) 

0.016
*  

0.213 0.114 

HNE  
(ng/ml) 

8.200 
(5.50-13.00) 

8.150 

(5.68-9.78) 
7.600 

(5.83-12.40) 
8.700 

(7.35-10.60) 
7.100 

(5.70-10.40) 
7.700 

(6.10-13.60) 
0.131 0.657 0.507 
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 Table 5.8B   Whole-body redox status at Baseline, Week 4 and Week 9 pre and post cardiopulmonary exercise test (CPET) for IPF patients completing the 

structured responsive exercise training programme (SRETP). n=8 ̂ GSH/GSSG W4 Pre n=5 Post n6. Comparisons using Friedman ǘŜǎǘ ǿƛǘƘ 5ǳƴƴΩǎ ŦƻǊ ƳǳƭǘƛǇƭŜ 

comparison. *p<0.05 

 

Analyte Friedman  PRE CPET -5ǳƴƴΩǎ  POST CPET -5ǳƴƴΩǎ  

Pre 
(n=8) 

Post 
(n=8) 

W0 v W9 
(n=8) 

W0 v W4 
(n=8) 

W4 v W9 
(n=8) 

W0 v W9 
(n=8) 

W0 v W4 
(n=8) 

W4 v W9 
(n=8) 

TFT  
ό˃aύ 

0.093 0.102 0.240 0.137 1.000 0.098 0.855 0.855 

TFT Protein 
ό˃ƳƻƭκƎ ǇǊƻǘ.) 

0.034* 0.012* 0.073 0.073 1.000 0.010* 0.184 0.855 

GSH  
TOTAL ό˃aύ 

0.368 0.882 0.544 1.000 0.855 1.000 1.000 1.000 

GSH  
FREE (nM) 

0.651 0.687 1.000 1.000 1.000 1.000 1.000 1.000 

GSSG  
(nM) 

0.321 0.717 0.544 1.000 1.000 1.000 1.000 1.000 

GSH/GSSG^  
Ratio 

0.247 0.311 0.342 1.000 0.618 1.000 0.745 0.447 

CyS  
TOTAL ό˃aύ 

0.102 0.140 0.855 0.098 0.855 0.312 1.000 0.240 

Cys  
FREE (nM) 

1.000 0.325 1.000 1.000 1.000 1.000 0.401 1.000 

CySS   
(nM) 

0.651 0.687 1.000 1.000 1.000 1.000 1.000 1.000 

CyS/CySS 
Ratio 

0.180 0.639 0.326 0.326 1.000 1.000 1.000 1.000 

hCyS  
TOTAL ό˃aύ 

0.867 0.417 1.000 1.000 1.000 0.952 0.634 1.000 

HCys  
FREE (nM) 

0.368 0.687 0.544 1.000 0.855 1.000 1.000 1.000 
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Analyte Friedman  PRE CPET -5ǳƴƴΩǎ  POST CPET -5ǳƴƴΩǎ  

Pre 
(n=8) 

Post 
(n=8) 

W0 v W9 
(n=8) 

W0 v W4 
(n=8) 

W4 v W9 
(n=8) 

W0 v W9 
(n=8) 

W0 v W4 
(n=8) 

W4 v W9 
(n=8) 

HCySS  
(nM) 

0.156 0.417 1.000 0.544 0.184 0.634 1.000 0.952 

HCys/HCySS 
Ratio 

0.867 0.565 1.000 1.000 1.000 1.000 0.855 1.000 

Sulfide  
TOTAL ό˃aύ 

0.368 0.325 0.855 0.544 1.000 1.000 1.000 0.401 

Sulfide  
FREE (nM) 

0.651 0.417 1.000 1.000 1.000 0.952 0.634 1.000 

Persulfide (˃a) 
Total-Free 

0.012* 0.197 0.010* 0.184 0.855 0.634 1.000 0.240 

FRAP 
ό˃aύ 

0.651 0.325 1.000 1.000 1.000 1.000 1.000 0.401 

TBARS  
όM˃) 

0.687 0.651 1.000 1.000 1.000 1.000 1.000 1.000 

HNE  
(ng/ml) 

0.882 0.882 1.000 1.000 1.000 1.000 1.000 1.000 
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 Table 5.8C  Whole-body redox status at Baseline, Week 4 and Week 9 pre and post cardiopulmonary exercise test (CPET) for IPF patients completing the 

structured responsive exercise training programme (SRETP). n=8. ̂ GSH/GSSG W4 Pre n=5 Post n6. Comparisons using ANCOVA (parametric) with Geisser-Greenhouse 

correction for variables were Shapiro-Wilk test p<0.05 (see Table 5.7)   

 

 

Analyte Baseline vs. Week 4 vs. Week 9 

PRE p (n=8) POST p (n=8) 

GSH  
FREE (nM) 

0.750 0.548 

GSSG  
(nM) 

0.363 0.190 

HCys  
FREE (nM) 

0.448 0.380 

HCySS  
(nM) 

0.082 0.611 

HCys/HCySS 
Ratio 

0.310 0.778 

TBARS  
όM˃) 

0.657 0.615 
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5.5.2.2.4 Markers of nitric oxide (NO) production and metabolism  
 

At Week 9 there was a significant decrease in post-CPET nitrite concentrations compared to 

baseline, median baseline 0.98 ˃a vs. Week 9 0.66 ˃a p=0037, with a median (IQR) change of -

0.39 ˃ M (-0.58 to -0.13) (40% reduction from baseline) (Figure 5.17A and Table 5.9A,B). In 

ǎŜŎƻƴŘŀǊȅ ŀƴŀƭȅǎŜǎ ǳǎƛƴƎ ǘƘŜ CǊƛŜŘƳŀƴΩǎ ǘŜǎǘ ǿƛǘƘ 5ǳƴƴΩǎ ǘŜǎǘ ŦƻǊ multiple comparison this result 

was not found to be significant(Table 5.9B). However this discrepancy may in part be due to 

reduced statistical power due to the small sample size at week 4 (n=8) limiting this analysis. 

Further at Week 9, a statistically significant reduction in nitrite concentrations pre- to post-CPET 

was observed, median change -0.12 ˃ a (-1.44 to +0.13) p=0.013 (11% reduction pre- to post-

CPET) (Figure 5.17B). This observation of a significant reduction in nitrite concentrations pre- to 

post-CPET is suggestive of exercise-induced nitrite utilisation (see discussion). No significant 

change in pre-CPET nitrite concentrations were observed following the SRETP (median, baseline 

1.22 ˃ a vs. Week 9 1.16 ˃a p=0.53). Further no significant change in nitrate concentrations were 

observed as a consequence of the SRETP (Figure 5.17B). At Week 9 n=1 pre-CPET and n=1 post-

CPET RNXO values were excluded (RXNO concentrations >100 nM). Whereas RXNO 

concentrations tended to fall pre- to post-CPET at baseline and Week 4, no pre- to post-CPET 

change in RXNO concentration was apparent at Week 9 (median, pre 12.95 nM vs. 12.55 nM 

p=0.37) (Figure 5.17C). No significant change in cGMP concentrations was observed following the 

SRETP (Figure 5.17D). 
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Figure 5.17  NO production and metabolism biomarkers in IPF patients completing the 

SRETP. A) Nitrite, B) Nitrate, C) RXNO, D) cGMP&. Baseline (Orange), Week 4 (Purple), Week 9 

(Green). PRE- Pre CPET, POST- Post CPET. Individual dot plots with median ± IQR. Baseline PRE 

n=11 and POST n=10, Week 4 PRE n=7 and POST n=8, Week 9 PRE and POST n=11.  RXNO Baseline 

PRE n=10, W4 PRE n=6 and POST n=7, W9 PRE and POST n=10. &cGMP W4 PRE n=8 Baseline vs. 

Week 9 and PRE vs. POST CPET. Comparisons made using Wilcoxon signed rank test.
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Table 5.9A  Nitric oxide production and metabolism biomarkers at Baseline, Week 4 and Week 9 pre and post CPET for IPF patients completing the 8-

week SRETP. Results presented as median (IQR). &Nitrite and Nitrate Week 4 PRE n=7 and POST n=8, RXNO Baseline Pre n=10 and Post n=9, W4 PRE n=6 and 

POST n=7, Week 9 Pre n=10 and Post n=10. Baseline vs. Week 9 and Pre-Post CPET comparisons made using Wilcoxon signed rank test. *p<0.05.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Analyte Baseline 
Median (IQR) 

Week 4 
Median (IQR) 

Week 9 
Median (IQR) 

Baseline vs. Week 9 

PRE (n=11) POST (n=10) PRE (n=8) Post (n=8) PRE (n=11) POST (n=11) p PRE p POST p 

Nitrite& 

ό˃aύ 

1.220 
(0.80-1.37) 

0.975 
(0.81-1.22) 

1.240 
(0.45-1.51) 

1.115 
(0.54-1.28) 

1.160 
(0.37-1.33) 

0.660 
(0.28-1.03) 

0.013* 0.534 0.037* 

Nitrate& 

ό˃aύ 

27.70 
(21.6-29.9) 

30.25 
(26.9-42.0) 

30.20 
(26.5-40.3) 

29.40 
(24.3-46.9) 

27.70 
(21.5-35.4) 

27.50 
(25.4-42.4) 

0.286 0.799 0.878 

RXNO& 

(nM) 
12.30 

(7.57-22.40 
6.00 

(3.40-14.00) 
10.90 

(5.42-22.30) 
10.30 

(3.30-13.60) 
12.95 

(8.88-15.07) 
12.55 

(9.15-29.40) 
0.374 0.594 0.263 

cGMP 
(pmol/ml) 

172.0 
(111-209) 

189.5 
(98.1-241) 

174.0 
(96-231) 

149.5 
(73-188) 

187.0 
(118-202) 

184.0 
(151.0-204) 

0.374 0.477 0.646 
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Table 5.9B  Nitric oxide production and metabolism biomarkers at Baseline, Week 4 and Week 9 pre and post CPET for IPF patients completing the 8-

week SRETPΦ /ƻƳǇŀǊƛǎƻƴǎ ǳǎƛƴƎ CǊƛŜŘƳŀƴ ǘŜǎǘ ǿƛǘƘ 5ǳƴƴΩǎ ŦƻǊ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴΦ &RXNO PRE n=6 and POST n=7. ^cGMP PRE n=8. 

Analyte Friedman PRE CPET ς 5ǳƴƴΩǎ POST CPET ς 5ǳƴƴΩǎ 

Pre 
(n=7) 

Post 
(n=8) 

W0 v W9 
(n=7) 

W0 v W4 
(n=7) 

W4 v W9 
(n=7) 

W0 v W9 
(n=8) 

W0 v W4 
(n=8) 

W4 v W9 
(n=8) 

Nitrite  
ό˃aύ 

0.651 0.223 1.000 1.000 1.000 0.401 1.000 0.401 

Nitrate  
ό˃aύ 

0.964 0.882 1.000 1.000 1.000 1.000 1.000 1.000 

RXNO& 

(nM) 
0.864 0.368 1.000 1.000 1.000 1.000 0.544 0.855 

cGMP̂  
(pmol/ml) 

0.197 0.197 0.240 0.634 1.000 0.634 1.000 0.240 

 

 

Table 5.9C  Nitric oxide production and metabolism biomarkers at Baseline, Week 4 and Week 9 pre and post CPET for IPF patients completing the 8-week SRETP 

Comparisons using ANCOVA (parametric) with Geisser-Greenhouse correction for variables were Shapiro-Wilk test p<0.05 (see Table 5.7)   

Analyte Baseline vs. Week 4 vs. Week 9 

PRE p (n=7) POST p (n=8) 

Nitrate  
ό˃aύ 

0.349 0.799 
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5.5.2.2.4.1 Post SRETP effect of exercise-induced desaturation on biomarkers of NO 

production and metabolism 

 

Consistent with baseline observations, stratifying participants by SpO2 at ±ɧO2peak revealed no 

significant between group difference in the magnitude of the pre- to post-CPET change in nitrite 

concentrations at Week 9 (p=0.66) (Figure 5.18A and Table 5.10). However, a trend to 

significance was observed in the between group difference for the magnitude of the change in 

plasma nitrate concentrations (median, SpO2ғфн҈ ҌрΦлл ˃a ǾǎΦ {pO2җфн҈ лΦуо ˃a p=0.05) 

(Figure 5.18D). Further a significant negative correlation was observed between delta SpO2 -

(±ɧO2peakς- rest) and delta nitrate concentrations pre- to post-CPET (r= - 0.64 p=0.048). 

 

Table 5.10 Week 9 nitrite and nitrate concentrations pre and post cardiopulmonary 

exercise test stratified by peripheral oxygen saturations (SpO2) at ±ɧO2peak [<92% vs. җфн҈]. 

Results presented as median and interquartile range, PRE = pre-CPET, POST = post-CPET, Delta = 

(Pre CPET ς Post CPET). Comparison made using Mann-Whitney U test.  

Week 9 
nOx 

SpO2 at Peak Exercise Comparison 

<92% (n=5) җ92% (n=6) p 

Nitrite PRE 
ό˃aύ 

1.22 
(0.34-1.38) 

0.91 
(0.54 -1.67) 

1.00 
 

Nitrite POST 
ό˃aύ  

0.39 
(0.27-1.14) 

0.67 
(0.49-0.93) 

0.66 
 

Delta Nitrite 
(Pre ς Post) 

-0.21 
(-0.62 to -0.01) 

-0.11 
(-0.83 to -0.02) 

0.93 
 

Nitrate PRE 
ό˃aύ 

27.30 
(18.5-39.4) 

28.00 
(24.3-37.9) 

0.95 

Nitrate POST 
ό˃aύ 

33.80 
(21.6-45.3) 

27.00 
(22.7-39.2) 

1.00 

Delta Nitrate 
(Pre ς Post) 

5.00 
(0.23-9.67) 

-0.83 
(-1.94 to 1.66) 

0.05 
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Figure 5.18  Week 9 nitrite and nitrate concentrations in IPF participants stratified by 

peripheral oxygen saturations (SpO2) at ±ɧO2peak [<92% vs. җфн҈]. A) Nitrite, B) Nitrate, C) Delta 

Nitrite (Pre CPET ς Post CPET), D) Delta nitrate (Pre CPET ς Post CPET). Circles SpO2<92% (n=5) vs. 

Triangles  SpO2җфн҈ (n=6). Pre CPET- Blue circle/triangles, Post CPET- Red circles/triangles, W9- 

Week 9. Between group (<92% vs. җфн҈ύ. Comparison between SpO2<92%  vs.  SpO2җфн҈ made 

using Mann-Whitney U test.  
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5.6 Discussion 
 

In this chapter an individually prescribed SRETP was used to investigate the effect of exercise 

training on whole-body redox status in patients with IPF. These results demonstrate that 

participants with IPF had significantly increased baseline oxidative stress compared to age, sex 

and functionally matched controls. To the best of my knowledge, this is the first study to 

investigate the effect of a period of exercise training on redox status in patients with IPF. This 

study identified that following the 8-week SRETP (which led to clinically meaningful improvement 

in exercise capacity and functional status) IPF patients exhibited significantly increased 

extracellular antioxidant buffering capacity. Further in this study, IPF patients demonstrated a fall 

in nitrite concentrations following exercise (suggestive of nitrite utilisation), a response that 

increased in magnitude following the SRETP. This unexpected observation provides a mechanistic 

basis to propose that this patient group may benefit positively from nitrite/nitrate 

supplementation during exercise training.  

 

5.6.1 Control vs. IPF participant matching 
 

Due to the effect of age on redox biomarker status (109) it was necessary to recruit a non-IPF 

control group to compare baseline pre- and post-CPET redox biomarkers. The perioperative CPET 

service provided a mechanism by which Control participants could be recruited whilst performing 

a CPET, utilising an identical protocol to that completed by IPF participants, whilst attending for 

standard of care assessment. In retrospect an unanticipated advantage of employing this 

approach, rather than recruiting an age and sex-matched cohort to undertake a research CPET 

with venous blood sampling, as it allowed for continued recruitment of Control participants to the 

study whilst research specific visits were formally suspended at the UHSFT site due to the impact 

of the COVID-19 pandemic (see Appendix G for full COVID-19 impact statement).  

Appropriate age and sex-matching of the Control cohort to IPF participants was achieved with no 

significant between group difference identified for either variable. Consistent with the Control 

participants being a cohort of older adults, the presence of medical comorbidity was common 

within the cohort. However, although a trend toward a higher incidence of ischaemic heart 

disease was identified in Controls (p=0.07), the distribution of common medical co-morbidities 

was not found to be significantly different between the two groups. Concordant with Controls 

having subjectively impaired physical capacity necessitating referral for a perioperative CPET prior 

to elective surgery, CPET demonstrated this group had significant impairment in exercise capacity. 

The degree of impaired exercise capacity in Controls was similar to that observed in the IPF 

cohort, with no significant between group difference identified in either peak oxygen uptake or 
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anaerobic threshold. Further comparable with the IPF cohort significant deconditioning, as 

indicated by an AT expressed as a percentage of predicted ±ɧO2peak of <50%, was also apparent in 

Controls. The impaired exercise capacity of Control participants was predominantly a 

consequence of the observed deconditioning in combination with cardiovascular limitation to 

exercise. Unlike IPF participants, in general Control participants demonstrated impairment in 

oxygen delivery indicated by a reduction in the slope of the relationship between oxygen uptake 

to work-rate (±ɧO2/WR slope) a finding which is suggestive of cardiovascular impairment to 

exercise.(184) However other CPET cardiovascular parameters including peak O2 pulse and 

chronotropic index were overall preserved in this group and not statistically different from the IPF 

cohort. Consistent with IPF patients having a diagnosis of fibrotic lung disease, compared to 

Controls, IPF participants had significantly higher ±ɧE/±ɧCO2 slopes (indicating greater ventilatory 

inefficiency) and exhibited significant exercise-induced desaturation, an observation not apparent 

in Controls. 

In summary the recruited Control participants provided an appropriately age, sex and functionally 

matched cohort for robust redox biomarker comparison with the IPF cohort. As in the IPF cohort, 

medical co-morbidity was common with no significant between group difference, although a non-

significant higher incidence of ischaemic heart disease was identified in Controls. CPET revealed 

that deconditioning was apparent in both cohorts with differences in the mechanisms of exercise 

limitation reflecting primarily the absence of interstitial lung disease in Controls. Further the 

results of CPET in Controls identified, although not prospectively anticipated, that they were also 

appropriately matched for physical fitness to participants in the IPF cohort, a finding that adds 

robustness to the between group comparisons. 

 

5.6.2 Comparison of whole-body redox status in Controls vs. IPF participants  
 

The results of this study demonstrate that the IPF cohort had increased oxidative stress at rest 

compared to age-sex matched Controls, as indicated by a significantly reduced systemic ratio of 

GSH/GSSG (a key indicator of extracellular redox potential(329)). This observation is consistent 

with a previous study by Muramatsu et al. of 21 patients with IPF (375) and with other studies 

which have identified increased resting oxidative stress in patients with IPF.(84) In the present 

study no significant difference in whole-body oxidative stress assessed by the lipid peroxidation 

marker TBARS was identified between Control and IPF participants. This finding is contrary to the 

study a Rahman et al.(85) who identified significantly increased plasma TBARS in IPF vs. Controls 

(2.1 ˃ M vs. 1.4 ˃M p<0.01), but consistent with results of a study by Fois et al.(91) These 

discrepancies may be due to the differences in the ages of the study cohorts (present study, 

71 years vs. Fois 68 years vs. Rahman 58 years), or the different analytical techniques used 
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(fluorometric [Fois and present study] vs. colorimetric (Rahman). In the present study, despite 

increased oxidative stress as indicated by the reduced GSH/GSSG ratio, no significant difference in 

other aminothiols or sulfides were identified between IPF and Control participants at rest. In their 

study Fois et al.(91) identified significantly reduced basal antioxidant capacity in IPF participants 

compared to control indicated by a lower concentration of plasma total GSH, a finding that was 

not replicated in this study. Although, the Fois et al. cohort are of similar age and disease severity 

to the present study, it is important to again consider that different analytical techniques were 

used in each study (chemical electrophoresis Fois vs. liquid chromatography tandem mass-

spectrometry [present study]).   

Homocysteine sits at the centre of three metabolic cycles (methionine, folate, and 

transsulfuration) with the accumulation of homocysteine linked to several disease states including 

cardiovascular(333) and neurodegenerative disease.(334) In this study total homocysteine 

concentrations were not found to be statistically different between IPF patients and controls. 

Further homocysteine concentrations in both groups were comparable with age-sex match 

population reference values.(372) This observation is consistent with the above discussed study 

by Fois et al.(91) but contrary to a study by Bargagli et al who identified significantly higher 

plasma homocysteine in IPF patients vs. age-match controls.(376) Although mean total 

homocysteine concentrations in the IPF participants of all 3 studies are fairly comparable (10 ς 

18 ˃ aύΦ  

In this study a comprehensive assessment of whole-body redox status in IPF and Control 

participants was made using a combination of different sensitive and validated analysis including, 

total free thiols, the aminothiol and sulfide metabolome, FRAP and lipid peroxidation status. The 

finding that, despite increased whole-body extracellular oxidative stress in IPF participants (as 

indicated by the reduced GSH/GSSG ratio), concentrations of other biomarkers including other 

free aminothiol and sulfide concentrations were not found to be significantly different in 

concentration to Controls is perhaps counterintuitive. To this regard, the concept of a reactive 

species interactome has been proposed which describes the complex adaptability, flexibility and 

redundancy within the redox biological landscape.(123) With the reactive species interactome 

construct appreciating the richness and diversity of the whole-body redox landscape and its 

capacity to adaǇǘ ǘƻ ǎǘǊŜǎǎƻǊǎΣ ŜƴŀōƭƛƴƎ ǘƘŜ ǇǊŜǎŜǊǾŀǘƛƻƴ ƻŦ ΨǿƛǘƘƛƴ ǇŀǊŀƳŜǘŜǊΩ concentrations of 

certain molecules at the expense of others in an attempt to maintain whole-body homeostasis.  

Post-exercise (CPET) redox status was assessed in both IPF and Control participants following  

maximal (symptom limited) incremental CPET performed to identical protocol in both groups so 

that each experienced a comparable physical stress. In keeping with the pre-exercise observations 

of this study, a strong trend to increased whole-body oxidative stress post-exercise indicated by a 

lower ratio of GSH/GSSG in IPF participants compared to Controls was identified (p=0.051). 
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Despite the comparable physiological stress, the post-exercise redox biomarker response 

demonstrated significant heterogeneity between Control and IPF participants. In Controls CPET 

(exercise) induced a significant increase in total GSH pre- to post-exercise suggestive of 

antioxidant buffering. In addition, non-significant trends of association were observed suggestive 

of increased oxidative stress in Controls pre- to post-exercise including reduction in the GSH/GSSG 

ratio, an increase in oxidised glutathione (GSSG) concentrations, and a reduction in FRAP. 

Consistent with the stress of CPET, TBARS tended to increase post exercise in both groups. In IPF 

participants, in keeping with increased post-exercise oxidative stress, a significant pre- to post-

exercise reduction in reduced homocysteine (free hCys) was observed, however no other 

significant changes in redox biomarkers were noted in the IPF group pre- to post-exercise at 

baseline. These observations again highlight the adaptability and flexibility of the whole-body 

redox landscape to physiological stress as described within the reactive species interactome 

construct, in as much as, despite the application of a significant physiological exercise stress, 

limited changes in redox biomarkers concentrations were observed pre- to post-exercise in both 

groups.(123) 

 

Previous research into the effect of acute exercise on redox status in patients with IPF is limited. 

The present study is, to the best of my knowledge, the first to compare post-exercise redox status 

in IPF participants to an age-matched Control group. Limited previous studies have investigated 

the effect of acute exercise on redox status in IPF participants, however, they do not possess a 

post-exercise control group for comparison. In a study of 28 IPF participants Jackson et al. 

identified a significant reduction in plasma total antioxidant capacity post symptom limited 

constant load test (50 Watts in all participants).(108) In a further study (n=21), using the same 

exercise protocol, this group identify a significant increase in systemic lipid peroxidation (assessed 

by plasma F2-isoprostanes) in IPF participants assessed prior to an RCT of pulmonary 

rehabilitation.(110) However, in corroboration with the results of this thesis study, Dowman et al. 

compared redox status pre- and post-symptom limited constant-load exercise test at 80% peak 

WR in patients with IPF (n=11) and failed to observe a significant change in whole-body redox 

status assessed by plasma TBARs.(111) The difference in results between this thesis and studies 

by Dowman and Jackson may be a consequence of the differing disease severities between the 

cohorts (mean FVC Jackson, 61% Dowman 76%, present study 78%) or the different exercise 

protocols used (constant load test [Jackson and Dowman] vs. incremental CPET [present study]).  

 



Chapter 5 

231 

5.6.3 Effect of the SRETP on whole-body redox status in IPF participants 
 

This study is, to the best of my knowledge, the first study to investigate the effect of a period of 

exercise training on redox status in patients with IPF. Following SRETP completion (Week 9) a 

significant increase in post-exercise (CPET) antioxidant buffering capacity was observed in the IPF 

participants. This finding evidenced by a significant increase (in favour of antioxidants) from 

baseline to Week 9 in the post-exercise concentration of both the total free thiols in serum and 

total glutathione. Consistent with the observation of increased post-exercise antioxidant capacity 

following the SRETP, total glutathione concentrations were also found to increase significantly in 

IPF participants pre- to post-exercise at Week 9. It is interesting that this post-exercise total 

glutathione response mirrors that identified in Control participants at baseline. Although oxidative 

stress assessed by TBARS tended to increase post-exercise at baseline and Week 4 (Figure 5.16), 

following SRETP completion (Week 9) a significant reduction in TBARS concentrations was 

observed pre- to post-exercise. Consistent with reduced post-exercise oxidative stress, at Week 9 

the significant reduction in reduced homocysteine (free HCys) concentrations after CPET observed 

at baseline in IPF participants was not apparent. Further a trend toward an increase in FRAP was 

also observed pre- to post-exercise at Week 9 (p=0.08). Trends suggestive of increased pre-

exercise antioxidant capacity were also identified; pre-exercise concentrations of persulfides 

(Total ς Free sulfides), which have recently been appreciated as biologically relevant extracellular 

antioxidants,(338) tended to increase from baseline to Week 9 (p=0.08), as well as the pre-

exercise concentration of total free thiols (p=0.18).  

The significant increase in antioxidant capacity following the SRETP observed in this study is 

consistent with previous observations of training in healthy individuals.(116) It is proposed that 

increased antioxidant capacity may be a mechanism through which exercise exerts its positive 

effects in healthy individuals, a response which may impart be mediated by nuclear factor 

erythroid 2-related factor (Nrf2) orchestrated upregulation of antioxidant enzymes.(117) The 

observation that the SRETP led to increased post-exercise antioxidant capacity in IPF participants, 

and the possibility that this may be a consequence of upregulation in antioxidant enzymes, 

requires further exploration in an appropriately designed and adequately powered mechanistic 

study (see Chapter 6 for further discussion to this regard).  

In Chapter 4 the clinical outcomes of the 8-week SRETP on patients with IPF are reported. In 

participants who completed the SRETP symptom-limited constant load test endurance time 

improved significantly from baseline to Week 9, with a median improvement of 82% (p=0.003). 

HoweǾŜǊΣ ƴƻ ǎƛƎƴƛŦƛŎŀƴǘ ƛƳǇǊƻǾŜƳŜƴǘ ƛƴ ǇŀǊǘƛŎƛǇŀƴǘǎΩ !¢ ƻǊ ±ɧO2peak was observed. As discussed 

in Chapter 3.5.3 and Chapter 4, performance on a constant-load submaximal exercise test is 
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ŘŜǘŜǊƳƛƴŜŘ ǇǊƛƳŀǊƛƭȅ ōȅ ŀƴ ƛƴŘƛǾƛŘǳŀƭΩǎ ƘƛƎƘŜǎt obtainable work-rate whilst maintaining steady-

state physiological conditions ς termed the critical power.(265)  

Exercise-induced oxidative stress is well documented in healthy individuals (377) and at a low-

level this exercise-induced response is necessary for maximal muscle contractile function and 

efficiency during exercise.(370) High levels of exercise-induced oxidative stress promote 

contractile dysfunction and contribute to muscular fatigue.(369) Redox homeostasis is vital to the 

functioning of the body and as IPF patients appear to have unfavourable redox status (in favour of 

oxidants) at rest they may be considered uniquely sensitive to an oxidative challenge such as 

exercise.(123)  The finding of increased post-exercise antioxidant buffering capacity in IPF 

participants following SRETP completion provides a potential mechanism through which 

participants may improve their muscular resistance to fatigue, and consequently submaximal 

exercise test performance, independent of significant change to their peak exercise capacity or 

anaerobic threshold. This hypothesis warrants further investigation in an appropriately designed 

and powered mechanistic study which includes a formal assessment of critical power (see 

Chapter 6 for discussion).  

As discussed in Chapter 1.2.7, oxidative stress has been proposed as a putative mechanism of 

disease progression in IPF with oxidative stress thought to drive fibrosis via several 

mechanisms.(84) Recent work by colleagues in Southampton has identified that oxidative stress is 

sufficient to promote altered collagen structure and increased lung tissue stiffness via 

ΨǇǎŜǳŘƻƘȅǇƻȄƛŎΩ ŀŎǘƛǾŀǘƛƻƴ ƻŦ ƘȅǇƻȄƛŎ ƛnducible factor (HIF). Brereton et al. demonstrate that 

oxidative stress induced inhibition of factor inhibiting HIF (FIH) was sufficient to induce HIF 

activation in healthy lung fibroblasts.(83). Further in lung tissue of patients with IPF, HIF activation 

score correlated with oxidative stress consistent with pseudohypoxic HIF activation. With HIF 

activation subsequently leading to the deposition of altered and stiffened lung collagen, and the 

development of fibrosis. Further work by the group has identified that HIF activation in lung 

tissue, BAL and peripheral blood mononuclear cells (PMBCs) in patients with IPF is significantly 

correlated with a gene expression oxidative stress score, and further that HIF activation is an 

independent predictor of survival.(378) In the context of these findings, the observation of the 

present thesis study that the 8-week SRETP led to improvement in redox status (in favour of 

antioxidants) raises the possibility that, via a reduction in oxidative stress mediated 

pseudohypoxic HIF activation, exercise training could itself be a disease modifying therapy for 

patients with IPF. A hypothesis that would require testing in a dedicated mechanistic study (see 

Chapter 6). 
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5.6.4 Nitric oxide (NO) production and metabolism 
 

Nitrite, nitrate and total nitrosospecies (RXNO) were measured pre- and post-exercise (CPET) as 

biomarkers of NO production and metabolism. IPF participants exhibited a non-significant 

decrease in nitrite concentration pre- to post-exercise at baseline, a response that was not 

observed in Controls (Figure 5.8). The SRETP potentiated the magnitude of the exercise-induced 

fall in circulating nitrite, with post-exercise nitrite concentrations significantly lower at Week 9 

compared to baseline. Further a significant reduction in nitrite concentration pre- to post-exercise 

was observed at Week 9. These findings are suggestive of exercise-induced nitrite utilisation. In 

healthy individuals Nyberg et al. observed an exercise-induced arterial-venous reduction in nitrate 

and nitrite concentrations and propose that this finding is suggestive of exercise-induced 

nitrate/nitrite utilisation.(379) In further support of the identified fall in nitrite concentrations 

during exercise plausibly being suggestive of uptake and utilisation of nitrite by skeletal muscles is 

the observations of both the presence of enzymes associated with the nitrate-nitrite-NO pathway 

and the nitrate/nitrite transporter sialin within human skeletal muscle fibres.(380, 381) 

 Stratifying participants by SpO2 at ±ɧO2peak did not reveal a significant difference in the magnitude 

of the exercise-induced nitrite utilisation suggesting that this finding was not simply secondary to 

any differences in systemically measurable exercise-induced hypoxia. This observation is 

consistent with the findings of a study in healthy individuals performing a submaximal exercise 

test at both high-altitude (4559m, where the effective inspired oxygen concentration is 

approximately 12%) and sea level in which no significant between group difference was observed 

in pre- or post-exercise plasma nitrite concentrations.(382) Although there are differences in the 

physiological stress of normobaric vs. hypobaric hypoxia,(383) these findings suggest that the 

exercise-induced fall in nitrite concentration observed in the present study maybe a consequence 

of a disease specific response in IPF patients rather than secondary to systemic hypoxia.  

Venous nitrite concentrations have been demonstrated to increase pre to post-exercise in healthy 

subjects by several groups, with the magnitude of the increase correlating with peak exercise 

capacity.(373, 374) In n=55 healthy subjects (mean age 40 years) Rassaf et al. demonstrate that 

following a maximal incremental exercise test plasma nitrite concentration significantly increased 

pre- to post-exercise (97 nM vs. 125 nM p<0.001).(373) Further the authors identify that the 

magnitude of the exercise-induced nitrite increase was both significantly correlated with peak 

exercise work-rate (r=0.37 p<0.001) and an independent predictor of peak work-rate and exercise 

endurance. Further significant correlation was observed between the post-exercise induced 

nitrite increase and brachial arterial flow-mediated dilation (BA-FMD, a validated assessment of 

endothelial activity and hence with endothelial function).(384) 
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Typically, post-exercise plasma nitrite concentrations are thought to represent the oxidation of 

NO formed within the microcirculation by endothelial endogenous nitric oxide synthase (eNOS), 

with reduced bioavailability of endothelial NO a hallmark of endothelial dysfunction.(385, 386) 

Exercise-induced endothelial NO production is salient to exercise performance with NO increasing 

muscle blood flow, improving sarcoplasmic Ca2+ handling and improving mitochondrial respiratory 

chain efficiency.(387, 388) Consequently, the exercise-induced reduction (as opposed to increase) 

in circulating nitrite concentration in IPF participants in this study may reflect a compromised 

endothelial capacity to produce NO with resultant negative impact on participants exercise 

capacity. However, the progressive increase in pre- to post-exercise nitrite concentration 

difference as a consequence of the SRETP suggests that this observation cannot be explained by 

an existing endothelial dysfunction alone, rather suggesting an increased capacity for nitrite 

consumption/utilisation.  

There is limited research into endothelial functioning in IPF, however endothelial dysfunction has 

been identified in IPF patients compared to control using BA-FMD(389) and digital pulse wave 

response to salbutamol(390) (a correlate of BA-FMD(391)). With IPF associated endothelial 

dysfunction proposed as a possible contributing factor for the association between IPF and 

cardiovascular disease.(392) Hence in the context of the dysregulated exercise-induced nitrite 

response observed in this study, any association between IPF and endothelial dysfunction 

warrants further investigation (see Chapter 6).  

As discussed in Chapter 1.2.8.1 an alternative source of nitrite arises from the biotransformation 

of dietary nitrate, which can occur within the gastrointestinal tract (via reduction of nitrate to 

nitrite by commensal bacteria) (393) and exercising skeletal muscle.(394) The nitrate-nitrite-NO 

pathway is now understood to be biologically relevant, particularly in hypoxic conditions, as unlike 

the L-arginine/NOS pathway it forms NO under conditions of low O2 availability.(93, 94) Larsen et 

al. (102) investigated any association between dietary nitrate supplementation and exercise 

capacity in n=9 trained healthy individuals. The authors identified that supplementation with 3 

days of sodium nitrate 0.1mmol/kg/day significantly lowered the oxygen cost of performing 

steady-state cycle-ergometry (mean ±ɧO2 cost Placebo 2.98 L.min-1 vs. Nitrite 2.82 L.min-1 p<0.02). 

The observation that nitrate supplementation can lower the oxygen cost of submaximal exercise 

has subsequently been replicated by other groups, including studies using naturally occurring 

nitrate (enriched beetroot juice (104, 105)), and is contrary to the physiological principal that the 

oxygen cost of performing submaximal work is essentially fixed and uninfluenced by age, sex and 

physical capacity.(184) 

 A recently published RCT tested the efficacy of nitrate-enriched beetroot juice supplementation 

as an adjunct to pulmonary rehabilitation (PR) in patients with COPD.(395) Participants undertook 

8-weeks twice weekly PR and in addition took either enriched beetroot juice (containing 12.9 
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mmol nitrate) or placebo prior to each PR session. The authors identify that nitrate 

supplementation augmented the effect of PR with a mean between group difference in 

incremental shuttle walk test in favour of nitrite supplementation of + 30m p=0.027.  

Given that the identified exercise-induced fall in nitrite concentrations exhibited by IPF 

participants may be exercise limiting, and nitrate (and consequently nitrite) supplementation can 

improve exercise efficiency, there is plausible putative mechanistic rationale to suggest that 

patients with IPF could derive clinical benefit from nitrite/nitrate supplementation as an adjunct 

to exercise training. A hypothesis that warrants testing in an appropriately designed and powered 

clinical trial (see Chapter 6 for further discussion). 

 

5.6.5 Limitations of study 
 

This study has several limitations. The sample size is relatively small due to the impact of the 

COVID-19 pandemic restrictions on clinical research (see Appendix G). However, this was an 

intensive detailed study with the multiple study visits enabling investigation into the biochemical 

effects of an individually prescribed exercise programme on a comprehensively phenotyped 

cohort of patients with IPF. 

A further limitation is the lack of a temporal comparator group for IPF participants at the Week 9 

timepoint who did not undergo SRETP. Such a Ψstandard of careΩ group for temporal comparison 

was planned for within the study design, however, meaningful recruitment to this group was 

precluded by the impact of the COVID-19 pandemic on this study (Appendix G). The proposed 

standard of care group would strengthen the robustness of the baseline to Week 9 comparisons 

as it would have provided control comparison for both any natural variation in redox biomarkers 

over time and possible influence of progression of disease on the biomarker outcomes. This does 

not affect the robustness of any conclusions drawn on comparisons made before and after a 

direct physiological stress such as symptom limited incremental CPET. Further it is unlikely that a 

change in individual clinical status had significant impact on the results of this study as the follow-

up period for this study is short at 9 weeks, and IPF participants were required to be clinically 

stable for 3 months prior to enrolment to meet study eligibility criteria. 

Lǘ ƛǎ ŀƭǎƻ ƛƳǇƻǊǘŀƴǘ ǘƻ ŎƻƴǎƛŘŜǊ ǘƘŀǘ ǘƘŜ /ƻƴǘǊƻƭ ƎǊƻǳǇ ǿŜǊŜ ƴƻǘ ŘƛǎŜŀǎŜ ŦǊŜŜ ƛΦŜΦ ΨƘŜŀƭǘƘȅ ŎƻƴǘǊƻƭǎΩΦ 

A trend toward higher incidence of ischaemic heart disease was identified in Controls, however no 

significant difference was observed for medical comorbidity between Control and IPF participants. 

Cardiovascular disease itself can impair redox balance hence it is possible that the presence of this 

comorbidity in Controls may have influenced the redox biomarker comparisons.(396) However, 

IPF is a disease of older age and associated medical comorbidities including ischaemic heart 
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disease are common within typical IPF patient cohorts,(397) hence I believe the composition of 

the Control cohort in this study strengthens the real-world applicability of the significant 

associations identified. 

A final caveat to consider is the multiplicity of testing within a relatively small sample size and 

hence the results of this Chapter should be seen as hypothesis generating and require further 

investigation in a future study that is both appropriately designed and powered.  The apparent 

improved post-exercise redox status (in favour of antioxidants) marked by several redox 

biomarkers assessing different facets of the whole-body redox landscape serves to reduce the 

likelihood of these observations having occurred purely by chance. 

 

5.6.6 Summary 
 

The effect of both acute exercise and a period of exercise training on whole-body redox status in 

patients with IPF was investigated. A Control cohort of age, sex and functionally matched 

individuals were recruited for biomarker comparison who undertook incremental CPET using 

identical protocol to the IPF participants (and consequently were exposed to comparable 

physiological stress) allowing for robust between group comparison of both resting and post-

acute exercise whole-body redox status. IPF participants were found to have significantly 

increased oxidative stress compared to the age, sex and functionally match Control group. The 

statistically significant and clinically meaningful improvements in exercise capacity and functional 

status following the 8-week SRETP were identified to be associated with a statistically significant 

increase in post-exercise whole-body antioxidant buffering capacity. As high-oxidative stress 

burdens during exercise can negatively impact on muscular contractile function, the SRETP 

induced increase in post-exercise antioxidant capacity may provide a mechanism through which 

participants improve their muscular fatigue resistance and consequently exercise test 

performance, independent of changes in their peak exercise or aerobic exercise capacity. 

Confirmation of this hypothesis would require further dedicated investigation. An unexpected 

finding of this study was the observed exercise-induced fall in nitrite concentrations in IPF 

patients, a response which was increased in magnitude following the SRETP. Although requiring 

further validation in a dedicated mechanistic study, this finding provides putative mechanistic 

rationale to suggest that patients with IPF may gain clinical benefit from nitrite/nitrate 

supplementation as an adjunct to exercise training.  
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 Chapter 6 Final discussion and further work 
 

6.1 Final discussion 
 

Despite advances in antifibrotic therapy, treatment options for patients with IPF remain limited 

with an ongoing unmet need for therapies that improve symptoms and functional status. Exercise 

training is recommended for IPF patients but the optimal exercise training strategy to achieve 

maximal individual patient benefit, and the physiological and biochemical mechanisms underlying 

any improvement, remain undefined. This thesis has further investigated the role of exercise 

training in patients with IPF using a high-intensity interval based structured responsive exercise 

training programme (SRETP). 

 

6.1.1 Key findings 
 

The results of this thesis support rejection of the null hypothesis proposed in the introduction and 

demonstrate that the SRETP led to significant and clinically meaningful improvement in patients 

exercise capacity, lung function and breathlessness.  

The systematic review demonstrates that exercise strategies utilised in previous studies of 

exercise training in IPF/ILD vary in terms of the frequency, intensity, time and type of training 

utilised and the majority have limited provision to accurately individualise exercise training 

intensities and progression. The use of CPET to prescribe exercise intensities for training 

performed on an electromagnetically braked cycle-ergometer in this thesis study facilitated the 

delivery of an individually prescribed SRETP.  

The 8-week twice weekly SRETP led to significant improvement in endurance time during a 

submaximal constant load exercise test (+82% p=0.003) although no corresponding significant 

change in peak oxygen uptake or anaerobic threshold was observed. It is important to highlight 

the effectiveness of the SRETP despite the training programme being relatively short and 

conducted twice a week with a total exercise time of 10 hours 20 minutes. Following the SRETP a 

significant increase in participants peak respiratory capacity during CPET was apparent, and 

although these changes correlated with improvements in peak exercise capacity, no association 

was identified between either improvement in participants peak exercise capacity or peak 

ventilatory capacity during CPET, and increased endurance time. These observations support the 

view that improvŜŘ ǊŜǎǇƛǊŀǘƻǊȅ ŦǳƴŎǘƛƻƴ ŘƛŘ ƴƻǘ Ŧǳƭƭȅ ŜȄǇƭŀƛƴ ǘƘŜ {w9¢tΩǎ ǇƻǎƛǘƛǾŜ ŜŦŦŜŎǘǎ.  

These observations prompted further consideration of the potential mechanistic explanations for 

the positive training response to the SRETP focusing on the role of oxidative stress. At baseline 
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patients with IPF were found to have significantly increased systemic oxidative stress compared to 

age, sex and functionally matched controls. Following the SRETP, the observed significant 

improvements in exercise capacity and functional status were found to be accompanied by a 

significant increase in post-exercise (CPET) antioxidant buffering capacity and reduction in 

markers of oxidative stress. Plausibly this could increase muscle fatigue resistance and so 

submaximal exercise test performance.  

IPF patients were also found to exhibit an exercise-induced fall in nitrite concentrations and this 

unexpected response was further enhanced following the SRETP. The observed exercise-induced 

fall in nitrite concentrations is suggestive of consumption and/or utilisation of nitrite by exercising 

skeletal muscle. This finding provides putative mechanistic rationale to further investigate the 

utility of nitrate supplementation as an adjunct to exercise training in patients with IPF. This 

chapter will first address the potential limitations, and strengths, of the study design and then 

discuss the implications of these findings and outline plans for further work. 

 

6.1.2 Limitations to the study  
 

There are a number of limitations to the work presented in this thesis. First is the small sample 

size of participants which limits the statistical power to detect significant change in the clinical 

and biochemical outcome measures (increasing the type 2 statistical error rate). Further 

recruitment to the study was planned however the COVID-19 pandemic led to early study 

termination with consequent negative impact on the total sample size (see Appendix G COVID 

impact statement). Although no SAEs were encountered, this study was not sufficiently powered 

to formally assess safety of the intervention and the study cohort represents a relatively selected 

group of patients with mild-moderate disease severity, hence it is not possible from this study to 

comment whether this intervention is safe to implement in the wider IPF population. Further data 

on safety is required from a larger study (see Chapter 6.2) and ongoing data monitoring following 

any potential future standard of care implementation of the SRETP. A further consideration to this 

regard is the multiple outcomes tested increasing the risk of any significant result in fact occurring 

by chance (type 1 statistical error). However, the primary clinical outcome (endurance time) for 

the clinical study was pre-specified and a very significant positive effect demonstrated (p=0.003), 

consequently there is strong evidence in support of the hypothesis that the SRETP improves 

exercise capacity assessed by this outcome measure. Other significant results should be viewed as 

hypothesis generating and this limitation has been considered when interpreting the strength of 

the results in the relevant Chapters. An important caveat to the study design is the lack of an IPF 

patient comparator group who undertook study assessments but not the intervention (SRETP). A 

prospective non-randomised IPF comparator group was incorporated into the study design, 
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however the COVID-19 pandemic precluded meaningful recruitment to this arm of the study. 

However, for the most robust comparisons to be drawn a randomised control trial design would 

have been necessary. In addition to reducing any known and unknown biases, this design would 

have also provided valuable feasibility information as to whether patients were prepared to be 

randomised to a control arm. This qualitative data would be informative when planning the 

design of a future definitive study. The lack of activity monitor/exercise diary data mean it is not 

possible to control for any changes in participants activity levels during the SRETP. However, 

patients were instructed to maintain only their usual activities during the study period and 

informal feedback from participants suggests that on off days they tended to rest/carry out light 

activities. 

A limitation of this study is the high proportion of males recruited (82% of participants completing 

the SRETP were male) and this limits the translatability of these findings to female patients with 

IPF. However IPF is more common in males and the 2021 U.K ILD registry identified that 78.5% of 

patients diagnosed with IPF in the last 9 years recorded on the national registry where male (total 

IPF cases recorded n=3275).(12). A further consideration is the lack of representation of patients 

from different ethnic groups in this study. All patients recruited to this study were of White British 

ethnicity. As discussed in Chapter 3.4 the recruitment strategy for this study was open to all 

eligible patients with IPF and patients were recruited using a variety of different approaches. 

However due to time and financial constraints of this student research project patient 

information documentation was only available in written English.  Few case series investigating 

the effect of ethnicity on IPF prevalence have been published, however in a large case series of 

people dying with IPF in the USA (n=251,058) 87.2% were non-Hispanic Whites.(13) A further 

consideration is the demographic of the population from which patients were recruited. Data 

from the Hampshire County Council census ƛƴ нлмф ƛŘŜƴǘƛŦȅ ǘƘŀǘ фмΦу҈ ƻŦ IŀƳǇǎƘƛǊŜΩǎ ǇƻǇǳƭŀǘƛƻƴ 

(n=1,394,800) are White British.(363) However, it is recognised in the literature that both female 

and ethnic minority patients have been underrepresented in research studies in IPF and future 

research should take active steps to be inclusive for all.(398) This is considered in the discussion 

for the future definitive study discussed below. 

HRCT scanning is essential in the diagnostic work-up of patients with suspected IPF. With IPF  

radiologically characterised by the presence of UIP pattern fibrosis.(56)  As participants enrolled in 

the study did not have HRCT images at a set interval prior to recruitment it is not possible to 

determine robustly in this cohort whether the radiological extent of fibrosis had any effect on the 

outcomes of the exercise programme. The observation that the SRETP significantly increased 

antioxidant capacity, and that oxidant stress is sufficient to drive fibrosis, gives putative 

mechanistic rationale to suggest that the SRETP could be disease modifying and hence may alter 

radiological appearances. There is evidence from drug studies in patients with IPF that 6 months 
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treatment with  the antifibrotic Nintedanib® can slow progression of fibrosis score in patients with 

IPF compared to placebo.(399) Further studies are required to assess any impact of baseline 

fibrosis score on outcomes from the SRETP and to test the hypothesis that the SRETP may 

modulate the progression of radiographical fibrosis (see Chapter 6.2 for further work proposed 

from this thesis).  

A further limitation is that it is unknown as to whether the positive clinical and biochemical effects 

of the SRETP are maintained in the longer-term. Due to the progressive nature of IPF a 

comparator group within a longer-term follow-up study design would be essential. To this regard, 

the only RCT of exercise training in ILD/IPF to date powered to assess the impact of disease 

severity on response to exercise training identified that preserved functional status at baseline 

was the only factor found to predict maintained 6MWD at 6-month follow-up (an effect 

independent of whether patients were randomised to exercise or standard care).(201) 

 

6.1.3 Exercise training in patients with IPF 
 

The cohort of patients enrolled in this study had overall mild-moderate disease severity and the 

study design precluded patients from enrolment who required supplemental oxygen. A reason for 

this was that although CPET can be performed with supplemental oxygen, additional technical 

considerations have to be considered and controlled for (both when conducting and interpreting 

the test), which would have increased the technical complexity of the study design.(400) Hence 

further investigation is required to confirm whether the CPET derived SRETP utilised in this study 

would be feasible in patients with more severe disease necessitating supplemental oxygen 

therapy.  

There is increasing appreciation within the ILD community that progressive fibrotic interstitial 

lung diseases (PF-ILD) share a common mechanistic phenotype irrespective of the specific 

underlying diagnosis.(401) With the antifibrotic medication Nintedanib®, initially only licenced for 

treatment of IPF, now a standard care therapy for patients with PF-ILD of any type.(75) As IPF is 

considered the model of a progressive fibrotic lung disease,(1) and patients with fibrotic ILDs 

share similar mechanisms of exercise limitation,(37) it is reasonable to propose that the findings 

of the present study will translate to patients with PF-ILD of other causes, however this 

hypothesis would require testing in a dedicated study.  

This study investigated a high-intensity interval based SRETP in patients with IPF using a single 

prospective cohort design. As discussed in Chapter 2 exercise training as part of pulmonary 

rehabilitation is recommended as standard care for patients with IPF following limited studies 

demonstrating positive clinical effect.(199) With exercise training in standard pulmonary 
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rehabilitation typically consisting of continuous aerobic exercise with or without strength and 

flexibility training similar to that employed in the majority of previous RCTs of exercise training in 

ILD/IPF (see Chapter 2 and (153)). Due to this thesis study design, it is not possible to conclude 

whether this high-intensity interval based SRETP is superior/non-inferior to the continuous 

aerobic exercise training programmes typically utilised in standard care pulmonary rehabilitation 

for patients with IPF. In favour of the SRETP at least being non-inferior to continuous aerobic 

training is the significant, and above minimum clinically important difference (MCID), 

improvements in exercise capacity and functional status identified in this study. As discussed in 

Chapter 1 IPF patients may be particularly suited to interval training as compared to continuous 

aerobic exercise as the periods of lower-intensity exercise present during interval training allow 

for recovery from any present cardiorespiratory limitation to exercise.(37) Previous research 

comparing efficacy of high-intensity interval to continuous training in patients with ILD/IPF is very 

limited. The only previous study to this regard in ILD (published in abstract form) randomly 

assigned n=52 ILD patients to either 8-weeks of high-intensity interval or continuous aerobic 

training and identified no significant intergroup difference in the magnitude of the post-

intervention improvement in exercise capacity.(219) A large randomised controlled trial testing 

the efficacy of high-intensity vs. continuous aerobic training in ILD is currently recruiting.(259) 

Hence further work following on from this thesis will focus on the further investigation of other 

research questions as described in this Chapter. 

In the present study the SRETP was not found to have significant positive effect on health-related 

quality of life as assessed by the SGRQ-IPF. As discussed in Chapter 4, trends were identified to 

suggest positive effect of the SRETP on some SGRQ-IPF domains and the failure to observe a 

significant change may be a consequence of a type 2 statistical error due to the ǎǘǳŘȅΩǎ small 

sample size. Consistent with the SRETP being perceived as beneficial for patients is the significant 

reduction in patient reported MRC breathlessness score. The EQ-5D-5L was added to the study 

protocol after the interim analysis as an additional more global health related quality of life 

assessment. However, the impact of the COVID-19 pandemic on study recruitment prevented 

meaningful conclusions being drawn from this outcome measure. Informal feedback from 

patients participating in the study was positive. In a sub-study within the present study cohort 

collaborators Ms Judit Varkonyi-Sepp (trained health psychologist) and Ms Dawn Astle-Mcdonald 

(Health psychology MSc student) performed a qualitative research study using semi-structured 

interviews to inform on participants experiences of the exercise programme and the study 

schedule. The results of this study are currently being analysed and will be informative by 

providing high quality patient focused data on whether the study had any impact on patients 

mental wellbeing and also provide data to inform the design of the planned definitive study 

discussed below.  
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6.1.4  Effect of exercise on whole-body redox status 
 

A strength of this study is that it tested an individually prescribed exercise programme which 

delivered the same relative physiological stress to each individual. Following the SRETP, IPF 

participants exhibited increased post-exercise antioxidant buffering capacity and reduced 

oxidative stress. As IPF patients, in this and previous studies, have been identified as having 

increased oxidative stress at rest they may be considered to be intrinsically sensitive to an 

oxidative challenge such as exercise.(123) The robustness of the post-SRETP comparisons are 

limited by the lack of an IPF comparator group who did not perform SRETP. However, consistent 

with the SRETP having a positive effect on redox status (in favour of antioxidants) positive effect 

was identified in several different and validated global assessments of whole-body redox status. 

Further, the lack of a comparator group does not impact on the interpretation of results before 

and after a direct physiological stress such as CPET. The inclusion of the non-IPF Control group 

which were age, sex and functionally matched to the IPF participants for pre- and post-exercise 

(CPET) redox biomarker comparisons is a strength of the study and allows for robust conclusions 

to be drawn from the baseline redox analysis. However, as the non-IPF Control group did not 

perform the SRETP it is not possible to ascertain whether the positive biochemical effects of the 

SRETP observed are an IPF disease specific response, or a more generalisable post training 

response which would occur in any individual who undertook the SRETP. To this regard previous 

studies of exercise training have identified increased antioxidant capacity in healthy individuals 

after a period of exercise training.(116) However, it is interesting that following the SRETP a 

significant exercise-induced increase in total glutathione concentration in IPF participants was 

apparent, a response that mirrored that of Controls at baseline.  

It is uncertain whether the magnitude of the changes in redox biomarker concentrations observed 

are physiologically relevant or sufficient to underpin the changes in functional capacity. In the 

present study the median total free thiol increase was +0.26 ˃ ƳƻƭκƎ protein (a 33% increase from 

baseline). Although meaningful comparison between studies is difficult due to the heterogeneity 

in study design and differing analytical techniques used, it is informative that a study in renal 

transplant patients identified that stratifying patients by total free thiol concentration using cut 

offs of <1.56 vs. 1.56-2.04 vs. >2.04 ˃ƳƻƭκƎ protein revealed significantly different between group 

survival outcomes.(402) Hence providing evidence that relatively small differences in total free 

thiol concentrations correlate with changes in clinically relevant outcomes. 
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6.1.5 Effect of exercise on markers of nitric oxide (NO) production and metabolism 
 

Nitrite, nitrate and total nitroso species (RXNO) were quantified as markers of NO production and 

metabolism. At baseline patients with IPF exhibited a trend toward an exercise-induced fall in 

nitrite concentrations, with significant exercise-induced fall apparent following the SRETP. These 

observations suggestive of exercise-induced nitrite consumption and/or utilisation by the 

exercising muscle. This was an unexpected finding, opposite to the expected post-exercise 

increase in circulating nitrite concentrations observed in studies of healthy individuals, in which 

the magnitude of the exercise-induced increase in nitrite concentration correlates with both peak 

exercise capacity and endothelial function.(373) It is also apparent in the present study that a 

significant exercise-induced increase in nitrite concentration was not observed in Controls (Figure 

5.8). Endothelial dysfunction can accompany advancing age(403) and age-related blunting of the 

exercise-induced increase in nitrite concentration has been identified.(404) Hence, the lack of a 

non-IPF SRETP Control group means it is not possible to exclude the possibility that the exercise-

induced nitrite utilisation observed in IPF participants following the SRETP reflects an age-related, 

rather than IPF disease specific, response. A previous study of exercise training in n=82 healthy 

older adults aged 50 -75 years (mean age 58±6 years) did not identify any significant change in 

plasma nitrite/nitrate concentrations after 24-weeks thrice-weekly aerobic exercise training.(405)  

A comprehensive nutritional assessment including bioelectrical impedance analysis (BIA) and 

validated nutritional questionnaires was added to the study protocol after the planned interim 

analysis to investigate any effect of nutritional status and body composition on exercise capacity 

and the trainability response in the IPF participants. IPF patients have numerous reasons to have 

impaired nutritional status including increased work of breathing, disease related anorexia, and 

secondary to antifibrotic medications (see Chapter 1.3.4). Temporal reduction in weight is an 

independent predictor of reduced survival in IPF(150) and reduced skeletal muscle mass has 

recently been shown to be correlated with ILD disease severity.(143) Unfortunately, the impact of 

the COVID-19 pandemic on study recruitment prevented meaningful conclusions being drawn 

from the nutritional assessment and body composition outcomes in this thesis. Further research 

into the effect of nutritional status and body composition on exercise capacity and whether 

exercise training can modulate these factors in patients with IPF is required. These outcomes will 

be included in the design of the future planned definitive study for all participants. In addition to 

the potential impact of body composition on exercise capacity, accurate control for body 

composition is desirable as exercising skeletal muscle has been identified as a biologically relevant 

store of nitrate during periods of fasting and intensive/prolonged exercise.(406) Despite the lack 

of BIA data to robustly control for changes in muscle mass influencing circulating nitrite 

concentrations, it is reassuring that no significant change in participants body mass index was 
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identified following the SRETP and in the 3 patients in which paired BIA data is available no 

significant change in any BIA variable was identified. A further consideration is that, although 

groups were matched for BMI, BIA data is not available for the non-IPF Control participants. 

Hence robust between group comparisons for any effect of body composition on biomarkers of 

nitric oxide production and metabolism, and whole-body redox status is not possible. This caveat 

is considered in the design of the planned definitive study discussed below. 

 

6.1.6 Summary 
 

The results of this thesis demonstrate that a CPET derived high-intensity, interval based SRETP is 

safe and feasible for patients with IPF and leads to significant and clinically meaningful 

improvement in exercise capacity, lung function and breathlessness symptoms. These results add 

to the limited evidence base supporting the feasibility and positive effect of interval training in 

patients with IPF.(217-219) This thesis presents the novel observation that these clinical 

improvements are accompanied by a significant increase in post-exercise antioxidant buffering 

capacity and reduced oxidative stress which plausibly may promote muscle fatigue resistance and 

consequently increase participants submaximal exercise test performance. A further novel finding 

of this thesis study is the identification of exercise-induced fall in nitrite concentrations in patients 

with IPF, a response increased in magnitude following the SRETP. This finding identifies a potential 

putative mechanistic rationale to investigate nitrate/nitrite supplementation during exercise 

training in patients with IPF. Limitations to consider when interpreting the strength of the 

observations of this thesis study are both the small sample size and the lack of a temporal 

comparator group. Salient strengths of this thesis study are first the use of an individually 

prescribed exercise programme the use of which facilitates accurate investigation into the 

physiological and biochemical mechanisms of the exercise training response, and second, the 

presence of an age, sex and functionally matched Control group that performed incremental 

symptom limited CPET with identical protocol to the IPF participants (and hence were exposed to 

comparable physiological exercise stress) enabling robust between group comparison for both 

pre- and post-exercise (CPET) redox biomarkers. The novel observations of this thesis warrant 

further investigation which will now be discussed. 
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6.2 Further work 
 

From the current study data set and samples, the stored whole blood (PAX® gene tubes) samples 

will be analysed using RNA sequencing techniques and bioinformatics to investigate whether 

there are any differences in gene expression between the IPF and Control groups at baseline and 

further whether the SRETP has any modulatory effect on gene expression in the IPF cohort. 

Specifically, whether there is up -regulation of antioxidant genes such as glutathione peroxidase 

and thiol reductases which would provide further mechanistic insight into the observed increase 

in post-exercise antioxidant capacity in IPF participants following the SRETP. Up-regulation of 

antioxidant enzymes has been identified as a mechanism by which exercise exerts its antioxidant 

effect in healthy individuals,(117) however whether this response is replicated in patients with IPF 

is unknown. As discussed in Chapter 1.2.8 and Chapter 5.6.3 oxidative stress has been identified 

as a putative pathophysiological mechanism causing pulmonary fibrosis. To this regard, recent 

work in Southampton has identified that oxidative stress can lead to progression of pulmonary 

fibrosis via pseudohypoxic induction of HIF.(83) Hence it would also be informative to assess 

whether the SRETP led to modification of HIF signature gene expression. If the SRETP was found 

to modify HIF gene expression, given that pseudohypoxic HIF activation has been demonstrated 

to be sufficient to induce the deposition of stiffened and pro-fibrotic collagen within the 

extracellular matrix, this would provide putative mechanistic rationale to suggest that the SRETP 

could be a disease modifying therapy for patients with IPF. 

 

6.2.1 Further work investigating the role of high-intensity interval-based exercise in 

patients with IPF 
 

A fully powered, randomised controlled study to further investigate the results demonstrated in 

this thesis is planned. Given the increasing appreciation that patients with progressive-fibrotic ILD 

of any cause have a shared phenotype, consideration should be made as to whether the study 

inclusion criteria should be broadened to include patients with PF-ILD of other aetiology. It is 

unknown whether the observations (particularly the biochemical findings) would translate into a 

heterogenous cohort of patients with various PF-ILDs. Given that the observations of this thesis 

have been made in a homogenous IPF population the projected/derived sample size calculations 

for a future study have also been determined for an IPF only cohort. Taking into consideration the 

limitations of this thesis study discussed above, it may be necessary to have three arms to the 

study as follows 1) IPF SRETP (Exercise training) arm 2) IPF standard of care arm 3) Age sex-

matched Control SRETP (Exercise training) arm. This study design would enable robust 

determination of both the clinical efficacy of the SRETP and whether any change in redox 
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biomarkers which occurred as a consequence of the SRETP were specific to patients with IPF or 

reflect a more generalisable post-training response.  

Using the data presented in this thesis to inform a power calculation based on the primary 

outcome (endurance time) assuming an 82% improvement (observed in this study), with ʰҐлΦлр 

and Power (1-ʲύ = 80-90% and a 1:1 recruitment ratio, a total sample size of 12-18 would be 

required (Table 6.1).(346) This sample size would not be sufficient for further investigation of the 

mechanistic outcome variables given the magnitude of, and greater variability in, their effect 

sizes. As the present study was exploratory it may be reasonable to use a smaller assumed effect 

size estimate (e.g., 60% improvement in endurance time) which would require more participants 

to achieve adequate power. Using a 2:1 recruitment strategy to the exercise intervention arm 

would also increase the intervention exposed sample size and provide additional mechanistic 

data. Using a 2:1 recruitment ratio assuming h ҐлΦлр ŀƴŘ tƻǿŜǊ=80-90% to detect a 60% 

improvement in endurance time would require a total sample size of 36 (SRETP arm n=24 

standard of care arm n=12). This should provide adequate data for further mechanistic study. 

Assuming a 20% drop-out this would mean an IPF participant recruitment target of 48 (SRETP arm 

n=32 standard of care arm n=16). It would be reasonable to recruit the age-matched Control arm 

with a 1:1 ratio to the IPF standard of care arm for mechanistic comparison (e.g., n=16 

Controls).(see Figure 6.1 for illustrative definitive protocol summary and Figure 6.2 for study 

schedule). The larger sample size of this study will also provide further data as to the safety of this 

intervention in patients with IPF. For most robust safety data monitoring it would be necessary to 

recruit to an independent study advisory board (independent of the study team and sponsor) who 

would provide impartial decision making as to the safety of study and study interventions. 

Table 6.1  Example power calculations for definitive study based on pilot data from the 

present study. Estimation made using the primary outcome of endurance time on a constant 

work-rate test at 75% baseline ±ɧO2peak.  

Endurance time (mins) 

mean (SD) 8.29 ±2.89 

Power SRETP Group (n) Total (n) allowing for 

20% drop out 

Estimated effect size (1 ς ̡ ύ 1:1 2:1 1:1 2:1 

82% (present study) 80% 6 10 15 19 

82% 90% 9 12 23 23 

60%  80% 12 18 30 34 

60% 90% 16 24 40 46 
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Figure 6.1 Protocol Illustration of the planned definitive study. IPF participants will be 

randomly assigned using a 2:1 recruitment strategy to either the Standard of Care Group or 

Exercise Group. SRETP ς structured responsive exercise training programme (see Chapter 3.7) 

 

Figure 6.2 Illustrative study schedule for the definitive study. Exercise W1-4, Visit 4 and 

Exercise W5-8 performed by Exercise Groups only. W- week. 

Exercise 
Group
n=32

SRETP
8 weeks 2x weekly

IPF Participants
n=48

Exercise 
Group
n=16

SRETP
8 weeks 2x weekly

Week4
Incremental CPET

SRETP 
Re-prescribed

9 Weeks: End Assessments 

Standard of care
Group
n=16

Usual Care
8 weeks

Baseline Assessments

Non- IPF Controls
n=16

Visit 1 

W0

ωScreening Visit - ALL PARICIPANTS

ωInformed consent, ECG, MRC Score, spirometry and gas transfer, SGRQ-IPF, EQ-5D-5L, Bioelectrical impedence, 
transthoracic echocardiogram.

Visit 2

W0 

ωBaseline incremental CPET and venous blood sampling pre and post CPET - ALL PARTICIPANTS

ωExercise training prescribed based on CPET metabolic thesholds

Visit 3

W0

ωConstant work-rate test (Endurance time - Study primary outcome) - ALL PARTICIPANTS   

Exercise

W1-4 

ωSRETP Weeks 1-4. Exercise twice weekly - EXERCISE GROUPS ONLY

ωWeek 1: 30 min (4 intervals), Weeks 2-4: 40 minutes (6 intervals)

Visit 4

W4

ωIncremental CPET and venous blood sampling pre and post CPET - EXERCISE GROUPS ONLY

ωExercise training re-prescribed on updated metabolic thesholds

Exercise

W5-8

ωSRETP: Weeks 5-8. Exercise twice weekly - EXERCISE GROUPS ONLY

ω40 minutes (6 intervals)

Visit 5

W9

ωConstant work-rate test (Endurance time - Study primary outcome) - ALL PARTICIPANTS, 

Visit 6

W9

ωIncremental CPET and venous blood sampling pre and post CPET - ALL PARTICIPANTS

ωMRC Score, spirometry and gas transfer, SGRQ-IPF, EQ-ED-5L, Bioelectrical imedepence 
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For comparison sample size calculations of the future study using mechanistic outcome data are 

now presented. To detect a 33% change in total free thiol concentration corrected for serum 

protein (detected in this study) with h  ҐлΦлр ŀƴŘ tƻǿŜǊ= 80-90% and 1:1 recruitment ratio a 

sample size of 10-14 would be required. If powered to detect a 40% reduction in plasma nitrite 

from baseline to Week 9 with ʰҐлΦлр ŀƴŘ tƻǿŜǊ= 80-90% and 1:1 recruitment ratio a total sample 

size of 24-32 patients would be required, hence allowing for 20% drop-out a recruitment target of 

30 ς 40 participants. Hence both of these outcomes should be appropriately powered within the 

above proposed definitive study design. Given the proposed sample size of the definitive study it 

would be necessary to consider a multi-centre design.  

Within this proposed study all the assessments and sampling profile that was completed in this 

thesis study would be performed. In addition, building on the present thesis study, in the 

proposed definitive study non-IPF Control participants would perform identical baseline study 

assessments to the IPF participants to allow for detailed clinical phenotyping for comparison. 

Baseline echocardiography as an assessment of cardiac function would also be included in order 

to determine the extent of significant ventricular dysfunction in either cohort and assessment of 

any present pulmonary hypertension (a complication of advancing IPF(407)). Blood sampling for 

PMBCs could be included in all or a sub-group of patients for further investigation into any effect 

of the SRETP on gene expression analysis with specific interest on any modification of antioxidant 

and HIF signature gene expression. This study would also provide a platform to investigate any 

impact of the SRETP on the radiological extent of fibrosis. To help answer this research question a 

subgroup of patients would be approached to undergo baseline and follow-up HRCT. It would be 

important to consider whether a further subgroup of participants could perform additional 

exercise tests to formally assess any change in critical power as a consequence of the SRETP. The 

assessment of critical power traditionally requires multiple exhaustive exercise tests (353) and the 

feasibility of these assessments in this patient group would need to be explored in patient and 

public consultations and then tested in a small safety/feasibility study prior to adoption into the 

study protocol. Patient and public involvement as part of the wider study design in the form of 

consultations and focus groups would be necessary to ensure the whole study was designed with 

a patient focused approach.(408)  

Within the design of the definitive study it is essential to embed a robust strategy for Equality, 

Diversity and Inclusion (EDI). In recognition of the importance of EDI in research the NIHR 

published a mission statement for EDI in 2021 to ensure that it is embedded in all research.(364) 

The NIHR EDI strategy outlines that all research should; document how data for EDI in the study is 

collected, demonstrate how EDI has been considered and addressed in the proposal, justify and 

explain the recruitment strategy to ensure inclusivity, and demonstrate that all potential 

recruiting locations have been considered.(364) Key steps that will be taken in the design of the 
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definitive study to ensure robust EDI include; ensuring representation of ethnic minorities and 

people from a range of socioeconomic backgrounds are included in study PPI, providing patient 

facing documentation in languages other than English and in easy to read formats, targeting 

recruitment in community centres, religious community groups and a range of social media 

platforms, and considering whether additional research sites are required to ensure the study has 

an ethnically diverse population.  

The COVID-19 pandemic precluded planned recruitment to this study and although at the time of 

writing national government restrictions are easing, case numbers remain high and patients with 

IPF remain a vulnerable group.(409) Further there are significant ongoing infection prevention 

and capacity considerations to be contemplated for both participants and research staff 

particularly given that lung function and CPET testing are considered aerosol generating 

procedures.(410) Translation of an in hospital/outpatient exercise programme to a virtually 

delivered study design has been demonstrated successfully locally by adapting the Wesfit study 

(NCT03509428) of multimodal prehabilitation for cancer patients to the virtually delivered Safefit 

study (NCT04425616).(411) However, further consideration would be needed prior to adopting 

this type of study design to meet the proposed research study aims. Due to its virtual delivery the 

exercise intervention may not be as strictly individually prescribed, and further the safety and 

feasibility of any adapted home-based intervention would require testing in patients with IPF who 

have a propensity for exercise-induced desaturation.   
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6.2.2 Further investigation into nitric oxide (NO) production and metabolism in 

patients with IPF 
 

6.2.2.1 Further investigation of endothelial function in IPF 

 

The exercise-induced fall in nitrite concentration observed in IPF participants in this study requires 

further investigation. As the majority of the measured exercise-induced nitrite is thought to arise 

from oxidation of NO produced by endogenous nitric oxide synthase (eNOS) within the 

endothelium, with reduction in endothelial derived NO a hallmark of endothelial 

dysfunction,(385, 386) formal assessment of endothelial function in IPF patients in the context of 

exercise is warranted. Limited research to date has identified endothelial dysfunction in IPF 

patients compared to controls using brachial artery flow-mediated dilation (BA-FMD)(389) and 

digital pulse wave response to salbutamol (390) (a correlate of BA-FMD(391)). BA-FMD is a 

validated and non-invasive assessment widely used in research to quantify endothelial 

function.(384) Briefly BA-FMD uses ultrasound to assess brachial artery diameter before and after 

a brief period of transient ischaemia induced by inflating a sphygmomanometer cuff to supra-

systolic levels sufficient to occlude blood flow to the proximal forearm. After cuff release a 

sudden post-ischaemia increase in blood flow occurs to the distal vascular bed with corresponding 

shear stress and NO mediated dilation of the brachial artery. For accurate results a trained 

sonographer experienced in the BA-FMD technique is essential and it is necessary for patients to 

be fasted. The BA-FMD methodology could be used to further investigate endothelial function in 

IPF during exercise by comparing BA-FMD responses in a subgroup of IPF and age-matched 

Controls recruited to the above discussed definitive exercise study. 

 

6.2.3 Nitrate supplementation during exercise in patients with IPF 
 

As discussed in Chapter 1 an alternative source of nitrite arises from the biotransformation of 

dietary nitrate.(95) With the nitrate-nitrite-NO pathway now understood to be biologically 

relevant particularly in hypoxic conditions as it forms NO under conditions of low O2 

availability.(93, 94) Dietary nitrate supplementation in the form of sodium nitrate(102) and 

naturally occurring nitrate enriched beetroot juice (NEBJ)(104, 105) has been demonstrated to 

reduce the oxygen cost of performing submaximal work in healthy individuals. A recent RCT of 

NEBJ vs. placebo as an adjunct to pulmonary rehabilitation in COPD patients demonstrated that it 

augmented the response to exercise training with a mean between group difference in favour of 

the NEBJ group of + 30 m incremental shuttle walk test distance.(395) However there are no 

comparative studies in patients with ILD/IPF. 
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Building on the results of this thesis, to test the hypothesis that IPF patients would derive clinical 

benefit from nitrate supplementation, first a proof of concept cross-over double-blind design RCT 

testing the effect of nitrate loading prior to a constant-load exercise test could be considered. In 

outline, participants (following baseline assessment including CPET) would be randomised to 

either a period of nitrate supplementation (NEBJ) vs. placebo prior to a symptom limited constant 

work-rate exercise test. Then following a sufficient washout period, receive the alternative 

therapy (NEBJ or placebo) prior to repeating the constant-load test . This study would inform on 

whether nitrate supplementation has any effect on exercise efficiency (specifically the oxygen 

cost of performing exercise) in patients with IPF. In addition to the clinical outcomes tested, 

mechanistic investigation could be performed including any effect of dietary nitrate 

supplementation on BA-FMD, plasma nitrate/nitrite concentrations, and assessment of any effect 

of nitrate supplementation on the oxygen cost of exercise (±ɧO2 required to perform a given work-

rate). In formally designing this study it would be important to consider what dose and frequency 

of nitrate supplementation is required to achieve maximal benefit. A recent systematic review 

into the effect of dietary nitrate supplementation on exercise capacity in chronic respiratory 

disease (all included studies tested efficacy in COPD patients, none in IPF) identified that doses of 

70-140ml NEBJ (7.5 ς 13.5 mmol nitrate equivalent) for a period 1-14 days have been utilised in 

previous studies with inconsistent effects on exercise capacity observed, independent of dose and 

duration of therapy.(412) To this regard further review of the literature would be required and 

consideration made as to whether varying dosing strategies should be tested within the proposed 

study design.  

To definitively test whether patients with IPF benefit from nitrate supplementation as an adjunct 

to exercise training an RCT testing the efficacy of SRETP + nitrate supplementation vs. SRETP + 

placebo would be necessary. It would be important to consider whether an additional standard-

care + nitrate supplementation arm would be necessary within the study design to provide 

additional insight into whether a period of sustained nitrate supplementation has any impact on 

exercise capacity in patients with IPF independent of the SRETP.  
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6.3 Final conclusions 
 

This thesis study demonstrates that a CPET derived, high-intensity interval-based SRETP led to 

clinically meaningful improvement in patientǎΩ ŜȄŜǊŎƛǎŜ ŎŀǇŀŎƛǘȅ and functional status. The SRETP 

was found to be feasible in this cohort of patients and completed with good adherence with no 

serious adverse events encountered. These findings add to the limited evidence base supporting 

the feasibility and efficacy of interval-based exercise training for patients with IPF. Further 

investigation into the potential mechanisms of the training response to the SRETP in this thesis 

identified that patients with IPF were found to have evidence of increased oxidative stress 

compared to age, sex and functionally matched controls, and following the SRETP, a significant 

increase in post-exercise (CPET) antioxidant buffering capacity and reduction in oxidative stress 

was observed. These findings identify a potential mechanism by which the SRETP could improve 

participants muscular fatigue resistance to exercise and consequently their submaximal exercise 

test performance. In the present study IPF patients exhibited an exercise-induced fall in 

circulating nitrite concentration, a response that was increased in magnitude following the SRETP. 

This unexpected observation provides putative mechanistic rationale to propose that this patient 

group may benefit positively from nitrate supplementation during exercise training. A hypothesis 

that requires further testing. 

Further definitive work, within the context of the ongoing COVID-19 pandemic, is planned with 

the aim of further investigating the positive clinical and physiological and biochemical effects of 

the SRETP observed in patients with IPF in the present study and, in the future, whether these 

findings are translatable to patients with progressive fibrotic ILD of other aetiologies. This further 

work will provide greater understanding of the mechanisms through which exercise exerts its 

positive effects in patients with fibrotic lung disease. Such understanding could ultimately 

translate to the development of individualised exercise programmes for patients with fibrotic lung 

disease delivered as part of standard clinical cŀǊŜ ǿƘƛŎƘΣ ƛƴ ŀŘŘƛǘƛƻƴ ǘƻ ƛƳǇǊƻǾƛƴƎ ǇŀǘƛŜƴǘǎΩ 

functional status, have disease modifying effects. 
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Appendix A.1 Systematic Review: Search terms for Medline and Embase 

databases 
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Appendix A.2 Systematic Review: Search terms for Cochrane database 
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Appendix A.4 Systematic review: Articles excluded at full text review 
 

Reference Exclusion Reason  

Alyami et al. 2020 (413) No control group 

Arizono et al. 2014 (189) Non-random group allocation 

Chehere B et al. 2019 (414) No control group 

Dang et al. 2019 (415) No control group 

Deniz et al. 2018 (416) No control group 

Ferreira et al. 2009 (209) Retrospective design 

Florian et al. 2019 (417) Retrospective design 

Frankel et al. 2012 (418) Retrospective design 

Grongstad et al. 2020 (419) No control group 

Holland et al. 2007 (420) Conference abstract (full text article included(197) 

Holland et al. 2011a (211) No control group 

Holland et al. 2011b (421) No control group 

Lalande et al. 2018(422) No control group 

Lardner et al. 2014 (423) No control group 

Menon et al. 2012 (424) No control group 

Morisset et al. 2013 (425) No control group 

Nishiyama et al. 2004 (426) Conference abstract (full text article included (196) 

Rammaert et al. 2011 (427) No control group 

Rammaert et al. 2009 (428) No control group 

Ryerson et al. 2012 (429) No control group 

Ryerson et al. 2013a (430) No control group  

Ryserson et al. 2013b (428) No control group 

Sciriha et al. 2016 (431) No control group 

Sciriha et al. 2019 (432) Non-random group allocation 

Stessel et al. 2015(433) Wrong intervention (unstructured exercise) 

Senanayake et al. 2019(434) No control group 

Strookappe et al. 2015(435) No control group 

Swigris et al. 2011 (436) Non-random group allocation  

Vainshelboim, et al. 2014(241) 
 

duplicate article of included study 

Vainshelboim et al. 2017(437) No review outcome measures reported. Duplicate publication 
of included full text article (198) 

Wallaert et al. 2018 (438) Retrospective design 

Wapenaar et al 2020 (439) Wrong intervention (unstructured exercise) 

Wickerson et al. 2019 (217) Wrong intervention (single bout of exercise only) 

Xiao et al. 2019 (440) Full text not available in English Language  

Yuen e al. 2016 (441) Wrong intervention (unsupervised exercise) 
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Appendix A.5: Systematic review: Check List for the Cochrane risk-of-bias tool for 

randomised trials (RoB 2) short version. Ref (224) 
Appendix 1c Table 1: Checklist for ROB2 assessment Y=Yes, PY, Probable Yes, PN=Probable No, N=No, NI No 

information. Green positive (low bias) answers Red negative (high bias) response 

 Signalling Question Response 

1.1 Was the allocation sequence random? Y/PY/PN/N/NI 

1.2 Was the allocation sequence concealed until participants were 
enrolled and assigned to interventions? 

Y/PY/PN/N/NI 

1.3 
 

Did baseline differences between intervention groups 
suggest a problem with the randomization process? 

Y/PY/PN/N/NI 

Q1 Risk of Bias Assessment See Algorithm* 

2.1 Were participants aware of their assigned intervention during the 
trial? 

Y/PY/PN/N/NI 

2.2 Were carers and people delivering the interventions aware of 
participantsΩ assigned intervention during the trial? 

Y/PY/PN/N/NI 

2.3 If Y/PY/NI to 2.1 or 2.2: Were there deviations from the 
intended intervention that arose because of the 
trial context? 

NA/Y/PY/PN/N/NI 
 

2.4 If Y/PY to 2.3: Were these deviations likely to have affected the 
outcome? 

NA/Y/PY/PN/N/NI 

2.5 If Y/PY/NI to 2.4: Were these deviations from intended intervention 
balanced between groups? 

NA/Y/PY/PN/N/NI 

2.6 Was an appropriate analysis used to estimate the effect of assignment 
to intervention? 

Y/PY/PN/N/NI 

2.7 If N/PN/NI to 2.6: Was there potential for a 
substantial impact (on the result) of the failure to analyse participants 
in the group to which they were randomized? 

NA/Y/PY/PN/N/NI 

Q2 Risk of Bias Assessment See Algorithm* 

3.1 Were data for this outcome available for all, or nearly all, participants 
randomized? 

Y/PY/PN/N/NI 

3.2 If N/PN/NI to 3.1: Is there evidence that the result was not biased by 
missing outcome data? 

NA/Y/PY/PN/N 

3.3 If N/PN to 3.2: Could missingness in the outcome depend on its true 
value? 

NA/Y/PY/PN/N/NI 

3.4 If Y/PY/NI to 3.3: Is it likely that missingness in the outcome depended 
on its true value? 

NA/Y/PY/PN/N/NI 

Q3 Risk of Bias Assessment See Algorithm* 

4.1 Was the method of measuring the outcome inappropriate? Y/PY/PN/N/NI 

4.2 Could measurement or ascertainment of the 
outcome have differed between intervention groups? 

Y/PY/PN/N/NI 

4.3 If N/PN/NI to 4.1 and 4.2: Were outcome 
assessors aware of the intervention received by study participants? 

NA/Y/PY/PN/N/NI 

4.4 If Y/PY/NI to 4.3: Could assessment of the 
outcome have been influenced by knowledge of intervention 
received? 

NA/Y/PY/PN/N/NI 

4.5 If Y/PY/NI to 4.4: Is it likely that assessment of 
the outcome was influenced by knowledge 
of intervention received? 

NA/Y/PY/PN/N/NI 

Q4 Risk of Bias Assessment See Algorithm* 

5.1 Were the data that produced this result analysed in accordance with a 
pre-specified analysis plan that was finalized before unblinded 
outcome data were available for analysis? 

Y/PY/PN/N/NI 

5.2 Is the numerical result being assessed likely to have been selected, on 
the basis of the results, from multiple eligible outcome measurements 
(e.g. scales, definitions, time points) within the outcome domain? 

Y/PY/PN/N/NI 

5.3 Is the numerical result being assessed likely to have been selected, on 
the basis of the results, from multiple eligible analyses of the data? 

Y/PY/PN/N/NI 

Q5 Risk of Bias Assessment See Algorithm* 
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Appendix 1c Figure 1: ROB2 Question 1: Algorithm for suggested judgement of risk of bias arising from 

the randomization process  

 

Appendix 1c Figure 2 ROB2 Question 2 Algorithm for suggested judgement of risk of bias due to 

deviations from the intended interventions (effect of adhering to intervention) 
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Appendix 1c Figure 3: ROB2 Question 3: Algorithm for suggested judgement of risk of bias due to missing 

outcome data 

 

Appendix 1c Figure 4: ROB 2 Question 4 Algorithm for suggested judgement of risk of bias in 

measurement of the outcome 
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Appendix 1c Figure 5 ROB2 Question 5 Algorithm for suggested judgement of risk of bias in selection of 

the reported result 
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Appendix B: Medical Research Council (MRC) breathlessness score 

Adapted from reference (302) 

 

 

 

 

 

 

 

 

 

 

 

Grade Degree of breathlessness related to activities 

1 Not troubled by breathlessness except on strenuous exercise 

2 Short of breath when hurrying on the level or walking up a 

slight hill 

3 Walks slower than most people on the level, stops after a 

mile or so, or stops after 15 minutes walking at own pace 

4 Stops for breath after walking about 100 yards, or after a few 

minutes on level ground 

5 Too breathless to leave the house, or breathless when 

undressing 
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Appendix C: Revised Borg Dyspnoea Score 

From Modified Borg Scale from Borg G: Psychophysical bases of perceived exertion. Med 

Sci Sports Exerc 1982: 14: 133-381(253) 

 

0 No Symptoms  

0.5 Very, very slight sensation of 

symptoms  

1 Very Slight  

2 Slight  

3 Moder ate 

4 Some-what severe  

5 Severe 

6  

7 Very Severe  

8  

9 Very, very severe  

10 Maximal  
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Appendix D: St. Georges Respiratory Questionnaire - IPF version. (Used with 

permission of St. DŜƻǊƎŜΩǎ IƻǎǇƛǘŀƭ aŜŘƛŎŀƭ {ŎƘƻƻƭΣ [ƻƴŘƻƴ ¦ΦYΦ) 
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Appendix E: EQ-5D-р[ vǳŜǎǘƛƻƴƴŀƛǊŜ ϰ (used with permission from the 

9ǳǊƻvƻƭϰ) 
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Appendix F: Council on Nutrition Appetite Questionnaire (CNAQ) 

Council on Nutrition Appetite Questionnaire (CNAQ) Questionnaire (SNAQ items 

underlined) 

1) My appetite is? 

a. very poor,  

b. poor,  

c. average,  

d. good, 

e. very good 

5) Compared to when I was younger, 

food tastes? 

a. much worse,  

b. worse,  

c. just as good,  

d. better,  

e. much better 

2) When I eat 

a. I feel full after eating only a few mouthfuls,  

b. I feel full after eating about a third of a meal,  

c. I feel full after eater over half a meal,  

d I feel full after eating most of the meal,  

e. I feel hardly every feel full 

6) Normally I eat 

a. less than one meal a day,  

b. one meal a day,  

c. two meals a day,  

d. three meals a day,  

e. more than three meals a day 

3) I feel hungry 

a. Rarely,  

b. occasionally,  

c. some of the time,  

d. most of the time,  

e. all of the time 

7) I feel sick or nauseated when I eat 

a. most times,  

b. often,  

c. sometimes,  

d. rarely,  

e. never 

4) Food tastes 

a. very poor,  

b. poor,  

c. average,  

d. good,  

e. very good 

8) Most of the time my mood is 

a. Very sad,  

b. Sad,  

c. never sad nor happy,  

d. happy,  

e. very happy. 
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Appendix G: COVID-19 Impact Statement 
 

The early part of 2020 saw the start of the COVID-19 global health pandemic, the disease caused 

by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (442). The COVID-19 pandemic 

is an ongoing global health emergency and has led to devastatingly high excess mortality and 

morbidity across the world. Lockdown restrictions and social distancing measures have also had 

ǳƴƛƳŀƎƛƴŀōƭŜ ƛƳǇŀŎǘ ƻƴ ŀƭƭ ŀǎǇŜŎǘǎ ƻŦ ǇŜƻǇƭŜǎΩ ŜǾŜǊȅŘŀȅ ƭƛǾŜǎ ŀƴŘ ƭƛǾŜƭƛƘƻƻŘǎΦ  

With respect to research there has been extreme impact at an international, national, and local 

level with the research community refocusing prioritisation on research to help combat the 

pandemic. From a personal perspective the COVID-19 pandemic has had significant impact on the 

work related to this thesis. As a speciality trainee in respiratory medicine, I was redeployed to 

fulltime clinical work to support the UHSFT response to the COVID-19 pandemic from 30th March 

ς 4th August 2020 and I continued to work on my PhD alongside my clinical work at this time. 

Further to this to support the U.K response from both a clinical and research perspective the NIHR 

issued guidance at the start of the 1st wave of the pandemic in March 2020 stating that support 

ŦƻǊ άŀƭƭ ōǳǘ ŜǎǎŜƴǘƛŀƭ ŎƭƛƴƛŎŀƭ ǎǘǳŘƛŜǎ ǇǊƻǾƛŘƛƴƎ ŜǾƛŘŜƴŎŜ ŦƻǊ ǇŀƴŘŜmic management should be 

ǇŀǳǎŜŘέΦ(443) Following this guidance, and local discussion, the UHSFT Research and 

Development department (R&D) suspended all non-essential research studies at the site on 

March 17th 2020. At this time there were 3 active participants in this research study, 2 allocated to 

the SRETP arm and one to the standard of care arm. Due to suspension of the study at this time, 

all 3 of these participants had to withdraw and I was unable to complete further study 

assessments on these participants. The study was subsequently terminated for the recruitment 

and follow-up of IPF participants from the 17th of March 2020 onwards as discussed below. 

The decision as to whether it would be possible to restart the research project within this study 

for my thesis has had to consider several factors specific to both the participants of the study and 

the study interventions. Patients with IPF are considered a clinically vulnerable group to COVID-19 

both due to their age and chronic respiratory disease.(409) From a standard-of-care clinical 

perspective only urgent appointments have been conducted face-to-face onsite at UHSFT for ILD 

patients with all non-essential follow-up being conducted by telephone since the start of the 

pandemic. A further factor which is relevant to the research in this thesis is the risk to participants 

and researchers because of study procedures from an infection prevention perspective. 

Guidelines from the Association for respiratory technology and physiology (ARTP) identify CPET as 

a high risk aerosol generating procedure (AGP) and spirometry a moderate risk(410) meaning 

extra COVID-19 precautions in line with current trust guidelines are required. Although no specific 

guidance exists for high intensity-based interval training given the high work rates during the 

SRETP it would be reasonable to assume that similar precautions to CPET would be required. 
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The combination of these factors, together with national and local research policy focusing on 

urgent public health related COVID-19 pandemic response studies, has made further patient 

focused clinical research activity as part of the clinical research project for this thesis both 

impractical from a logistical perspective and unethical from a risk to patient perspective. 

Following a meeting with my primary supervisors (Prof Sandy Jack and Dr Mark Jones) on 12th 

August 2020 in which we discussed the above-mentioned issues, it was decided to stop all active 

recruitment to the clinical phase of the research study for IPF participants. The implications of this 

to the study were reducing the sample size in the SRETP arm and preventing meaningful 

recruitment to the standard-of-care arm. The inability to recruit patients to the proposed 

standard of care arm does prevent comparison between IPF patients exposed and not exposed to 

the SRETP as discussed in this thesis.  

The COVID-19 pandemic also had impact on the analysis of stored samples relating to the thesis 

research. Due to social distancing within the university laboratories and increased workload of 

priority COVID-19 related research work the analysis of my biomarker samples was delayed until 

July 2021. Due to this delay and the ongoing social distancing restrictions within the UoS 

laboratories at this time it was not feasible for me to receive appropriate training to perform the 

redox biomarker analyses. 

I believe however despite the impact of COVID-19 on this work I have worked well in challenging 

circumstances to deliver and adapt the research contained within this thesis.  

During the COVID pandemic period I both led, and collaborated in, several research projects 

unrelated to this thesis work which has aided in my personal development toward becoming a 

future independent researcher. A highlight of work unrelated to thesis conducted is that I led, 

with consultant oversight, the design, development and implementation of a respiratory follow-

up service for patients hospitalised with COVID-19. I recognised the opportunity to integrate 

research into standard clinical care to better inform future practice and I designed a study 

investigating the incidence of, and risk factors for, delayed recovery from COVID-19. These studies 

identified persistent chest X-ray abnormality 12-weeks post COVID-19 was present in 32% of 

patients and associated with length of study, obesity, increased serum lactate dehydrogenase, 

and smoking-status. The results from this study are summarised in two separate peer reviewed 

publications in a high impact respiratory journal (444, 445)(see Appendix H.2 for full list of 

publications unrelated to this thesis authored during PhD study period). 
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Appendix H: Publications, Posters and Presentations 
 

Appendix H.1 Publications related to this thesis  
 

Wallis TJM, Pontoppidan K, Gove K, Hill D, Cullinane J, Thompson F, Brereton C, Freeman A, 

Fletcher SV, Grocott MPW, Jones MG, Jack S. Feasibility of a cardiopulmonary exercise test (CPET) 

derived high-intensity interval training programme (HIIT) in idiopathic pulmonary fibrosis (IPF). 

European Respiratory Journal Sep 2020, 56 (suppl 64) 775. 

Wallis TJM, Minnion M, Freeman A, Bates A, Otto J, Wootton S, Fletcher SV, Grocott MPW, 

Feelisch M, Jones MG, Jack S. Individualised exercise training enhances antioxidant buffering in 

idiopathic pulmonary fibrosis. Journal of Translational Medicine Manuscript Under Review. March 

2023 

 

Appendix H.2 Publications and Posters unrelated to thesis published during PhD 

period 
 

1st Author 

Wallis T, Welham B, Kong C, Morelli T, Azim A, Horno J, Wilkinson M, Burke H, Freeman A, 

Wilkinson T, Jones M, Marshall B. Predicting the risk of chest radiograph abnormality 12-weeks 

post hospitalisation with SARS CoV-2 PCR confirmed COVID-19. Respiratory Research 2022: 2022 

Oct 31;23(1):297. DOI: 10.1186/s12931-022-02217-0 

Wallis T, Gudmundsson E, Pontoppidan K, et al. Temporal progression of mediastinal 
lymphadenopathy in idiopathic pulmonary fibrosis European Respiratory Journal. 2022: 59: 
2200024. doi:10.1183/13993003.00024-2022 
 

Wallis T, Heiden E, Horno J, et al. Risk factors for persistent abnormality on chest radiographs at 

12-weeks post hospitalisation with PCR confirmed COVID-19 Respiratory Research. 

2021;22(1):157. doi:10.1186/s12931-021-01750-8 

Co-authored 

Gudmundsson E, Zhao A, Mogulkoc N, van Beek F, Goos T, Brereton C, Veltkamp M, Chapman R, 

Ǿŀƴ 9ǎ IΣ DŀǊǘƘǿŀƛǘŜ IΣ DƘƻƭƛǇƻǳǊ .Σ IŜƛƎƘǘƳŀƴ aΣ bŀƛǊ !Σ tƻƴǘƻǇǇƛŘŀƴ YΣ {ŀǾŀǒ wΣ !ƘƳŜŘ !Σ 

Vermant M, Unat O, Proctor A,  De Sadeleer L, Denneny E, Wallis T, Duncan M, Taylor M, 

Verleden S, Janes S,  Alexander D, Wells A, Porter J, Jones M,  Stewart I, van Moorsel C, Wuyts W, 

Jacob J. Delineating associations of progressive pleuroparenchymal fibroelastosis in patients with 

pulmonary fibrosis. European Respiratory Journal Open Research 203. DOI: 

10.1183/23120541.00637-2022 

Brereton C, Yao L, Davies E, Zhou Y, Vukmirovic M, Bell J, Wang S, Ridley R, Dean L, Andriotis O, 

Conforti F, Brewitz L, Mohammed S, Wallis T, Tavassoli A, Ewing R, Alzetani A, Marshall B, Fletcher 

S, Thurner P, Jones M. Pseudohypoxic HIF pathway activation dysregulates collagen structure-

function in human lung fibrosis. eLife, 11, e69348. doi.org/10.7554/eLife.69348  

Yao L, Zhou Y, Li J, Wickens L, Conforti F, Rattu A, Ibrahim F, Alzetani A, Marshall B, Fletcher S, 

Hancock D, Wallis T, Downward J, Ewing R, Richeldi L, Skipp P, Davies D, Jones M, & Wang, Y. 

Bidirectinal epithelial-mesenchymal crosstalk provides self-sustaining profibrotic signals in 
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pulmonary fibrosis. The Journal of biological chemistry, 2021:297(3), 101096. 

doi.org/10.1016/j.jbc.2021.101096 

Freeman A, Cellura D, Minnion M, Fernandez B, Spalluto C, Levett D, Bates A, Wallis T, Watson A, 

Jack S, Staples K, Grocott M, Feelisch M, & Wilkinson T. Exercise Training Induces a Shift in 

Extracellular Redox Status with Alterations in the Pulmonary and Systemic Redox Landscape in 

Asthma. Antioxidants (Basel, Switzerland), 2021: 10(12), 1926. doi.org/10.3390/antiox10121926 

Simpson T, Barratt S, Beirne P, Chaudhuri N, Crawshaw A, Crowley L, Fletcher S, Gibbons M, 

Hallchurch P, Horgan L, Jakaityte I, Lewis T, McLellan T, Myall, K, Miller R., Smith D, Stanel S, Thillai 

M, Thompson F, Wallis, T, Wu Z, Molyneaux P, West A. The burden of progressive fibrotic 

interstitial lung disease across the UK. The European respiratory journal, 2021: 58(1)2100221. 

doi.org/10.1183/13993003.00221-2021 

Brereton C, Wallis T, Casey M, et al. Time taken from primary care referral to a specialist centre 

diagnosis of idiopathic pulmonary fibrosis: an opportunity to improve patient outcomes? ERJ 

Open Research 2020 6:2 00120-2020; doi:10.1183/23120541.00120-2020 

Drake T, Docherty A, Harrison E, et al. Wallis T, Ward K, Wells A, West A, Wickremasinghe M, 

Woodhead F, Hearson G, Howard L, Baillie J, Openshaw P, Semple M, Stewart I, Jenkins R; 

ISARIC4C Investigators. Outcome of Hospitalization for COVID-19 in Patients with Interstitial Lung 

Disease. An International Multicenter Study. Am J Respir Crit Care Med. 2020 Dec 

15;202(12):1656-1665. doi: 10.1164/rccm.202007-2794OC.  

Poster Presentations  

1st Author  
Wallis T, Pontoppidan K, Brereton CJ et al. Peripheral blood monocyte count as a prognostic 
marker in fibrotic interstitial lung disease (fILD): analysis from a single UK specialist centre. 
Thorax 2019;74:A120-A121 
 
Co-authored  

2022: 

Zhao A, Shahin A, Zhou Y, Gudmundsson E,Szmul A, Mogulkoc N, van Beek F, BreetonC, Van Es H, 

Pontoppidan K, Savas R, Wallis T, Unat O, Veltkamp M, Jone M, van Moorsel C, Barber D, Jacob J, 

Alexander D Prognostic Imaging Biomarker Discovery in Survival Analysis for Idiopathic Pulmonary 

Fibrosis. In: Wang, L., Dou, Q., Fletcher, P.T., Speidel, S., Li, S. (eds) Medical Image Computing and 

Computer Assisted Intervention ς MICCAI 2022. Lecture Notes in Computer Science, vol 13437. 

Springer, Cham 

Thompson F, Wallis T, Pontoppidan K et al. A review of patients following a diagnosis of 

unclassified interstitial lung disease (ILD) at a tertiary centre. European Respiratory Journal  2020 

56: 760 

Hill D. Lau L, Barber C, Newell C, Azim A, Kurukulaaratchy R, Howarth P, Wallis T, Freeman A. The 

relationship between lung function and BAL return in severe asthma. European Respiratory 

Journal 2020 56: 2240 

Brereton C, Pontoppidan K, Wallis T et. al. 2019. What proportion of patients with Idiopathic 

Pulmonary Fibrosis fall outside UK prescribing criteria for anti-fibrotic treatment? A UK specialist 

centre review. European Respiratory Journal 2019 54: PA 1348 

Freeman A, Geale R, Bali S, Gove K, Cellura D, Burke H, Wallis T, Paas K, Staples K, Jack S, Grocott 

M, Wilkinson T. Interval Exercise Training in Poorly Controlled Asthma: Preliminary Clinical Trial 

Results. European Respiratory Journal 2019 54: PA 2534 
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Pontoppidan K, Vedwan K, Battison S, Brereton C, Wallis T, Jones M, Fletcher S. Temporal changes 

in mediastinal lymphadenopathy in patients with idiopathic pulmonary fibrosis. European 

Respiratory Journal 2019 4: PA 4691 

Freeman A, Geale R, Bali S, Gove K, Cellura D, Burke H, Wallis T, Paas K, Staples K, Jack S, Grocott 

M, Wilkinson T. P105 High intensity intermittent exercise training in poorly controlled asthma: 
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