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by
Timothy John Merrill Wallis

Idiopathic pulmonary fibrosis (IPF) is {h@totypic progressive fibrotic lung diseaaed is
characterised by breathlessness and exercise limitab@spiteadvances iranti-fibrotic
therapiesthere is a unmet need for interventions which improve pati@&symptoms.

Exercise training is recommended fpatientswith IPF withevidencethat it leads to shorterm
improvemensin functional status. However individual responses to exergining are variable
and it is uncertain wich strategies provide optimal training for each individualaddition,the
mechanisms underlying ampstive effectsand whether focused targeting for theseuld further
increase clinical benefit remainsicertain.

The nullhypothess underpinning this thesis wahkat an individualisedB-week intervatbased
structured responsive exercise training pragpme SRETRN patients with IPFloes notlead to
significant improvemerttin either exercise capaty, symptomspr quality of life.Further that this
SRETRoes not havea positiveeffect onthe physiologicaandor biochemicamechanisms
limiting execise capacity in patients with IPF

Cardiopulmonary exercise testing (CPET) was used to pesxdcise performed on an
electromagnetically braked cyergometer to patients with IPF, so facilitating the delivery of an
individually prescribed SRE. Baseline CPET identified patients with IPF exhibited significantly
impaired exercise capacitgnificant and clinically meaningful improvements were identified in
endurance time, peak workate, FVC% predicted and MRC breathlessness score folldveing t
SRETP, whilab corresponding significant change in peak oxygen uptake or anaerobic threshold
wasobserved.The SRETP was also foumdbe feasible with good adherenda thispatient cohort
with no serious adverse evengsicountered These observations promptddrther mechanistic
exploration of the possiblexplanationdor the positive training reggnsefocusing on the role of
oxidative stress.

Patients with IPF had evidence of increased prel postexercise oxidative stress mpared to
age, sex and functionally matched controls. A significant increase irepestise systemic
antioxidant buféring capacity and reduction in oxidative stress was identifigghtients with IPF
following the SRETP. This is a potential mechanisithveould improve muscular fatigue
resistance and consequently submaximal exercise test perform&mcexercisenduced fallin
nitrite concentration waslsoobserved a response that was further enhanced on completion of
the SRETP, identifying a potattnechanistic rationale to investigate nitrate/nitrite
supplementation in IPF patients.

Further work is requiretb validate these observations and provide greater understanding of the
mechanisms by which exercise exerts its positive effects inmiatigth IPF Such understanding
could ultimately lead to the development ofdividualised exercise programmes whiuh,
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Definitions and Abbreviations
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Chapter 1 Introduction

1.1 Overview

This chapter willirst introduce the epidemiology, aetiologgnd pathology of IPR will then
review the current literaturerelating tg first the pathophysiological mechanisms of exercise
limitation in IPF-s2cond,the validity, reliability and prognostic value ofitcome measures which
can be employed to quantify exercisapacity inpatients with IPFncludingcardiopulmonary
exercise testig (CPE), andthird, the evidence forexercise as a therapeutic intervention for
patients with IPFn a closing summarshe reviewedliterature is relatedto the aims ad

objectives of this thesis.

1.2 Idiopathic pulmonaryfibrosis

Idiopathic pulmonary Erosis (IPF) is the most common fibrdtiterstitial lung diseas€ILD)
Progressive disease characterised byorsening breathlessness, declining lung function, exercise
limitation and impaired quality of lif€l) IPFcan be a deastating disease for patients and their

familieswith amedian survivalime from diagnosisf 2-4 years(2)

1.2.1 Epdemiology of IPF

IPF izonsidered a rarélisease howevethe annual incidence is risif{@) The currentJ.K
incidenceis estimated atbetween 4.6 and.2.98 per 100000with over 32,500 people limg with
the condition(4, 5)Thisincidenceis similar in magnitude tthat of gastric and testicular
cancerd6, 7)Globallysimilar incidence rates are observed in Europe and North Amédrawever
ratesare lower in South Americavherethey areestimated at 0.41.2 per 100,00@8) The median
age of diagnosis is approximately ¥#ars, and IPF is very rare in those under 40 years dfage.
IPF is more common in males with internatibnase series identifying a -BD% male
predominanceg(10, 11)and the 2021 U.K ILD registry identified that5g8 of patients diagnosed
with IPF in the las® years(2013-2021)recorded on the national registmiyere male (total IPF
cases recorded n=3278)2) There is limited data on the effect of ethnicity on IPF prevalence
however in a large casseries of people dying with IPF in the United $tateAmerica (USA)

(n=251,058) 87.2% were ndtfispanic White$13)
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1.2.2 Riskfactorsfor IPF

It is increasingly appreciated that IPF occurs due to an interactiadwafncing agegenetic
susceptibilityand environmental exposurdparticularlyto inhalational agenjswith repeated

lung injurycombied withaberrantlungtissuehealingleading tothe development ofibrosis(1)

Tobacco smoking is a major risk factor for other respiratory conditions including chronic
obstructve pulmonary disease (COPD) and lung caheta-analysis of five caseontrol studies
demonstrate that smoking is a consistent risk factor for IPF with an odds ratio (OR).¢£4).58
Age adjusted survival has also been found to badrign neversmokerswith IPFcompared to
those with a history oémoking.(15) Other inhalational exposures have also bgeaposed as risk
factors for developing IPRcluding open burning stoves, silica dust, wood and metal dust and
livestock(16)

Viral infectionhas been proposed as a potential trigger evirading tothe development of IPF
Potential causative agents includgpsteinBarr virus (EBV), Herpes simplex virus (HSV),
cytomegalovirus (CMV), human herpesviruses (HHV) 7 and 8 and hepétifis18)There is also
concern among the seitific community that infection with the novel severe acute respiratory
virus2 (SARE0V2) could lead to the development of IRBwever an evidence base for this is

yet to be estblished(19)

Gastreoesophageal reflux disease (GOR&9been implicated as a precipitant geveral

respiratory disorders including asthma, bronchiectaaial IPF.r IPF ndro-aspiration of irritant

gastric fluid is thought to lead to lung injury and subsequent fibr@03Observational studies

have demonstrated improved mortality with aesthippression therapy21) however evidence

from randomised controlled trigl(RCTs) areequired.A currently recruitingU.K. based

multicentre studyRCTH KS WINBF GAy3 LIS2LX S 6A0GK LtC gAlK GKS
[ISRCTIN135263)) aimsto addresghis research need22)

1.2.3 Geneticsusceptibility

There is increasing appreciation that genetirsceptibilityinfluencesthe risk of development of
IPF. Many studies into the genetic link in IP¥efacused on investigation of patients with
familial interstitial pnemonia (FIP). FIP may Imelistinguishabldrom IPF egeptfor; atypically
younger aget presentation(meanage55 years(23)combined with a strongositive family
history of the diseas€24) The inheritance oFIPis autosomal dominantith incomplete
penetrance with FIP accounting for between 2 and 20% opathic interstitial pneumonia

(11P)(25)
2
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Familial studies in FIP have identiflregimerous rare gene variants, wittiess than 0.1% minor

allele frequency, with a large risk effect size for. Fiiéseinclude genes encoding for components
of surfactantproteins(26, 27)andthosealtering telomere function leading to telomere

shortenirg and consequent compromised chromosomal integi2§, 29)The link of mutations in
telomerase functinto IPF is perhaps not unexpected given that age is a major risk factbe
diseaseDespitetheir high penetranceand risk effecprofile, these genes are only present in a
small frequencyf the populationand hence onhaccountfor a minority of IPF casesHowever,
genomewide association studies have identified high prevalence genes in the population which
predispose tahe development of IPFThe most well recognisedf these is thegain offunction

single nucleotide polymorphism (SNB3570598) in the promoter gene encoding for Mucin 5B
(MUC5BDPn chromosome 1130, 31)Meta-analysis estimatean approximate 4 times increasé
developing IPF in carriers of this polymorphigdiR 3.77 95%onfidence inteval [C] 2.%4-
4.86)(32)However despite increasing the risk of IPF, people who develop IPF with the MUC5B
polymorphism nay have up to a twdold improved survival rate compared to thogghout.(33)
Although this observation is atroversial and may be a consequence of index bias (the selection

of study subjects based anpredefineddisease state(34)

1.2.4 Clinicalfeatures

IPF classically presents with progressive breathlessness and cough. The degree of breathlessness
in IPF habeenlinked to both worsening quality of life and impaired surviiad, 36)
Breathlessness in IPF is typically worse on exertion and psigesdisease is characterised by

increasing exercise intolerance

Exercise itolerance in IPF s consequence of multiple interacting mechaniqaliscussed in
Chapterl.3) and IPF patients are particularly prone to exeréigiced desaturation early in the
diseasg37)Studies laveconfirmedthat patients with ILD/IPF have reducddily physical actity
levels andexercise capacity compared to their pe¢88, 39)increasing exercise intolerance in
patients with ILD/IPF is associatedwitorsening quality of lifand loss of independend@8, 40)
Furtherexercise capacitis an independent marker of pogrognossin patients with ILD/IPEqr
further discussion se€hapterl.4) with both reducedbaseline exercise capacity and declining

exercise capacitgredictive ofincreased mortality(41)

Cough is present in up to 84% of patients with (## Cough severity is an independent predictor
of quality of life in IPF patient36, 43)and further has been found to be an independent predictor
of advancing diseag@?2) IPF also has a significant impact on nutriticstatus with anorexia and

weight loss common, both of which can be precipitated by antifibrotic the(dgy.
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Patients with IPF have impairbéealth relatedquality of life(HRQL¥ompared to age matched
peers(45)ImpairedHRQLhas been identified in all domailm$é commonly used patient reported
outcome measurse(PROM) includingthose foremotional and sociakellbeing,although impacts
on physical health have been identified as most promin@g).Greater impairment in HRQL
PROMscores in IP&re correlatedwith markers ofdisease severity, symptomatic breathlessness
andreducedexercise capacit{47, 48)Furtherpoorerhealth related quality of life has been

identified as an independent marker of poor @oosis49)

Typically, thesymptom onset in IPF is insidious. However, although less conrajud,
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 termedwate
exacerbation of IPF (ABF). AEPF is a major cause obntality in IPF patients, with a systematic

review of AHPF outcomes estimating a 60%7% mortality at 1 to 3 month&0)

Chestauscultationof patients with IPF typically revealstmsal end inspiratory fine crepitatisn
the presence of whichasbeenidentified as a sensitive markésr the presence of fibrosis on
high resolutioncomputed tomographyHRCTg¢hest scan$51) Digitd clubbing has been reported
in 3050% of patients with IP§2) The exact pathological course for digital clubsgnknown

however it may reflectecruitmentof vascular growth factors as a response to hyptx&

Lung function testing in IPF (discussethire detail inChapter3.8) typicallyreveals a reduction

in the forced vital capacity (FVC) with a restrictive pattern offtireed expiratory volume in 1 s
(FEV) to FVC ratidFEW/FVC ratio}typicallygreater than 08. Concomitant emphysema (given
smoking is a risk factor for IPF) mayued the FEMand lead to a mixed obstructiwestrictive
pattern in spirometryThe transfer capacity of the lung foarborrmonoxide Tlegis a highly
sensitive maker of disease itPFWith onecase series reparigthat 98% of patients with IPF
had reduced Ttoat baseline assessment despite 56#these patienthaving a normal F\/(G4)

A combined scoring system incorporating four variables ge(@g age (Annd physiological
function (P) [FVC% predicted anddh predicted the GAP score which classifies IPF into three
stages has been shown to accurately predict 1, 2 apee® mortality, with year mortality of

6%, 16% and 39% for stage?2land 3 disease respectivelyablel.1).(55)
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Tablel.1 GenderAgePhysiology (GAP) Score for Risk Stratification for [R¥al score of

0-3 = Stage Iscore 45 = Stage Xcore 68 = Stage 3. Adapted from Referer{bé)

GAP Index Variable Score
Gender Male 1
Age (years) 61-65 1
>65 2
Physiology (FVC) FVC% predicted 500% 1
FVC% predicted§0% 2
Physiology (Td9 Tled predicted 365% 1
Tled predicted®5% 2
Patient unable to perform 3
GAP Index Total 8

1.2.5 Diagnosis of IPF

To confirm the diagnosis of IPF clinicadiological, and if requiretistological, correlation within
a multidisciplinary (MDT) setting including specialist chest physicians, radiologists and
pathologists is require(6) Theprerequisitefor an IPF diagnosis is the presencesidal
interstitial pneumonia (UIP) patteriibrosis meeting current consensus radiologieald or
histological criteria in the absence of a known precipitating fac{s6) Potentialprecipitating
factors should be screened forandetailedclinical histoy including &ull environmental expasre
and medication history, clinicakaminationincluding musculoskeletal assessmertid blood
work-up includingauto-antibody screeningwhich may indicate connective tissue disease ILD if
positive) In certain cagesof connectivetissue disease relateldl ) lung changes cdre a
presenting feature of disease and precede joint involvetr(&@) Tablel.2 summarisesion-IPF

ILDsthat can present with UIP pattern fibrosis.
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Tablel.2

with usual interstitial pneumonia (UIP) pattern fibrosis on HRCT

Examples ofnterstitial lung diseases (ILD) other than IPF which can present

Other cause ofUIPfibrosis

Precipitating factor

Asbestosis

Asbestos exposure

Collagenvascular disease ILD

Including but not limited to:
Rheumatoid arthritis associated ILD
Scleroderma associated ILD

Polymyositis/dermatomyositis

Chronic hypersensitivity

Pneumonitis

Environmental and occupational exposures including |

not limited to birds, mould, and dust

Drug induced ILD

Drug toxicity including but not limited to amiodarone,

nitrofurantoin and methotrexas

Fibrosing Sarcoidosis

Multi-factorial

Chronic aspiratin related ILD

Gastreoesophageal reflux disease

Current consensus guidelines recommend classitfiRG Tmages andif available,

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

intermediate UIRPor thosehaving fatures supporting an alternative diagnagk6) Correlation of

clinicatradiologicalpathological findings then determine the consensus diagnosis as illustrated in

Tablel.3andTablel.4.

Tablel.3

Highresolutioncomputed tomography(HRCT)@anning patterns ofusual

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

guidelines of the American Thoracic Society (ATS) and European Respiratory Sogiety. (E®S

Definite UIP

Probable UIP

Intermediate UIP

Alternative diagnosis

Subpleuwal 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

Subplairal and basal
predominant subtle
reticulation. May have
mild GGO

Findings supportive of
another diagnosis
e.g. lung cysts
/predominant GGO
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Tablel.4 Algorithm for radiologicalpathological correlation fo diagnosis of clinically

suspected IPFGreen 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 diagnostiédence Adapted from the joint consensus guidelines of

the ATS and ERE&X.(56)

IPF suspected Histological Pattern

Definite UIP | Probable UIP| Intermediate Alternative

uUIP diagnosis

Definite UIP

Probable UIP IPF Likely

HRCT Pattern| Intermediate
ulP

Alternative IPF likely*

diagnosis

Definite UIP on HRCT requires the presence of honeycombing in a subpledifzasal

distribution (Tablel.3 andFigurel.1). However fibrosis may affect apical regions predominantly
or be relativdy uniform througlout the lung. Traction bronchetasis, the distortion of the airways
secondary to mechanical traction from surrounding fibr&eng,is also a common finding and
the presence of this feature has been associated with poor sura8x0Dther features that may
be presenton chestHRCT ifPF includgreticular nodular shadowing with or without mild ground
glass opacification, mediastinal lymphadenopatiyd apicapleuroparenchymal
fibroelastosig59) On histological sectiodefinitive UIP pattern fibrosis demonstrates phay
interstitial fibrosis akernatingwith areas of normal lung, marked fibrosis with architectural
distortion with the presence of fibroblastic foci, with or without honeycombinga

predominately subpleural distributio(60)
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Figurel.l HRCT image of definitesualinterstitial pneumonia(UIP) patternfibrosis A)
Coronal reconstruction and Bxialimage lllustrating basal subpleural predominant

honeycombingypical of usual interstitial pneumonidJsed with permission of Dr Mark Jones.

1.2.6 Cellular mthologyof IPF

IPF hd traditionallybeenconsidered a prenflammatory condition with lundibrosis a

consequence of chronic and unresolved inflammaii@éh) However clinical observation artde

above discasedtrial data identifying that patients treated with immunosuppresstherapy had
increased mortality led to this theory being reconsidered. Now IPF is thought to be an epithelial
fibroblastic disease occurring as a consequenga@fiously discussedegeticpredisposition to
fibrosis and environmental risk factors léad to repeated micrenjury to anaging alveolar
epithelium(62) Repeated micranjury stimulates alveolaepithelial cellso secrete multiple
mediators including growth factors, cytokimend coagulants creating a pgiibrotic environment
Myofibroblastsare consequently recruited to these areédasS NY SR WT A debdh@to F a G A O F20AQ
deposition of increased and altered extracellular matrix (ECM). The altered ECM with increased
stiffness acts as an inducesf further myofibroblast recruitment to complete @athological

positive feedback loofFigurel.2).(1)
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Figurel.2 Pathologicalfeedback loop otellular pathology of IPFTransforming growth
factorbeta (TGF GdzY 2 dzNJ Yy SONR a A &4  Plateetiderivdd growttiKactor POGRE  h 0 |
alveolar epithelial type 2 cell (26, matrix metalloproteinase (MMP), tissue inhibitor of

metalloproteinases (TIMdp.

Dysregulation of type 2 alveolar ebpélial cells (AEC2s) is thought to be central to the maladaptive
repair process leading to fibrogenesis. Despite accouritingpproximately 5% of the surface
areaof the lung AEC2%ung stem cellsdre more abundanthantype 1 alveolar cells (the alviem

cells responsible for gas exchang&lEC2&ave multiple functions including the production and
secretion of pulmonary surfactant as well as the secretiomofiune signalling molecules
FurtherasAECls are unableto regeneratefollowing lung injurythe moreresistant AEC2 cells
proliferate and differentiate into AEG1o restore alveolarintegrity.(63) AEC2 cells from patients
with severe IPF have been shown to have impaired renewal caf@tiandin IPF lungissue

both senescent and apoptotic AESIPave been identified65) With apoptotic AEC2

demonstrated to besufficient to drive fibrosis independent of a secondary ingafi) Altered
AECZ2orchestrate fibrosis throughecretionof avariety of growth factors, matrix
metalloproteinasesand profibrotic cytokines including activateBGF  na key regulator of

fibrosis in a variety of orgap&7)In the lungs TGF ¢ i§ péoduced by alveolar macrophages

and fibroblasts. TGF A a | LR GSyd FAONRBGIAO YSRALI (2N LINRD
mesenchymal transition (EMThe loss of cellular polarity and gain of migratory propef6&y,
intensification of macrophage and fibroblast recruitmgadthe proliferation of

myofibroblastg(69)
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1.2.7 Pharmacological therapy

Currently there are two antifibrotic medications licenced for the treatment of IPF, pildexe and
nintedanib.Within the UK the National Institute for Health and Care Excellence (NICE) has
recommended nintedanib and pirfenidone as a eeffective therayy for IPF patients with an FVC
of between 50 and 80% predictéd0, 71)Prior to antifibrotic treatnents standard care of IPF
includedtriple therapy with prednisolone, azathioprine, ahdacetylcysteine (NAEY.2) However
this therapy was whdrawn after it was found to increase risk of death and hospitalisation
compared to placebo in the landmark PANTHIER study(73) Following the successful BUILD
study(74) nintedanib has also recently been approved by NICE as an antifibrotic therapy f

patients with nonlPF progressive fibrotic 1L([05)

Pirfenidonehas antifibrotic, antrinflammatory and antbxidant propertieg76) Although the

precise mechasims of action are unknown it is thought to reduce fibroblast proliferation, inhibit
transbrming growth factori (TGF wmntediated collagen synthesis, downregulate pro
inflammatory cytokines, and act as a scavenger of oxidative free ra¢iié&ilthough

pirfenidone is generally well tolerated common side effentdude gastrointestinal discaiwort,
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 Il clinical studies witltiad phase 11l studies failirtg meet their primary
endpoint(77)However the definitivdarge multicenter ASCEND studgmonstrated a significant
reduction in the rate of decline of FVC at 52 weeks for patitakisg pirfenidone versus placebo

(-235 mL vs:428 mL p <0.001¥8)

Nintedanib is an intracellular inhibitor of migle tyrosine kinases including platelééerived
growth factor (PDGF) receptor, vascular endothelial growth factor (\MieGdtor, and non
receptor tyrosine kinases of the Src fan{ifg) Evidence from in vitro and animaluslies suggest
it acts as an andiibrotic by inhibiting the migration of fibroblasts, their transformation in to
myofibroblasts, and the production of extracellular mat(B9) Clinical efficacy of nintedanib was
tested in two international phase IlI clinical studies, thRUNLSIS studi€80) Pooled analysis
from these studies demonstrated that nintemié was associated with a slower rate of FVC
decline compared to placebo, mean difference 109.9 mL/year (95% C145.@ Common
adverse effects in the nintedanib group included diarrhea, nausea, and reduced appetite.
Criticism of these studies includgadequate investigation of the effect of nintedanib in more
severe disease. Although patients could be included in théysivith a predicted FVC #§0%,

the mean predicted FVC of included patients was 79%.

10
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1.2.8 Role ofimpaired redox statusn IPF

Redoxstatusdescribes theelationship between reactive oxygen species and host antioxidant
defences within the bodyOxidative stresarises from an imbalare in redox statusand
regulation,in favour of oxidantsThis imbkance can lead to cellular dysfunction and tissue

damage(81)

Redocimbalance (in favour of oxidants) has bgaoposed as a mechanism contributing to the
progression of fibrosis in IPFhe lung are particularly prone to oxidative stress due to relatively

high oxygen tensios Furtherdirect cortact with environmental pollutants such as cigarette

smoke can promie 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 tissuénflammation and subsequent cytokine releg82) Second oxidative stress

has been demonstrated to inducepaofibrotic and¥ LJ&d SdzR2 K@ LR EA OQ Sy JANRY
the induction ofhypoxic inducible factofHIF. HIF activation then causes the upregulation of
enzymes which alter the structure of lung collagen causiogasedstiffness andsubsequent

activation ofthe pro-fibrotic cascade outlined aboy@3) Third ocidative stress may also lead to
fibrosisas adirect consequence ofeactive oxygerspeciesnducedDNA damagé€84) (seeFigure

1.3)

Reactive Oxygen t
Species

Antioxidants l

/ Extracellular matrix

Cytokines breakdown DNA Damage
Extracellular matrix Alveolar Epithelial Cell
fragmentation Death
Tissue inflammation Pro-fibrotic 1

i Reduced regeneration of
environment

|

Aberrant wound healing

|

Pulmonary Fibrosis

alveolar epithelium

Adapted from Fois et al 2018. Resp.
Research 19:51

Figurel.3 Redox imbalance and disease pathology in.IRffapted fromRef(84)
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Rahman et alwere the first group to demonstrataltered redox status in IPF patients. They

identified trolox equivalent antioxidant capacity (TEAC), a marker of antioxidant status, was
significantly lower in plasma and bronchoahedhvage fluid (BALF) in IPF patients compared to
controls(85) Further lipid peroxidatiormeasuredas thiobarbituric acid reactive substances

(TBARS)as significantly higher in both plasma and BailPFpatients Thiswasthe first paper

to demonstratein patients with IPF, thgtulmonaryoxidatived (i NB & &  Uhdolilié $ysteinic2 @ S NI
circulation ad ismeasurable in the venous blooBurther studies have corroboratedeh

observatiors that impaired systemic redox imbalancepresent irlPFpatients andthat it can be

reliably measured in serum/plasma as; increagedctive oxygen speci€86-88)and redued

antioxidant capacity89)

Daniil et alfurther assessed the role of systemic atige stress in IPF. This group demonstrate

that serum hydroperoxides were sifisantly higher in IPF patients compared to con(@0)

CdzNI KSNJ GKS O2yOSyidN)r GA2Y 2F &aSNHzY KERNRLISNREARSE
breathlessness assessed by their Medical Research CouRdll)(bethlessness 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 quafiation of redox status may be useful in the clinical risk

stratification of disease severity.

In a recent study Foiavestigated the effect of pirfenidone and nintedanib on systemic oxidative
stress in patients with IPF (n=1@8)1) Compared to age and sex matched contraks1Q, IPF
patients had significantly lowdraseline antioxidant levels as meastitgy levels ofplasma total
free thiols(a measure of total antioxidant status [4.&ghol/g protein vs. 5.28mol/g protein
p=0.011]) andotal glutathione (GSHI57 >mol/L vs. 883>mol/L p<0.0001). However unlike
Rahnanet al(85)this group observed no significant difference in TBARs betweemtPEantrol
(4.01>M vs. 3.92>M p=0.85). Fois et dhypothesi® that as their IPF patients had milder disease
compared to those ithe Rahman study it maybe that earlyIPFthe oxidant burden is controlled
by antioxidant bufferingFurther in their stug Fois et al idetify that, following 24weeks of
antifibrotic therapy improved redox balance (favouring antioxidants) was observed. In those
treated with nintedanib (h=10) GSH significantly increased (meard®&L vs 723>mol/L
p=0.006). This st @eBults suggedthat IPF is a disease associated with impaivadle-body
redoxstatus(in favourof oxidants) and further thizantifibrotic medications may lead to

improved redox status
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Chapter 1
1.2.8.1 Nitric oxide IPFand exercise

Nitric oxide (NO) actas anautocrine and paracrinsignalling molecule and is involved in multiple
cell pathways includindput not limited to, the control of vascular tonélood flow, glucose
uptake and mitochondrial biogeneghrough activation of solublguanylate cyclasgatalysing

the conversion bguanosine triphosphat® cyclic guanosine monophosphateGMR).(92)

NO has a unpaired electron and isenceunstable and can act as afectron donor (oxidant)
principallywith its reactionwith the superoxide aion (O2 °) to form peroxynitrite (OONG which
itself is a potent lipid peroxidan product.NO is primarily synthesised frorrakginine by nitric
oxide synthase (NOS) in an ggy dependent reaction. Howevegcently an alternative pathway
involving recyclingfoNO fromdietary nitrate (primarily found in leafy green vegetablet)e
Nitrate (NQ)- nitrite (NQ) - NO pathwayhas been identified an understood to be biologically

relevant during exercise and hypoxic conditipgas unlike the {arginine/NOS athway it forms

NO
- . - - - - und
L-arginine-nitric oxide Nitrate -nitrite -nitric oxide
pathway pathway e
.. . . con
L-arginine + Q Dietary nitrate
l diti
- S
NO synthase NOS on
l Bacterial nitrate reductases of
Xanthineoxidase
NO  mmmp Ne} low
o Reduction
Oxidation l l DeoxygenatiorHb, Mb O
\ XanthineOxidases .
NO,/NO, NO  Respiratory chain enzymes aval
labil
ity

(Figurel.4).(93, 94)
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Figurel4 NO metabolism:L-arginine ¢ nitric oxide syrthase (NOS)ynd nitrate (NGs) -

nitrite (NO>) - NO pathways.Hb- haemoglobin Mb- myoglobin.In the classical-argininenitric
oxide pathway nitric oxide is synthesised frorarinine and @ In the nitratenitrite-nitric oxide
pathway lacterial nitrae reductasegprimarily found in the oral cavijyreduce dietary nitrate to
nitrite, nitrite is then reduced tdNO viaa number of nitrite reductase enzymes including xanthine
oxidate and mitochondrial electron transport chain (respiratory chain) enzyimesgeadapted
from ref. (95)

Experimental evidence of dysregulateitiosativestate in IPEEomes fromin vitro, animal, andn
vivostudies. Lngs of patients with milginoderate IPF have significantyeater expression of
inducible NOS (iNOS) expression in macrophages, neutroptita@alveolar epithelium, and
higher concentratiorof nitrotyrosine (a byproduct of peroxynitrite lipid peroxidation) compared
to controls.(96)In thelipopolysaccharidéLPSyat model of diffuse pulmonarfibrosisiNOS
inhibition reducesoth NO and type 1 collogen expression, an effesersedby the addition of
NQO.(97)FurtherNOS knocklown mice express significantly reduced bleomye@tucedliung
damage compared to wild typ@8) Further h human studiesgoncentrationsof BAL
nitrite/nitrate (99)and exhaled breath nitritgl 00)have been shown to be higher in IPF patients
compared to age matched cowls. In addition, the above discussed study by Daniil et al
demonstrates correlatioetweenperoxynitrite (a byproduct of NO induced oxidative stress)

and markers of IPF disease sevef@)

NO physiologhasbeen implicated irthe physiology oéxercise performancél01)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 (comipeof the electron transfer
chain [ETC]Larsen et alinvestigatedthe link between dietary nitrate supplementation and
exercise performanc€l02) They identified that in healthy individuals nitrate supplementat{8n
days of sodium nitrate 0.1mmol/kg/dag)gnificantlyloweredthe oxygen cost of steady state
submaximakxercisgup to 75%of maximaloxygen consumptiorntp.max) compared to
supplementatiorto placebo (meartfp, cost Placebo 2.98 L.miws. Nitrite 2.82 L.mihp<0.02).
No significantdifference in heart rat®r blood lactateconcentrationsvas observedbetween
groups suggestingqual contribution ofanaerobic metabolisno performance irboth groups
These resliis have been replicated in subsequent studigs8)and in studies using naturally
occurrirg nitrate supplementation in the form @nrichedbeetroot juice(104, 105Proposed
mechanisns by which nitritesupplementationlowers the oxygen cost submaximal exeise
include improvementin muscle C# handlingand contractile force(105, 106)mproved muscle

blood flow(107)and improved mitochondrial ETC efficier{t{3)
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1.2.8.2 The effect of exercise oredoxstatusin IPF

There is limited research to dateto the effect of exercise on redox status in patients with IRF.
the first study of its kindlackson et ainvestigaed theeffect ofa symptom limited constant
work-rate test at 50 Watts on a cyebrgometeron redoxstatusin patientswith IPHNn=28.(108)
The authors identify that plasnfé2isoprostanega lipid peroxidation productyere higher at
rest in IPF patients compared to controls (n=6). kemrtollowingthe exercise testPF patients
observed a significant increaseurineisoprostanesand a reduction irplasmatotal antioxidant
capacity (TACHgnificantnegativecorrelation was observed between urimsoprostanesand
arterial oxygen cornt at peak exercisé =0.434 p=0.04 This is the first study to demonstrate
that a single bout ofymptom limited exerciseanprecipitate altered redoyalance(towards
oxidants)in IPF patientsThe authors propose that oxidant stress in responsexercise may be
due to cellular hypoxia and be a causative faétorexercise limitation in IPF patientdowever,
there are several limitations to this study that aneportant to discuss. fie control group was not
aged matcledto IPF participants, meaages 50 years vs. 70 years respectively. Thideigant as
it is well documented that aging leads t@epensitytowards oxidative stres§l09)Further the
control group did not perform the exercisest, so conparison of posexercise redostatusis not

possible.

In a further study, tks group investigated the role of oxidative stregssexercise limitation ir25
patients withIPFrecruited to arandomised controlled tria]RCT of exercise training110)Using
the same symptom limited sulmaximal exercise testhis group observed significant increase in
plasmaF2isoprostanedollowing exercisépre exercisel6.5pg.mL?! vs.post18.0 pgmL?

p=0.028) This study aagin demonstrates increased systemic oxidative stress afteéngle bout of
exercise in IPF. Howevas redox markers were not4&ssessed after the exercigaining
intervention, this study does not provide insight into the effectaoperiod ofexerci® training on

redox status in patients with IPF.

Inacrossover design studyDowman et alcompared exercise performancendurance time) in
IPFpatients (n41) performing aonstant load exercise test at werkite equal to 85% gfeak
volume of oxygenansumption f£f:peak) breathingeither; supplemental oxyge(FiQ 0.5) or
room-air.(111) Theysampkd redoxandinflammatory markers at seven time poirtigtween rest
peak exercise and 24 houidlowing theexerdsetest. Compared to roonrair, supplemental
oxygenled to a significant increase in endurance time (+99s p<0.002). Further a significant
decrease irpostexercisexanthine oxidaseaROS generatirgnzyme)was identifiedin subjects
breathing supplementabxygencompared to those breathing room alowever,no significant
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difference was found betweeplasmaTBAR®efore and after the exercise test either

condition The failure to demonstrate a change in direct biomarkers of redox state in this study
are contrary to the results of Jackson e{(A08, 110)This discrepancy may be accounted for by
milder disease in participants tfe study byDowman(111)who compared to grticipant in the
Jackson studi€$08, 110had better preserved FVC% predicted (76% vs. @1éwe\er, the
discrepancy in the results may also be due to the different analytical techniquesarged small

sampe sizesleading tostatistical error.

1.2.9 Exercise training as a redox modudet

To the best of my knowledgehére are nacurrently published studies investigating the effectaof

period ofexercise training onedoxstate in patients with IPFHoweverthere issomelimited

evidence from COPD studies that a period of exercise training can improve basal and post
exercise redostatus (educed oxidative stress and or increased antioxidant capgdiiyd)

including reduction in poséxercise ROS induced DNA daméde3)postexercise induced

xanthine oxidase (XO) activit{/14)and resting TBAR$15)Further there is evidence from

healthy individuals that improvededox statusmap S I YSOKIF yAayY Ay gKAOK
positive effect§116)with these changes in part mediated bgregulation of antioxidant enzymes

suchasglutathione peroxidas¢117)

Mechanistic insighof the effect of exercise on IR&EN be gaiad from studies imodent models
utilisingthe bleomycin induced model of fibrosldsing this modelAndradeSousa et al
demonstrate that compared ta sedentary group, mice who undertook aveek aerobic exercise
training scheduldollowing intratracheal bleomycin administratiodemonstrated significant
attenuation infibrotic tissue deposition, type 1 collagen, and hypasia of type Il
pneumocyteg118) These results are in corroboratievith a study byPrataet al.who identified a
significant reduction in type @ollagen staining on lung slices of bleomycin exposed mice which
had completed a 4veek aerobic exercise programme comgaito sedentary control§l19)

Further there is evidence in the blegwin lung model that aerobic exercise rmaleviate
bleomycin induced inflammation and oxidag stress, withsedentarymice demonstrating
signifcantlylower superoxidase dismutase (SOD) compared to exercised arfitg@)du et al.
investigated the effect of prehabilitation on bleomycin induced lung damage with mice exposed
to bleomycin on day 15 of aweekaerobic eercise scheduleompared tosedentary
control(121)This group demonstratehtit exercise restorebleomycininduceddeficiency in b5

(an antioxidant that scavenges Bandreduced expression anzymes responsible féhS
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Chapter 1
production There are several important limitations of the bleomyiouse model, including this

method of irducingpulmonary fibrosis havingitial significaninflammatorycomponent and
cellular infiltrate moreakin to a response to acute lung injuwyith subsequent fibrosis at least
partially reversibleirrespective of any interventionjather than the slav, progressiveand
irreversible fibrosis observed iRA.(122)However, despite the obvious limitatiotisese studies
do provide an interesting insight and a letstoretical mechanistic basis for the anti
inflammatory and antbxidative role of a period axercise training in aommonly employed

model of pulnonary fibrosis.

The above demonstragthat basal redox status is impaired in patients with IPF in favour of
oxidants and this redox imbalance may be a pathological driver of pulmonary fibroskerFurt
there is evidencdrom a limited number of studiesuggestinghat singleboutsof exercisecan
precipitateredoximbalance(in favour of oxidants) in patients with IBRd this may act aa
mechanism contributing to limitation of exercisapacity Hence uncheckedcute exercise could
at leasttheoreticaly, act todrive disease progression in IPF through repedteats ofoxidative
stress However as discussed there isdence from healthy individuatnd animal models of
pulmonary fibreisthat a period of exercise trainimgay improve host cellular restance tothe
oxidative stressHowever Wether this experimental evidence translates into patients with IPF,
who, as discussed abovappear tohavean unfavourableestingredox statusand consequently

maybeparticularly vulnerable to an oxidative chailge (such as during exercise)linknown(123)

1.3 Mechanisms of exercise limitation in IPF

Worsening breathlessness and exercise limitation are key features of progrésiverior to
investigating the impact of exercise training on patients with IPF it is first important to understand
the pathophysiology underlying why exercise limitatiosush a prominent symptom in patients

with the disease.

Although primarily a disease affecting the lunterstitium, the mechanisms leading to exercise
limitation are thought to be multifunctional combining respiratory, cardiovascular and

musculoskeletal @thophysiology. 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 oxydesarbon 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 swaf@qgiroduction in IPE124). As

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

andpreserved FEYFVC ratio (unless there is-existent emphysema).

During exercise patients witlPFcandemonstratea rapid shallow breathingattern with a
profound increase iminute ventilation £B. This is typicallglue to an increase in respiay rate
(RR) as due to theeduced compliance and increased elastic recdiheffibrotic lungsthere is
limited capacity for a patient to increase their tidal lung volumg [ypically in health, exercise
induces increase in bothrsind RR]This pdtern of breathing leads to an increase in the ratio
between the physiological deagpace (¥) and \f hencethe increasedvolume ofCQ produced
from increasing metabolic ratesan only beadequately excretedby further increasing the RR.
Consequently, pants withIPFcan often reach or even exceed thpredicted maximum
voluntary ventilation (MV\éeeChapter3.6.5.2for definition) and may not exhibit the usual
breathing reserve (BR) observed in health at maxawratcise typicallyx m p:'z 2 1250 + + 0
However, studies havdemonstrated that this observation is not universal in.(ILB6, 127)
Furthermore, the observatiothat supplemental oxygenanincreaseboth exercisetest
performance andfp,peak suggest that mechanical ventilatory limitation to exercise cannot solely

account for the reduced exercisapacity experienced by patients with fibrotic 125, 128)

1.3.1.2 Impaired gas exchange

In IPF patiets at rest, pulmonary gas exchange is reduced as a consequence of both ventilation
perfusion mismatching and diffusion limitatiolleasured diffusion capacity, the transfer capacity
of the lung for carbon monoxide (dJdseeChapter3.8.2) is almost universally reduced at

diagnosis in patients with IRB4) Impairment in Téohas been shown to correlate witleduced

survival(129)dysgpnoea(130)and both 6MWD andf.peak(131)Further, it is thoughtmpaired
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Tlcomay contributeto up to 40% of theeduction inalveolararterial oxygen gradient (RO;)

observed inPFpatientsduring exercis€132)

Evidence of ventilation/perfusiorxfjvf) mismatching in IPF comes from comparative anabyfsis
CT image andtfyvfscans of patients with IRB7) These demonstratébrotic areas particularly
those with honeycombinghat receive ventiation but not perfusiordue todestructionto the
pulmonary capillary bedThese areas contribute tocreasing alveolar dead space

ventilation(133)andcreate areas with very higtfvfratios (the idealfyfratio being 1)

1.3.2 Cardiovascular pathophysiology

thvfmatching may also be impaired through alterations in pulmomenfusion Rulmonary
hypertension is commoim the later stages of IPF and arises due to a combinationrcofased
pulmonary vascular resistance due to hypoxic vasoconstriadiestruction d the alveolar
capillary bedand vascular remodellin@.34)ILD patients breathingdD% oxygen demonstrate+e
distribution of pulmonary blood flow assessed using midtipert gas elimination technique
(MIDGET), illustrating the release of hypoxic vasoconstri¢lid@)Furtherthe increase in
perfusion observed in this study, was found to be proportional to the degree of pulmonary
hypertension. Suggesting that hypoxic vasoconstriction is a roajaributor to pulmonary
hypertension in ILD. However in a study of patients withese IPF assessed breathing either air
or supplemental oxygen (to maintain SpQM > 0 R dzNA y 3 -rdte tedSt2thyedutHorg & & 2 |
identified that although supplementalkggen did improve endurance time it did not significantly
reduce the peak systoliaupmonary artery pressure (assessed using transthoracic
echocardiography [TTE]) during exercise (air 73 mmHg vs. supplemental oxygen 76(&88HQ).
It is important to consider the methodological limitations of riale exercise TTE when
interpreting the results of this stud§L36)However it may be that ovdime due to remodelling

of the alveolar endothelium the effect of hypoxic vasoconstriction becomes irreve(3®@This
chronically increases pulmonary vascular resistance and afterload on the right ventricle (RV),

leading to remodelling and dilation of the RV and subsetjught 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 engloing right heartatheterizationwith
simultaneous upght incremental CPET as part of standafaare investigation for exertional
dyspnoea138) The authors classify ILD patients into three grotipgse with resting pulmonary
hypertension (PH), exercise induced PH, and no PH. Those with resting and exercise induced PH
demonstrated significantly greater exercise induced desaturation, higbler ventricular stroke

index, and lowetf,peak,comparedto 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

Peripheraimuscle dgfunction is a wellocumented mechanism of exercise limitation in

COPX139)however there are limited studies to this regard in IPF. In a retrospective study,

Nishiyama et aldentified that participants force of quadriceps contraction had good correlation

with their +f,peak obtained during incremeat CPET[SS I NI yQa NI n®cH 0 I YR FdzNIi K¢
regression analysis quadriceps force was identified as an independent prediefpsak (140)

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

significantly weaker quadriceps strength and endurance time in fibrotic IIP patients compared to
controls(141)However, whilst quadriceps muscle strength correlated with 6MWeittrols,

this was not the case in fibrotic IIP patients suggesting thabaih 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 incresing appreciation of the importance of body composition as a factor implicated in
both exercise capacity and prognosis in IPF. patients have numerous factors that can
negatively influence nutritional status including increased work eftiring, use of

corticosteroids and anffibrotic medicationsNutritional 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 lifel42)However, the current understaling of the impact of

nutritional status on patients with IPF is limit€t# 3)

The prevalence of nutritional abnormalities in hypoxic IPF patients has been estini&@tha
(144)Further in a casseries of IPF patients awaiting lung transplantation, 56% were found to
have severe lean muscle mass reduct{@45)Simibr to observationgn patients with COPQ46-
148)body mass index (BMI) has been found to be a prognostic marker for survival in IPF, with
higher BMI correlating with improved survidi6, ¥9)Using proportional haard regression
modelling increased BMI has been found to correlate with a small but significant reduced risk of
death (1 BMI unit HazarBatio [HR] = 0.93 (p=0.002). Further a multicentre retrospective study
has demonstrated thatemporal change in weight5% decline in 1 year) is an independent

prognostic factor in IPE50) A large prospective study by Guler etumed Duaknergy Xray
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absorptiometry (DXA) to assess body compositiofibrotic ILD patients. The authors identify

GKFG LI NOGAOALN yiGaQ &7 Skel&al muscleYnazs dvid&d by hody Siéightp { a
was negatively correlated with their ILD severity assessed by both FVC%cgrtdopddicted.
(143)Further ILD severity was associated with upper limb muscle dysfuncti&n2®=5=0.03)

and reduced 4 m gaits speed {029 p=0.02) independent of baseline confounders body

composition.

1.4 Assessingxercise capacity ingtients with IPF

Exercise limitation is a key feature of progressive antificationof- Yy A Y RA @A Rdzl f Qa
capacitycan be donéoth subjectively(e.g.,maximalwalking distanckor objectively using

exercise testsn the setting of a clinicaltudy objective measuraent of exercise capacitig

obviously requiredThis section wiltriticallydiscusssommonexercisetests which can besed to

assess response to a therapeutic imention. The focus of thisectionis to discusgxercise
capacitytestsregardingto their validity, reproducibility, discrimination to therapeutic response

and prognostic informatiorecific protocoldor testsutilised in this thesiand any underpining

physiological methodology is discusseimapter3.

1.4.1 6-minute walk distance(6MWD)

The6MWDis a seHpaced assessment of walking capacity along a flat surface (for full description
seeChapter3.9). Patients are instructed to walk as far as they wathin 6 minutes andhe

primary outome is distance walkgghetres). As the6MWDis selfpaced it is widely believe
represent submaximal exercise capagitpl)Howeverin patients withILD/IPEparticulaty those
with more severe diseasét may betterpresent naximal exercise capacit{52)The6MWDis
relatively simple to performreproducible ad inexpensive. There is extensive literature
demonstrating that thesMWDis a valid and reliable assessment of exercise capacity in patients
with chronic respiratory diease including IRE53, 154)Therehasbeenshownto be good
correlationbetween6MWDandmore complex assessmextf physical fithesg specifically
HPpeakachieved in incremental cardiopulmonary exercise testgET)n a large study

(n=1083) opatients with a varietyf cardiorespiratory disease6MWD andtf,peak were found

to have strong positive correlath ¢ S | NER20/60 3<0.001]155) This observation has been
reproduced in patients witffibrotic ILD(R20.78 p<0.00L(156)The 6MWD is widelytilised as an
outcome measuregand has a diseaspecificminimumclinically important differencéMCID)[the

smallest change that andividual patient would identify as importahtor IPF patient®f
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between 2245 m (157, 158)The6MWDis anindependentprognosticmarkerin IPRwith both

baseline 6MWD of <250 m amd>50 m decline over 24 weesssociatedvith an approximate 2

and 3-fold increase in mortality riskespectively(41)However there are important caveat® the

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

employed by those supervisirfg59)It is well documented that there is€O S kffedtQ) I3 K SNB 6 &
patients with mild impament at baselingtypicallya 6MWDgreater han 450 mhave a limited

capacity for improvemen160)Further there maybe a significan®f S| Ny A ¢ 36 BFR S O
improvement on a second test due to familiarityhichin a study of patients with COPthe

magnitude of which has beearstimatedat between 2429 m(161)Howevera studyin patients

with fibrotic ILD demonstrated very strong correlatiod<R96) betweerpatientsfirst and

second 6MWI{156)Despite this observation consensus guidelinesestapractice walk is

necessary if the test is being utilised to monitor responsatteerapeutic intervention(162)

Finally) & Aa O2YY2y 6A(K Xtésk peibriet i & fedkwolds&t@d A a S (1SaiaQ
outside of a laboratoryfhe 6MWDdoesnot enale objective assessment tife

pathophysiologicatauses of exercidenitation e.g. cardiaor respiraory impairment(although it

may reveal exercise induced desaturatmmsignificant cardiac arrythmia via peripheral pulse
oximetry). Despite these cawgs, the simplicity validity and familiarityof the 6BMWDmean it is

widely utilisedin both clinical ad research assessment pditientswith chronic respiratory

diseaseDue to theseaeasonsjt was feltimportant to include thesSMWDas asecondaryoutcome

measure in tisthesis.

1.4.2 Incrementalshuttle walk test (ISWT)

The incremental shuttle walk test (\Y) is avalidatedfield exercise testitilising anincremental
and progressive increase in walking speed similar to a traditgymalclasWo f S S Thete8 & G Q
requires a 10 m course and a precorded audio signal indicating the pace the individuasimu
perform thatlap.(163)The primary outcome is either the distance walked usually measured in
YSGNBa 2 NIftéskréachetiT eSS @ typically believed to represent a measure of
maximal exercise capacity and studie€i@PD populationsave identified good correlatiowith
H,peak(R=0.75-0.88)and 6MWD(164)horter walk distances canpredictboth risk of
readmissiofl65)andreducedsurvivalin patients attending pulmonary rehabilitatiqi66) The
ISWT has been validated in IPF patiemd hasgood correlation witthe 6MWD (R=0.81
p<0.0001) ané disease spdfic MCIDhas beerestimated at 3146 m(163)Advantages of the
ISWT over thé MWDinclude greater intetoperator standardisatioifidue to the prerecorded
audio que)and less influencef patient motivation Further performed with good effort the ISWT

stres®sthe individual to their symptonimited maximal performanceDisadvantages of the test
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include thatit has been observed to have a significkairning effectestimated at between 20

25m)and consequentlyt is recommendedhe test isperformedtwice (with the higher distance
test recaded)(167)Due to the requirement of a practicedtto 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 (ESWSTa standardised assessment of endurance capacity in
patients with chronic respiratory diseaseidperformed on a flat 10 m course and patients are
instructed to walk for as long as possibleagtercentage maximin pace(usually 7685%) of that
obtained during an ISWTmnakingthe ESWH test ofsubmaximal exercise capacifyhe primary
outcomeis either distance walked (m) or time (#)s the ISWThe pace required for the ESWT is
played on a praecorded audio ga to improve standardisation. The ESWAE been foundo be a
sensitiveoutcome measure toherapeutic interventiofl68)and hasanidentified MCID post
bronchodilator therapy in CORfatientsof 65 seconds or 85 1f169)However no currentMCID
exists forthis variable inPF.One further practical dvantage of the ESW3that it issimple and
relativelyin-expensive to performA potential disadvantage the test requires a prior ISWT
(which itself requires @ractice and validation testpecifically, with regard to its utility in
ILD/IPF, there is currently rebudies correlatig test performance to prognostaitcomeand
thereisno disease specifidCID 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) provideswanvasive means to measure the

integrated response of the cardiascularpulmonaryand musculoskeletalystensto the stress

of exercisdn a controlled laboratory environmenEPET is considered the gold standard for
evaluation of- Y A Yy R m&ima(delsyim@aém limited exercise capacit{l70)The

methodology for conducting CPET and dletadescriptors of CPET variables and the physiological
basis underpinning thensdiscussed iitChapter3.6. Here the utilityand validityof CPE&s an
outcomemeasure in IPF patientsill be discussedriefly,during an incremental CPEie
participantexercise®n an electremagnetically braked cyclergometertreadmill wearing a face
mask with gas flow sensor to enable bredtyrbreath analysigmetabolic cat), with

simultaneous 12ead ECG, nemvasive blood pressure monitoring and peripheral pulse

oximetry.Duringa cycle base@€PET ollowing a resting phas¢he participantexercisesat a
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predefinedincreasingvork-rate until maximal/symptom limited ex&ise capacity is reached.

CPETeasursanA y A R A @aximeidyrhpibin limitedexercisecapacity(maximal/peak

oxygen updateandwork-rate) and sustainable aerobiexercise capacityagaerobic threshold

[AT]) (seeChapter3.6for further definitionand discussion of CPET variapl8sudies

investigating the repeatability of outputs from CPET have demonstrated conflicting results.
Individual performance of the test maybe influenced by patient effiwe, timing of the test and
protocol usedin COPD studies the percentage withirbject variability of repeated measures of
tPpeak has been identified as smalb-efficient of variance (a ratio of the standard deviation
divided by the mean) between@®0(171-173)A study in patients with fibrotic ILD demonstrated
that although there wagood correlationin f,peakbetweenrepeatedtests (R=0.77) within
individuals there was moderately high inteest variability of 10.%(156)Althoughperformed by
patients withchronic hear failure, a study byBensimhoret al. provides an interesting insight.

The authors found although the mean cohort difference between repeated CPETs was small (0.02
ml.kg!.min? p=0.78), the mean individual inty@atient variability was 1.3 ml.Kgmin? between
tests(174)However, patients wergound to bejust as likelyto 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 effestablishedonsensus is that there

is no need for a practice baseline t@stclinical studiess any individual patient variability

observed is independent of a learning effeldbweverto ensurerepeatability thetest protocol,
procedure, timing and instructions given to the patient shouldiberouslycontrolledbetween

tests.(175)

A systematic review of the prognostic utility of CPET for ILD pedlist2020identified 13
studiesinvestigatingCPEVariables irpredicting diseasprognoss.(176)8 of these studies had
IPF patient cohortst K S | daimiq&nhNdi theow@rall limited quality of thestudies including
inherent issues withetrospective analysis, multiple outcome reportjraand limited
accompanying basele datawhich may have introduced bias widmyobserved associations
With respectto +ip,peak values obetween<8.3ml.kg*.min? to <14.2ml.kg>.min? have been
reported to predictincreasedmortality riskin IPF patients. Two of these studies were
retrospective(131, 177with one prospectivestudy by Vainshelboim et.atlentifying a cubff of
+fpeak <13.8 ml.kgmin? predicted reduced survival with an area under the receiver operator
curve (AUROC) of 0.731 p=0.3I8)Where the ARCC describethe probability ofaneffected
individual having a higher mieer value than a healthy individyaith an AURCCvalueof 0.5
representng no discrimination between groupmnd a value of 1 identifying a perfect
discriminator(179)Other CPET variables which have been identified as pregiofqoor
outcome in IPF include measures of ventilatimgfficiency and exercise induced hypoxia. With

respect to ventilatorynefficiencyvalues of betweerr36 and >45 for theatio of minute
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ventilation tovolume ofcarbon dioxidgroduction ¢ +§Q) at the AThave been identified as

conferring worse outcomé€180-182) Although defining an absdkel value to a given CPET
parameter such asfp.peakwhichaccurately identifies those with poor prognosgjuires further
validation putting thisevidence into clinical contextis reasonable to assume thatower
+Ppeak a higher degree of ventilaty inefficiencyand worse exercise induced hypoxaemia are
poor prognostic markers in IPF. Onerentdisadvantage othe utility of CPET as a tregpeutic
outcome assessment in clinical studies of IPF patientatghiereare limited studies for
compaison of effect Further there arao establishedVICIDvaluesfor CPET variables for patients
with ILD/IPF. Data for CPET variable MCIDs is avdialpatients with COPD and although the
mechanisms of exercise limitation differ between COPD andH&%e values could be used as
guide to assessing meaningful response to therapy in IPF patients until disease speciie data

available The MCID foan improvement irpeak workrate in COPD i4+1 Watts.(183)

Oneadvantage of CPET oude field-based assessments of exercise capacity discussed above
that it allows for direct quantification of patientsfp,peakand AT. The+fp,peakdefines the

highest oxygen uptakebtainedduringanincrementalexercise test anik a highly validated
assessment of physical fitness. The AT measuresf@habove which anaerobic metabolism
supplements aerobic metabolisduring exercis¢ Y R NBLINBE &Sy ida +y AyRSE
capacity forsteady state exercis@l.84)The assessment ahindividual® ATand+f,peak

(together with corresponding work/heart ratajso allows for accurate exercise intensities to be
determined In this thesi€CPET derived markers of physical fitn@sk and:fp,peak)are usedo
deliveranindividually prescribedtructuredrespmsiveexercise training programmier patients

with IPHfor further discussion se€hapter3.7).

A further advantage of CPET over field exercise tests is thaaldition to providing assessment of
the patienQ @eak and submaximal exercise capacity, through iratgmn of other
cardiorespiratory variables (S&hapter3.6for definitiong CPET allowisr anin-depth

assessmendf the pathophysiological mechanismontributing toexerdse limitation.

One potential diadvantage of CPET testiag a prognostic tl in IPHsthat it requires trained
staff to complete the tests and maintain equipme@PET utilisequipment that is relatively
expensive to purchase and maintaktowever the clinical use of CPET is now widespread
particularly in the field of periogrative medicin€l85)hencethe majority ofhospitalshave
appropriate equipment and trained staffurther CPEfBkes longer tgerformthan other field
exercise tegwith typically each CPET tag45- 60 minutes compared td.0-15 minutes for an
ISWT 06MWD. However due to the combination of the high validity of CPET outgpec(fically
AT andtfp.peak) as measures of exercise cajiggits ability to provide assessmeot the

mechanisms of exercise limitation, and the ability of CPET outputs (Adgapelak to be used to

25



Chapter 1
individually prescribe aaxercise training intervention, CPET was includedllzseline

assessment and secoay outcome measure in this thesis.

1.4.5 onstant work rate tests (CWRT)

Theconstant work rate test (CWRT) describdalmratory-based exercise test performed at a
predefined exercise intensity either on a treadmill or cycle ergometer with or without etpir
and expired gas analygimetabolic cart) The protocol used for the CWRT in this thesis is
described inChapter3.5.3 Recently, theCWRT has gained popularity as an outcome measure
following therapeutic interventionThe pimary outcome for symptom limited CWRT $inse.
Work-rates for symptom limited CWRTSs are typically set aB5% of peakvork rate/work-rate

at \Lopeakandthe testprovides a measure of submaximal exercise cap&tg)in a seminal
crossover designed RCT in pattsrwith COPDOga et aldemonstrate that inhalation of a
bronchodilator led to significdrincrease in FE\ompared to placeb@§l87)Further the
bronchodilator lel to asubstantially greater percentagmprovementin CWRTEompared to both
6MWDand tip,peak(percentage improvementt9% vs. 1% vs. 3%spectively). Subsegunt
studiesthen confirmed the utility of theCWRTasa highly responsiveutcomemarker to exercise
training interventions in COPD patierftis88)In a prospective observational studfa 18week
exercise intervention in patients witlPF (n=54)Arizonoet al. demonstrated that endurace time
on a CWRT at 80% of peak work rate improved by a significantly greater acooupéredto
Ppeak ISWT and 6MWD (percentage improvements; 181%, 7.6%, 9.1% and 6.0%
respectively)189)Further, n this studyat 10-week bllow-up, thecontrol group reduced
performance on the CWRT suggesting no significant leaefiagt to the test Furtherto this
regard,a large population studgf COPD patient$1=463) performingwo CWRTat 75%peak
work-rate 5 dag apart, demonstratd that although there was a significant difference between
test results(15! test - 7.88 mint 4.8 versu" test 8.44min = 5.1 p<0.001) thenean difference
between tesswassmall at only34 s(7% of baseline test performancg)90)The increased
sensitivity of the CWRT toehapeutic intervention compared to other exercise tests is explained
physiologically by the hyperbolic relationship between maxisustainableexerciseduration and

work-rate for submaximatonstant load exercisgliscussed itChapter3.5.3).

Onefurther advantageof the CWRT over incremental CPET testing is that as the test is commonly
performed at submaximal wérrates itmaybe better representative of the intensitpatients

with chronic lung disease use to perfotheir everydayactivities(191)A potential disadvantage

of CWRTis the lack of staslardisationof work-rates usedor the testbetween different
investigatorswhichlimitsthe compaability between effect sizddowever, arMCID forendurance

time following CWRMas been estimated in patients with COPD with improvements from baseline
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of X100 s (95%CI 6D40 s§188)or ¥33%(95% CI 1-88%)(192)correlating with significant

improvernrent in quality of life A further potentialdisadvantage of CWR®verfield based
exercise tests ithe cost of equipment anthe longer durationof the test which, although
dependent on the protocol used, is typically in the region of @6 minutes petest.(186)Despite
the caveats of the test the CWRT provides a controlled assessihsmbmaximakxercise
capacity Further as the CWRT has been shown to be more responsive to therapeutic
interventions than other assessmentsnay enable clinichl mearingful improvement in exercise
capacity to be ascertained which wouldvenot beenidentified had othe tests been used in
isolation For these reasorendurance timeon a submaximaCWRTwork-rate equal to 75% of
work-rate at+fp,peak) was choseras theprimary clinical outcome in this thesi®( further

discussion se€hapter3.5.3).

In summary multiple formal assessments of exercise capacity exist which can be perfiormed
either field or laboratorybased settings. Exercise capacity assessments in patients with IPF/ILD
provide valid assessments of functional impairment arel correated with healthrelated quality

of life. Poor performance on exercise capacity assessimeantindependent marker of poor
prognosis. The constant workte test was chosen as the primary exercise capacity outcome for
this theds as it provides controled and objective assessment of submaximal exe@gacity

Asthe CWRT &s been demonstrated to be more responsive to therapeutic interventions
compared toother assessments it may enable clinically meaningful improvement in exercise
capacityto be ascetained which would have not been identified had other tests been used in

isolation.

1.5 Exercise as a therapy for IPF

Exercisdraining as part of pulmonary rehabilitation (PR) is a core therapgdbents with COPD

with robust evidence supporig positiveclinical benefif(153, 193However the evidence for

exercise training in IPF is less establis{i&#)Despite this exercise training as part of PR is
recommended ag core treatment for IPF biMICEH195)Herethe currentevidencebags for

exercise training/pulmonary rehabilitatices a therapy of patients withPF iseviewed with focus

on the effect of exercise training on functional status and quality afAfeystematiaterature

reviewof randomised controlled trial datitled W9 F ¥ SO & 2F SESNODAAS (NI
fitness in interstitial lung disease (IKm)th narrative focus on the methodologyf the exercise

interventions of includedtudiesusing thefrequency, intensity, typeand training (FITT) principles
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relating these to the efficacy of the included studiesontained in Chapter 2 A summary table

of the individual studies included in thpsirposiveliterature reviewis containedin Tablel.5

A 2014Cochrane systematic review and metaalysis assessing PR in ILD was published by
Dowmanet al(194)This includedesults fromfour RCTgublishedin full text format Nishiyama
et al 2008§(196)Holland et al. 2008197)Jackson et al. 2014 10)and Vainshelboim et al
2014.(198)This review concluded that RRRILD was safe and let to small lalihically meaningful
improvements in exercise capacity, symptoms, and quality of life at immediatengestention
follow-up. However citicism of the RCTs included in this systematic review include small
participantnumbersin the intervention group(Nishiyama et al2008196)n=13,Vainshelboim et
al. 2014198)n=15,Jackson eal. 2014110)n=11) and methodological limitations including
insufficient blinding oflie assessorJackson et al. 20{#10)and Vainshelboim et 22014(198)),
selective data reportingvainshelboim et ak014(198) and incompéte outcome datgJackson et
al. 2014(110).

This reviewstimulatedan increasedesearch interest in the role of PR in ILD. In 204
Cochrane systematic review was updatsdDowman et aland a metaanalysisncluded. In this
update a furthereightclinical trials published as fiiltxt articles were identified199)Three
studies included in thiseview were assessed as low risk of lfidslland 2008L97) Dale
2014(200) and Dowman 200)4201)A common factor introducing bias included studieswas
insufficientlack of blinding of the assessorcimmplete outcome reporting and lack of robust
statistical methodology employed to account finopoutsfrom the intervention. This is
particularly relevant to studies of the longtarm effectsof PR/exercise trainingith one study

having a 40% dreput at 1-year followup.(202)

1.5.1 Safety of exercise training in ILD

In theirdiscissionthe review authors concluded thahalysesof these studiesevealedno safety

implications for PR in ILWhen interpreting thistatement,and therapy/drug safety as an

outcome in clinical trials in generd js important to highlight the limitdons in assessing safety

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

universallyaccepted? FR2 fa i Y RF NRQ ¢ SNB 0 & signallRpoxedents dtyidi SNBSSy A2y
risk to patientswith the Medicinesand Healthcare products Regulatory AgencyH¥) stating

ofor a medicine to be considered safedkpected benefits should be greater than any associated

NAaila 2F KI (R3FtH is okdidusly dperetedraeinterpretation both within the

clinical/scietific communityandthe patient population With individual patientswillingto accept

greater(or lessej risk when consideringshetherto take a medication/undergo a treatment
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which they understand to be potentially beneficial to theecond as isacommon limitationin

many RCTsione of the studiesncluded in the revievpublishedby Dowman wergowered to
determine clinical safetyRather sample sizes and any power calculations are estimated to
provide adequate sample site investigate the efficacof the intervention with adverse events
monitored as a secondary outcome measufence although no statistical difference in adverse
events(between intervention group and contraas recorded in anyfdhe includedstudies this
may represent a type Btatistical error (failure to reject a false null hypothespgrticularly as
important serious adverse events maybe infrequently occurenghencerequirea large sample
size to detect a statistically significant difference in prevalence between g@0g3This is
particularlyrelevant to the discussed studies in ILD which typically have small sample sizes.
Further t is important to considethat the cohortsof patients included in the studies does not
represent a truly heterogenous sampleth& wider IPF patient populatioffo enter a clinical

trial, it is necessarfor a participanto meetall of thestudy inclusiorcriteriaand not meet any of
the study exclusion criterid&or example, the largest RCT to date by Dowman et al. excluded
patients with concomitant significamespiratory disease and as smoking is a risk factor for IPF
coexistence of emphysesrwith IPF iscommon cemorbidity. These restrictionsnadhe typesof
patients recruited to clinical stuéshence limit the generalisability of any inference on the safe

of the intervention to the wider population of patients withD/IPF

1.5.2 Efficacy of exercise training in ILD

Within their meta-analysign=585)Dowman et al. identifghe commoneffectsize at immediate
follow-up of PR on 6MWIn ILD/IPFRas+40 m (95%1 3347)(199)This is greater thathe
reported MCIDfor IPF of 2245m.(157, 158)ourincludedfully-publishedRCT$197, 198, 200,
202)utilisedincrementalCPERSs an outcome measute assesgmprovement inexercise
capacity with meta-analysis of immediate followp outcomes foall ILD (n=159) and IPFE=@2)
revealing a common effect size estimatelLD and IPF patients respectivelypgfakwork-rate + 9
Watts (95%CI-62) and +10 Watts (96CI 613) andtfpeak +1.28 ml.kgmin? (95%CI 0.2.1)
and +1.45 ml.kgmin? (95%CI 0.2.4).Although no MCID for peakork-rate for ILD/IPRpatients
is currently availablghe magnitudeof theseimprovemensis above the MCIr this variablen

COPDpatientsof +4 Watts(183)

Meta-analysis (n=478) of the effect of PR on headtlated quality of liff HRQL#ssessed blgoth
G§KS { 0o DS2 NBESithaairdNSGRENdNRrdhi2 iedpiratpriaisease questionnaire
(CRQk¥core revealed a common effect size estimateéS&RQ total scoidigher scores indicating

worse health statepf -9.3 points (95%C11 to-7) andon the four domains of the CRlower
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scores indicating worse health stat&)+0.68 pointgdyspnoeadomain) +0.66 pointgfatigue

domain) +0.63 pointgemotion domainjand+0.67 pointymastery domain)The effect size for
these changes being clinically meaningful and greater than themattd MCID for both th&GRQ
total score br IPFof 4-8 points(205, 206)and+0.5 foreachCRQ@omain(207)Further analysis of
availableevidence (n=140) revealed thsignificant positiveeffecton healthrelated quality of life
IS maintainedat longer termfollow-up (>6months)SGRQ@4.9 points (95%GC8 to -2) in aralysis
for all ILB3 but notin subgroup analysis folPF (n=89)3.4 ponts (95%Ci7 to +1).

Thelargest RCTassessinghe impact of exercise training ILDto datewasperformedby

Dowman et al.this study included 142 participants with a varietyldd$ (IPF n=61, asbestosis
n=22, CTBLD n=23, other ILD n=3@01)Following arB-week twiceweeklystructuredexercise
intervention(seeTablel.5 for detaik), significat improvementwas observed iboth 6MWD
(+25m95% CI 247m)and HRQISGREPFTotal Score5.8 points95%C19.7 to-1.9). Using

multiple regression this group identified that at@ek followup patients with wors&MWD at
baseline showed greater impvemert, for each 1dm improvement inbaseline6MWDthe
improvement in 6MWD observed declined by 1.4rhis finding is in agreement with previous
non-controlled studieg208, 209however other norcontrolled studies have identified those

with lessimpairmentin baseline exercise capacingnefit mos from PR(210, 211 However & 6-
month follow-up, using stepwise regression analysid3owman et alidentified those with beter
preservedung function and less pulmonary hypertension had greagestained
improvement(201)Criticism of this study is that the magnitude of the improvement inGN&ND

is smalland at the lower end of theange for the MCID for this variable dt-25m,(154, 157)with

up to 50% of patients with IRtot achievingan MCID improvemen¢212)Further only 66% of
patients completedhe programme withthe pre-specified adherence of attendance at 12 out of
16 sessionssuggesting thathe training programmautilisedmay have beedlifficult to

accomplish for all ILD patient®nefactor contributingtol KA & Yl & KIF @S 0SSy GKIFG (GKS
estimated participants exercise intensities fealking and cycling exercsom their 6MWD
usingstandardised formul#213)Althoughthese formulaeéhave been validated at a population
level, they may be inaccurafer individuab.(214) This may have led to inaccuracies in the training
programme prescripton whic® 2 dzf R K| @S O2 y i NRA ohdméreeRr (2 LI GASy(GaQ Lx

Afurther RCby PerezBogerd et alin 2018included 60 participants with ILD, 14 of which had
IPF(202)This study dmonstratedsignificant improvemenat 1-year followup in the 6MWD
following a6-month structured exercise training programmey@ar mean increase intervention
vs control;6MWD=+73 m p=0.002 peak work ratemaxpredicted =+23%, p<0.00and SGRQ
Total scorell points p=0.002).
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Data fromnon-randomisedstudiesinvestigating the effect of exercise training in ILD/IPF

demonstrate benefit irboth case controlled208, 210)and retrospective studie®09)In a large
retrospectivestudy Ferreira et alidentified 6MWDimproved by a mean of 56 m p<0.001
following 68 weeks of pulmonarrehabilitation(209)Further patients with poorer baseline
characteristics demonstrated greatest improvemesdawever his is in contrast to a prospective
single cohorstudy by Kozu et alvhich identifiedthosewith milder diseasdad greatest
benefit.(215)Further insight intdhe longerterm effects of exercise trainingn patients with ILD
is available from Ryerson et@08)These authors condted a prospective singlarmed multi
centre cohort study of 54 patiestvith ILD (22 with IPF). FollowingBéveeks of aerobic exercise
individually tailored to participant6MWDand disease severitgMWDimproved significantly
(+57.6m [95% CIl 40275.1] p<00005). Further at énonthsfollow up 6MWD was maintained at
49.8m above baselineHowever as 11 patients (22%) did not attenthénth follow-up there is
significantrisk ofbias in the observation and risk of tyfiestatistical errorristakenrejedion of a

true null hypothesis).

In a large (n=701) multentre retrospectivestudy Guler et alidentified that patients who
improved 6MWDfollowing PR subsequently had a lower risk of death or lung transplant, when
correcting for baselin6eMWD, age, ard gender at 3years (HR 0.94216)This finding is exciting
as itsuggessthat improvement in exercise capacity translate improvement in survival

outcomes however they require validation in a dedicated prospectiveystu

The abovestudiesdemonstrate that there is moderate evidence for the benefipafmonary
rehabilitation onlPF/ILDon exercise capacity, symptopamd qualityof life at shortterm follow-
up. Although the evidence is more limited these effectsegro be maintained at longgerm
follow-up (6-12 montts) in patients with ILDHowever, the results of studies of lobgrm
outcomes should be interpretedith caution dueto the often highdrop-out rates of participants.
Thelack ofevidence demonstramg significantongterm positiveeffects inpatients withIPFmay
reflectthe more progressive nature of IPF compared to other-tiéia ILDs$Hdoweverdue to the
smaller samples sizes in sgtoup analysis it is important to consider the risk ¢fjee 2

statistical error(failure to reject a false null hypotheyaffecting theg analyss

The above discussed studies typically employed continuous aerobic exercise tfaimingecent

crossover desigrpilot studies have explored the feasibility sihglebouts ofcycleergometer

basedinterval trainingin patients with ILIusing incremental CPET to prescribe exercise intensity

Wickersoret al.compared 20 minutes alternating 100% peak wiate with 30s total rest, to 20
minutes continuous exercise at 53%ak workrate in 9 severe ILD patients awaiting lung
transplantation.(217)WhereasDowman et alcompared 3 exercise strategies; 1) alternating 30 s

intervals of 100% peak worlate and total rest, 2) repeating intervals of 2 minutes higlemsity
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(80% peak workate) followed by 2 minutes moderate intengif40% peak workate), 3)

Constant exercise at 60% peak waoake, in 9 patients with a range of ILD severity (mean FVC%
predicted 66%+17).(218)Both studies concludkthat high intensity intervalsvere safe and
feasible in their study populations ancbmpared to continuous trainingntervatbased training
mayleadto a partial &enuation in exercise inducedesaturation(althoughthis did not reach
statistical differenceat end exercise in either studyA.further study by Nikoletou et al. published
as a conference abstract idengifl that in 23 patients with ILD anrvBeek highintensity interval
training was feasible and nenferior to continuous moderate intensity exercise, however detalil
of the type and intensity of exercise are not publistfgd9)These small studies demonstrate that
single boutof interval base exerciseare safe andeasille in moderateand severe ILD
populations,and this type of exercise may induce ldssaturation. However, the feasibility and

efficacyof anintervalbasedexercise programme in ILD/IBRtientsremains urlear.

The above studies demonstrate that exercise training is sgfatiants withIPF and leads to short
term improvement in exelise capacity and quality of life. Thangerterm effect of exercise
training in IPF remains uncertai@urrent sudies of exercis training in IPBypically utilise
continuous aerobic exercigeining with limited accurate tailoring of the programmesthe
AYRAGARIZ £ Qa OF NRA 2 @ I-rat©mahitorMd of woikté grescrigiiang g1 & 2F KS| |
Detailed evaluation athe exercise training prescriptisutilised in RCTs assessing exercise
capacity in ILD/IPF and correlating this toithedficacy would provide insight ito how bestto
prescribe exercise trainirig future RCTs and standard clinical care for patients WiEHPF All

but one of the RCTSs to date of exercise training in ILD/IPF have utitisiduous based aerobic
exercise traininggrogrammesas is commonly employed for patients with chronic obstructive
pulmonary disease (COP(@p3)As a consequence of differing disease pathology, patieitts w
IPF/ILD are more prone to exercise induced desaturation, especially in the early stagess of the
disease, compared to patients with CO@D)Henceit may be thatpatients with IPRre less

suited thanthose with COPEb continuous moderate intensity exercis&lthough the discussed
two recent small studies have tested feasibility of single bouts of interval training/iPHZ17,
218), further research is required tascertainfeasibility and efficacy of interval training

programmein patients withIPFE(220)
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Summary table obackground literature reviewof evidence base for exercise frang in interstitial lung diseaseSVC=slow vital
capacity, EG= Exercise Training Group, CG= control grouptime to symptom limitation(UCSD) University of California San Diego shortness of
breath questionnaire saes. *Severity presented as Me&VC% and T&o predicted for participants in studydrticipantsin ETGonly for RCT studigs

Authors Study Design| Population and Exercise intervention CPET Adherence| Primary Outcome Other outcomes
severity*
Holland et al. | RCT n=57 ILD F 8week twice weeklyl: Walking speed Yesn=53 at 80% 6MWD at 9weeks | No difference
2008(197) CG=no (IPF=34) 80% of max. speed at baseliGBIWD. baseline, n=8 +34m Hpeak EGvs. GC
intervention ETG=30 CG=27 | Continuous exercisd: 30 minutesT: at f/u (95% CIl ®4m) No significantdiff.
FVG77% Walking or statioary cycling + 6MWD EGvs. GC at
Tle=50% resistance training 6-months
Nishiyama et | RCT n=30 IPF F 10week twice weeklyl: walking Yes, in some | Not 6MWD at 10weeks | Change ireMWD
al 2008 CG=no ETG=13 CG=15 | speed 80% of basak 6 MWD, 80%eak | patients specified | +46m (95%CI-84) | and SGRQ at 10w
(196) intervention FVC=66% WR cycling if CPET dofie. details not p<0.05 correlated r>=-0.43
Tlee=59% undocumented.T: Treadmill walking, specified p=0.02
stationary cycling + resistant®ining
Ferreira et al. | Retrospective | n=113 (IPF=50) | F:6-8 weeksjwo-three times weeklyl No Not Unspecified 6MWD+56m
2009 No FVC=62% not specifiedTY WSy RdzNJ y O specified p<0.001 following PR
(209) comparator Tle=40% and respiratory mude training, not programme.
specified further.T: 2-3 hours each Significant
session improvement in Borg
Score and UCSD.
Holland et al. | Prospective n=44 (IPF=25) | As Holland et al. 2008 No 86% 6MWDat 9weeks | Greater inrh 6MWD
2012 cohort FVC=76%* increased in IPF an| in those with higher
(211) No Tleo=49%* non-IPF patients FV@b r=0.49 p=0.01
comparator *IPF patients +21m (SD 58) and
+43m (SD 56)
respectively
Ryerson et al. | Prospective n=54 (IPF=22) | F 6-9 week twie weekly observed No 93% 6MWD post PR Sustained of
2014 cohort FVC=69% exercisel: Continuous aerobic exercise +57.6m 6MWDat 6 months
(208) No Tle=47% I Af2NBR (2 AYRAOQ (95%CI 4Q'5) +49.8m (95%CI 15
comparator specified.T: walking, statiecycling p<0.001 85m) p=0.005

resistance trainingTl: 20-30min/session
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Authors Study Design | Population and | Exercise intervention CPET Adherence| Primary Outcome | Other outcomes
severity*
Vainshelboim | RCT n=32 IPF F 12week twice weeklyl: wak speed | Yescall 94% 6MWDat 12weeks | iy in peak W¥and
et al. 2014 CG=no ETG=15 CG=17 | 70-80%6MWD, staticcycling 5660% participants +81m (95%CI 39 | peak+BETGvs. CG;
(198) intervention FVC=66% peakWR Interval training 5min exercisg 124) p<0.001 0.25L p<0.001 and
Tle=64% 1min rest. Progression at 6 weeks to Hxpeak +2.6ml.kg | 11.6L p<0.001
20min continuous exercise treadmill Lmin? (95%ClI 1 respectively
walking, static cyclingstair climbingT: 4.1) p=0.002
60min, treadmill walk(static cyck/stairs
Jackson etal. | RCT n=24 IPF F 12week twice weeklyl: continuous | Yes-all 79% 6MWD at 3 b Tumat 50W CWRT
2014(110) CG=no ETG=14 CG=11 | exercise 6680% age predicted max. HR participants months. No from 184s to 302s
intervention FVC=61% TT. 20min treadmill walking, 10min significant p=0.036 in ET group
Tle=60% static cycling, 30min strength and difference. not achieving steady
flexibility training. state
Dowman et al.| RCT n=142 (IPF=61) | F 8week twice weekly + up t8x No 66% 6MWDat Week.9 | No significant
2017 CG=usual carg ETG=72 (PF=32)| weekly hone sessiond: continuous +25m (95%CI-2 difference in 6MWD
(201) CG=68 (IPF=29] exercise walking at 80% peak walking 47m) p=0.03 between groups at 6
speed6MWDand cycling at 70% max. Sub analysis for months.
WRestimated from6MWD. TT. 30min 6MWDin IPF: +31m
(15 min waking, 15min cyéhg) (95%CIH5 to 66)
PerezBogerd | RCT n=60 (IPF=14) | F 3-month three times weekly, then-3 | Yesall 67% 6MWD at 6months | 6MWDat lyear
et al. 2018 CG=usual carg SVC=76% month twice weeklyl: continuous participants +72m (95% C1 36 | +73m (B%CI 28.18)
(202) Tle=45% exercise, walkingta’5% maximal speed 108) ETGvs. CG group
6MWD, cycling 60%eakWR, % predicted peakVR
progression to 110% walking speauald  at 6month and
85%peakWR based on participants lyear+19%(95CI% 8
perceived effortTT. total 90min each 29) and 23% (95%ClI
session. 30min each of statiycling, 10-35) respectively
treadmill walking, stair climbing,
resistance training
Jarosch etal. | RCT n= 53 IPF F:Inpatient 56x weekly for 3 weeks Yes for 97% 6MWD at 3weeks | 6MWD 3 months no
2020 CG=usual carg ETG=36 I: 60%100% peak WR Boxrgd/10. baseline +61m (95%CI-82) | significant difference.
(221) FVC=74% T:static cycling and resistance training| exercise
Tle=44% T: 15min aerobic 15min réstance prescription
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1.6 Summary hypothesis and aims

IPF isonsideredthe prototypic progressive fibrotic lung diseageespite advances @ntifibrotic
therapies therdsno cure andhe average life expectancy from diagnosis remaidsy2ars
Progressivalisease igharactersed byincreasingoreathlessness and exercimitation and there

is a clear unmet need for interventions which improve patients symptoms.

Evidence suggesthat the exercise limitation experienced by patients with IPF is multifunctional
in naturewith impairment in therespiratory, cardiovascular rad peripheralmuscle systems all
apparent Cardiopulmonary exercise testing (CPET) provmasst assessmerdf physicalfitness
and outputs from CPE$gecificallyAT andtf.peak) can be used to faitdte the provisionof an
individually prescribe@xercise training programme. Previostidiesin patients with IPfhave
identified that CPET Isoth safe and feasiblen this patient grouand that its outcomes have

prognostic value.

Pulmonary rehabildtion, an interventionwhich includes structured exeise trainingis
recommended in nationadnd internationalguidelines for patients with IRKith evidencethat it
leads to shorterm improvements in functional status and quality of lifespitethese
recommendationghe evidence reviewed in this chastdemonstrates that the individual
responses to exercise training are variable andent exercise training strategies may not
provide the most effective/efficiengxercise trainingtimulus for each individual. Further the
mechanisms underlyintipe training response in patients with IP#d whether focused targeting

of these could further increase clinical bengfémain uncertain.

There is a neetb further investigatethe positive effets of exercise training in IPF atadbetter
understand the mechnism(s) undeying any positive training responsghis greater
understanding ould enable thedevelopmentof individualisedexercise training strategies
providing optimal symptomatic benefifor IPFpatients whichultimately are availableas part of
stardard clinical careThis thesisnvestigatesa CPET deriveitdividually prescribed exercise
training programme in patients with IPFhe effect of the exercise training programme on
exercise capacity, symptoms and quality of life is evalua@&EBnd venous blood sampling are
used to investigate the physiologifisibchemicalmechanism(synderlyingexercise limitatiorand

any positiveexercise training response
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1.6.1 Null Hypothesis

The nullhypothesisunder pinninghis thesiswvasthat an individualise 8-weekinterval based
structured responsive exercise training programr8&ETHN patients with IPFloes not lead to
significant improvemerstin either exercise capacity, symptoms; quality of life Further that the
SRETRoes not have anpositiveeffects on the physiologicahnd'or biochemicalmechanisms

limiting exercise capacity in patients with IPF

1.6.2 Aimsand objedives

1) Tocriticallyevaluatethe design othe exercise training strategies usedguablishedRCTs
of exercise training ipatients wih ILD/IPF
The Aim 1 objectivgaddressed in Chapte)) @ereto
i.  Design andanduct asystematicreviewof the relevant literature
ii. Describe and analyse tlexercise interventions of included studiesing the
Frequency, Intensity, Time and Tyel.TT) principles

iii. Relate the efficacy of included studies to their interventibaesign

2) Toinvestigatewhether an 8week twice weekly SRETBRs anyeffect onexercise capacity
symptons and quality of lifein a cohort of patients with IPFFurther to asses the
feasibility and adherence to the SRETP and motiiesafety of theinterventionin this
patient cohort
The Ain objectivegaddressed in Chapte)) @ere to:

i.  Quantify any effect of the SRETP tire primary and secondarglinicaloutcomes
assesseat baseline and Week 9 following the SRETP
ii.  Monitor the reasons for study withdrawal/necompletion
iii. Quantify adherence to the SRETP, with good adherence definesk7s%
prescribed SRETP sessions completed.
iv.  Monitor the safety of the SRETP daoutcome measwes including any study

related adverse and serious adverse events.

3) To investigate th@hysiologicahnd biochemicainechanisms othe exerciseraining
responsdn patients with IPF
TheAim 3 objectivegaddressed in Chapter 4 anjiviéere to:
i.  AnalyseandcompareCPETerived exercise capacity, respiratory and

cardiovascular parameteet baseline and Week 9 following tISRETP.
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Analyse and companghole-body redox statusn the IPF participants to age

matched controls botipre- and postCPET

Quantify anyeffect of the 8weekinterval based individually prescrib&RETP on
whole-body redox statusn the IPF participants
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Chapter 2 Systematiditerature review: Effects of exercise
training on cardiopulmonary fitness in interstitial
lung disease (ILD)

2.1 Reviewsynopsis

Interstitial lung disease (ILD) describes a heterogeneous group of inflammatory and fibrotic lung
diseases with significant morbidity and mortalffy).Progressive exercise limitation and functional
impairmentare key featues of advancing ILD. Exercise training is recommended as part of
pulmonary rehabilitation (PR) for patientsgth ILD/IPF in guidelines issued by NIOE)following

a small number of studies demonstrating that it improgbsrt-term functional statug194)Since
publicationof these guidelinethere has beeraccumulatingesearchintered into the effects of

exercise training in ILD.

Using Preferred Reporting Items for Systematic Reviews and-Aedysis (PRISMA) guidelines
(222)the aim of this systematic réaw wasto updatethe currentevidence base fahe effect of
exercise trainingn cardiopulmonary fitness ipatients withILD This review pays specific focus

to the methodology of the exercise programm@sndLJ: A &lyeifedc@tahem) in relation to

the studies efficacat improving physical fithessThe methodology of the exercise programmes is

discussedising the Frequency Intensity Time and Type (FITT) prin¢#8%

Thisreviewwasregisteredon PROSPER#N international database of prospectively registered
systematic reviews in health and socialedrotocol registration IBCRD42021229246

registraion date28" November 2020

2.2 Methodologyoverview

Population of interest; Adult interstitial lung disease
Intervention¢ Sructured exercise training

Comparisong Sandard care/norexercise interveribn (e.g.,psychological and/onutritional
advice)

Outcome¢ Exercisecapacity
Types of Studies Randomisedontrolled trials
Publication date; Any
Context/Locatior, Worldwide
Language; 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 toPF, norspecific interstitial pneumonia, chronic
hypersensitivity pneumonitigsbestosis, sarcoidosis and connective tistisea related ILD. IPF
is considered the model @fprogressive fibrotic interstitial lung diseagk).Advancing ILD of any
type is characterised by progressive exercise limitation and functional impairibespite
advances in aifibrotic therapy for patients with idiopathic pulmonary fibrosis ((8) 80)and
non-IPF progressiviibrotic ILO75)thesetreatmentsonly slow, and do ndtalt, disease

progression

The mechanisms of exerciBmitation in patients with ILDPFare multifactorial and include
ventilatory restriction, cardiovascular impairment and diffusion limitation (Seapterl.3for full
discussion)37)Due to thesegathophysiologicabrocessepatients with ILD have a propensity to
desatuate onexertion early in the diseas€&urther patients with inflammatory ILDsaybe

prescribed corticosteroids or other immunomodulating drugs which can cause medication related

myopathy which further negatively impacts on patientsility to exercise.

2.3.2 Descrigion of the intervention

Structured exercise training can be defined as a specific planned and goal orientated physical
activity programmg223)For the purpose of this review an exercise interventiasaonsidered
WA G NHzOG dzZNBR SESNDAASQ AT Al Exereisk with dethout2 ¥ F y e T2 N

additionalresistancélexibility training.

Control groupsvere predefined agatients randomised to receive either no intervention,
psychological suppaoraind or nutritional and dietary advise without an exercise component, or

standard care (ectudingattendance at pulmonary rehabilitation during the period of the RCT).

For all included studies the exercise interventisdescribed using the Frequency Intensity Time

and Type (FITT) principl€223)Where FITT described the:
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Frequency: Themumber of sessions, episodes bouts of exercise per week
Intensity: The work rate, effort levebr metabolic demand of aerobic exerci€guantifiable by
several means including heart rate (HR), rate of oxygen consumgfiph (ating of perceived

exetion (RPE), workate (Watts) or walking/running pace atat slopeof incline.

Time: The duration of each individual exercise session in minutes and duratiory efkercise

intervals during that session

Type (modality): The mode of exercif@eg.,aerobic or resistance trainin@nd the form in which

it was performede.g.,static bicycle, treadmill walking/running or shuttle walking/running

2.3.3 Whyisit important to do thisreview?

A Cochrane systematic review of pulmonary rehabilitatiolDpublishedin 2014 concluded that
exercise training was safe for patisnvith ILD and led to small but significant improvements in
short-term exercisecapacity, symptoms and quality of lif#94)However thigeview included

only four randomised controlled trials and these had several methodologgmahtions including
small study numbers of patients and unblinding of the assessor. Since this systematic review was
publishedthere has been increased research interest into the effects of exercise on functional
status in ILD antam aware of a large RCT published by Dowman déealonstrating that
exercise training led to a small (mean difference +25 m in 6MWD) but significamviempent in
short-term exercise capacity in patients with IZD1)Howeverthe magnitude of this
improvementis close to thdower endof the minimum clinically important differencéCID of

the 6MWDfor patientswith ILDof 22-45 m(154, 157)and further only 66% of patients achieved
the predefined minimum adherence to the interventiddence suggesting that the exercise

programme may not have been sufficiently optimisedraximal individual patient benefit.

This reviewupdatesthe current eviderebasis forthe impact of exercise training on patients with
ILD.Focusds placedon providing detailed description of the exercise intervention using the FITT
principles.Detaled 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 inégtimal
prescription of exercise therapy durifigture RCTs anstandardcare pulnonary 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 followedhe PRISMAjuidelines for performingystematic literature review$222)
Included sudieswere randomised controlled trialRCTsgomparing structured xercise training
(seedescrigtion of Intervention) comparedo a control group (sedescription of Intervention.
Review articles, editorialand articlesnot publishedin Englisiunlessan English translatiomwas

availablg were excluded.

2.4.1.2 Types of paicipants

Studiesincluding alults over aged 18 years, withDas defined by the study investigatosgre

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&as6-minute walkdistance(6MWD) in meters The 6MWDwas
chosen as the primary outcomasit iswidely (almost universally) reported in research studies
investigating exercise capacity in (LB4)and isacommonlyused test in clinical practiogith a
recognised MCID for patients with 1(Th4,157)

2.4.2.2 Secondaryutcomes

1. Other direct/indirect assessments of cardiorespiratory fitneassessedby laboratory

and field-based exercise tests

I.  Incrementalcardiopulmonary exercise teSCPE) Regarding CPET the following outputs
were evaluated
a. Peakvolume ofoxygenconsumption £f,peak expressed as nkigt.min or

Lmin? obtained during incrementaCPET.
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b. Volume of oxygen consumption at anaerobic/lactate threshélf) €xpressed as

ml.kg*.min? or Lmin?

c. Peak Workrate (Watts).

d. +§ Q. The ratio of the minute ventilatio@tg Lmin™) to volume of carbon
dioxide production£fQ, Lmin?) expressed at eithehe AT ortfpeak, or as
the slopeof the relationship s reported by the authojs

e. Peakminute ventilation (peak+g L.min?)

II.  Constant workrate testtime to symptom limitation (T,») minutes/seconds as reported
by the study authors
lll.  Incrementalshuttle walk test (ISWT{).
IV.  Enduranceshuttle walk test (ESWTin).
V. Physical Activity monitoring either as an
a. Exercise diarvyalidated physical activity questionita

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 fostudies

2.5.1 Electronic searches

Electronic searchesere performedusingOvid® (Ovid Technologies Inc., New York, NY, USA),
incorporating Ovid Medlif&US National Library of Medicine, Bethesda, MD, USA), Ovid

9 YO0l &s uerin, Philddiephia, PASA) andie Cochrane Library (John Wiley and Sons Ltd
Hoboken, NJ, USAin the 239 of November 2020The reference lists of relevatéxtbooks,

included and excludestudies and related review papensere handsearched for qualifying

studies Searchesvere reviewed for qualifying futext articles until 24 September 2021
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2.6 Data collection and analysis

2.6.1 Selection of studies

Dr Katarina Pontoppidan (KP, acknowledged) anddpendently inspe&d citations from the
searches anddentified relevart articles for inclusion or exclusioAny dsputes vereresolved by

consensus betweelP and following review of full text articles.

2.6.2 Data extraction and management

Dr Ben WelhaniBW,acknowledgedand Iperformed data extraction ora standardisedprepared
simple data extraction document which inclutléetails ofthe study setting; study population
and participant demographicand baseline characteristics; details of the intervention and control

conditions study methodology and information for asssment of the risk of bias.

2.6.3 Assessment of risk of bias in included studies

BWand lindependentlyassessedIbincluded studiesor internal validityusing therevised
Cochrane rislof-bias tool for randomised trials (R&B short versio(224)(AppendixA.5). These
criteria are based opvidence ofassociations b&teen potential overestimation of effect and the
level of bias of the artiel Withthe risk of bias judged as ¢ise 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 datd) dueto measurement of the outcomend 5)
selection of the reported resultnter-revieweragreement for overall risk of bias assessment was

calculated using Kappa statistics.

2.6.4 Assessment of reporting bses

Assessmenof selecting reporting biawasdeterminedby assessing whether a trial was
registered on a trials registry, whether a prototald beenpublished, or the method section of
the study report providd a list of outcome measures. Thesere compared to thereported

outcomes in the results section of the study report.
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2.6.5 Data synthesis

A narrative synthesis of included studigas performedstructured aroundhe type of exercise
intervention used applying the FITT principléee study pgulation characterists andoutcome

measures used.
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2.7 Reslts

The database search straiegare shown inAppendixA.1 andA.2. After removal of duplicate
(n=2371) a total 0f8372 candidate titles and abstracts were screened by the imaependent
reviewers (KRndTW). 8302 articles were excluded on title and abstract screening as they did not
meet all inclusion criteria, witfi0 references remainingp bereviewed in full text form35

candidate articles were excluded on full text ewi One included conference abstragts

published as a fullext article after completion ofhe data-base searche§.herefore, in total

thirty-six articles comprising @0 conference abstracts and ull text articleswere included in

the final data amlysis. The 36 included articles refgal the results of 17 separate clinical trials.
Systematic review PRISMA flow diagraigure2.1.(222)
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Figure2.1 Preferred Reporting Items for Systematic Reviews and Métaalyss (PRISMA)

flow diagram for this systematic review
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2.7.1 Includedstudy characteristics

Thirty-sixarticles all of whichreported RCTsmet the inclusion criteria for this systematic review.
These articles reportethe results ofseventeerseparate clinical trialall of whichwere RC$
(sixteentwo-arm RCTs and one three arm REHfou et al2020(225). To prevent duplication of

effect size from multiple study reports of the same clinical teal] to enhance readability,

included aricles which reportesultsof the sane clinical trial are referred to byunifying study

aliaso KSNB I T3 SNJ NB TS NaskofowsMWewd 2005226, 2a7)Rdéland (G dzZRA S & O
2008197, 228)Nishiyama 2008L96) Menon 2011229, 230)Dale 2014200)Jackson 201410,
231-235), Vainshelboim 2014198, 236241), He 2016242) Shen 2016243) Ku 2016244)

Dowman 2017201) PerezBogerd 201802, 245, 246Naz 201847) De Las Heras 20(®48,

249) Lanza 201@50) Zhou 202(225) Jarosch 2020221, 251, 252)or afull list ofincluded

articles seAppendixA.3 Systematic review list of included studies

Thirteenstudies were pulished as full text articlegolland 2008 Nishiyama 208, Dale 2014,
Jackson 2014, Vainshelboim 20He 2016 Ku 2016, Dowman 2017, Per@ogerd 2018Naz
2018,De Las Hexs 20197hou 2020Jarosch 202Pand four were availableonly asa published
conference abstrac{Wewel 2005, Menon 2011, Shen 2016, Lanza 2018ble2.1 summarises

the study design of the included studies.

All studies reported outcomdmmediately aftercompletion of the intervention (at 9 eeks 3
months,or 6 monthg with 7 studies reportig longerterm outcomes after an intervention free
period, 3-6 months(Holland 2008 Dale 2014Dowman 2017 PerezBogerd 2018De Las Heras
2019 Zhou 2020and 11 months(Vainshelboim 201
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2.7.2 Participants

Thesample sizeof included studies ranged from 1B12 participantsvith a mean (SD) sample size
of 47 (32) and median (IQR)f 34 (2859). 7 studies included patients with a range of IL(B&wel
2005 Holland 2008 Menon 2011 Ku 2016 Dowman 2A.7, PerezBogerd 2018De L& Heras
2019, 1 study includd onlypatients withasbestos/dust related chest diseafi@ale 2014, one
study includednly patients with stage 3 or 4 sarcoidogiéaz 2018, and 8 studiesincluded only
patients with IPENishiyama 2008 Jackson 204, Vanshelboim 2014He 2016 Shen 2016Lanza
2019 Zhou 2020QJarosch 202). 2 studieshad subgroup analysis for patients with (Pfelland

2008 Dowman 2017. Themean (SD3ample size of patients with a diagnosis of IPF (incluéiRg
only studies and thoseith sub-group analysis for IP®jas32 participants(17) range25-62.

All but one of the studiemcluded male and female participantsith the study byDale 2014
includingonly males The mean age of participanf® study ntervention arns) rangedfrom 59 to
70 years(two studies did not report participant ag@/ewel 2005 Menon 2011). Paticipants in
the included studiegenerally hadnild to moderately impaired lung functioat baselinewith the
mean FVC%redictedrangingfrom 5277% and raan Tkdb predicted from 452%

2.7.3 Types ofintervention

Allthe included studies compareskercise training to notervention. One studyZhou2020)
compaedthree groups, exercise training valmonarydaoyin(a traditional Chinese s&d
medicine including mditativetechniques) vs. no interventioonlythe comparisons between
exercise training vs. no interventidrave beerincludedin this review In 14 studies the
intervention was delivereg@rimarilyasan outpatient programme.n two studies the intervention
was purelyhome-based Wewel 2005 De Las Heras 20)18@ndin one study delivered as an
inpatientprogramme(Jarosch 2020 The study bype Las Heras 201%edatele-based
methodologywith virtual training supervisioto delivera directly supervisethome-based
intervention.In 10 studies the intervention was limited texercise training alon@Vewel 2005
Holland 2008 Menon 2011 Dale 2014 Vainshelboim 2014He 2016 Shen 2016Naz2018
Lanza 2019Zhau 2020. In the remainimgy 7 studies exercise trainingasincluded within a
multimodal pulmonary rehabilitation interventiomnterventions supplemental to the exercise
trainingincludededucational sessiondl{shiyama 2008Jackson 2014<u 2016 PerezBogerd
2018 Jarosch 202)) nutritional advte (De Las Heras 2019arosch 202)) occupational therapy
(PerezBogerd 2018 optimisation of medical carel@rosch 202Dandpsychologicasupport
(PerezBogerd 2018Jarosch2020. In 4 studies participants in the intervention grougne

instructed to follow assupplementahome-based exercise programnweéhich rangedrom an
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additional2-3 exercisesessiongper week (Holland 2008 Jackson 2014<u 2016 Dowman 2017.

The studyinterventions are summarised ifable2.1. Below is alescriptionof the characteristics

of the exerciseinterventions included in each study using fheequency, Intensity, Typand

Time (FITT) principlel the 4 studiespublished as conference abstra¢@ewel 2005, Mena

2011, Shen 2016, Lanza 20Q1ignited information on the exercise intervention was available. In 3
studies Dale 2014Dowman 2017PerezBogerd 2018 additional detail on the exercise
intervention was provided in online supplementahterial For the puposes of this discussion

unsupervised supplemental horiEsed exercise programmes are not discussed.
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Table2.1

(sarcoidosis, granulomatous polyangiitis), Ll@Hgerhans cell histiocytosis. CILD. Connective tissue disease related ILD. cHP chronic hypersensitivity

pneumonitis, SV.Glow Vital Capacity 16, Exercise training groupyR: vork-rate, METs Metabolic equivalents of task (MJvk = weeksRTresistance

Summary table obystematic reviewincluded studiesDPLD Diffuse parenchymal lung disease, ggabulomatous lung disease

training. PA physical activity, ANctivity monitor, IPAQactivity questionnairé¢denotesspecifiedprimary outcome Severityfrom ETG group

Author, year | Comparator ILD type and n | ETG(n) Age and| Exercise Interventio Exercise
(Country) Group Severity Frequency Intensity Type Progression | Outcomes
& Time
Wewel 2005 | Usual Care Total ILD=99 ETG=49 Home Based l:aerobic selfpaced Not specified 6MWD
(226, 227) UIP=38, Age=59y 6m 2x/day unspecified walking. CPET
(Germany) NSIP=30, FVC=N/A T:15min/ PA (AM)
RCT abstract Sarcoid=23, TLCO= 49% session
EEA=8
Holland 2008 | Usual Care + Total ILD=57 ETG=30 Outpatient I: 80% of Continuous guided by 6MWD*
(197, 228) telephone f/u IPF=34 Age=70y 8wk 2x/wk 6MWDwalk exercise: expert PT CPET
(Australia) DPLD=14 FVC=77% Homebased speed. static cycling,
RCT full text GLD=4, TLCO=50% 3x/wk T:30min/ walking + lower
LCH=1 session limb strength
RT

Nishiyama Usual Care IPF=30 ETG=15 Outpatient I: Walking,80% | continuous unspecified 6MWD
2008 Age=68y 8wk 2x/wk of BMWD walk | exercise:
(196) FVC=66% speed. treadmill
(Japan) TLCO=59% Cycling 80% walking, static
RCT full text WReakif had cycling RT

CPET.

T:aerobic=N/A

Resistance=

20min
Menon 2011 | Usual Care ILD=38 ETG=18 Outpatient aerobic exercisg unspecified unspecified 6MWD
(229, 230) TLCO=3.62ml.k| 8wk N/A unspecified
(India) Almin?
RCT abstract
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Author, year | Comparator ILD type and n | ETG(n) Age and| Exercise Interventia Exercise
(Country) Group Severity Frequency Intensity Type Progression | Outcomes
& Time

Dale 2014 Uwal Care Asbestos/dust | ETG=18 Outpatient I: walking at Continuous 5% hcrease/wk | 6MWD*
(200) related=35 Age=70y 8wk 3x/wk 80%6MWD exercise: if Borg<3/10 CPET
(Australia) Total ILD=11 FVC=86% walk speed, Walking and CWRT
RCT full text TLCO=54% Cycling 60% static cycling PA (AM)

WR)eak.

Borgx n K mn

T:Week 1.

30min,

Week 28

60min
Jackson 2014 | Usual Care IPF=25 ETG-14 Outpatient I: 60-80% age | Continuous selfdirected 6MWD*
(110, 231 Age=71y 12wk 2x/wk. predicted exercise: CWRT
235) FVC=60% Homebased HRmaxT: treadmill PA (IPAQ)
(USA) TLCO=44% x2/wk 2h/session; walking, static
RCT full text 30min aerobic, | cycling,RT

30-45min

strength/

flexibility
Vainshelboim | Usual Care IPF=34 ETG=16 Outpatient I: Weeks 16: continuous see Intensity 6MWD*
2014 Age=69y 12wk 2x/wk Cycling exercise: and Time CPET
(198, 236 FVC=66% 50-60% Wipeak | treadmill PA (IPAQ)
241) TLCO=49% Walking: walking, static 30s STT
(Israel) 70-80% 6MWD | cycling and stair
RCT flh text Weeks 712 climbing andRT

Cycling:

60-70% Weak

Walking:

80-90%. 6MWD

T:
30min/session
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Author, year | Comparator ILD type and n | ETG(n) Age and| Exercise Interventia Exercise
(Country) Group Severity Frequency Intensity Type Progression | Outcomes
& Time
He 2016 Usual care IPF30 ETG=15 Outpatient I: Cycling WR | continuous unspecified 6MWD*
(242) Age=65y 12wk 35x/wk equal to static cycling
RCT fultext FVC=65% baseline AT. exercise
TLCO=43% T: 30-40min

/session
Shen 2016 Usual Care IPF=31 ETG-16 Outpatient I+T:aerobic continuous unspecified 6MWD
(243) FvVC=2.41L 3months 3x/day| unspecified exercise
(China) TLCO=54%
RCT abstract
Ku 2016 Usual Care Total ILD=40 ETG=20 Outpatient I: unspecified continuous unspecified 6MWD
(244) IPF=25 Age=59y 8wk 2x/wk: aerobic.T: exercise: static
(India) FVC=52% Homebased 2hours/session | cycling/walking/
RCTull text 8wk 2x/wk stairsRT
Dowman Usual Care + Total ILD=142 | ETG=74 Outpatient: I: Walking: 80% | Continuous Walkingry 6MWD*
2017 telephone f/u IPF=61 FVC=76% 8wk 2x/wk 6MWD pace. exercise. Static | 0.250.5km/hr
(201) CTDILD=23 TLCO=50% Homebased Cycling 70% cycling, walking| per wk until 4
(Austrdia) Asbestosis=22 8wk 3x/wk max WR (treadmilland | 5kph then
RCT full text Other ILD=36 calculated from | corridor),RT increasing

6MWD. incline £2%.

RPE Borg Cycling: 15%

12-14/20. initial load

Resistance weekly

training 1012

reps RPE Borg

12-14/20.

T:30min
PerezBogerd | Usual Care Total ILD=60 ETG=30 Outpatient: I: cycling 60% of| continuous Cycling: 6MWD*
2018 IPF=14, cHP=1€¢ Age=63y 6months total | WReax Walking: | exercise: static | increase td85% | CPET
(202, 245, CTDBILD=9 SVC=76% 3month=3x/wk | 75%6MWD cycling, WHReak PA (AM)
246) TCLO=45% 3month =2x/wk | pace. treadmill Walking:
(Belgium) T: walking, stair increase to
RCT full text 90min/session | climbing,RT 110%6MWD.

Based on RPE
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Author, year | Comparator ILD type and n | ETG(n) Age and| Exercise Interventia Exercise
(Country) Group Severity Frequency Intensity Type Progression | Outcomes
& Time
Naz 2018 Usual Care Stage 3/4 ETG=9 Outpatient I: Qycling 70% | continuous exercise 6MWD*
(247) sarcoid=18 Age=59y 12wk 2x/wk WHReakfrom exercise: cycling intensity
(Turkey) FVC=76% 6MWD, walking andRT | rpwhen
RCT full text TLCO=45% Walking 80% achievingl5min
6MWDpace continuous
Borg 46/10. exercisefor RPE
T:30mins Borg 46
De Las Heras | Usual Care ILD=29 ETG=15 Telesupervised | I: HR targetd static stepping, | unspecified 6MWD*
2019 Age=70y 3months unspecified elastic bands, PA (AM)
(248, 249) FVC=77% 3-5x/wk T:10-30min RT
(Denmark) TLCO=47% (60min/wk)
RCT full text
Lanza 2019 Usual Care IPF=24 ETG=14 Outpatient: I: unspecified. | unspecified unspecified 6MWD*
(250)Italy). Demographics | 12wk 2x/wk T:90min 30s STT
RCT abstract N/A
Zhou 2020 Pulmonary IPF=64 ETG=31 Outpatient I: HR intensity | unspecified unspecified 6MWD*
(225) Doaoyin or Age=64y 2months 5x/wk | determined
(China) Usual Care FVC=2.25L from 6MWD
RCT full text TLCO=63% T: 30mins
Jarosch 2020 | Usual Care IPF=53 ETG=36 Inpatient I: 60%100% continuous+ seltdirected to | 6MWD*
(221, 251, Age=68y 3wk 56x/wk WHReak interval: static maintain RPE | PA (AM)
252) FVC=74% Borgid/10. cycling+RT Borg 46/10.
(Germany) TLCO=44% T:30 min
RCT full text
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2.7.3.1 Exercisantervention: Frequency andvolume

The exercise interventions ranged from 3 weeks todhths in duration. The most frequent
exerci® intervention durations were 8 weeks (2 months) utilised in 7 studiedgnd 2008
Nishiyama 2008Menon 2011 Dale 2014Ku 2016 Dowman 2017Zhou 2020and 12 weeks (3
months) in 7 studiesJackson 2014Vainshelboim 2014, He 2016, Shen 2016, Naz&@e Las
Heras 2019, Lanza 20)19n two studies the exercise intervention was 6 montvewel 2005

PerezBogerd 2018whereas in one study&rosch 202p0it was just 3 weeks in duration.

The exercise interveions were delivered between twice to fivertes weekly. In eight studies the
exercise frequency was twice weekhldlland 2008 Nishiyama 2008, Jackson 2014,
Vainshelboim 2014, Ku 2016, Dowman 2017, Naz 2018, Lanzg,Z0W8 studies thrice weekly
(Dale2014 Shen 2016PerezBogerd 208, De Las Heas 2019 ,and in three studies 5 times/or
more a weekkKle 2016 Zhou 2020Jarosch 202D In 2 studies the frequency of training was
unspecified (Wewel 2005 Menon 201).

In studies with a quoted exercise session frequency and duration the mean totalemah

exercise sessions was 27 (13) rangé&Q5

2.7.3.2 Exercisantervention: Intensity andtype

Aerobic exercise was included in all seventeen studies. This was delivénedanm of
continuous aerobic training in all but one studyosch 2020in which selectedparticipants
completed a combination of continuous amdervatbased aerobic training. ien studies aerobic
exercise was supplemented bgsistance/strength trainingHolland 2008 Nishiyama 2008
Jackson 2014vainshelboim 2014Ku 2016 Dowman 2017 Naz 2018PerezBogerd 2018De Las
Heras 2019Jarosch 202D In 5 studiesletailed description of the intensity and type of the
exercise itervention was not specifie@Vewel 2005 Menon 2011 Shen 2016Ku 2016 Lanza
2019.

The most commomodality of aerobic exercise was a combination of steyiding and
treadmill/corridor walking iolland 2008 Nishiyama 2008Dale 2014 Jackson 2014
Vainshelboim 2014Ku 2016, Dowman 201 PerezBogerd 2018Naz 2018 One study utilised
only walking baed exerciseWewel 2005 and two studies only static cyclingg 2016 Jarosch
2020. Stair climbing was performed as a supplemental aerekgccise in three studies

(Vainshelboim 204, Ku 2016 PerezBogerd 2013
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The mosiprevalent method of prescribg walking intensity was as a percentage pace of

participants baseline 6MWD. Six studies employed this methodologypredctribedpace rangig
from 70-80% of participants baseline 6MWD p4dEmlland 2008, Nishiyama 2008, Dale 2014,
Vainshelboim 2014, Dowem 2017, Naz 2038

7 studies used incremental CPET to prescribe stgtiing exercise intensifiWishiyama 2008
Dale 2014 Jackson 2014/ainshelboim 2014He 2016 PerezBogerd2018 Jarosch 2020 Of
these, 6 studies prescribed exercise intensityagercentage of baseline peak wedte (peak
WR)(Nishiyama 2008Dale 2014 Jackson 2014/ainshelboim 2014PerezBogerd2018 Jarosch
2020). With exercise intensity ranging from-80% of peakVVR One studyKle 201§ prescribed
exercise training baseah participants anaerobic threshold (AT) derived from baseline CPET
testing. In this study exercise intensity was prescribed at workeqtel to that achieved at the
AT. Two studies used formula estinmai+f,peak from participants 6MWD to prescribe static
cycling exercise intensiti€Bowman 2017Naz 2018 One study used agaredicted heart rate

(HR) to prescribe exercise intensity6@®80% of HR maldackson 2014

5 studiesused participant rated peeived exertion (RPE) to guide exercise intensity. RPE was
quantified by eithetthe traditional Borgscore(rated from6-20) or the modified Borg sce (rated
from 0-10) (Table2.2). In studies that specified BordPE targets these werag/10 ([Dale 2014
Jarosch 202)) 3-5/10 (Vainshelboim 20144-6/10 (Naz 2018, and 1214/20 ©owman 2017.

In the 10 studies that included a strength/resistance traincmmponent the intensity of this was
specified in 5. Two studies specified Borg RRiets for strength/resistance exercises58.0
(Vainshelboim 201%and 1214/20 ©owman 2017. 4 studies specified the number of repetitions
O2YLIX SGSR LISNI SESNDAAS Ay NBtlIdGAz2y G2 | LI NI
(PerezBogerd2018 to 1214 (Dowman 2017, and 1215 (Vainshelboim 2014Jackson 2014
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Table2.2 Borg and Modified Borg Breathlessness scor&dapted from Ref242)and (253)
respectively

Borg Modified Borg

6 0 Rest

7 Very, very light 0.5 Very, very light
8

9 Very light 1 Verylight

10

11 Fairly light 2 Light

12 3 Moderate

13 Somewhat hard 4 Somewhat hard
14

15 Hard 5 Hard

16 6

17 Veryhard 7 Veryhard

18 8

19 Very, very hard 9 Vely, very hard
20 10

2.7.3.3 Exercisantervention: Time

The aertic exercise trainingime varied from 15 minutesWewel 2005 Jarosch 2020to 90

minutes PerezBogerd 2013 per session. The most prevalent duration of aerobic exercise was 30
minutesper session which waamployed in 8 studiedHplland 2008 Jackson 204, Vainshelboim
2014, He 2016 Dowman 2017Naz 2018De Las Heras 2018hou 2020. In one study@ale

2014), once established on the programme, participants completed 60 msnofteerobic

exercise. Irthree studies the duration of the aerobic exercigaining component was unspecified
(Nishiyama 2008, Menon 2011, Ku 2016

Ofthe 10studies that contained strength/resistance traininige duration of this component was
specifed in4: 10 minutegsession(Vainshelboim 201% 15 minutessession(Jarosch?020), 20
minutegsession(Nishiyama 2008and 30 minutefsession(Jackson 2014
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2.7.3.4 Exercisantervention: Progression

The methodology of the exercise intervention included a statement/description on progression of
aerobic training in 8 studies. Bstudies limited detail of progression of training was provided and
In onefurther studythe authors statgprogression wagdividuallyguided by an expert
physiotrerapist(Holland 200§.

The reports of four studies containeddetailed description oplannedprogression in ercise
training (Vainshelboim 2014Dale 2014Dowman 2017 PerezBogerd 2018 In theDale 2014
studyexercise intensity was increased by 5¢haseline6MWDpaceweekly to maintain Borg

#4/10. In the study byainshelboim 2014xerciseraining was deliered in two 6week blocks

with training intensities for walking and cycling exercises increased by 10% in the second block
(weeks 712). In theDowman 201 7tudywalking intensity was progressed by 0-2&m/hr

weekly and static cyclingork-rate wasincreased by 15% weekly. In tRerezBogerd 201&tudy
cycling intensity was progressively increased from 60% to 85%\Rakd walking speed from

75% to 110% of baselitdWD pace.

2.7.4 Exercisecapacityoutcome assessment

All included studies used tt@MWD as an assessment of functional exercise capacity. 8 studies
included a secondary/additional outcome measure of functional exercise capacitychided
CPET output variables (epgak WR) in 5 studies\ewel 2005 Holland 2008 Dale 2014
Vainsheboim 2014 PerezBogerd2018), symptom limited exercisduration (T.m) during

constant workrate cyclingn 2 studiesDale 2014 Jackson 2014 and he 30s sit to stand test in

2 studies Yainshelboim 2014Lanza 2019 No studies included thsacrementd shuttle work or
endurance shuttle walk testss outcome measusnf exercise capacity. studies included
assessment of physical activity (PA). billies Jackson 2014/ainshelboim 201%this was in

the form of a validated questionnaire (the Interiatal Physical Activity Questionnaire [IPAQ] in
both studies). In 5 studie¥\(ewel 2005 Dale 2014 PerezBogerd 2018De Las Heras 2019,

Jarosch 2020physical activity was measured objectively using a wearable activity nionito
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2.7.5 Excluded studies

Common reasons for excluding articles at-felt review included lack of a control group (n=19),
retrospective study design (n=4), wrong intervention4nenstructured exercise, or ondysingle
bout of exercise) and nerandom group allocation (n=3). A summary table of the reasons of

exclusion for the 35 studies excluded at full text review is includégppendixA.4.

2.7.6 Risk ofhiasassessment

Includedstudies were assessed for risk of bias using the Revised CodRistad-Biastool for
randomised trials (RoB2) short versi@24)by two independent reviewer8W and )l (riskof
bias simmaryTable 2.3 and Rob2 algorithm\ppendixA.5). There was excellerggreement
betweenreviewersfor the overall risk of bias rating foncludedstudies 94% agreement, Kappa

0.776, standard error 0.213, p<0.0001

2 studieswere deemedaslow risk of bias@ale 2014Dowman 2017 and 1 study was assessed as

some concerns of biasiflland 2008. The remaimg studies were assessed as being at high risk

of bias This was due tbias arising fromrisk of bias in th selection of the reported result

(selective outcome reportingNishiyama 2008Jackson 2014/ainshelboim 2014He 2016 Ku

2016 PerezBogerd2018, Naz 2018De Las Heras 2013arosch 202®hou 2020risk of bias in

measurement of the outcom@lacksa 2014 Vainshelboim 2014He 2016 Ku 2016 Perez

Bogerd 2018Naz 2018Jarosch 2020Zhou 202) missing outcome dat@ackson 2014He

2016, Ku 2016, PerezBogerd2018 Jarosch 20Q, Zhou 20B), andrisk of bias due to deviations

from the intended inteventions (allocation concealmentlackson 2014/ainshelboim 2014He

2016 Ku 2016Jarosch 2020 The4 studiespublished inonly abstract form(Wewel 2005

Menon 2011 Shen 2016Lanza 201pwere deemed as probable high risk of bias as there was

insuficient informationavailableto performa comprehensive risk of bias assessm&he study

by Holland 2008wvas rated asdome concern@ 2 RIRE fif2 G KS dzaS 2F GKS Wil ad
Ol NNA S RmethadNdsakchidrt@or missing dafwhereby if a sukgct drops out their last

recorded measurement is used for all subsequent observation poifiti.was ratett & WY& 2 Y S

02y OSNYaQ NIGKSNI KFYy WKAIK NREA1Q RdzS (2 GKS | dziK2|
small number of patients with misgjrdata at9-weeks followup (7%). However, it is important to

consider the risk of bias for this stueghigher for 26-week followrup outcomes as 19% of

patients were lost to followup & this time point.In the PerezBogerd 201&tudythe drop-out

rate & 1-year assessment was 4G@#d this study was subsequently rated as high risk of bias
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In 4 studies the asessor was blindetb group allocationKlolland 2008 Dale 2014 Dowman

2017 De Las Heras 20)19n sixstudies(Vainsheboim 2014 Jackson 2014He 2016,Ku 2016,
PerezBogerd 2018Jarosch 2020assessors were unblinded to group allocatiordthese studies
were deemed highisk of biasin a further6 studies no information on whether assessors were
blinded togroup allocatiorwas availabléWewel 2005 Nishiyama 2008Menon 2011 Shen

2016 Lana 2019 Zhou 2020. Unblinding of the assessor may have led to conscious or
unconsciousias in encouragement given to participants during exercise test assessment (in the
case of alexercise capacitgssessments) or ithow exercise capacitiests were reorted (e.qg,

CPET variables [particularly AT] which require a trained operator to interpret).

9 studieswereregistered ora clinicalrials registry(Holland 2008 Dale 2014 Jackson 2014
Vainshelboim D14, Dowman 2017PerezBogerd 2018De LaHeras 2019Zhou 2020QJarosch

2020. Assessment of risk of bias in studies published as conference abstracts was limited by lack
of availability of informationA common potential risk of bias to all stud@ssefrom the nature

of exercise training inteentions and the inability to blind participants to theénvention. None

of the included studies utilised a sham interventitdme inclusion of which would be oihcertain

validity and extremely challenging bdind from participantsThis common caveatas 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 Cochranefrsias ol for randomised trials (RoB2) short versigd24)? High =

probable high risk dbias conference abstracstudies with insufficient information available to confidently assess riskasf

60

Q1. Risk of bias
arising from the
randomization

Q2. Risk of bias
due to
deviations from

Q3. Risk of bias
due to missing
outcome data

process the intended

interventions

(allocation

concealment)
Wewel 2005 SomeConcerns
Holland 2008 Low Low Some Concerns
Nishiyama2008 SomeConcerns | Some Concerns | Some Concerns
Menon 2011 Some Concerns
Jacksor2014 Low
Dale2014 Low Low
Vainshelboim2014 | Low SomeConcerns
He 2016 Low
Shen 2016 Some Concerns SomeConcerns
Ku et al. 2016 Some Concerns Some Concerns
Dowman 2017 Low Low Low
PerezBogerd 2018 | Low Some Concerns | Some Concerns
Naz et al 2018 Low Some Concerns | Low
De Las Heras 2019| Low Low Some Concerns

Lanza 2019

Some Concerns

Jarosch et al. 2020

Low

Zhou et al. 2020

Low

SomeConcerns

Some Concerns

Q4. Risk of bias
in measurement
of the outcome

Some Concerns

Low

Some Concerns

Q5. Rsk of bias
in selection of
the reported
result (selective
outcome
reporting)

Overall riskof-
bias judgment

Some Concerns

Low

Some Concerns

SomeConcerns

Some Concerns

Low

Some Concerns

Some concerns

Low

Low

Some Concerns

Some Concerns

Low

Low

Some Concerns
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2.7.7 Effect ofinterventions an exercisecapacity

A summary of the treatment effect @xercise training oexercise capacitgn patientswith ILD
from included studiessillustrated inTable2.4. The following sections describe the effect of the
exercise interventions on exercise capacityasessed bthis reviewsspecified outcomes,
6MWD, CPET variablesnstant work-rate test endurance time (), physical activity, ansafety

andadherence to the intervention.
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Table2.4

Summary table of efficacy of exercise training on exercise capacity outcome meagsuiesluded studiesN/ A= Not Assessed. METs

metabolic equivalents, MPA moderate physical activity W=WaitisActivity Monitor IPAQ =inteational physical activity questionnaifenits for AT

and f,peak=ml.kg'min? unlessotherwisestated Outcome @ta presented as meadifferenceETG (ExercisérainingGroup) vs CG (Control Group)

unlessotherwisestated.*p<0.05, **p<0.0INSD: no statistical difference

Study 6MWD CPET CWRT PA Dropout Adherence
(n) (ETG)
Wewel 2005 | 6months 6months N/A 6months N/A N/A
(226, 227) ETG. pre vs. posNSD significantincrease Maintained in ET groug
n=99 CG: significant decline p<0.0§ ET pre vs. post p<0.05 unknownsignificarce.
Holland 2008 | 8weeks 8weeks N/A N/A 6/30 80% (24/30)
(197, 228) +46m (95%CI-84)** +ppeak: +0.70 (0.3 to 1.7) completed 75%
n=57 6months not significant WRpeak:+3.5 Watt (0.4 to 7.4) of sessions
Nishiyama 10weeks Selected patients only data not N/A N/A 0/15 100%
2009(196) +43m P5%CB-84)* reported Adherence
n=30
Menon 2011 | 8weeks N/A N/A N/A N/A N/A
(229, 230) ETGpre vs. post + 54m p=0.0
n=28 CG: pre vs. post + 6m p=0.37
Dale 2014 8weeks 8weeks 8weeks 8weeks - AM 1/18 84% (15/18)
(200) + 53m (95%CI 324)** +peaké: +0.01 +222s (95% 84860)** | +1514steps/day* completed 80%
n=35 26weeks (95%C10.2t0 0.1) 70%r from baseline | +0.08 METs* of sessions.
+ 45m (95%ICL7-73)** WRpeak +12W (95%CILS)* 26weeks:- AM Mean

+011 METs* adherence=839
Jacksor?014 | 12weeks N/A 12weeks 3months 3/14 78% (9/12)
(110, 233235) | No significant difference ET IPAQ completed
n=25 ETG. pre 360m vs post 354m Pre 184s vs. Post 3029 +30532 total MET 100% of

CG: pre 339m vs. post 324m min* sessions

Vainshelboim | 12weeks 12weeks N/A 12weeks 1/16 100% (15/15)
2014 +81m (95%CI 3924)** AT +3.1 (95%CI 1-4.6)** IPAQ completed
(198, 236241) | 11months:NSD tfpopeakd: +2.6 (95% 1.01.1)** +2164 MET min/wk** X75% sessions.
n=34 WRpeak:+22W (95%CI-29)** Mean =90%.

11months: N

62




Chapter 2

Study 6MWD CPET CWRT PA Dropout Adherence
(n) (ETG)
He 2016 12weeks +37m p<0.05* N/A N/A N/A 0/15 N/A
(242) ETGpre: 296m vs. post 355m
n=30 CG pre 292m vs. post 318m
Shen 2016 3months N/A N/A N/A N/A N/A
(243)n=31 ETG. pre 481m vs post 480
Ku 2016 8weeks N/A N/A N/A 0/20 100%
(244)n=40 +24m p=0.04* adherence
Dowman 8weeks N/A N/A N/A 3/74 66% (50/74)
2017 ILD: +25m (95%Ci4Z m)* completed
(201) IPF: +31m (95%¢€3 to 66) X75% sessions
n=142 6monthsNSD
PerezBogerd | 3months WRpeak (Yopredicted) N/ A 3 and 6 months AM 10/30 mean
2018 +59m (95%CI 385)** 3months: +10% (95%Cl18)** No significant adherence 83%
(202, 245, 6months 6months: +19% (95%CL8)** difference steps/day o of sessions
246) +72m (95%CI 3608)** lyear: +23%95%CI 1£B5)** METs
n=60 lyear

+73m (95%CI 2818)**
Naz 2018 12weeks N/A N/A N/A 0/9 100%
(247)n=18 +60m p=0.03* adherence
De Las Heray 3 months +40m p=0.03* N/A N/A 3, 6 and 9 months AM | 4/15 3 months
2019 6 months+ 34m p=0.02 No significant Mean
(248, 249) 9 months +40m p=0.15 difference in steps/day adherence 64%
n=29 or 7-day vector

counts/minute

Lanza 2019 12weeks N/A N/A N/A N/A N/A
(250)n=24 +94m p<0.01**
Zhou 2020 2months N/A N/A N/A 0/31 N/A
(225) +20m (95%CI-38)*
n=64 6months +25m (95%CI-29)*
Jarosch 2020 | 3weeks Baseline assessment only N/A 3months AM 1/35 97% mean
(221, 251, +61m (95%CI-82)* No significant adherence
252)n=54 3months: NSD difference seps/day
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2.7.7.1 6MWD

2.7.7.1.1 Immedite follow-up

All 17 studies reported effect of exercise training on 6MWD (total n=768). In fourteen studies
(Holland 2008 Nishiyama 2008Menon 2011 Dale 2014 Vainshelboim 2014He 2016 Ku 2016
Dowman 2017, PereBogerd 2018, Naz 2018, De Las H&@%9, Lanza 2019, Zh@02Q

Jarosch 202Psignificant improvement in the between group mean difference in 6 M#veen
the exercise group and controlgas observed immediately following the intervention. No effect
was observed in two studiedgckson 20145hen 201 Insufficient information was available in
one study Wewel 2005.

The MCID for the 6MWD in ILD/IPF has been estimated-468%154, 157) In 13 studies
(Holland 2008, Nishiyama 2008jenon 2011,Dde 2014, Vainshelbion 2014,He 2016, Ku 2016,
Dowman 2017PerezBogerd 2018, Naz 201Be Las Heras 201Banza 209, Jarosch 2020the
meanbetween groupdifferencein 6MWD exceeded the lower MCID boundary estimetel in 8
of these studies it exceedeti¢ upperboundary(Holland 2008, Nishiyama 2008, Dale 2014,
Vainshelboim 2014, PereRogerd 2018, Naz 2018, Lanza 201&osch 2020(seeFigure2.2 for

visual summary of effect sizes
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Figure2.2 Visual representation of effect of exercise training @MWD in patients with

ILD at immediate followup in included studiesMCID LL: lower limit of the 6MWD MCID in ILD
22m, MCID UL: Upper limit of the 6MWD MCID in IbBr.4Squares represent published RCT,
Circles represent studies in abstract form. Unfilled sga&ircles studies with insufficient data or
no significant improvement in 6MWD observed in the study.
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In the 8 studiesincluding studies of IRFatientsonly (Nishiyama 2008Jackson 204,

Vainshelboim 2014He 2016 Shen 2016Lanza 2019Zhou 2020 Arosch 202)andthose with
IPFsub-group analysisHolland 2008 Dowman 2017, significant positive effect at immediate
follow-up was observed i analysis. In 3tudies(Jackson 20145hen 201pno positive effect
was observed. In the 2 stgyoup analysigHolland 2008 Dowman 2017 the effect of exercise
training on 6MWD in patients with IR&led to reach statistical significance; +25 m p=0.34
(Holland 2008 and +31 m (95%C5 to 66) Dowman 2017. In2 of the studies Nishiyama 2008
He 2016 significant improvement exceeded the lower boundary (22m) of the MCID, and in 3

studies(Vainshelboim 2014Lanza 2019Jarosch 202Dit exceeded the upper boundary (4%m

2.7.7.1.2 Longer term followup

The longeiterm effect of exercise training on 6MWD (aftm interval of no intervention) was
assessed i studies. The intervention free followp period ranged from-& months(Holland
2008 Dale 2014Dowman 2017PerezBogerd 2018 De Las Heras 2018hou 2020 to 6-8

months De Las Heras 2019ainshelboim 201% 4 of the studies identifiec sustained
improvement inthe between groupmean differencéor 6MWDat longerterm follow-up; Dale
20144 months intervention freemean difference+ 45m p<0.01, PerezBogerd 2018 months
intervention free, + 72m p<0.01,De Las Heras 201®months intervention free + 34 m p<0.05,
andZhou 2024 monthsintervention free + 25m p<0.05 With all4 of these distances exceeding
the lower boundary of the MCID and the study BgrezBogerd 201&xceeding the MID upper
boundary. It is important to highlight that the study Byle 2014contained participants with
predominantly noAlLD related dust/asbestos respiratory pathologyg(,asbestos pleural
disease) which tend to be slowly or even panogressive herethe translatability of the findings
of this study to patients with progressive ILD/IPF is limited. Further there were a high number of
dropouts at longterm follow-up inboth the PerezBogerd 201840% dropout rateand De Las
Heras 201933% dropout rateytudies In the largest RCT of exercise training in ILD to date
(Dowman 2017 no significant sustained improvement6MWDat 6 month followup (after a 4

month intervention freeperiod) was observedmnean difference +21 m (95%@Ito 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 trainifgssessed b§yMWD). Using stepwise multiple regressiomodelling
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
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lower 6MWD atbaseline and allocation to exercise training predictettdramprovement in

6MWDat 9 weeks. Further for each 10 m increase in basélM&/Dthe 9-week improvement
declined by 1.4 mSuggesting that patients with greater physiological impairment at besélad
greatest shorterm benefit. However,at 6-month follow-up better preservedbaselinefunctional
capacity predictedyreatestimprovement in6MWDand this effect was independent of group
allocation Sggestingdisease severity is the primary determiriaf longerterm exercise
capacity in patients with ILD an effect which is hot modifiable by a single period of exercise

training.

2.7.7.1.4 Effect of exercise prescription on 6MWD outcome

| sought to assess whether there was any difference between effect distisdies if grouped

based on duration of the exercise intervention or the number of sessions delivered. Using
{LISFENX¥IYyQa O2NNBt A2y O2STTANIASSRY (1655 (yi2S SayA ISyAAGFKASONY yulil
55514 2F SESNOAAS (GNI2VAYIDA R ANYtHeCHINGS iRIWD 6 S K azyb $ R
at immediate followup 6MWD) r=0.21 p=0.79 and r8.26 p=0.74.

Grouping studies into those with§ weeks exercise duration or >&wks exercise duration, and

those with 2 sessions per weekx8 sessions/week revealed no significant difference in the

k6MWD (assessed using Mamihitney U test), Z2.10 p=0.37 and 28.41 p=0.69 respectively.

Further comparing studiesf X8 weeksraining by training sessioduration, either X80 mins

studies)or >30 minutes duration (4 studiesevealed no significant trentd superiorityor

inferiority. Hence suggesting that exercise programmedfoiveeks including a minimum of 2

sessions per weeld 30 minutesaerobic exercisare equally as effective as longmore frequent

exercise training programmes

2.7.7.2 CPEVariables

5 studiesutilised incremental CPEs an outcomemeasureto assesshe effect of exercise
training on exercise capacifyWewel 2005 Holland 2008 Dale 2014 Vainshelboim 2014Perez
Bogerd2018. 4 studies reported peak WRdlland 2008 Dale 2014 Vainshelboim 2014Perez
Bogerd 20183 studies reportedfpeak Holland 2008 Dale 2014 Vainshelboim 201% and
one study reported AT antf £ Q (Vainshelboim 2013 Positive effect atmmediate followup
was identified inpeak WR ir8 studies Dale 2014 Vainshelboim 2014PerezBogerd 2019
Ppeak inone study Vainshelboim 201%and AT in one study&inshelboim 2014 One study
(PerezBogerd 20138 identified positive effect on peak WR at longer term folopv(1 year).
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In the study byHolland 2008no significant differencevasobserved betweenhe intervention

and control groups following exercise training on eitk@xpeak (+0.70 ml.kgmin? [95%CH0.3-
1.7]) or peak WR (+3.5 W [95%@H-7.4]). However, in sugroup analysis for patients with IPF
(published in a metanalysis by Dowman et al. a significant increase in peak WR of +5.2 W (95%ClI
1.0-9.4) was identied.(199)A strong trend to significant increagepeak+fwas also observed

+4.7 L/min p=0.0@ale 2014dentified asignificant increase in peak V@Rimmediate followup

(8 weeks)}12 W (95%CHE9) in favour of the intervention group although no significant
corresponding increase tfp,peak was bserved.The study bywainshelboim 2014ncluded

results ofcomprehensive CPET metabolic cart analysis with significant positive effect observed
after 12weeks exercise training in peak WR (+22 W [95%@9]a-p.peak (+2.6nl.kg:.min?

[95% CI 1..1] and AT+3.1ml.kg*.min?[95%CI 1.8}.6]). Further significant increasestioth
peak+g(+11.6L [95%CI 616.5]) and peak M0.25L [95%CI 01.4]) were observedbllowing the
exercise interventionHowever, o significant change ithe +§ +Q at +fp,peakwas observed
following the intervention. Further the between group differences were not maintained at 11
month follow-up. In a study byPerezBogerd 2018significant increase iparticipantspeak WR
expresed as percentage of predicted was obseraed months (+10% [95%CI12]), 6 months
(+19% [95%CF29]) and 12 months (+23% [95%Ci3H])). Althoughthere are no established
MCIDOs) for CPET variabldsr ILD/IPF patients, the effect sebservedin the positive studies
discussed above agreaterthanthe established MCID fgreak WR ipatients with COPD @f+1
Watts(183)

2.7.7.3 Constantwork rate testing

Two studiesale 2014 Jackson 201dreportedtime to symptom limitation Tum) duringa
constant workrate test CWRTas a measure of exercise capacity. Infrae 2014study, CWRT
was performed at 80% of peak WR lmaselineincremental CPET (with 2 min waup at 40%
peak WR). This outcome was reported immediately followingBthesek exerciséntervention

with a significant mean improvement iy of +222 s (95% 8360) or+69.5% from baseline in
favour of the interventiorgroup. In the study byackson 201€WRT was performed at 50 Watts
in all participants. The authors report a significant increasginfrom 184 s to 302 s p=0.036
(+64%from baseling at 12 weeksn patients in theexercisegroup who did not achieve deady
state (test duration <10 mins, n=unspecifi®d}h no significant change in;inoted in the

control group.However, the autors do not report the between group mean differenédthough
no MCID is available fornin ILD/IPF, the magnitude of timean improvement observed in both
these studies is above the quoted MCID fauih COPD of #33% (95%CI 148) improvement
from baseline(192)
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2.7.7.41SWT and ESWT

No studies reported results of the ISWT or ESIt8r a period of exercisgaining.

2.7.7.5 Physicalctivity

The dfect of exercise training on physical activity (PA) vegrtedin 7 studies. Irb studies
(Wewel 2005 Dale 2014 PerezBogerd 2018De Las Heras 2019arosch 2020this was
measured objectively with a wearable adtyvmonitor. In the study byWewel 2005, insufficient
information was available to determirany significantdifferencebetween group. The study by
Dale 2014dentified a significanbetween group differencén PA steps/dapf +1514steps/day
p<0.05at immediate followup (8 weeks)n favour of the exercise groufhis effect size is above
the MCID for this variable of +427 steps/day in CQ¥4)Further a trend to maintained
increased mean PA &tmonthswas observed (+1206 steps/day p=0.08). Dia¢e 2014study also
assessed PA as metabolic equivalents (MET, with one MET equal to the metabolicsittisy it
restf 3.5 ml.kgt.min?) with significant improvement noted dioth immediateand 6-month
follow-up, +0.08 MEP<0.05and+0.11 METp<0.05respectively. These results suggest that 3
months of exercise traininganimprove PA and the positive effect can be ntained at 6
months. However, the magnitude of the improvement is small and of uncertain clinical
significance with no established MCID ifoprovement in PA assessed as MET equivalents
Further h the remaininghree studiesno significant difference betwan intervention and control
groups was observed for PA measured as either stepskeregBogerd 2018De Las Heras
2019,Jarosch 202) moderate physical activity time (time/day spent at 3 METs or mdtejdz
Bogerd 2018 or 7-day vectormagnitude couts per minute(De Las Heras 20),%hence any

positive effect of exercise training on physical activity in patients with ILD remains uncertain.

2.7.7.6 Safety profile,dropouts, andadherence

No studies reported seriowmlverse events related to éhexercise irgrvention or outcome
assessments. Intervention related adverse events reported were grdd¢ 1) or moderate

(grade 2) and included hypertension, joint pains, and mild spontaneously resolving chest pain.

Information detailing the number gdatients whocompleted the exercise intervention was
available for 13 studies. In 5 studidighiyama 2008Ku 2016 He 2016Naz 2018Zhou 2020
the dropout rate was 0%, in 3 studies <10#ai(shelboim 2014Dowman 2017 Jarosch 202)) in
3 studies 2@30% Holland2008 Jackson 2014De Las Heras 201@nd onex30% PerezBogerd
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2018. The higkdropout rate in the PereBogerd study may be attributed to the lowiyiration of

the training programm&6 monthsg.

5 studies prespecified a minimuatdherencearget (expresseds a percentage dhe total
numberof exerdse sessiosavailablg for successful completion of the exercise programitteo
(Holland 2008 Vainshelboim 2014Dowman 2017, 80% Dale 2014 and 100%Jackson 201¢ In
these 5 studlies the percentage of patients meeting the prespecified adherence ttaagged
from 66% Dowman 207) to 100% Yainshelboim 201% In the 6 studieshat utilised an
outpatient-basedexercise training programme and repedmean adherencéNishiyama 2008
Dale 2014 Vainshelboim 2014PerezBogerd 2018Naz 2018Jarosch 202the mean adherence
ratesrangedfrom 83100%.The study byDe Las Hera®019utilised avirtually supervisedhome-
based telerehabilitationprogrammewith amean adherencé¢o the programme 064%.0ne
study Dowman 2017 reported adherence to supplemertaomebased sessiongth 54% of
patients achieing the prespecified3 sessions per weekower adherence tansupervised
home-based exercise training coma to directly supervised sessions is perhaps not

unexpected.

Two studies@owman 2017PerezBogerd 2018 compared the baselineharacteristics of
patients who adhered to the programme to those who did notboththese analyseso
significantbetween goup difference was observed in baseline patient demographics, pulmonary

function, or exercise catity

One study Dowman 2017 was significantly powered to asseke effect of adherence to
progression oéxercise training ooutcomes. In perprotocol analysis patients with IPF who
progressed training intensity dise study schedule demonstrated gres improvement in
exercise capacity as compared to Ammgressorsmean 6MWD improvement55 m (95%CI 13
97) vs. +26 m (95%€KU-67) respectivelyJacksor20l14reported results of participants self
directed training progression in METs/session. These2 NA Qd axsignificanIdGease in
participants METsession from week-&, but notfrom week 7#12. Suggesting participants

reached a plateau in their capacity ittcreaseexercise intensity from week 7 onwards.
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2.8 Discussion

This systematic rewe updates the literature on the efficacy of exercise training in ILD. To the
best of myknowledge,it is the firstsystematiaeview to provide a narrativdescriptionof the
exercise interventions employed studies assessing the efficacy of exercisiing onexercise
capacityin patients with ILusing theFrequency, Intensity, Time, angp&(FITTprincipals and
hence provides new insight into how bestducturefuture clinical trial andstandardof-care
exercise prescriptions fqratients.Herefirst the overall quality of the studies will be summarised,
secondthe efficacy of exercéstraining in ILD/IPWill be discussed in relation to the previous
literature, and third the efficacy of the exercise training will be discussedlation to the

exercise interventions utilised using tRETT principals.

2.8.1 Quality ofincludedstudies

This reviewncluded 3 articles which reported the results of 17 separate RC3I sef these
studieswere published as peereviewed manuscripts andlin conference bstract form only.
Overall, 2 studiedYale 2014and Dowman2017) were rated as carall low risk of bias. All but one
of the remaining studies was rated as high or probable high risk ofThi@smost common

reasons for assessing studies as high riskasividére due to bias arising froselective outcome
reporting andor allocation comealment (unblinding of the assessorhe one remaining study
(Holland 2008 &6 & NJ G SR [lin risk @fbidsRss€samen&tbe g of the last
observationcarried-forward analysis strategy. A common factor to all studies was unblinding of
the participants. Given the nature of exercise interventiabgould be extremely dif€ult to

deliver a sham intervention without participant subsequently gaining knovedeédgvhich

intervention theyhad beenassigned.

2.8.2 FITTprincipals

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 descriptithe

exercise interventions in studies published astieit articles was of high quality but with

extensive description limited by journal word counts. In 3 studies @&rrtlescription of the

exercise intervention was provided within an online suppt@m Inconsistency in the reporting of
constituents of exercise interventions has been apparent across many areas of exercise research.

In response to this, an extension toet@onsolidated Standards of Reporting Trials (CONSORT)
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statement(255)the Consensus on Exgse Reporting Template (CERZH6) a 16item minimum

data set considered necessary to adequately report exercise interventi@asspublished in 2016

with the aim of improving the staraddisation of reporting in exercise intervention studies. In

future published RGTit 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 staipt

material. Here the FITT constituents of the exercise interventions will be discussed and related to
the studies efficacy. It is important to highlight the inabilityctntrol for any impact of

supplemental norexercisebased interventions, such aslucational sessions, on functional

capacity in the studies which included them within the study intervention.

2.8.2.1 Frequency and/olume

In a review of pulmonargehabilitation published in 2013 for the ATS/ERS it was proposed that
longer exercise programmegth more frequent sessions appeared to have greater benefit for
patients with chronic respiratory diseag257)Further, as in the general population there is a
dose relationship between physicaltaity and hedth outcomes It has been suggested that if
osome exercise is goagmore exercise is bettd(258)However, the BTS pulmonary
rehabilitation guidelines published in 2013 recommendegtlativelyshort 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 CQFI3) The data summarised
in this review provide an evidence base for the translation of this recommendation to patients
with ILD/IPFSuggesingthat as is the case for patients with COPD, ILD patients can achieve
clinically meaingful improvements in exercise capacity from programmes of relatively short
duration @i§ weeks) containing a minimum of 2 exercise sessions per week. In the studies
included in this review, no significant differencetire 6MWD effect size was observeden
comparing between studies o8-weekdurationand those of >8 weeks duration and when
comparing those with 2 sessions per week to those wglsessions. Further thewsty byJarosch
2020tested an exercise programme oifly 3 weeks duration and obset a significant increase

in the 6MWD following the intervention.

Further research is required to ascertain both the optimum (and minimum) duration of exercise
training fa positive effect on exercise capacity at immediate and losigen follow-up. Furtter,
more evidence is required to determine any positive effect of prolonged periods of exercise
training (>3 months) on maintenance of exercise capacity in patients vidtHtlis also important

to consider that the failure to observe a significant diffiece in effect size between exercise

programmes of different duration/frequency may be due to lack of sufficiadtvidualised
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progression of the exercise training hengeiting patients ability to continue to improve during

the programme, a consideratiowhich is discussed in more detail below.

2.8.2.2 Intensity, time, andtype

In all but one of the included studies the aerobic exercise component consisted of constant
moderateéhigh intensity exercise. In included studies walking speed was typically estifnated
6MWD(70-80% of pealbMWD) and cycling intensity estimated from peak WR-8806 of peak).
Only 1 study usebeart rate toprescribe andnonitor exercisetraining intensity Jackson 2014
and one used CPET derived metabolic cart ddea2016. In onestudy Jarosch 202Dinterval
aerobic training consisting of 30 s at 100% peak V@&ineluded within the programméor
selected patientsAs this was the dwy study using an interval trainidgased intervention a
comparison between the efficacy of contmus versus interveabased training was not possible in
this review. Further research is required to test the utility of intetvas$ed exercise training in
ILD/IPF both compared to standard care (no exercise) and to tesinfi@rority/superiority to
continuous aerobic training. A large randomised controlled trial comparingihtghsity interval

training to continuous exercise in patients with ILD is cuttyenecruiting(259)

In studies included in this review, where the exercise duration was specified, the majo¥ity (66
utilised exercise training sessions of 30 minutes. No greater efficacy was identified in studies
where the training duration was longer. This is in keepirth evidence from studies of exercise
training in COPIR60)an provides an evidence base for trarigla 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 ovdrurdening patients and risk necon@rdance.

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 Me@bBie.

Only 4 stdlies included in this review included a gpecified methodology for progression of
training during the exercise intervention. The studylmwman 2017ighlightsthe importance

of achieving exercise progréss on patient outcomes from exercise trainifipe 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 suf€ient, andindividualised training intensityprogression 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 piti® not gain the

maximum possible positiveffect due to plateauing of the training effect as they physically adapt

to the training loadas demonstrated in th@ackson 2014tudy) On the other hand, progression

in exercise intensity/duration beyondlall G A Sy G Q& OF LI 0 Af Adhdt&a YI & f
become ovetburdensome and possibly contribute to nadherence to the intervention. Further
research is required to identify how best to progress training for ILD/IPF patients. Greater

adaption ofindividualisedexercise progression strategies wittstandard 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 efficacyand rehtion to previous literature

2.8.3.1 6MWD

This sysmatic reviewidentifiesthat exercise training is safe and feasible in patients Wi/IPF
and leads to small but significant improvements in exercise capaditynediatefollow-up. 15
out of the 17 trialdncludedin thisreviewdemonstrate positive effect of exercise training on
6MWDat immediate followup, with 13 studies reporting improvements in 6MWD above the
lower boundary of the MCID (28) and 8 studies reporting an increase above the upper
boundar of the MCID (4&1). Ameta-analysis wasot performed as part of this revievihowever
a recent Cochrane metfanalysis of the shoiterm effect of pulmonary rehabilitation on exercise
capacity in patients with ILD/IPF identified a common effect size @f-05%CI 327) for
patients with ILD (n=276) and +37 m (95% CA&®&) for patients with IPF (n=15@)99)

Only one studyncluded in tke currentreview (Dowman 2017) was sufficiently powered to assess

the effect of disease severity gratient response to an exercise training programme. This study
identified that patients withgreaterimpairment in exercise capacity at baselhmeel larger
improvemensin exercise apacity at shorterm follow-up. Thisobservationmay be due to

greater deconditioning ipatientswith lower baselineMWDor duetothe WOSAf Ay3 SF¥FTS
6MWDpreventing patients with higher baseline walk distances achiesigigficant

improvement(160)

Although here is a considerable body of evidence demonstrating the sieon positive effect of
exercise training on patients with ILD/IPF, the evidence supportingpaggrterm benefitsisless
robust 7 studies included in this review assessed the effect efase training on longeierm
outcomes withd demonstratng sustaned significant improvemenin 6MWDabove 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 droput rates of patents(40% inPerezBogerd 2018and 33% irDe Las Heras

2019. The results of the study bipale 2014are of uncertain clinical relevance for patients with
ILD/IPFasonly 30% of participants had an ILD diagnosis with the majority having benign
asbestos/dst related pleural disease (conditions which are typically-pagressive unlike
ILD/IPF)Further the large, and highuality study, byDowman 201 7ailed to observe any
significant effect of 8&eeks exercise training on exercise capacity-atdhth follow-up. Further

in multiple regression the authors identify the begsedictor for6MWDat 6-months was

preserved functional capacity at baseline with this effect independent of group allocation (e.qg.,
exercise or control). This suggests that due to thegpessive nature of ILD, disease status may
have an overriding impa 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

FiveincludedstudiesusedCPET as an outcomeeasureto assess efficacy of exercise training
with 4 of thesestudies demonstraing significantpositiveeffectin one or more CPET varialale
immediate followup. 3 studies repored significantincreasein peak WRwvhich wereabovethe
MCID of +4 Watts for this variable in COBfPpeakwas reported aimmediatefollow-up in2
studies withl identifying positive outcomeP?eak minute ventilation was reported 2 studies
with both demonstraing significant increase after exercise ittang. These findings suggest that
although ILDIPF patients do ndypicallyexhibit mechanical respiratory limitation to exercise
(see Chaptef.4.1) improvement in maximal ventilatory capacity (or unmasking of previously
redundant capacity) may be a contributing mechanism to the improvement in egerapacity
observed in ILD/IPF patients following a peradéxercise training. The effect of exeseitraining
on other CPET variables is uncertain. Only the studfainyshelboim 2014eported anyeffect of
exercise training on the AT anél +§Q (reported at+fP.peak) with positive effect identified in
the AT but nottf £ Q. Further prospectiveesearch into the effect of exercise training on other
CPET variables particularly AT afjdQ (ventilatory efficiency) is required &®th these
variables havéeen identified as havingrognostic valuen patients with ILOPF (se€hapter
1.3.4). In addition to assessing the clinical efficacy of exercise training, these studies would
provide valuable further insight into the physiologi mechanisms underlyiramy improvement

in exercise capacity in ILD/IPF patients following a pesiagkercise taining.
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2.8.3.3 Constant work rate test

Twoincludedstudies repored the effect ofexercise training offumduringa constant workrate
test. Both studieddentified asignificant positivéncrease in v following exercise training at
immediate followup, with the magnitude of the improvementgeater thanthe identifiedMCID
for thisvariablein patients withCOP¥33% improvement from basek).(192)In the study by
Jackson 2014ignificant positive effect was observed despitesignificanincreaseidentified in
the 6MWDin this study Although tte failure to observe a positive effeat 6MWDmaybe dugo
a lack of power resulting frotthe & i dzBnalDsample sizéhisobservationis consistent with
previous studies demonstratirthe increagd sensitivity otonstantwork rate testso
therapeutic interventionrcomparedto other assessments of exercise capa¢it§8)An
observation whib is physiologically explained by the hypelic nature of therelationship
betweenexercise duration andork-rate for constant load exercissbovethe steady state (see
Chapter3.5.3for discussion)Due to ther increased sensitivity to therapeutic intervention
constantwork rate tests may have theapacity to detecpositive (and clinically meaningful)
intervention effect which may have be@verlookedif the test was notperformed and
consequently should bimcreasingly utiliseds an outcome measure in future studies of exercise

training in ILD/IPF

2.8.3.4ISWT and ESWT

Noincludedstudiesusedthe ISWT or ESWT as outcomeasureshencecomment on the

efficacy of thesmutcomesfollowing exercise training in ILIPFs not possibleThe ISWT Isa
beenutilisedas an outcome measure post exercise training in COP®Ilarge Cochrane review

of PR in COPD the ISWT was considered to have higher quality of evidence for positive effect
compaed to the6MWD (moderate vslow quality respectively(193)As discussed i@hapter
1.3.2the IWST follows a recorded audio cared hencemayhavegreater interobserver
standardisation compared to th@MWD. This may help to reduce biparticularlyin studies

wherethe assessoisunblinded topatient<proup allocation.

2.8.3.5 Physical Activity

The effect of training on physical activity was only assessed objectivielg of the included
studies.Two out ofthe five includedstudieswhere thisoutcomewas assesseidentified asmall
but significanimprovement in PA (steps/dagt immediatefollow-up. One study Dale 2014

75



Chapter2
identified a small butstatisticallysignificantmaintainedimprovement in PAmeasured as MET

equivalents) a6 months However as discussed abgwkie to mostparticipants in this study not
having an ILD diagnostike relevanceof the longterm outcomes of this studfor patients with
ILD/IPF is uncertaiifhe lack of effect ofercise on PA at longéerm follow-up isin keeping
with the undear maintenanceof effecton exercise capacity assessed by 6MWiyever it may
also be due tdhe failure of the exercise training interventions (and any supplemental no

exercise intervenbns) to modifybehaviouralandlifestyle habits

2.8.4 Summary anctonclusions

Thissystematic review provides a narrative review of the efficacy of exercise training on
cardiopulmonary fitness ipatients withILD with particular focus on the methodology of the
exercise interventions using tHel.T.Tprincipals A total of36 articles were included which
reported the results of 1hdividualclinical studiesOf these2 of the 17 included studies were
deemed at low risk of biagnd14 studies were assessed as high risk of Widscommon factos
introducing biasncludingunblindng d the assessaand 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
individualsedprescription of the exercise training and any training progressibie. 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 ircisgeapacity at
immediate followup. This review identifies that in patients with ILD/B&Fobic exercise
programmes of relatively short duratidn8 weeks including a minimum of two -3Ginute
sessions/weelare sufficientfor positive clinical effect aharenon-inferior to programmes either
of longer duration or increased frequency of trainihgngerterm (6 monthor more)
improvements are apparent in some studies although the evidence supporting lbés isobust
dueto the small number of studiedemongrating positive effecandthe often-highdropout
rates This review demonstrates that there is a need for future investigationtinte best to
deliverindividualised exercise training programmes and progress exercise training loads for
patients with ILDPF including testinghe utility of highintensity intervalbased training

compared toboth standard care and continuousoderate intensity exercisgaining.
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Chapter 3Methods

3.1 Introduction

This chapter will describe the methodology underpingthis thesis.First the study setup, patient
selection and recruitmenf the clinical trialvill be described.The methodological approaches
relating to the study outcome measuraggludingexercise capacity assessmeimcluding CPET)
pulmonary function testingnutritional assessment, anquality of life assessmemtill be
discussed. Second, the methodology relating to blsachple processingtorage and redx
analysis will be discussed. Finally, the general statistical principtearaatysis utilised in this

thess will be described

3.2 Personal contribution

For thisthesisresearch with oversight from my supervisory team, | designed the protocol for the
clinical study, obtaineflll ethical approval and was the study principaigstigator. ook the
leading ple in study recruitmentenrolmentandthe day-to-day delivery of the stug Following
appropriate trainingl undertook allthe studyclinical assessmesincludingcardiopulmonary
exercise tes{CPET)6-minute walktest, andbioelectrical impedance amgsis (BIA), and |
interpreted CPEMmetabolic cartdata forthe prescription of the exercise training programnte.
was assisted during CPET visits by the NIHR Southampton Critical Care research team (Ms
Samantha LeggetMs Rosie Geal and Ms Sitara BEIBET data reported astdyoutcome
measurewas doubleblind reported by CPET experienced clinicians (Dr Anna Freeman and Mr
AndrewBates) with Dr James Otas thethird reviewer.Sirometry and @s transfer assessmes
were conducted bythe NIHR Southapton biomedical research centre (SBRC) respiratory
physiologists (Ms Kerry Gove, Ms Rosie Geal and Mr David Hill). | prepdee-treated all
venous blood samplgwior to analysis and designed the study specHimgle preparation and
storage standat-operating procedure (SORreparatiorof the venous bloodnto sample

aliquots for storage wagerformedby the laboratory team in th&outhampton NIHRVellcome
trust clinical research facilifNIHR WTCRMRedox mmarker analysis was conducted by
Prdessor Martin Feelisch and Ms Magdalena Minion imithe Feelisch laboratory at the
University of Southamptarfollowing initial guidancieom Ms Helen Moyse@NIHR SBRC medical

statistician) | designed and executetd dataand statisticahnalysigplan.
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3.3 Studyset-up

The study protocol was designed to deliveaERE erivedindividualisedstructured responsive
exercise training programme (SRETP) to patients W his was a single centre prospective
cohort study.The overallaims of the study wereo first testthe safety andfeasibility ofthe
SRETP, second assessitingact d the SEETP omxercise capacity, symptorend quality of life
andthird to investigate thephysiologicaind biochemicaiechanisms of the exercise training
response in pagents with IPEThe SRETP is described in detdllhiapter3.7 and study specific

methodology relating to thelelivery ofthe clinical trial is described @hapter4.4.

3.3.1 Ethics andapprovals

Ethical approval for this research studsas obtained fromthe 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 fordulistantialamendments (REC
Reference number 17/SC/0342a) and (RECGeafe 17/SC/0342b). University of Southampton
researchethicsapprovalwasalsoobtained (Ergo2eference number: 49421) and for subsequent
amendments (A49421.A1 and A49421.A2). The primary spémstire study was University
Hospital Southamptofoundaton Trust(UH$T) and full local sponsor Research and
DevelopmentR&D) @partment approval was obtaingH$TSponsoreferenceRHM

MED144}). The study wasdoptedas a study supported by tHéIHRSBR@nd the Southampton
NIHRWTCRFThe study was agbted ontothe Wessex NIHR Clinical Research NetWGRN)
Portfolio of research studies. &lstudyprotocol wasregistered on clinicaltrials.gov
(NCT03222648All study participants provided fully mfmed writtenconsentprior to study
enrolment followirg NIHR Good Clinical Practice (GCP) and local standard operating procedure
(SOPPf UHSFT

3.3.2 Patient andpublic involvement

In designing the strategy for my patient and public involvement (PPI) ®ttiasis | sought advice
from the NIHR Research Design Service (REIS)eRelopment team. | chaired two patient and
carer focus groups to present the design of the study andinatthe plannedstudy protocol
including the visit schedule. | askpdtientsto share their previougsxperiences of pulmonary
rehabilitation and exercise training. These meetings were held &M/ 2017 and 8 June

2017 in the NIHRVTCRMith a totalof 6 patients and 2 relatives attending. The study design was
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presented to tle Wessex Interstitial Lung Disease (W.l.L.D) support group on Montlay 15

October 2018 Flemming Park Eastleigh.

Feedback from these meetings was overall positive with patients\bed thatthe study had
great value for patients and that the study scheslulas manageablédt was feltthat two sessions
of exercisea week was appropriate@hereas 3 per week may lmverburdensomeThe patients

at these focus groups reviewed the prota and felt thathe screening visit could be combined
with the baseline CPEvisit without being over burdensome for most patieatsl consequently
provision was made for this in the protocol. Furtipatients atwork expressed wanting extended
hours forstudy visits due to work commitments. Therefore, provision for early morantblate

evening training sessions were madehe study schedule

3.3.3 Assessing safety in the study

During the clinical study severe adverse events (SAEs) and adverse(&&nisre monitored

by the principal investigatgfT.W) study team and study sering committee (Prof. Sandy Jack, Dr
Mark Jones, Dr Sophie Fletcher and Prof. Michael Groéaty) SAE/ABsere recorded and
documented usingOP of the Southampton Wellcomeai3t Clinical Research Facility (WTRCF). An
SAE was defined as an untoward noadloccurrence that reswdtlin death, was lifehreatening,
required inpatient hospitalisation or resulted in (or required intervention to prevent) persistent or
significant pemanent impairment odamage. An AE was defined as an untoward medical
occurrence in a participant occurring during the study periBAEs were classifiagsing the

GCommon TerminologyQriteria for AdverseEvents (CTCARB)gorithmand local SOP of the
Southampton WTCRF a&rade 1 ild; asymptomatic or mild symptoms interventiontno
indicated) Grade 2 loderate;local or noninvasive treatment indicatedisrade 3 (Severe;
medically significantnot immediately lifethreatening) Grade 4 (Lif¢hreatening)or Grade 5
(resulting in @ath).(261)AnySAEs and AEs were reported following SOP of the Southampton
WTRCIRnNd a recod kept in the study case report form (CRIR)the case cdny SAEseporting to
study sponsor wawithin 24 hoursReview of safety by the study steering committee was
continual butformal pre-planned review of safety was undertaken by the study steering
committee after recruitmentand completiorof the firstparticipantand aftercompletion ofthe

first 9x participans.
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3.4 Patientselection

3.4.1 Inclusion andexclusioncriteria

A summanydiagramof the study is illustrated ifigure3.1. The study hadhree arms to
recruitment; 1) IPF patients recruited to the struated responsive exercise training programme
(SRETBroup),2) IPF patients recruited fdvaseline and end clinical assessments (Standérd
Carg SOC Groypand3) W/ 2 y pateBt<n@ affected bylPF recruited for pre and postandard

of-care CPEBlood samples.

Study recruitment was from th&* Sepember 2017 to I April 2021 Recruitmentand followup
of IPF participants was terminated on th@&" March 2020 precluding further recruitment to the
SRETP group and precluding meaningful recruitmeB80@G group (for COAD® impact

statement seeAppendixG).

IPFparticipantswere recruited to the study if they satisfied the following criteria

3.4.1.1 Inclusioncriteria

w Male and female subjects aged-88 yearsnclusive

w A specialist MDT confirmed diaggis of IPF based amurrent consensuguidelines of the

ATS and ER56)

w Clinically stable for 3 months as judged by the investigator

1 MRCBreathlessness Scaeores of 13. (seeTable3.7 and AppendixB)

3.4.1.2 Exclusiorcriteria

1) Baselindorcedexpiratoryvolume in 1 second (FEMo forcedvital capacity (FVC) FEWVC
ratio of less tharD.7.

2) Patients withsevere heartfailure; New York Heart Association (NYHA) grade Ill,arlV
known Eft ventricular systoliclysfunctionless tham5%

3) Current use of ambulatory or lorigrm oxygen therapy

4) Oxygen saturationkess thar85% orroom air.

5) The presence dhfection or exacerbation, requiring hospitalization within 3 months of study

recrutment.

6) Commencement on anfibrotic therapy (Pirfenidone® or Nintedanib®) within 3 months prior

to recruitment to the study
7) Neoplastic disease undergoing treatment oriaetfollow-up.
8) Patients taking oral corticosteroids: unless the dasssless than % mg of prednisolone or

equivalent, and the doseasstable for 8 weeks acreening.
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9) Current or previous history of sarcoidosis or collagen vascular disease

10) Any conditiorwhich would prevent completion of cyelrgometer testing, pulmonary
function testsor 6-minute walk test as judged by the investigator

11) Participation in a pulmonary rehabilitation program in 6 monphi®r to screening

12) Any conditionexcluding CPET based on the absolute contraindicatioined in the

AmericanQollege ofChest Physicians ACCHFATSCPETuidelines 2008175)(seeTable3.1)

13) Positivepregnancy test in females of childbearing age.
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Figure3.1 Studyprotocol summary flow diagramand study outcome summaryLVEFleft
ventricularejection fraction, HRQlhealth related quality of lifek AT-Peak mid-point between AT
and+f.peak(see text)
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3.4.1.3 Control participants

Participants withouta diagnosiof IPF were recruited to th€ontrol group for blood sample
comparisorpre and posstandardof-care CPERecruitment of controparticipants vas targeted
to achieveaged andsexmatchingto IPFparticipants Age matching of controls to IPF participants
was necessary for meaningfulmparison ofsystemiaedoxstatusdueto the agerelated

impairment of redox balancgl09)
Participants recruited to th€ontrol group met the following criteria:

Controlinclusioncriteria
w Individuals referred foa peri-operative ardiopulmonaryexercisetest (CPE®s part of their

standard clinical carat UHSFT

Controlexclusioncriteria

w Inability to give informed written consent

w Malignancy (except localized squamous or basal cell skin carcinoma) undergoing active
investigation, treatmentor follow-up.

1 Currenttobacco smoking

9 Diagnosis of a significant chronic respirgtdisease, severe left ventricular failure or

collagenvascular disease as judged by the investigating team.

3.4.2 Patientrecruitment

Patients were recruited prospectively to the stu@tudy recruitment was between 1st
September 2017 1st April 2021. Studsecruitment and followup of patients withIPF was
terminatedon 17th March 2020 due to the impact of the COXMDpandemidseeAppendix G
COVIB19 impact statemen). The patient recruitment strategy usedasdescribed in the study
protocol andapprovedby the Research Ethics Counédtientswith IPF meeting the study
eligibility criteriawere recruited from specialisiLDclinics atUHSFTa secure database of
research volunteers held by the NIISBRRCand from theW.l.L.Dpatient and carer support gup.
Potentially suitable patients who lthexpressed permission to be contacted regarding suitable
research studies were prgcreened against the study inclusion and exclusion criteria and either
approachedviatelephone by the principal investigator (DimTWallis) or &Research Ethics
Councilapproved study invitation letter was sent in the poall patients who expressed an
interest in the studyor who were referredas potentially suitable for the studyy their specialist
team, were contacted by therjmcipal investigator (myself) to discug® study in more detail and

subsequenthyprovided 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 @pghrepriate

approved patient information sket with at least 24 hours to read and consider the docuraent
prior to the visit Due to time and funding constrains of this research patient facing study

documentation was only availablewritten English.

Suitabe patients for theControl group were screened by the principal investigator (Dr Tim Wallis)
from the UHSFPperi-operative clinical CPET service appointment list. Potentially suitable patients
were prescreened against the study control inclusiordaxcusion criteria using their electronic
medical records. Suitable patients were then approachgdelephone. All control participants
received a copy of the relevant study patient informat@wcumentationwith adequate time to

read and consider prido consenting to participate in the study.

3.5 Cardiopulmonaryexercisetesting

Cardiopulmonary exercise testing (CPET) is an objestivetured,laboratory-based assessment

of exercise capacity:he advantage of CPET over other methods of assessment ofsexer

capacity is that ienablesan integrated assessment of the respiratory and cardiovascular systems
AyOft dzZRAYy3 (KS 02ReQa -diokide Brédyictiaiziintldr doaditianda? y | y R
YSF&dz2NF 6t S SESNODAAS &l NSB@End dNR/Qt 9@ ass adSwEia RSN
breathlessness and provides a safe, repeatable andimassive means of assessing physical
fitness(37) Serious adverse effects associated with CPET are harindidence of major cardiac
events is 1.2 per 10,000 teqt@62)(recorded in sidies of patients with cardiac disease) and
mortality of 25 per 100,00q175)In a recent review of all UK parperative CPET services no

deaths were reporte185)Previous studies have demonstrated theeigfand feasibility of CPET

in patients with IPF an@PET outputs includimgeak volume obxygen consumptions,peak)
haveprognosticvaluein IPHas discussed iGhapterl.4.4).(177, 194)

3.5.1 Equipment andsetup

CPET was performed followiggidelines of the2003 guidelines ahe AT$175)and 2018
guidelines othe Perioperative Exersé Testing and Training society (POKTI#S) Prior to

testing participants electronic medical records at B8ere screened for absolute
contraindications to CPE3eg Table3.1) and contraindications were reviewed with participants

prior to initiation of each CPET test.
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Table3.1

Absolute and relative contrandicationsto CPETAdapted from referencgl?75)

Absolutecontraindications

Relativecontraindication

Acutemyocardial infarction (& days)

Left main coronary stenosis

Unstable angina

Moderate stenotic valvulagisease

Uncontrolled arrhythmias causing symptom

or haemodynami compromise

Severe untreated arterial hypertension at re

(systolic >200 mmHg, diasto$t20 mmHg)

History of exercise induced syncope

Tachyarrhythmia or bradyarrhythmia

Syncope

Hypertrgohic cardiomyopathy

Acute myocarditis or pericarditis

Significabh pulmonary hypertension

Uncontrolled heart failure

Advanced or complicated pregnancy

Suspected dissecting aneurysm

Electrolyte abnormalities

Pulmonary oedema

Acutepulmonaryembolus or infarction

Room air desaturation to <85% unless

supplemental @is provided for exercise

Acute noncardiopulmonary disorder that ma
affect exercise performance/ aggravated b

exercise

CPET was performed on a computer controlideictromagnetically braked cycle ergometer

(Ergolin®2000, Germany) with breathy-breath gas analysis usitige Blue Cherry® software
platform (Lovemedical ManchestddK) following guidelines of thATS2003175)andPOETTs
2018185)and localSORof the NIHR WTCRF at UHSPB{ring CPET participarase continually

monitored with pulse, arterial oxygen saturation by pulse oximets@{Sblood pressure (BP),

12-leadelectro-cardiogram (ECG) and breditl-breath gas analysis via a facemésigure3.2).

Attached to the facemask is a flow sensor (Geratherm Respir&@oryH Germany this

measures variation in flow stream pressure across a variable orifice membrane. Attached to the

flow sensor is a-Pneter gassamping tube which connects to the gas analyser. There is-8.@.2

second delay between the gas activating flow sensor and activating a response at the sample
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analyser This delay includes both thgas transport delay (time for gas to transverse the Iénoft

sampling tube) and the analyser response (the processing kinetics of the analyser to a change in
gascomposition). This time delay is compensated for by the €BEputer software (Blue
Cherry®Manchester UKand is remeasured prior to each test dimg gascalibration (see below).

The partial pressure of water vapour in exhaled gas is reducedNayi@n polymer within the gas
sample tubing. This is necessary as without this reduction water vapour can lead to significant
errors in metabolic gaanalysis(263)The ambient room temperature, barometric pressure and

humidity are continuously recorded using an environmental sensor (AStibk¢ Geratherm

Respiratory GinH, Germany.

Figure3.2 A patient performing a CPET tesfth facemask for breathby-breath gas

analyss and 12lead ECGPatient consent for image obtained

Patients were asked to takeny usuategular medicatior 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 (086Q@300) and patients were instructed attend the research

centre fasted and provided withlayht breakfast of toast, butter, spread, jam oredse at least 2

hours prior to the test. This dietary restriction was necessanpturol for nitrogen containing

foods which would influence blood analysis of redox marigeessonal communication from

Professor Martin Feelisch)

Prior to conducting eacBPET it is necessary to calibrate the equipment for flow rates and gas
concentratian. Following training | performed the ptest CPET calibrations fthre participants
CPETd he flow sensor is calibrated for flow rates using a standardidesy8inge athree flow
rates low, medium,and high to simulate the range of flow encountemaring the CPET from
rest to intense exercise. Successful calibration requires calculated volumes to witB¥ &rtor

of agreement. Gas calibration was performed usimpint air (21 % £and 0% Cgn balance N

2) and a standardised, gravimetricalighted calibration gas (BOC gad¥esildford UKof
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known concentrations equivalent to expired breath (158% 5% C®in balance I to achieve 2

point calibration acclate to +1%. Piped oxygen was available in the testing laboratory and
before commenmg the CPET it was ensured that a fully stocked adult resuscitation trolley with
external cardiac defibrillator was readily available. The F&dical emergency team was
available via the hospital switchboard. Two members of stags@tiand one other)vere present
during all testslt is a requirement for at least one CPET operator to lmasas council UK adult

life support accreddtion. Colleagues assisting me wittetCPET test includ®avid Hill
(acknowledged), Rosie Geal (acknowledged), Jambésabe (acknowledged), and Katarina

Pontoppidan (acknowledged).

The @tient@ demographics including anonymised study ID, initials and date of birth are entered
into the Blue cherry ® software. It is necessary to etfteidate of birth for calculation of

predicted values. Height (metresyeight (kg)andgenderwere entered Thebody mass index

(BMI¢ kgm™) and body surface area (B&§/?) are calculated by the software. All this

demographic information is required for appropriate calculation of prextictalues relating to

test outcomes by the software. #2ad ECG is recordedth 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® softwatk)renECG reviewed for significant abnormality prior to
conducting the testl performedspirometry testing for participantgrior to the CPET test using

the flow sensor as thmouthpiece Sandard operating procedure recommended by tBR&s

described irChapter3.8.1was followed forall spirometrytests

Once the above is completéhe patient is asked to climb onto the stationary bicycle. Once on the
machine a correctly sized facemask is then seleatethke patient and mced around their face

to achieve a good seal with no 4étaks on air tightness testing. For test accuracy the size of the
mask is entered on the software &wcount forthe differernt deadspace volumes associated with
each mask sizé.g. 100ml for thesmall mask, 12fnl for the medium mask). Once the mask has
been fitted correctly breatiby-breath gas analysis is commenced. The patient is then coached to
givetharWo Said STTF2NIQ 6KAfAaAl | ROAAAWAiftheKSY G2 AyT2NY
experience any adverse event¥dble3.2). Participants were informed to refrain from talking
during the test to prevent compromising data, unless to signal discomf@nheed to stop. Seat
height is adjusted to achieve a full extensigithout overextension of the knee joint during
descendingpedalling stroke, this valuisthen recorded and standardised for future tests. Non
invasive blood pressure is recorded with an automated BR andf O, recorded using an ear
probe.Breathlessessand leg pain symptom@org Score253)seeAppendixCwere recordedat

the start and end oéachCPETReaitime test dataare displayed in numerical and graphic

formats by the software during the exercise test. The exercise protocol is described in detail
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below Chapter3.5.2) and interpetation of CPET parameters including estimatiorAdlusing the

V-Slope method are detailed @hapter 3.6

3.5.2 Exerciserotocol for incremental CPET

Thefollowing describes the CPET test protocol used for both IPF and control participants. Each
CPETdllowsfour main stages; rest, unloaded cycling, ramp exercise and recdvaring 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 il and+Q and pre

test hyperventilation indicated by a reisptory-exchangeratio (the ratio of+£Q/ ), [RER]) of

>1.0. During unloaded cycling (3 minutes) patients were instructed to cycle between 55 and 65
revolutions per minute (rpm) agaist no resistance (zero Wattshis phase allows patients to
become &miliar withthe cycling motion and for quantification of the steady state metabolic cost
(=2, +€Q and +f of unloaded cycling. The ramp phase of the test typitadis8 to 12 minutes
during which patients are instructed to keep pedalling a5 rpm.For each patientthe
estimatedramp slopewas first calculatedising established formula derived by Wasserman et
al.(184)

+f, unloaded pedalling (mls.mify = 150 + (6 weight in kg)
+ipeak(mls.mint) =[Height (cmsy Age (yearg)x 20 (sedentary males)
+peak(mls.mint) =[Height (cms} Age (yeard)x 14 (sedentary females)
Work rate increment/min £tf,peakc¢ ), unloadedpedaling/ 100

e.g. for 60 year old male 70kg and 170 cm

+f, unloaded pedalling (mls.mify= 150 + (6 x 70) = 570 ml.min
+Ppeak(mls.mint)= [170¢ 60] x 20 2200 ml.mn*

Work-rate/min = 2200 570 / 100 = 16.3

F mp 2 (0« Yeddlivetad inysl\Waiget rairLihcrements)

The actual ramp slopesedwas selected pragmatically based on patients calculated predicted
ramp slope using the above formwad subjective assessment of physical status on the day of
the test (e.qg., for IPpatientstheir FVC% predicted andMWDwere considered)to achieve an
estimatedexercise time of approximately 8 to 12 minut&&amp kpes usedor patients with IPF
were 5, 10 and 15 Watts per minut€he ramp slope used in participants baseline GRPAST

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 Y patients reaching the limit of their exercisedmnce ordue to
symptomlimitation (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 minutecBis
early safety stopping criteria used are diégd inTable3.2 adopted from Levett et aR018.(185)
Following completion of the ramp exercise & Binute recovery phase is commenced were
participants are encill: 3 SR -R 2 ¢ WhePaficbicycle and pedal slowly against no
resistance until pulse returned to with10 bpm of baseline and blood pressure within 10 mmHg

of resting values

Stopping criteria for early termination of CPET

Angina Hypertension > 250 mmHg systolic or > 1

mmHgdiastolic

>2 mm ST depression if symptomatic or 3 Severe desaturation,&,< 85%

mm if asymptonatic or > 1 mm ST elevation

Significant arrhythmias causing symptoms| Dizziness or gsyncope

haemodynamic compromise

Fall in blood pressure > 20 mmHg frq¢ Mental confusion/loss of cordination

highest value during the test

Table3.2 Earlystopping criteria for early ermination of CPETAdapted from Ref(185)

3.5.3 Constant workrate testing

3.5.3.1 Constant workrate test procedure

TheConstantwork-rate test (CWRT) was performed with very similar operating proceduiteeas
incrementalCPEWith full monitoring of heart rate using 2ad ECG, nemvasive BP,,8, and
metabolic cart This testhas been shown to be a highly sensitive guint for assessing
treatment responsé€Chapterl.4.5.(147)The CWRT test was performed twioace at baseline

and once aftecompletion of the exercisgraining programmeParticipants had at least 48 hours
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recovery prior to each CWR the CWRTdllowinga 3-minute unloaded warrrup, participants

cyclad at 75%0of the work rate achieved atfp.peak(termed 75%tf.peakhere after) determined

from their baseline CPEThe same workate 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 synptom limitation. The exercise time wasecorded in minutesnd second$Enduraice

time). The Borgscore (breathlessness and leg scaval completedat the beginning and end of

the test The test was terminated either by the patiendioatingthat they had reachedheir

symptom limitation or if their pedalling cadence fell to Itisan 50 rpm for greater that minute
RSaLIAGS 3ISYSNIft SyO2 dzNI 3 $hyteyDuridggdn® ®WRTa Wg St f
participanswere not given an idea of the time thewdth been cycling for by the research team.
Further at the end of the first CWR&tients were not informed atheir achieved Endurance time

toKSf LJ LINB@Syid oAl a G GKS FAylLFf FaasSaayvySyid 2

3.5.3.2 Justification of the work rate for theCWRT

Most ofthe previous literature on the utility of CWRT as@utcomemeasurecomesfrom studies

in COPDIn a position statement review for tlERSPuenteMaestu et alrecommend the

optimum duration for a prantervention highintensity CWRT shouluk between 18480 s with a

range of 126840 s (3 14 minutes) aceptable(186)This is similar to theptimum time range for

an incremental CPET test of 82 minutes.Thisassumeghat if tests are of significantly longer

duration the participant will stofpecause ofactors which are niorelated to the cardiopulmonary

or neuromuscular systenmrather, other factorssuchasboredom motivation or discomfort.

Further if tests are significantly shertparticipants may be primarily limited biye strength of

their peripheral muscle§264)Hence wherspecifyinghe desired workrate for a CWRT it is

important to considerthe predicted duration of exercise that the participant will likblyable to

achieve for the givenworkate® ¢ KA &4 Ad RSGSNIXYAYSR o6& 020K Iy
work-rate whilst maintainig steady state termed th@ritical powe NJ WTF I G A 3dzS § KNE
(KS 02R2Qa NBASNDS (2 ((265)&thiugh Beresighlvariabitg S & (
between individualsin young healthy individuals the critical power typically occurs e80% of

maximal oxygen consumptioafp.max).To this regardit is importantto consider the dynamics

of the workrate (power}time relationship for constant load exercise. At wogtes above steady

state (vherethe individual will eventually be exercising at th&fimaX the relation betveen

power andsymptom limited exercise tim(Tuw) is hyperboliavith the critical powemarking the
asymptote of thigelationship At work-rates above the critical power the figets exponentially

shorter andat work-ratesbelowthe critical power thel,m exponentially longe(Figure3.3).
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Figure3.3 Thecritical power concept and théyperbolic relationship between power and

time for constant load exerciseéThe CR, Critical power (dashed line) represents the asymptote

of the hyperbolic powerRdzNJI G A2y NBf I A2y aKALI (HoyaRovelGPE 2 Q OdzNII  dz
represents the fixed amount of work that an individual can perfaitmvethe critical power The

Critical power isabove the ATAnaerobic threshold (solid lineJhe AT marks the transition from

moderate to heavy intensity exercise and tr#tical power the transition from heavy to severe

intensity exerciseAdapted from re{265)

The time to exercise limitation (f) at workrates above the critical power can be accurately

estimated by the equation:

Tl 2 QRRY t (266)
2 KSNBE 2 Q Aa (K Sc taededdamdudzihigHotangts wiokk wiindividual is
able to perform abovéhe critical powey P is the workrate performed and GRs the critical

power.

In pooled analysis of three studies of patientith COPn=2608), Timwas between 18180 s in
57% of participants (25% <08 and 18% > 4&) performingCWRTsvith work rate at 7580%of

tPpeak In a study of patients with michoderatelPF(mean FVC 79%) Dowman eteathployed
a workrate of 85% oftfp,peak with a meanJuof 428 s (standard deviation 228(3)L1)Arizono

et al.employed a workate of 80%tf,peak and observed a 181% improvement in th@im
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patients with IPF after a period of exercise train{h§9)These studies emonstrae that high

intensitywork-rate CWRTare safe for patients with IPF aade responsive tdherapeutic
intervention. With these results in mind the study steering group (Prof Sandy Dadkark Jones,
Prof Michael GrocottDr Sophie Fletcher anjiselected £WRT loa@Vatts)of that achieved at
75%+f.peakat baseline incremental CPES 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 byfactors other than cardiopulmonary or neuromuscularitation 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 frddPET testing are briefly defingdlable3.3. More

detailed description of the underlying physiological explanations for these variables follows in this
section. Thetf,peakandAT are key variables for prescription of the structured responsive
exercise training programme (SRETP) detailé&hiapter3.7. These variables are also commonly
used in the clinical setting for determining risk sifieaation in peri-operative assessmetit85)

and have prognostic value in the assessment of patients with respiratory digessehapter

1.4.4.(37)
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Table3.3 Summary definitions ofCPEVariables

Paameter

Oxygen Uptake

Peak Oxygen Uptake

AnaerobicThreshold

Respiratory Exchange
Ratio

Work Rate

Oxygen Uptake/Work
Rate

Oxygen Pulse

92

Abbreviation (units) Description

P> (mLminute?)

+Ppeak (mLminute?)

or mLkg*.minute?)

AT (mLminute?)

mLkgt.minute™)

RERratio)

WR(Watts)

+fp/ WR

(ml.mint. W)

Ozpulse

(ml.beat?)

or

Volume of oxygen (£) extracted from
inspired gas at a given time point express
as ml per minute. Expressed as an absol

value (mLminute?).

Highest oxygen uptake dmg an
incremental CPET test. Calculated

average *f. over last 30 seconds c
exercise. Expressed as an absolute ve
(mLminute) or weight adjusted (mLkg

Lminute?).

The exercisetf). above which anaerobic
metabolism supplements aerobi
metabolism and is reflected by an increa
in the lactate and lactate pyruvate ratio i
muscle and arterial blood. With conseque
sysemic increase in blood lactate
concentration. Expressed as an absol
value (MLminute?) or weight adjusted

(mLkg*.minute?).

Ratio between the amount of G@roduced

in metabolism £§0Q) and Q used ¢£»).

The amount of work done at a given tin

point expressed in Watts

. at a given time point divided by th
corresponding work rate (Watts). Express

the oxygen cost of performing work

Expressed as oxygen uptake divided
heart rate ¢&fp2/HR). Represents the amoul
of Qzextracted by the tissues carried in ea

stroke volume. Can be expressed at AT

*fppeak



Parameter
Heart RateReserve HRR (1/min)
Maximum Voluntary MVV (L)
Ventilation
Breathing Reserve BR %
Ventilatory Equivalents = +f/+0, and +f +p:
for CQ and G (z&f:CR

(ratio)
and et @)
End tidal Roz (Pe1CQ) P00z (mmHQ)
End tidal P2 (P=10z) P=1O2 (mmHgQ)

3.6.1 Oxygenuptake @)

Oxygen upke(zf,)RSa ONR 6 S a

(iKS dziAtA&FGA2Y 27F

Chapter 3

Abbreviation (units) Description

Difference between the predicted highe!

heart rate andneasuredhighest heart rate

Parameter calculated at rest indirectly

multiplying the FEMuy 40.

Expressed as difference

pecntage
between MVV and maximum minut

ventilation (\é during exercise.

The ventilatory equivalents for G@nd Q
measure the ventilatory requirement for .
given metabolic rate. Both variables can
expressed at ATpeak exercisgor the slope

of association through alork rates.

Partial Pressure of GQPcoj in respired gas,
determined at the end of exhalation
Commonly the highest & during the

alveolar phase of expiration.

Partial Pressur of @ (Po2) in respired gas,
determined at the end of exhalation
Commonly the highestPO, during the

alveolar phase of expiration.

iKS

metabolism. Physiologicalisf. is related to the rate of oxygen delivery to the tissues (cardiac

output) and the extraction of oxygen from the blood éttifference between the aetial and

mixed venous oxygen content). This relationship is expressed in the Fick equation.

1, = Cardiac Output x (arteriab€ontent¢ mixed venous @content)

Where Cardiac Outpu(CO}F Heart RatéHR)x Stroke Volum (SV)

And Stroke Volume Eeft Ventricular (LV) End Diastolic Volugtend LV Systolic Volume
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During exercise the normal relationship#.to work rate is linear at sulmaximal workrates.

The slope of the relationship betweeifp, andincreasing exdrnal 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 10.2mit3.Watt* with a
standard deviatia of 1(184)Values of less than 8I0,.mint.Watt* are indicative of pathology

in either the Q transport, or O, utilization by the tissuedor example due to cardi@ascular

disease.

The relationship of oxygen uptake work rate is dependent on the oxygen carrying capacity of
the blood (haemoglobin concentration, shifts in the dx@emoglobin dissociation curve
[influenced by temperature, pldnd CQ), cardiac outpuand the extraction of the oxygen from

the blood by the tissues.

During an incremental exercise as work rate incregsessubjectst, will increase until they

reach the limit of their exercise capacity. In athletes and healthy individuals, a plateaygen

uptake is observed at near maximal work rates. Increased work at this point is achieved by,

among other mechanisms, increased oaygxtraction from the blood. If a clear plateau in peak

oxygenuptake is observed during an exercise test this scdi®ed as anaximum=l, (x.max)

This is often considered the gold standard assessment of physical fithess. However, in clinical

CPETasting symptom limitation often causes exercise limitation prior to achieving a true plateau

in £ If this occurs, the highe2£p, achieved during the test isermedthe peak volume of

oxygen consumption{p;peak) andthis is often used as an estate for +f.max tiPpeakis

dependentortheLJ G ASy 1aQ ¢6SA3IKGE |38 ASE FYyR GKS SESNDAAA
the effect of the exercigigmuscle masghis includes influence of the type of exercise used for

the test with treadmill exerciseesting typically achieving an approximatd @6 highee-f,peak

than cycler ergometer testinfL75)In exercise test interpretation the reportegp,peakis usually

averaged over the last 30 seconds of exercise before test terminahem{ethod used to

estimatetfpeakin this thesis)f, can be expressed as an absolute valueit?) or perunit of

mass (mlkg*.min?). Reducedf:peak expressed aspercentage of predicted values can

represent dysfunction in the cardiovascular and or respiratory systems, the extraction of oxygen

from the tissues, pathology in the peripheral musdethe sdz6 2 SO Qa ST FAMile RdzZNAy 3 (K S
absence of a plateau in th); indicative of atf.max, 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 limitedtf,peak ahieved(267)

In healthy individuals severe intensity exercise is characterised by an exercise of sufficient
intensity that if performed cotinuously the . profile risesuntil VL -maxis obtained and

subsequent exhaustion (s&&hapter3.5.3.2for discussion for the critical power concgp265)
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Population studies have dalted data on referencefp,peak value4268) and variousestimated

formula for +f,peak values have been derivétB4, 269272) Despite their methodological
limitations (including small number @articiparts and the inclusion of smokers in the sample
predicted values of Hans€/2) Jone¢271) and Hansen and Wassean(184) have been
recommended for use in clinical CPET interpretatiimose ofHansen et a{272)were obtained
from asbests-exposed workersand consequently maynderestimate predictedtfp.peak(184)
Predicted values byones et af271) do not consider body weight or adjust for obesity using
predicted body weight. For these reasons the predictipeakvalues in this thesis have been
calculated using equations derived by Hsen and Wasserm#&h84) (for predicted tip,peak

eguations see below).

Predicted body weight(kg)

Males =0.79 XHeight) - 60.7

Females £0.65 XHeight) - 42.8
Predicted+@peakMales

If actual weight equals or exceeds ideal weight

Peak+fp, (L/min) =(0.0337 x Height¢ (0.000165 x Age x Heigltg (1.963 + 0.00&XWeight[actual
-ideal))

Or if actual body weight less thaideal weight

Peak+f, (L/min) =(0.0337 x Heighk- (0.000165 x Age x Heiglg (1.963 + 0.014 X Weigfdctual
-ideal))

Predicted+@peak Females
Peak+f, (L/min) = 0.001 x Height x 14.78®.11 x Agg+ (0.006 XWeight[actualideal)

Where Height = cm, Weight = kg and Age = yediquations from Hansen and Wassernih84)

3.6.2 Carbon dioxideoutput (£EQ)

CQis produced in the mitochondriduringcellular metabolism. At rest the amount of £O
produced is dependent on the basal metabolism and the amounts of carbohydrate, fat and
protein in the diet. Due to the increased solubility of.€@mpared toO; (in the ader of
approximately 2€fold), its excretion is more strongly dependant on venidatthan +f,. As a

generalrule for a constant£Q halving alveolar ventilationt), will double the arterial CO
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concentration. The ratio of G@roduction to Q@ utilisation is termed the respiratory quotient

(RQ) and idependenton the metabolic sbstrate, eating avesternmixed diet the RQ is typically
0.8. As the RQ relates to tissue substratedise cellular metabolismit cannot exceed 1 (the RQ
for carbohydrate metabolismand its quantification requires measurement of blood gases. By
contrast the respiratory exchange ratio (RERp®/+f,] can be measured at the mouth and
can exceed 1 due to G@roduction independenof direct cellular metabolism or depletion of €0
stores due to hyperventilation. As €©® a weak acid, it is widely believed that it is used to buffer
productionof H"ions produced as a kyroduct of lactate production during anaerobic
metabolism(273, 274)This is via the chemical relationship known as the Hendekramsselbalch
equation(275, 276)

TheHendersorHasselbalch equation
[H+] + [HC@8 T .C@A8 T o3/[HO]

Hence because of'fibn buffering by HC increased C£Qs produced which is then excreted in
the exhaled breath. This effect underlies the changing ct€Q production during an
incremental exercise test. Although the importance of H@Qactate buffering is widely
accepted,tiisimportant to note thatsome authors question the role of HE&s the primary
buffer of blood Hand as a consequence ggtion the validity of the notion of the anaerobic
threshold derived solely fromEQ dynamicg277)

At lower work rates+f£Q production is closely related tefp; utilization with a value less than 1
dependant on the RQ as described above,dlope of this relationship is tered S (seeFigure
3.4). As workrates increase there is an inflectiom+ Q-+, relationship due to supplemental
CQ production from the buffering of lactate by He;@e.+=Q produced independent offp.
used in aerobic metabolisp2 NJ W $&E@Gke sl6pe of thiselationship is termed Figure
3.4)) andisdiscussed further beloChapter3.6.3

' |
G
VO2 [mi/min]
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Figure3.4 The modified Vslope method.CPElot of £Q (y-axis)vs. £, (x-axis)

demonstrating theAT,Sland S y R WiKS fAyS 2F wm
3.6.3 Anaerobicthreshold(AT)

The anaerobic threshold (AT) represents the point at which anaerobic metabolism supplements
energy production from aerobic metabolism during exercisis defined as the point where

blood lactate firs begins to rise during incremental exerci@¥8)It represents an index of the
02Re&Qa OF LI stkabyisiate/subinghxindabeseicised yharks the transition from
WY2RSNI G§SQ (2 WK $26558tugh tidieSayt aifddriggméckabiddd A a S
responsible for the changes in muscle and blood lact#) production and ventilatory pattern

are still controversigR77)as the AT is effort independent it has been widely adapted in clinical
practice as a marker of physical capacity for paggication and patient risktratification

particularly in thefield of perioperative medicin€l85)

During aerobic metabolism adenosine triphosphate (ATP) required for muscle contraction is
produced from the metholism of carbohydrategqroteinsand 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 itriterboxylic

acid (TCAgycle. Reduced efactors produced then subsequently undergo oxidative
phosphorylation in the innemitochondrial membrane. During the aerobic metabolism of

glucose 38 ATP are produced per glucose molg2ui®m glycolysis, 2dm TCA cyclend34

from oxidative phosphorylation However, if the ratef ATP utilisation (the demandxceedghe

rate at which pyruvate can be oxidised, pyruvate is converted to lactate enabling the regeneration
of nicotinamide adenine dinucleotid®AD+ ) from reduced NAD#ith increasing reliance on
anaerobic metabolism to sustain the rate of ATP resynth@$is produces a total of 2 ATP
molecules and 4 Hnolecules per glucose. As described above, the widely accepted view is of
buffering of Hin the blood by HC®producing excess G@ith consequent increase 3 Q.(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 & latic acidosis developg4d.84)

The typical value for the AT for normal individuals is betweef®% oftfp.peak Athough there

is a great degree ofdterogeneity and is dependent on age, the modalitytloé exercise, and the

test protocol usedq184)The absolute measuretfp; at AT for the same individual increases
progressively between arm exercise, cycle ergometry and treadmill exercise. fiaisliais due

to the increased muscle mass utilised between arm and leg exercises and possibly variation in the
type of skeléal muscle fibre activated. As the AT reflects the point below which exercise can be
performedwithout lactate accumulationit is an excellent discriminator of the highest work rate

that can be sustained during prolonged periods of exeriSd)
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3.6.4 Determination of the anaerobic theshold (AThy gasexchangeusing the V
slope method

During incremental exercise at worétes below the AT the relationship 8iEQ and +his linear
(there is a slight lag in theffQ response at test commencement due to slower kinetics compared
to the £, response). Talinear relationship ok Q-+, below the AThasa slope ratio of less
than 1 due to the influence ohe respiratory quotient (RQWith a typical value of 0.8 on a
Western diet and a highest value of 1.0 (the RQ for carbohydrates). The slope of thigfpa@ar
. relationshipistermed S (Figure3.4). Immediately above the ATue to the contribution of
anaerobic glycolysis, exces$Q is produced fronthe buffering of lactatewith a consequent
increase in slope of theffQ-+f, relationship (termed SFigure3.4) to a value greater than 1.

The Vslope method derives the AT from the-Sinflection point(Figure3.4). As this method of

AT detection relies purely on gagchange it is also referred &sthe 1t ventilatory threshold

(VT). For accurate analysis of the ATngsthis method it is necessary to exclude the slow kinetic
phase of thet@Q responsg(the first 60 seconds of exercisend the portion of thetGE Q-+,
relationship above the respiratory compensation point (R@RchNB LINB & Sy 4B A ly ( @0 NF'|
the £§+Q relationship dueo increasing lactate acidosis and exce#§ driving a
hyperventilation response via stimulation of the carotid body chemorecetogs respiratory
compensation for the lactic acidoki3he RCP is defined as a greater than 15% change #fythe
B Q relationship. In addition, as acute hypentilation can lead to inappropriate increases in
R Q relative to £/, this can consequently invalidate the determination of the AT by tspe
method. To validate the accuracy of the AT assessment it is checkduyfheventilation relative

to £ is present (indicating G@roduction independent of € and second tat hyperventilation
secondary tatEQ is excluded (acute hyperventilation). Hence at the AT yv#dilatory

equivalents foiO; (£f +£p,) having been flat start to increagkypenentilation relative to Q)
whereasthe ventilatory equivalergfor CQ (xf Q) continue to decreaséno hyperventilation
relative to£gQ) (Figure3.5). Further, he end tidal @@, relationship having beedeclining/flat
starts to increase without reciprocal decrease in end tida+-€f) relationship ue to delay in
respiratory compensation for metabolic acidosis during the incremental )GPiglire3.6). Lastly

at the AT the value of the RER is less than but approachiRmyaré3.7).
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Figure3.5 Ventilatory equivalents for oxygen and carbon dioxideff +f, [red dots]and

+f +£Q [blue dots] (y-axis) vsf:, (x-axis) demonstrating that at the AT there is hyperventilation

relative to£fp; (increasng £f . relationship) without accomparyg hyperventilation relative to

+BQ (decreasingt§ Q).
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Figure3.6 End tidak for oxygen and carbon dioxidéend tidal @ (P=1O,) [blue dot§ and End
tidal CQ (P=CQ) [pink dotg (y-axis) vs.+f, (x-axis). At the ATHO.increases withoufall in
PCQ.
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Figure3.7 Respiratory exchange ratio (RERER (xis) vs. Work Rate [Watts¢-#xis) at

the AT the RER is less than 1 but rising.
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As the slope of:Ss less than 1 and the-S greater than one, a modification of thedlbpe

method determines the AT using the unitary tangent witlslope of @n an equally scaletfp,

vs.2fQ plot (Figure3.4). Using the modified f 2 LJS YSGK2R GKS !'¢ NBLINBaSyiaa

Oz2y it OGQ ¢ KS ylin&iNttom the/rghtiie.fai pointsibelow will have affQ/+f),
relationship less that and all points above a relationship greater thanThe modified \slope
method is helpful in AT determination if there is not a clear inflection point in-fp&-+p,
relationship. Thé/-slope and modified glope methods depend exclusively on thgffering of
lactate by bicarbonate with subsequent £foduction and are hence independent of the
ventilatory responses to exercise and chemoreceptor sensitivity. This has particular use in
patients with chronic lung disease suchG@PRvho may havévlunted chemoreceptor
responsea.(279)Although some authorsriticisethe physiological basis underpinning this
methodology includinghe fundamental reliance on bicarbonate in lactate fletihg central to the
V-slope methodg277)The use of the 3élope methals in AT determination are well established,
widely utilised and validated with good intebserver variability beveen experienced

operators(185)

With training andsupervision from Professor Jack | interpreted CPET data$ouging the V
slope/modified Vslope methodand +f.peakfor prescription of participant training intensities.
All AT measurements usé@uthe results of this thesisave keen determined by twooperators
blinded to the studyutcome(Dr Anna Freeman arddr Andy Batesyvith the mean of the two
values reprted. The value of third reviewer (Dr James Ott@jas reported if there was greater
than £5%difference in reported values between assessors. Vidleesreported bythese
assessorwere alsousedfor the tip,peak +f +Q slope andtp/ WR slopeAgain,the mean of
the two assessors (AF and AB) for each of these variables was reputtedalues ofthe 3¢
reviewer (JO) used if there wag@%difference inthe reported valuds) between assessordls
Samantha Leggektindly ceordinatedthe blinding of CPET test data for independent assessor

reporting.

3.6.5 Other CPEVariables

Other commonly utilised CPET variables and their definitions are summarisatle8.3 with

further description below.

3.6.5.1 Cardiac Variables

O».pulserepresents thetfp,/ heart rate ratio andeflectsthe oxygen consumed per heartbeat.

Assuming that the arterial and venous oxygen content are constant throughout exercise the O
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pulse can be used as a surrogate marker of stroke volume. In an incremeerailse test during

the initial and intermediate pases stroke volume contributes predominately to the increase in
cardiac outpuf{CO=SV x HRJence the relationship betwee@®, pulseand work rate is hyperbolic
with slow flattening near peak exercise. lgdtatteningof the O, pulsemost likely reflects
cardiovascular limitation to exercisehilst a decreasing fulse is considered a marker of
possible myocardial ischaem({&34) A redudion in the peakO; pulsevalue during incremental
CPET is present in exercise limiting cardiovascular disease, as a deconditioning response, and
some noncardiac causes of exercise limitation (e.g., mitochondrial myopd#8@0)The Q pulse

can be expressed as an absolute value mis:baass a percent predicted. In this thesis the

predictedequations @rived byHansen and Wassermdwrave been use84)
Oz pulse predicted(ml.beat?) = Predicted +.peak[ml.min]/ PredictedHRmax[beats.min’]
WherepredictedmaximumHR[beats.min'] = 220- Age[years]

Chronotropic indexThe chronotropic indegxpresses the slope of the heart rate atfgh
response during incremental exerciéd w &fR). Although derived by linear regression analysis

from aplot of the HRvs. £, the chronotropic index catve accuratelyestimatedby the following
Chronotropic index () =(HRmaxg HRrest)(xfpeakg tip.rest)
Where;HR = beats.mihand £, = |.min*

Estimated predicted values of tloBronotropicindexare 4253 L*for men and 6371 L for
women(281)Comprehensive predicted age, weight and sex adjusted values have recently been
published282)(mean [SD] values men 4%.9 ['* and women 63.4 15 ). Hevated

chronotropic indexsuggests cardiovasculanpairment whereasa lower than predictedalue

together with areduced+@,peak suggests chronotropiesufficiency(Figure3.8(280)).

ULN=-mmmemmmemmeeneeeee R
/o
;o S -
Max} oo R E— S, FOS
. / 1 > e
Cardiovascular LS e
= impairment / S &
£ / NS 28
eLLN--------7- gb R R - Fh o= smnsn o nEesessssn
= / &/ L
2 S
[ y I} L
5 4
[} ’ P
I / |
," w : :
Ky { Low Conditioned
/'/, -7 Chronotropic! chronotropic:  cardiovascular
/-~ insufficiency! index ! response
Rest LLN Max ULN
Oxygen Uptake (L.mif
Figure3.8 The chronotropic index.lllustration of interpretation of thechronotropic index in

context ofheart rate andoxygenuptake. L/ULN lower/upper limit normal Adaptedfrom
referencg282)
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+@y/ Work raterelationship. The+fp,/ WRrelationshipexpresses the oxygen cost of performing a

given work. In healty subjectghe slope ofthe ./ WRrelationshipduring incremental CPET
(excluding maximal exercise intensitiggdrformed using standargrotocol, is surprisingly

constant witha normal rarge of 102 ml.kg.W* with standard deviatiomf 1.(283) Reduction in
./ WR indicategmpairment of oxygen deliveryo the muscleand ischaracteristic of
cardiovascular limitation to exercis@lthough obesity increases the metabolic cost of performing

a given work rate, the slope of thdp,/ WRrelationship remains un@nged(272)

3.6.5.2 Respiratory Variables

Ventilatory efficiency assessed by relationship between minute ventilati@gjand volume of
CQ(x@Q) production ErCQ slope) The+l +EQ slope describes the increasn ventilation in
response to C&productionand hence provides a measure of ventilatory efficiency (i.e. the
amount of ventilation required to exhale a given amount og)CBhysiologicallyf £ Q can be

presented by the quation:
+H+EQ= K/ [P:G0: X (1-Vo/ V1) (284)

Where RCQ is the arterial C@partial pressure, ¥is the pulmonary dead spacend \tis the
tidal volume. Hence theff +£Q will be increased by a reduction irG0Q (because ofelative
hyperventilation) or increasing dead space ventilation,(dae totfvfmismatching). Normal

values for thetf £ Q slope areig2.(184)

Maximum voluntary ventilation (MVV) andbreathing reserve (BR)The MV\imeasures the
maximum amount of aia person can inhale and exhale with voluntaffort per minute. This can
be extrapolated dectly from al12-15 s forced manoeuvre (to avoid exchgpenentilation),(285)
or indirectly by multiplying the FEYL) by 40rfethodrecommended by the ATS/ERB6)and
used in this thesis)'he breathingeserve (BR) expresses the difference between the MVV and
the peak exercisegin absolute terms or percentage. In individuals exhibiting mechanical

ventilatory limitation to exercise the BR is typically less thah di 15%4185)

Endtidals for CQ and Q (P=1CQ and R5O;). The referere rarge for RCQ in healthy subjects at
restis between 36 and 42 mmHg. During incremental exefgiggQ increases to the AT then
decreasespproaching peak exercisgleasured at the AT (the point of maximum ventilatory
efficiency) the normal range f@=CQ is estimated &35 mmHg(184)Reduction irP=CQ at

the ATis evident in both cardiac and respiratory disease and has been shown to correlate with
disease severit{284)RedicedP=CQ at the ATcan suggestfy fmismatch, relative
hypewentilation,or increased dead space ventilatiddustained fall in th€zCQ from the outset

of exercise durin@n incremental CPET is a pattern typical of patients with pulmonary arterial
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hypertenson.(287)An erupt reduction inP=CQ,with corresponding rise iR=O;, increasen

RERandassociated exercise induced desaturation can be suggestive of exercise inducéad right
left shunting(284)

3.7 Structured respnsive exercise training programme (SRETP)

Patients with IPF participatdd an 8week twiceweekly structured responsive exercise training
progamme (SRETP). This training programme was adaptedafpsavious work completed by

the Wessex Fid surgery groug288)and previous research published by the group
demonstrating positive effect of the traimg programme in patients with locally advanced rectal
cancerand oesophageal cancé89,290)The SRETP devised by this previous work was adapted
to patients with IPRising expert advice (Prof Sandy Jack, Dr Mar&s)®rof Michael Grocotnd

Dr Sophie Fletchegnd patient and publiengagemen{Chapter3.3.2).

3.7.1 Setup and training programme prescription

Patientswith IPFcompleted an irhospital, outpatient, supervise8-week,twice-weekly exercise
programme. TheSRETRas designed to bmdividualisedi 2 S OK LJ NI A OA LI y i Q
fithess This was achieved by using objective measwfephysical capacity (AT aafpeak
RSNAGSR FTNBY AYONBYSyidlf /t9¢ GSaldAywhchiz F2N
included intervals of moderate and severe intensity exerdise AT marks the transition from
moderate to heavy intensity exercisBevere intensity excise intensity domain was directed by

AT andtfp.peak Chapters3.5.3.2and3.6.1). The exerciséraining sessions wengerformed on a
computer controlled, electroragnetically braked cycle ergometgrgoline 200GmbHGermany
Figure3.9). By ombining2 6 2SO0 A PSS | aasSaavySyid 2F 'y WtHiRA QDA
electromagnetically braked cyclgometerbased exerise trainingjt was possible taeliver a

individualy prescribedntensity-controlled exercise programme.

The exercise intervention was;

Structured:twice a week for 8 weeks

Responsivetraining intensities were r@rescribed afteaweek 4interim CET

ExerciseAerobic exercise with periods of alternatiSge SNOA 4SS Ay G SyaAridé WAy
consisting of aperiod of MRS NI (S AYyRSYFRIESWBINBO Sy i Sy arie

Training:a course of defined exercise.

Programme:a period of goabrientated activity.
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Figure3.9 Two patients on the cyclergometer bikes used for thetructured responsive
exercise training programme (SRETPhotograph takerin the physiology laboratory in the
WTCRatUHSFRE  GASyGaQ O2yaSyd F2NJAYF3AS 2601 AySRo

All exercise sessions were supervibgch member of the research team trained to a minimum of

basic life support (Myself [the majority] or a memhmrthe NIHR SBRC research teamd

carried out in thephysiology laboratory aothe NIHRWTCRRBt UHSFTAII participants had thie

first training session observed by a medically trained clinician and a named medically trained

clinician was available onsite duringslbsequentraining sessions/Vhere possibledependent

on availability participants were exercised in pairs to prdeicamaraderiePrior to each session

LI GASyGQa 3ISYySNIf KSItGK gl a bveraBopr8ad. DurfigR LJdzZf 4 S 06
the exercise heart rate was recorded continugussing a chest band monitor measuringRR

interval (Ergoline, Germany) dr$0O; continually recorded using a portable wrist monitor

(CONTEC CMS50F, CONTEC medical®, @tdimajual training intensities were stored on a chip

card for each participant wbh is inserted into the cyclergometer.Patients were advised to

pedal @ between 55 and 6Bpm throughout the session. Following antinute unloaded warm

up, participants exercised at moderate intensit$0% of workrate (Watts) atATfor 3 minutes

(termed 80%ATipllowed by 2 minutes asevereintensity ¢ work-rate equal to 50% ahe

difference between AT antf,LIS | { O GSNXSR prk>k0® C2NNdzZ I F2NJ OF f Odz
intensities is detailed below. This interval schedule is repeatédidhes (4 times week 1, 6 times

weeks 28), followed bya 5-minute unloaded coetiownto complete 3640 minutes of

continuousexercisg(Table3.4). Good adherencéo the SRETRasdefined ascompletion ofik T pi’z
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of the prescribedsessiongi.e. a minimum of 12 out of 16 sessions complet&drlytermination

criteria forthe SRETP are the same as CHPBBI€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 lotgym oxygen was an exclusion to the studsijped
oxygen was available if regad for all sessiongf S0, fell to <85%/otherwise clinically
indicated) During the exercise the participddrogress through the session was visibleitem
and the researchefrom a digitaldisplayat the head of the ke and they were offered gersgl
encouragement throughout the sessi¢ifigure3.10). At the end of the session dateasrecorded
onto the chip card automatically (time, work rate [Watts], heart rate, perceived gffdo home
exercise motivational or non-exercise intervention was prescribdehrticipants were instructed

not to change their daily routine or start any @hexercise programmeuring the study
Exercise intensity calculatian
Moderate intensity execise (Watts)(80%AT

~

= (workload[Watts] at ATcw 2 F NI YL af 2L w2l iGa6o E ymE

=
33

Severe intensity exercise (Watt§) /%73 k
= ((Work rate at-fpeakqwork-load at ATH 2 F NI Y LJ avoklal@atAE p >0 b

Correction is made for the steepness of tlanp slope during incremental CPET tluéhe
dependence of peawork-rate (peakWR) on the i, response kinetics i.ethe peakWR is
dependent on the ramglope used for the test, the steeperahamp slopethe higher the peak

WRobtained for a givertf,peak(185)SeeFigure3.11 study protocol summary.

Table3.4 Tabulated representation of the structured responsive exercise training

progranme (SRETP).

Warm-up 3 min 2 min 3 min 2 min 3 min 2 min 3 min 2 min Cooldown
80% 50% 80% 50% 80% 50% 80% 50%
10w AT n AT n AT n AT n 10w

Warm- | 3min | 2min | 3min | 2min | 3min | 2min | 3min | 2min | 3min | 2min | 3min | 2min | Coo}

up down

10W 80% 50% 80% 50% 80% 50% 80% 50% 80% 50% 80% 50% 10W
AT n AT n AT n AT n AT n AT n

105



Chapter 3

Figure3.10 Example digital display afompleted SRETBession As visible to the participant
and researcher on the head of the Optibik&orkrate (straightline left yaxis[Watts]) with
superimmsed heart rate from cheshonitoring of RR interval (black line rightagxis

[beats/min]), x-axis(time [minutes]).

Table3.5 Summary representation of the SRETP using the Frequency, Intensity, Time,

Type- Volume and Progression (FFVP) principles.
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Descriptor

Frequency

8-weeks twice weekly

Intensity

Warmup and coolddown: unloaded peddling

{ SOSNB Ly (9pypeakcinE See kept fiv)
description). 2 minutes each interval

Moderate intensity: 80% AT. 3ninutes each
interval

Time

Week 1: 30 minutes (including 5 mins waup +
cookdown). 4 interval repeats

Weeks 28: 40 minutes. 6 inters repeats

Type

Aerobic interval training

Modality: Statieelectromechanically braked cyc
ergometer

Volume

16 ses®nsc¢ 10 hours 20 minutes

Progression

Training time increased Week 1 to Week 2

Training intensities r@rescribed after interim

(week4) CPET

B: NonlPFControlparticipant study schedule

Chapter 3
A:IPFSRETP
and Standard of
Care (SOQC)

rou
participant
study schedule

ufScreening Visi
ainformed cons

uBaseline incre
uEXxercise trainil

aConstant work

WEXERCISE (S

WRETP Weeks
Weeks 24: 40 |

«EXERCISE (S
aincremental Cl
uExercise traini

WEXERCISE (S
WSRETP: Week

aConstant work

aincremental Cl
WMRC Score, s

€K KEKEL

winformed consent, MRC Score, ECG

wincremental CPEihc. spirometry (performed as standard care) arhous blood sampling
pre and post CPET

Figure3.11

and standard of care groups. B) NiBtF Control participants.

Summary illustration of study protocol for the threarmed study A) IPF SRETP
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3.8 Pulmonaryfunctiontesting
This section describes in detail the methodologies used for obtaining pulmonary function test
outcomes during thishesis The following tabléTable3.6) summarises the outcome variables

obtained from pulmonary function testeferred to in this thesis

Table3.6 Summary definitions of pulmonarfyunction test varieles.

Forced Expiratory Volume in | FEVY Volume of gas exhaled during first 1 s of forc

second expiration. Can be reported as an absolute valug
or as percent predicted.

Forced Vital Capacity FVC Determination of vital capacity from a force
manoeuve. Can be reported as an absolute va(ug
or as percent predicted.

FEW/FVC ratio FEWVFVC ¢KS LINRPLRNIAZ2Y 2F |y A
they can exhale in 1 sec.

Peak Expiratory flow rate PEFR maximal air flow (L/min) during expiration

Trander capacity of the lung, for Tlco

the uptake of carbon dioxide

Transfer coefficient for carbor Kco

monoxide

Alveolar Volume Va

108

A measure of the conductance of gas transfer fri
the alveolus to the blood. Can be reported as al
absolute value (ml.mintkPal) or as percent

predicted.

An index of the efficiency of alveolar transfer
carbon monoxide. Can be reported as an absolu

value(ml.mirrt.kPat) or as percent predicted.

Volume of alveolar units contributing to ventilatio
measured by single bréatdilution technique. Can
be reported as an absolute valyk) or as percent

predicted.
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3.8.1 Spirometry

Spirometry was performed usinge/ | N¥ dza A2y aA ONRf | 0 u dnitHey 5 A S 3
respiratory physiology laboratory of the UHSFT WTGRFanetry was also performed prior to

each CPET test for estimation of the maximum minute ventilation (M8fiflometry using

Carfusion Mircolala equipment was kindly performed by experienc&skociation for Respiratory
Technology and PhysiologqRTPaccredied NIHR SBR€spiratory physiologists; Mr David Hill,

Ms Rosie Geel or Ms Kerry GolRE- patient girometry results obtained using this equipment

was usedor the outcome results of thithesis.For control participants spirometry values

referenced arghose obtained from spirometry performed as part of CPET assessment.
Spirometry at CPET assessments was performed usingiBdug software® and the CPET flow
sensor mouthpiece. At spiroieNE (G KS ALIANBYSGNER Ff2¢ aSyazNJ
with a good aitight 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 fong as
possible (with encouragement) until their lungs were cdetgly empty (full expiration). The test

was repeated at least three times (maximum of eight) until the two largest (technically
acceptable) obtained attempts (for FEAhd FVC) were repeable within 150ml.(291)ForIPF

patients wereCPETwere performed on the same dagsformal pulmonary function testingo

reduce the burden of testing gpatients one technically acceptable efféor CPET spirometry
reproducible to within 150nl of boththe FEM Y R C+/ YSI adz2NBYSyida 27

[N

pulmonary function testing was accept@egue 3.12).

All spirometry was regrted to reference ranges of the Gloldaing Initiative (GLI) 203292)The
largest individually obtained FE&d FVC antheir ratio FEVFVC were recorded in the case
report form (CRF). Tests were conductedbfeing localSORand following technical guidelines of
the ATSand ER®019(291)

A B

Volume (L)

s/

o) PEFR

FvC

oL Ty 1
3 wolume [1]

1 ; 3 4‘
Time (5)
Figue 3.12 Examplespirograph andflow volume loop.A) Spirographand B) Flow Volume
loop fromCPEBIue Cherry ® software illustrating FBREFRNnd FVC
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3.8.2 Singlebreath carbon monoxide uptake in the lung

Singlebreath carbon monoxide uptake in the lung testing was performed using I&pire

| 5 LJF (i nHereford, UK)n the pulmonary function laboratory of the \BFTWTCRF. Single
breath carbon monoxide uptake in the lung was kindly perforig@xperienced ARTP
acaeditedNIHR SBR€spiratory physiologists; Mr David Hill, Ms Rosie Geel or Ms Kerry 8ove,
technical standards of the ERS and ATS @®Bjandlocal standard operating procedure of the
UHFTWTCRF. Singlweath carbon monoxide uptake in the lung testing was used to measure
the carbon monoxide transfer céfcient (kg9 and alveolar volume gYandderive the transfer
capacity of the lung for the uptake of carboronoxide(Tleg. Small concentrations of carbon
monoxide (CO) are used to measure-gyassfer as transfer from the alveolus to the blood for CO
is purely diffusion limited due to the higlvidity of haemoglobiior CO(carboxyhemoglobin).
Singlebreath carbon monoxide uptake in the lung testing is referred to here after ageHting.
Tleotesting was performed with a standardised gas mixturpasing 21% oxygen, 0.3%
methane, 0.3% cadn monoxideand balance nitrogen (BOC Gases, Guildford UK). Methane is
added to the gasnixture to allow for calculation of lung volumes by inert gas dilution technique.
Tleo Keoand \awere reported using praicted reference rangesf the ER9993(294)Reported
TLcovalues were corrected for baseline haeghabin concentration using established formula

(295)

During Tkotesting patients are instructed to make an-tight seal around the mouthpiece and a
nose peg is applie After a short period of tidal breathing patients are instructed to take a slow
breath out until their lungs are empty (or a maximum ofsl®hicheve is sooner) then they are
instructed to inhale deeply and quickly until their lungs are full and thdd tieir breath for 10s.
Patients are then instructed toreathe out quickly for 35 s. For optimal (Grade A) result quality
during Tkotesting the bllowing technical qualities are required; the vital capacity achieved during
the manoeuvre must be at st 90% of that achieved in the same pulmonary function testing, a
breath holdtime of between 8 and 12s, and a sample collection time (the periodudlation

were CO is measured) of less than 4 secdf83%)The test is repeated after &minute washout
period. The test is repeated until two technically acceptable and repeatable (withimf@l.éin

1 kPa') Tlcomanoeuvres are obtained and the average reportitli Tlcomeasures reported in

this thesis met Grade A quality assurance requirements.
Methods of calculating the Eirely on the general principal that the ddis equal to the:
Volume of CO uptake (ml/min)/[Difference between the alveolar and capillaryaparessure of

CO (kPajp96)
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Hence the Tdois expressed as ml per nite/kPa i.e. ml.mirt.kPa’. Dueto the high avidity of CO

for haemoglobin the qaillary Rois always zergonsequently the ¥ois proportional to the rate of
CO upake (ko multipliedby the volume of lung available for gas exchange (alveolar volume,
Va).(297)Hence the Tdeis equal to the rate constaribr exchange of CO across the lunggK
multiplied by the accessible alveolar volume)(V

Tleo= Kox \a (297)

The measured Bbof the lung is dependent on age (increasing age reduce$, Bex (men have
greater Tkothan women), height (due to the relation of body size with lung volyraed the
concentration olhaemoglobin in the blood (anaemia reducegd.LThe Téois alsoeffected by
diseases that reduce the gamnsfer ability of the lung (for example secongao alveolar
destruction in IPF) and by diseases that reduce the volume of adequately expandde.ig.
neuromuscular weaknes§297)The Tkois increased in exercise due to increasethmnary
blood flow to previously poorly perfused areas of the lung and can be artificially irct@as
pulmonary haemorrhagdueto the presence of haemoglobin in the alveolus and subsequent

carboxyhemaoglobin formation.

3.9 Sixminute walk distance(6MWD)

The sixminute walk (6MWD) was performed indoors, on a flat unobstructed 30 meter corridor in
the UHSFWTRCF based on guidelines of the ATS(2802and local SOPTwo investigators
(myselfand one other) were present during all 6MM/. During thesMWD patients had continued
monitoring of $O,andheart ratewith 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 $O,, heartrate and Borgcore (breathlessness and le¢@b3)were recorded. Patients
were instructed to walk as far as possillghin 6 minutes but not to run or jog They were

informed ofeach one minute elapsed amivengentleverbalencouragement ®3 & W2 St f R
YAyYydzi Sa ORuNhgdheStestSER and heartrate were recorded each minute. The test was
terminated prematurely if the patient experienced adverse symptoms such as presyncope or
chest pain, or the & fell to less han 85%lf SO, fell to <85% duringcreening 6MWDhe
patientwasnot eligible to enrol in the studyAfter 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 thg(s, heart rateand Borgscore were

recorded and &, andheart ratemonitored each minute for tweminutes during recovery.
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3.10Medical ResearciCouncilMRCreathlessnesscore

The MRGcore(Table3.7) was completedat baseline and end assessmaista selfeported
assessment of breathlessness on exertigmparticipants. fie MRGscoreis a simple andalidated
tool for quantifying the disability associated with breathlessness fusiished in 1952298)lt is
used widey to stratify respiratory patients in everyday clinical assessment and for incliasion
pulmonary rehabilitation programmes or clinical research studies. It can either beepelfted or
completed by the clinician and categorises patients into 5 gréaeses 15) with lower scores
representing less impairmeiin this thesis selfeported). The MRC score has been demonstrated
to have excellent interobserver concordance rates of $898)In patients with IPF the MRC
scoreat diagnosi$as been shown to be an independent predictor of surnyig@0)and have
strong neative correlation with botlMWD (Spearman Rho #8.634 p<0.001) antip,peak
(r=0.731 p<0.0001(801)

Table3.7 Medical Research Council (MRIi@athlessnesscore. Adapted from Ref(302)

Grade | Degree @ breathlessness related to activities

1 Not troubled by breathlessness@pt 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, os stfter 15
minutes walking at own pace

4 Stops for breath aftewalking about 100 yards, or after a few minutes on level grouni

5 Too breathless to leave the house, or breathless when undressing

3.11Health related quality of life assessment

Disease spedif health related quality of life (HRQL) was collecedaselir and end assessment
using the validated patient reported outcome meassifEROM)suchasi KS { G ® DS2NHSQa
respiratory questionnaire (SGRIYF (SGR®FseeAppendixD).(303)The SGR@Fprovides
outputs relating to three suilomains; Symptoms, Aetty and Impacts tgether with a Total

score TheTotal score for the SGRIBFranges from @100 with higher scoresepresentnggreater
impairment IPF specific MCID values for the S@R®have been established with a reduction
from baseline in Total score 8.9 points,Symptomsk o @ 11, IAidivitigss Py dr@ A Yy (1 &
Impactsx p ®n  itldRtikied asilinically meaningf(206)The 5level classification system of the
EQ5D® (E@D5L)(Appendix E) (304)was used aa measure of global HRQiter protocol
substantial amendment (SA1YREQ7/SC/0342 and Ergo2A49421.A). The ED-5L reports

on 5 domains; rbility, selfcare, usual activities, pain/discomfort, anxiety/depressigach

domain is scored frorh to 5 with higher scorsrepresenting greater impairmenPatients also
complete avisual analogue score (VAS) index rating of their current health fstate0-100 (0O

worst health imaginable 100 best health imaginable). Aacommended by NICED5D-5L valus
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were mapped to redrence EGSD-3L reference valugto givethe reported EGBD index

score(305, 306)Paricipants were given paper copies of both the SERand EQBD-5L and
providedampletime to complete them and were able t@sk the researddr to clarifyquestions
asked in the PROMSs.

3.12 Nutritional assessment

For all patientsbaseline and endutritional assessment includegsimplemeasurement of body
Oz2yYLRaAlAzys (KS LI GASYGQa KSAIKIm2pMoppatiensS A 3 K
enrolled aftersubstantial amendment 1SA) (REQ7/SC/0342and Ergo2A49421.A) a

detailed body composibn assessmentising bioelectrical impedance analysis (BIA) and

j dzt YGATFAOI GAZ2Y 2 Fvalldited AuBifotalrasearch iusstiohnaidasdza A y 3
obtained. The methodology underlyinge componentof the nutritional assessment including

BlAisdiscussed below.

3.12.1 Bioelectrical impedance analysis (BIA)

Detailed lmdy composition was assessky hioelectricalimpedanceanalysis (BIA) using ti&eca
mBCA 515 Medical Body Composition Analyser (Seca ® GmbH & Co. KG. Hamburg, @érmany).
BIA analysig/as performed in the physiology laboratory of the NIHR WTCRF at f8i8wihg

the SOP of the WTCRperformed all BIA assessments conductechin thesis after training

from DrKesta DurkinTesswere performedwith the patientstanding at least 2 lours after food

and prior to exercise. Participants were asked to remove all metal elementsgdwgllery) prior

to testing. Specific exclusiamiteria for BIA testingpfegnancy, implantable cardiac devices, and

metal implants) were screened for prito each test.

BIA is a method used to obtain impedance values respective to different components of the body
using a smallindetectable electric current passed through the body between electrodes (on
hands and feetf307)Impedance (Z) has two princiggmponens: resistancer; the resistance

to current flow,andreactance(Xc)q the capacitive component of all tissueells with a high
proportion of fat have a low water content (typically-20%)and conductelectricalcurrents

poorly (high resistancehence have higher impedance values. Lean tissue cells have-adtigh
content (7075%) and hence conduct more readilyw resistancend high capacitancend have
lower impedance. Low frequency currents cannot pass through cell meemed(because of high

cell membrane capacitancajd pass through the extreellular space. \th higher frequencies

the high capacitance of the cell mename is diminished, and the cell membrane is penetrated
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Collection of impedance values across a eafjfrequencies allowthe derivation of estimates of

the various water compartments within the body; total body water (TB¥d#yacellular water
(ECW) andhtracellular water (ICW)j308)From which lean mass and fat mass camégved A

range of frequencies are usgoetween 1 and 1000 kHz.

From theBIA tests a range of values were reported includingmaaasured valugsas well as
derived values for example ffitee mass or total body water. All derived values are reported
using the Seca ® analyser software:rRass and Faree mass were @djusted br heightusing the

formula below and presented as the fat mass index andréet mass index309)
Fat Free Mass Indgkg.m?) = Fat free mass (kg)/Height @)

From theprincipalcomponents olmpedance(resistancg R and reactancgXd) the phase angle

( ) can be derivedThisrepresents the angular shift (phase difference) between voltage and
current sinusoidal wave forms (the arctangent of the Xc to R ratio). The phaserangte (
commonlyassesed at 50 Hz$ anoverall measure otellular mass, membrane integrity and
hydration status and hence is considered amcellentbiological maker of cell healti{310)The
phase angle is high lealthyindividuals with good nutritional state, and low ihosewho are
deconditionedandor with poor nutritional status(311)A low phase angle has been implicated as
a poor prognostic marker in a varietf diseaseg312, 313and is associated with markers of

disease severity and prognosis in patients with CCR2B)

3.12.2 Appetite assessment

The Council on Nutrition Appetite Questionnaire (CNAQ) was used to collect basic information on
participants appetite and food habénrolling after SA1 at baseline and follay (seeAppendix

P. The CNAQ is a simple and quick to complete PROM valigapeedict weight loss in elderly
adults. With a score o8 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, d4, e=5) with a total score of 40 pds. 5 selected questiorfsom the CNR (see

AppendixF form the simplified nutritional assessmeguiestionnaire(SNAQ) in which as score of

than 14markspoor appetite(315)
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3.13Blood sample processing and analysiethodology

3.13.1 Blood sample collection and prstorage processing

Venous blood samples were collected pre and post incremental CRESeadine for IPF and
control participantsand at weekld (limited samplingandend assessment (week 9) for IPF

participants.

Venous blood sampling SOP for all sangppoints is summarised as followgndus blood was
collected into vacutainers (3x EDTAB 1x Lithium/Heparin énl, 1 x Serum #l). In addition,1 x
25t 1 - 38y St . f22R wb! @I OdughaiyUBis alleded préd @PEDat Sy «
baseline(all participants) and end assessment (IPF participants dmigediately after sample
collection one EDTA sample was{meatedwith o n n of 20 mM in 10 mM Phosphate

buffered saline, NEthylmaleimide (NEM)SigmaAldrich Ltd., GillinghapUK). NEM is an alkene
membrane permeating agent that rapidly alkylates gufhydryl groug-SH) of thiols and

disulfides preventing there exivoartefactual oxidation(316, 317Hence pretreatment with this
agent acts to stabilise thiol and disulfide redox biomarkers to enable reliable redox analysis of
stored srap frozen samples. Following pireatment, samples for plasma analysigere

immediately centrifugedor 8 minutes atL000xg. Serum samples gbd for 30 minutesthen were
centrifuged for 30 minutesat 2000x). Plasma anderum samplesvere snap frozen at70/80°C.
PXGene® tubes were stored-20°Cfor 24 hours then transferred te70/80°C.| carried out the
pre-treatment and centrifugation of the plasma samples immediately after collection in the
physiology laboratory of the NIHR WTCRFmegared the NEM for sample pteeatment. All

other samplepreparation 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 Redoxanalysismethodology

Analysis for redox markers was cowitled inlaboratories ofTheSchool of Clinical and
Experimental Sciences, Faculty of Mediclheiversity of Southampton withll sample analysis
performed by Professor Martin Feelisch (Acknowledged)Mailagda Minnion (Acknowledged)
following local SOBf the Feelisch Laboratofgs described in textHere follows a summary of

the methodologicatechniques utilised.

3.13.2.1 Lipid peroxidation biomarkers
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3.13.2.1.1 Determination ofthiobarbituric acid reactivesubstances (TBARS)

TBARS are formed as afimpduct of lipidperoxidation and are a widelytilisedmarker of whole
body oxidative stres§BAR®/ere assagd fromserumvenous bloodsamplesTBARS

concentration vere quantified using known concentrations of the tetrabutylammonium salt of
Malondialdehyde (MDA) as aquivalence standar¢B318, 319Formation of thel:2 MDA TBA
adductwasachieved under higtemperature (90100°C) and aciid conditions Tre pink MDA

TBA adduct is themeasured colorimetrically at 532 nm (MBBAmMaximum 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 tempefahlagk

sanple of deionized water is included in the agsTo prepare experimental

a1 YL Sak &l yRI WRatldedtb 50y | a2 Mat. >W{ /2t 2dzNJ wSIF ISy i 6 H)

standards/samples/blanks were incubated for 30 minutes on a block heater@ttd@n coold

2y A0S F2N mn YAy de (axpetmental/siandard/blghi waS hdoueashl Y LIt
well (in duplicate) o aclear 384 weltolorimetricmicroplate for absorbance reading at 532 and
750 nm.

3.13.2.1.2 4-Hydroxynonenal (4HNE)

4-HNE is a highly toxic aldde byproduct of lipid oxidation, and suas beerproposedas a
biomarker of oxidative streg820)4-HNE is thought tact asan indirectsecondary messenger
through covalent modification of downstream targets dras been implicateth a number of
pathological processes includingitochondrial dysfuntion, expression of prénflammatory
cytokines protein inactivation/dysfunction, and apoptogi821)Hevatedblood 4-HNE
concentrationsare associatedvith severaldisease processesinclydB X ! £ T K S A (328N &
atherosclerosig323)and acte lung injury(324)Here 4HNE vas quantifiedusingthe antibody
boundenzymelinked immunosorbent assay (ELISA) technigddNE micreELISA plate
Elabscience ® USByiefly,50> [ 2 ¥ theliM nany I Avidint@oeradish peroxiase (HRP)
were addedto eachmicro-ELISA well themcubated Followingaddition ofthe TMB 8,3',5,5*
Tetramethylbenzidingsubstrate reagentfurtherincubation then addition ofa stop reagent 4
HNE concentrationgere thencalculated by comparintne optical density of samples to the

standard curvet 450 nm (Detection range 0.630 ng/ml).

3.13.2.2 Total and Free Thiairoups
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A thiol is a compound carrying a sulfhdryl group. The thiol metabolome comprises of free and
bound thiols, disulfides and sulfidé325) Thiols aresulfhydrylgroup compounds and are
classified as either low molecular weight (gglytathione[GSH]cysteing[Cys] and homocysteine
[HCys] or high molecular weight (e.grotein thiols). Free thiols exist in the reducghtioxidant)
state (e.g.free GSH)whereasbound thiols, either to another thiol (via a disulfide bridper
proteinsare oxidised325)Non-protein bound oxidised thiols include; glutathione disulfide
(GSSGhxidisedeyskine (CySS), arakidisedhomocyseine (HCySSY.he mdority of thiols are
protein bound with the most abundant thiol being the single free sulfiilygroup of Cy84 on
albumin(326)

Dependent on the ratiof free thiolsto boundthiolsthe redox status of a cellitissue (the ratio of
reduced to oxidised thiolgnd itsredox reserve (the cells/tissues tohtioxidantcapacitywhich

defines its resilience to oxidative stressin be determine325, 327)

Glutathione (GSH) is the end product of the transsulfuration pathiweyure3.13) and isthe
most abundant low molecular weight antioxidant in aerotétisand consequently has
significant role inthe antioxidant capacity of eell/tissug328)and the ratio of reduced to
oxidised glutathione (GSH/GSSG) is considered a key indicator of extracellulgrotdtial
(with lower values represeirig increased oxidant stres&29)Cysteine is a senagissential amino
acid and is the precursor to glutathione in the transsulfuration pathway. Thelp of cysteine
(N-acteyl cyteine) is a commonly used pharmacolcgiantioxidan{330)The Cys/CySS redox
coupleisalsomeasuredas a marker of extracellular redox statid81)Homocysteine sitstahe
centre of three metabolic cycles (methionine, folate, drahssulfuratior). Contrary to the two
previously mentioned thiolevhich are widely thought to havieeneficial health impaatue to
their reduced state atioxidant capacitytotal homocysteinehas beerdescribedn the literature
as thedbad thioE.(332)As devated total homocysteine levels have been identified as an
independent risk factofor both cardiovasculdB33)and neurodegenerative disea$g34)
Homocysteine levels are dependent ontmitional status with deficiencies in either folate,
Vitamin B, or VitaminBs leading to elevation in plasma homocysteif335)Despite total
homocysteine having negative prognostic value, as is the case for the other amino thiols, free
HCys haseduced stateantioxidantcapacityand the ratio of reduced to oxidised homocysteine

(HCys/HCySS) is used asemsure of extracellular redox stat825)
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FolicAcid Dietary Protein
THF Methionine

Folate Methionine
Cycle Cyceé
Vit. By,

MTHF Homocysteine —

Vit. B l

Cystathionine
Vit. B, 1 Transsulfuration

athwa
Cysteine E 4

!

Glutathione —

Figure3.13 Summary illustration of theranssulfuration, methionine andfolate pathways
highlighting thiol synthesis and metabolisnVit. B ¢ Vitamin B2 (hydroxocobalamin), Vit.sB
Vitamin B (pyridoxine) THF Tetrahydrofolate, MTHE 5,10-Methylentetrahydrofohte.

Intermediary pathway molecat and cefactors not shown

3.13.2.2.1 Total freethiol quantification

Heretotal free thiols TFT} which largely reflect the availability of the single free cysteine group

(Cys34)of albumin were assessed as a marker of whbtaly redox status (with higher kees

representing increased antioxidant capaaiyd /or enhanced propensity for disulfideaction).

Total free thiolsvere determined spectrophotometrically (Molecular Devices SpextraMax M5

plate reader)from serum sampledza A y 3 9 f { Y3;5¥dihi-bidiBhitrabényoic acid

DTNBJs previously describe@36)Briefly, frst cysteine standards of varying concentration

(from0.977>a (G2 pnn >av ¢ S NBaminikNBthdheNEsRI0 M EDTApH 82

buffer. Serum samples were then centrifuged at 1§.for 10 min then diluted 1:4 (v/v) with the

0.AM TrispH82BF SN dn > 2F &adl yYRI NR | Vkfere@EtalS NA YSy G &l
microplate and background absorption measusdtl2 nMwithac on ya NBFSNBy OS FAf (SN
of EllY I yr@sgentin 0.1M phosphate pH 7.0 bufferas then added to the plate prido

incubation inadark room for 20 min with constant shaki@t  YI y Qa NXBIF 3Sy i LINRRdzOSa
measurableyellow product when it reacts witbulfhydrylgroups).Following this incubation

absorption was rassessedwith the concentration of free thiol groups the sample determined

by comparing sample corrected absonoa (post incubation absorbance minus pre incubation
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absorbance) to the absorbance of the cysteine standards. As sulfhydryl droupd to protein

account forthe majority ofserum free thiol goups,total free thiol concentratios were corrected

for the serum protein concentration

3.13.2.2.2 Freethiol quantification

The concentratiorof low molecularweightaminothiolsand hydrogen sulfide @3)including
reduced andxidisedforms of glutathioneftee GSHaNdGSSG), cysteinfde Cys and CySS),
homocysteineffee HCysand HCySSand reduced and oxidised sulfideere quantifiedfrom NEM
pre-treated plasmgprepared and stored as describedGhapter3.13.7) using ultrahigh pessure
liquid chromatographyelectrosprayionizationtandem mass spectrometrJPLEESIMS/MS,
[Xevo TG, Waters UK}ith chromatographic separation of the individual target analytes
achieved using a UPLC column (Chromatograph Direct, Runcomas pi€yiously describg325)
High pressurdduid chromatographyHPLCJ mass spectrometryMS) combines the physical
separation capacitpf HPLQvith the massanalysis capability df1S ElectrosprayonizationMS
developed by Fenn et §837)facilitates the use oHPLEMSfor quantification of large/polar
biological molecules anihvolvesthe applcation ofahigh voltage taassistliquid aerosolzationof
the analyteduringthe ionizationphase of MSThis process overcomes the propensitypofar
macromoleculeso fragment during the ionizatioprocessQuantification of each iomed gas
phaseanalyteis thenachieved by comparing mass to charge peak intensities to paired stable

isotope standards by tandeMS

Prior tothiol quantification ech plasma sampleasdivided into three aliquots wit one used for
determination of free hiols, the second fotbtalCthiol statusfollowing treatment with
dithiothreitol (DTTused asareducing agent to liberate oxidised thiols (total théthtus= free
thiols + oxidisedbound thiok e.g. total GSH = free GSH + oxidised/bound)Gfid thethird for
acid-labile thiols(thiols liberated from protein binding or sulfarsulfur compounds [those with
divalent sulfursulfur bond]), which arguantifiedfollowing addition of hydrochloric adi(HCL)
then neutralization by sodium hydroxide (NaOQH)gure3.14).
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EDTA
Venous blood
|

+NEM
|
Rapid Centrifugation
[ |

Snap Frozer80°C

{
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Figure3.14 Preparation of analytes fofree, total, and acidlabile thiols quantification in
EDTA plasma by UPIESIMS/MS. Samples divided in thregliquots one each for free thiols,
total (free + oxidised/boundhiols (following DTT reductiomnd addition of NEM and aciel
labile thiols (following addition of HOheutralization by NaOHand addition of NEM Adapted
from Ref.(325)

3.13.2.2.3 Thethiol metabolome

Using the above methodologies in this theiol statusis presented asl) TheTotal Free Thiols

(TFT) concentration and tHEFT concentration corrected feserumprotein concentration(TFT/g

protein) 2) Low molecula# ¥ Nasighfxeducedand oxidisedhiols (GSHGSSG , Cys, CySS, HCys,

and HCySS)) The sumof the low molecular weght HeeCxhiol + oxidised/protein bound ftiol

concentrationfy NB FSNNBR (2 | a (KESHPdta, Qs Toml, anKAF<EYot@ 2 y OS y i NI
4) Ratios of reduced to oxidised thiol couples (e.g., the ratio of GSH to[GSB(&SSGgysteine

to oxidisedcystine [CysCySS], and homocysteit® oxidisedhomocyseine [HCysHCySS)yere

calculated as markers of extracellular redox potenbalFree and Totalfide concentration and

the Persulfidelxoncentration which represestthe protein bound component e.g. (TotalFree

Sulfides)with the persulfide compartmentdentified as a biologically relevant extracellular

antioxidant biomarke(338)
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3.13.2.3 Ferricreducingability of plasma

The FRAP assay estimates the total antioxidant capacity @idisenaby utilising the reducing
cgpacity of F&"to F&* and was assessed as a marker of whmdy antioxidant capacityhe
FRAP assay does not quantify antioxidant capacity contained whibirgroups due tdahe low
pH effect on proteirthiol groups(339)Test sample antioxidanteduce F&ETPTZ2,4,6Tris(2
pyridyl}s-triazine](colourlessYo Fe&*TPTZintenselyblue colour)in an acidic pH mediunglue
Fe*TPT2Zhas amaximum absorption of 593 nnihe change imbsorptionis correlated with the
antioxidantability of the plasméby comparison to standard curves of known concentration
Standard concentration of TPTZ and Iron (111) chloride {HERIAP solutiordre first prepared on
the day of analysis usingdal SOP10> [of centrifugedplasmasamples (5 min at maximum
speed)was mixed with 36 [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. Followthgs 150> [
of FRAP sotion was added to each vileand the plate then incubated at 32 for 30 minutes

prior to absorbance measurement at 586.

3.13.24 Nitric oxideproduction andmetabolism:Nitrospecies analysis

Nitrite (NG*) and nitrate (N®) are end products of endogenousnigtoxide (NOproduction and
metabolism(for further discussion se€hapterl.2.8.1). Nitrites are the reducedrém of nitrate
and are norspecific makers of antioxidant capacity. Nitrosation describes the evsion of
organic compounds to nitroso derivativeéBotal Nitrosaderivatives(RXNO) can be swhassified
by theorganic compoundindergoing nitrosation e.@ nitroso species (thiol§RSNOsjand N-

nitroso species (amino compound®NNOSs].

3.13.2.4.1 Nitrite and nitrate

In this hesisnitrite and nitrate were quantifiedfrom NEMtreated EDTA plasma samples
(prepared and stored as describedGhapter3.13.1), following methanol precipitation of protein
using ahigh-performance liquicchromatographyHPLC&nalysis systemE(NG20, Amuza Inc.
USA.(340)HPCL separates the components of a liquid sample allowing for quantificatioe of
type and mass of soluteblere 50>L of EDTA plasma was udednitrite/nitrate analysis.In the
HPCL analgs nitrite and nitrate are first separated in the separation coluailowing for
simultaneous and independent quantification of nitrite and nitrate. Separated nitrite anatei
then flow into the reduction colummitrate is thenreduced to nitriteby reaction withcadmium

and reduced coppemitrite then reacts with the reactor solution (Griess reagent) producing a
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diazo compound (compounds with two linked nitrogen atomghie terminal positionyvhich is

measured ab40 nm(green light) By comparingbsorbancepeaksof chromatogram to standard

curvesthe concentratiors of nitrite and nitrate are then determine(Detection limit 0.1pmol/L).

3.13.2.4.2 Total nitrosation products (RNO)

Total nitrosation products (RXNO) weteterminedfrom NEM pretreated EDTA plasmasing
gasphasechemiluminescencanalyticaldetection (CLD 77am sp, EcoPhydmi#)wing removal

of nitrite with acid sulfanilamide and reduction of nitroso spedigsacid 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 @D This reaction leads to the formatiafi NG, a proportion of which
arises in an electromagnetically excited state {NiGhis emitsnear-infrared light as it decays to
groundstate which (provided €is present in excess) is directly proportional to NO
concentration(342)NG is then released into the gahase bychemilumnescence reaction with
Oz (seeFigure3.15) Due to the sensitivity of the assay and the ubiquitous presence of
environmental nitrite containing copounds the RXNO assiayighly sensitive to contamination
during sample processing/stage. RNXO concentrations of >100 nM are supraphysiological and
were consequently deemed extreme outliers and excluded from the final an§lg4B)and

Professor Martin Feelisch personal commaation).
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Figure3.15 Summary overview of process of NO quantification by gasase

chemiluminescence detectian
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3.13.2.4.3 Cycic guanosine monophosphat&€GMP)

cGMPwas measured as downstream marker of N€ignaling.(343)SolubleNO traverseshe cell
membrane and activates intracellular guanylate cycl@€) Activated GC then catalysie
conversion ofd dzi y 2 &riplyosphape (GTP) to cGMBGMPthen acts as a sendary

mesnger co-ordinatingthe multiple downstream effect®f NO(344)cGMP concentration in
plasma wagjuantified using ELISA (cGMP parameter assay kit R&D Systg#\&say range
2.1-500 pmol/ml). cGMFELISAw/ere repeatedin triplicate using 100-L of EDTA treated plasma

per well

3.14 Stdistical analysis

Here general statistical principles of the thesis are described. Specific statistical considerations for
individual analysis are discussed in the relevant Chaptéis. staistical analysis plan was derived
with guidance from a medical statistician (Dr Helen Moy$i$R SBRC Medical Statistigian

Data analysswere performed using a stepwise approadtirst cescriptive statisticsvere used to
summarisebaseline dermngraphicsand clinical outcome variables. Due to the small sample size
continuousdataare presentedasthe median and interquartile rang@ quartile ¢ 3 quartile).

Categoricabr binary variableare presented agrequencieqn) and percentages dbtal.

Todraw comparisons between variables nparametric testavere usedanddue to the small

sample sizéimiting the statistical power athe analyses and any statistical evaluation of
normality.(345)Hence, he Wilcoxa signed rank testvasused for comparisons between

continuous variables itwo paired groups (e.gpre and post SRET&)d the Mann-Witney U test

was used tacomparebetweencontinuous variables inunpaired groups (e.gcomparingthe
Controlgroup to IFF participants The Chi Square@d #2 NJ C A & K S Nisadif ideelth@ni G S a
20% of cells in the 2x2 table had expected frequencies of <5) were used as appropriate to
comparebetween categorical variableg. LJS I NXokrefafiba coefficient was used to assess any

correlation betweercontinuous variablesP-values of <0.05 are deemed significant.

Due to the exploratory nature of this researcivalues vere not adjusted for muiple

comparisons buthe impactof the multiplicity of testing on the strength of the conclusions drawn
isdiscussed in the relevant chaptelBre-planned interim analysisf the safety, acceptability and
adherencewas performed after the first sigatientshad completed the SRETHData from tls
interim analysis was presented in my first progression review repane to the exploratory

nature of this esearchno adjustments tg-valuesor powercalculations havedenmade

because ofhis pre-planned interim analysiData andstatistical analyeswere performed using
Microsoft® Excel® 365 (WA, USA), IBM® SP3&® Z6r(NY, USA) and Grdpad Prism® version
9 (CA, USA).
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Chapter 4

Chapter 4 Structuredexercisetraining in patients with
idiopathic pulmonaryfibrosis

4.1 Introduction

This chapter describessinglecentre prospectivepilot cohort studyperformedwith the aim of
investigatinga cardiopulmonary exercise test (CPET) derived, intdraaéd, individualised

structured responsive exercise training programme (SRETP) in patients with idiopathic pulmonary
fibrosis (IPF).

This chapter will first present theelevant study speific methodology of the clinical trialthen the
characteristics of the study populati@mnd theresults of theprimary and secondary outcoreare
presented Then in exploratory analysSBPETs usedo investigatethe physiological mdw@nisms

of exercisdimitation in the cohort angredictors of individual respons¢o the SRETP.

4.2 Null Hypothesis

The nullhypothesis under pinning this Chapter wisit an individualised-weekinterval based
structured responsive exerciseining programme (SRETP) fatients with IPEoes not lead to
significant improvemerttin either exercise capacity, symptoms, quality of life Further that the
SRETRoes not have any positive effect time physiologicainechanisms limiting exercise

capacity in patients with IPF

4.3 Aims and objectives

1) To investigate theeffect of the SRETP on exercise capaciymptom severity and health
related quality of lifein a cohort of patients with IPF. Further to assess the feasibility and
adherence to the BETP and monitor safety of theerventionin 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 adherentiaedkasx75% 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 th@hysiologicamechanism®f the exercise training response in patients with
IPF
i.  Analyse and compare CPET derived exercise capacity, respiratory and

cardiovascular parameteeg baseline and Week 9 following t&RETP.

4.4 Methods

The gneral methodology fothe ethical approvals, pigent selection andgroceduresperformed
as part ofthe studyare described inrChapter3. Herethe specificmethodology retvant © the

development andielivery of the clinicatial is discussed

4.4.1 Studydesign

4.4.1.1 Studyschedule

Patients wererecruited progectively to thissinglecentrecohort pilot study.The study had full
ethical and sponsor approvaREC: 17/SC/034ihd UoFErgo2: 49421 The study was sponsored
by University Hospital Southampton NH8undation TrustyHSFI(RHMMED1441) and was
regigered on the international clinical trial registry clinicaltsagiov NCT03222648

4.4.1.2 Patients

Written informed consent was obtained from all participants prior to enrolment in the study. IPF
participans were recruited to the study from*1September 207 ¢ 17" March 2020 Study
recruitmentfor IPF participantsvas terminatedon 17th March 2020 due tthe COVIBL9
pandemic(seeAppendixG). All patients with IPF enrolled in the studyet the study eligibility

criteria as detailedn Chapter3.4.1 Patients were recruited from a local database of research
receptive patients, outpatient clinics at UHSFT, and local patient support groups as described in
Chapter3.4.2 Willing patientswere provided with the study specific patient information
documentation at least 24 hours prior to consenting to the study and attending the screening

assessment
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4.4.1.3 Procedures

Baseline assessment for IPF participants included enkdical history andssessment of;

functional status, health related quality of life, body composition and nutritional statudyf

summary tablgTable4.1] and protocol visual summai¥igure3.1]) for relevant methodologies

and procedures se€hapter3. Baseihe CPETigr methodology se€hapter3.5) was performed

on allparticipants to measure physical fitness and deeandtfp.peak whichwere utilized to
prescribethe SRETA heCPETvas repeated aWeek 4to allow adaptation of the training
programme according to changes in physical fithessa(dE-peak) to maintain exercise at

protocol levelsand atWeek 9to quantify any change in cardiovascular fitness from basefne.
andpost-CPET venousdad samples were taken at Week 0, Week 4, and Week 9. These samples
were pretreated, immediately centrifuged and sndizen for future biomarker analysis (as

described irChapter3.13).

127



Chapter 4
Table4.1

Fbrosis(REHABPF)study

Visit
Visit 1-Screening Visit

Visit 2¢ CPET

Could be combined with Visit 1

Visit 3 ¢ Constantwork-rate test
At least 48 hours after Visit 2

Exercisantervention

Week 1

BErerciseintervention

Weeks 2¢ 4

Visit 4 Interim CPET
Week 4 of Intervention
Exercisantervention
Weeks 5 8

Visit 5¢ Constant WRest
2-5 days after final exercise
session

Visit 6¢ Endassessment

2-5 days after Visit 5
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Study schedule for thetBuctured ExerciseTraining inldiopathic Pulmonary

Assessments
Informed Consent, medical history and examination,

height and weightMRCscore, vital sgns, ECG,
spirometry and gas transfeand6MWD

Incremental CPET, Venous blood sampling pre and pc
CPET, healtrelated quality of life questionnaires (SGR!
IPFand EGQBD-5L), CNAQ and SNAQ questionnaire

Constantwork-rate (WR)test, Bieelectrical impedance

Week 1SRHEP- 30 minutes twice weekly

Vital signs and medical review prior to training at each
visit

Weeks 24 of SREP- 40 minutes twice weekly

Vital signs and medical review prior to training at each
visit

Incremental CPET, venous blood sampling pre and po
CPET

Weeks 58 of SRIEP- 40 minutes twice weekly

Vital signs and medical review prior to training at each
visit

ConstantWRtest, Bio-electrical impedance

Medical history and examinatiohgight and weightyital
signs, ECG, spirometry and gas transfer, s,
6MWD, SGRQPFand EGED-5L, CNAQ and SNAQ
guestionnaire, Incremental CPE&nous blood sampling

pre and post CPE
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4.4.1.4 Intervention

IPFparticipantsattended an irhospital,outpatient, supervisedB-week twiceweeklySRETP
Exercise intensities were determined fraymptom limitedCPET. Thell description,
justification, and methodology of the SRETP is describddtail inChapter3.7. In brief,exercise
training consisted 080 to40 minutesof interval training (including -Bninute warmup and cod
down) on an electromagnetically braked cyelgometer Optibike Ergoline GmbH, Germgn
The training programme was preloaded on a ehig-pin card which executed intervals
automatically. Eachnterval consisted of 3 minutes at moderate inteygB0%of work-rate atAT)
followed by2 minutesat high intensity (ork-rate equal tomidpoint between ATand+fpeak).
Training was progressive withe total numberof intervals increaseffom 4to 6 after the first
two session@ndthe training intensitiege-prescribedfollowing an interim CPET at weekMisit
4). Thetraining programme wasdapted frompositivestudies in patientsvith cance(289, 290)
following patient and carer consultatiorend expert opinion(seeTable3.4) for exercise training

schedule summary)here vas no additional nomxercise or homéased training intervention.

4.4.2 Studydevelopment

Preplanned interim analysis was performed after tiirst 6 participants had completed the
SRETResults presented in®1Progression review January 20236 patientcompleted the
SRETP with no SAH3uring this interim analysis the study protocol was reviewed by the study
steering committeerfly supervséory team and 1) in the context of the interim results of the study

and advances in literature in the field.

4.4.2.1 Amendnent of study design

A standard of care group was proposedattow forcontrol ofany impact of the natural
progression of the disease dog the study time frame on exercise capacity, lung function and
quality of life.This arm was added to the study pwool and ethical approval obtained in
substantial amendment 2 (SAREC reference 17/SC/0342bd A49421.R. The termination of
the study for enrolment and follovup of participants with IPF on $March 2020 due to the
COVIEL9 pandemic precluded rectment to this planned arm of the study.
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4.4.2.2 Amendment ofoutcome measures

Followingthe interim analysisjt was recognised that this study provided a unique platféom
further investigate the impact of body composition and nutritional status on exeraisaadity in a
comprehensively phenotyped cohort patients withlPF. Hence following discussion with the
study steering committee a comprehensiatritional assessment including validated nutritional
guestionnaires and bioelectrical impedance testing BlAs added to the study protocol and
ethical approval obtained in substantial amendment 1 (SREC rierence 17/SC/0342and
A49421.A).

Further at the interim study review provisional quantitative data and informal feedback from
patients identified thathe SGRQPF may not have been providing a holistic assessment of
LI GASY(G4aQ | dzl ek wee ca@ndidefediaftdalied, dnd | duSsHdlienifyobtained
ethical approval for thedditionof the EQ5D-p [ ta the study protocohs a more global
measure ohealth-related quality of life in addition to the SGREFREC reference 17/SC/0342
and A49%421.AL).

Due to the impact of COVAI® terminating recruitment of patients with IPF to the study off'17
March 2020, the small sample size of IPF pigdiats enrolled after these amendments precluded
comprehensive analysis of these outcome measuresAppendixGfor full COVIELY impact

statement).

4.4.3 Outcomes

The methodology underpinning all outcome measures are describEtapter 3 Below

describeghe specified outcome measures for the clinical trial.

4.4.3.1 Primaryoutcome measure

The primary outcome of the study was to assess the effect of the SRETP on part®ipacite

capacityassessed by endurance time on a submaximal constant-rebekiest.

1. Change inendurance time ihinutes) on a constanivork-rate test at work rate (Watts
equal to 75% of work rate achieved#p,peak at baseline incremental CPET Geapter

3.5.3for methodology. This outcome was assessed at bhasend Week 9.
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2. Inexploratoryanalysis of this variablex83% improvement from baselirendurance

time was used to classify participants as respondés8% improvement) andon-
responderd<33% improvement) to the SRETP based on the previous pubh4GHd for
this variable(192)

4.4.3.2 Secondarypoutcome measures

Secondary outcomes for the study included assent of functonal capacitysymptom severity,
healthrelated quality of life, nutritionastatusand the safety, feasibility and adherence to the
intervention. Assessments of functional capacity includ&dWD (Chapter3.9), lung function
(Spirometry and Gas transfeghapter3.8), outcome variables fromRET (AE.peak,peak
work-rate [peakWR), £ £ Qslope, ./ WRslope)(Chapter3.5). Symptom severity was
assessed by the MRC breathlessnesseS€hapter3.10and AppendixB) and Borg
breathlessnesscore @AppendixC). Healthrrelated quality of life was assessed by the SERQ)
(Chapter3.11and AppendixD) and the EGD-5L questionnair¢Chapter3.11and AppendixE).
Nutritional status wasssessed using thauncil for nutrition appetié questionnaire (CNAQ) and
simplified nutritional questionnaire (SNA@hapter3.12and AppendixP, BMl,andbody
composition assessed tjoelectrical impedancel|A (Chapter3.12.7). All secondary outcomes
were assessed ateek 0 andveek 9. CPET variables were also assessedek 4.All CPETs were
reported for AT ;tfp.peak, gt Qslope andt,/ WRslope by two independentPET
experienced cliniansblinded to the intervention (A.F and A.B) with the resulta bfinded third

reviewer (J.0) used for any outcome(s) witth&o difference between reported values.

Sdety was monitoredcontinuouslyby recordinganyadverséserious adverse evefg)occurring
during the study period@hapter3.3.3). Feasibility assessed by recordihg reasons foany
study withdrawal/non corpletion. Good adherenceotthe SRETP was defined as completion of

X75% (e.g., a minimum of 12 out of 16 sessions) of the prescribed exercise sessions.

4.4.4 Statisticalanalysis

General statistical considerations are discussedhiapter3.14.

To draw comparisons between variables pmarametrictestswere usedanddue to the small
sample sizéimiting the statistical power of the analyses and atatistical evaluation of
normality,(345)hence norparametric tests were used (s€&hapter 3.14 Thesegereral
statistical principlesvere pre-planned with Dr Helen M@ses NIHR BRC Medical statistician.

Hence, he Wilcoxon signed rank testasused for comparisons betweearontinuous variables in
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two paired groups (e.gpre and postSRETPYTheMannWitney U estwas used tacompare

betweencontinuous variables innpaired groups (e.gcomparingresponders to nowesponder3
{ LIS I NXotrefafiva coefficient was used to assess any correlation between parti€@nt
baseline characteristics arde primaryoutcome (endurance timeyandsecondaryexercise
capacityoutcomes (6MWDfp.peak, AT and peak WB)th & baseline and the change in these
variables ¥ Week 9¢ baseline)ollowing the SRETP-=values of <0.05 were deemed significant.
Due to the exploratory rtare of this research, walues wee not corrected to account for

multiplicity. This is considered when interpreting the strengths of any associations observed

In secondary analysis fpairedrepeated measures (e.g., Baseline vs. Week 4 vs Week 9

measuedin the same participant) the BiR Y | y Qa -LIISNIGY SNl OU YR AGK 5dzyy Q
multiple comparison (witlBonferronicorrection) was used=xploratory statistical testing for

normality using e ShapireWilk test was performed prior to these agaksfor primary and

secondary outcomeand were p<0.05 (suggesting rejection @f the ANCOVA (parametric) with

GeisseiGreenhouse correctiowasalso reported for comparison.

4.4.4.1 Power Calculation

Noa prioripower calculation was conducteas this studwas designed as a pilot studyowever,

an interim pwer calculatiorbased oninterim data from the first 6 patients completing the SRETP

wasconducted based on the primary outcorfendurance tim@. For a continuation of a single

arm study with a baselinendurance time mean of 9.06 minutes + 3,682 RSGSOG I o002 Ay ON
from baselingthe proposed MCID for endurance time in patients with CQPP) with a Typel

SNNERNJ N GS 27F b i ceguredlatgtad sayple sizeldR1gStdre used

www.ClinCalc.corfaccessed L August 2019formula reference346)).
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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 streeningi=1FEW/FVC <0.7/andn=1recent prescription of
ambulatory oxygen). Qhe fifteen patientswith IPRecruitedto the study fourteen patients
were recruited to theSRETBrm and one recruited to th8OGirm. Four patients did not
complete thestudy. Three of which were in study at the point of study termination for
recruitment and followup of IPF participants on f™March 2020due to the COVIR9 pandemic
(Appendix G). Two of thesgarticipants had beenecruited to theSRETRrm (n=1stopped study
after Visit 4and n=1stopped studyafter Visit 3 and the third wasecruited to the SOC arm
(stopped studyafter Visit 3) One further patient withdrew from theSRETBrm after Visit Jue
to an unrelated health conditiorin total of the 14 patients recruited to th8RETP arngleven
patients completed thexercise programmeonsolidated Standards of Reporting Trials
(CONSORT) participant flow through the studijustrated inFigure4.1.(255)
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9ESNDAAS 6{w9c¢tv I[NV yrImc
{GFyRENR 2F OFNB o6{|h/0 I N¥ VvIwm
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Figure4.1 CONSORdiagram illustating active participant flow through the clinical study.
*Study recruitment and followap for patents with IPF was terminated driyth March 202@lue

to the COVIEL9 pandemic.

133



Chapter 4
4.5.2 Baseline characteristics

4.5.2.1 Baseline demographics

The kaselinedemographics of enrolled participantsillustratedin Table4.2. Of the fifteen
participants with IPFecruited 13 were mals (87%)and twofemales. All patients recruited to the
study were ofwhite British ethnicity. The median agé participants(lower andupper
interquartile range [IQRwas 72.5 years (6980.1). Twothirds of paticipants (n=10)were ex
smokersand onethird (n=5) were taking antifibrotic therapy at enrolment (all taking
Nintedanib®)The MRC breathlessnes®peedistributionwas stagel - 7% (=1), stage2 - 40%
(n=6) andstage3 - 53% (n=8)Commonmedicalcomorbidiiesin enrolled participantéincluded
hypertension(33%), gastreoesophageal reflux disease (GORI3Y), type 2 diabete$20%9,
cerebrovascular disease (CMR0%, COP§20%, and ischaemic heart disease (IHD3%).

Table4.2

IPF participanbaseline characteristics

Whole Cohortn=15
Median (IQR® (n)

CompletedSRETR=11
Median (IQRY4% (n)

Age (years)

72.5 (69.180.1)

71.9 (67.279.0)

Gender (Male) 87% (n=13) 82% (n=9)
BMI (kg.nm?) 28.1 (25.732.4) 28.0 (25.732.3)
Exsmoker 67% (n=10) 82% (n=9)

Pack Years (Esmokers only)

15.0 (9.622.0)

15.0 (3.625.0)

MRC Stage Stage 17% (n=1) Stage 10% (n=0)
Stage 240% (n=6) Stage 227% (n=3)
Stage 353% (n#8) Stage 373% (n=8)

Antifibrotic Therapy 33% (n=5) 27.3% (n=3)

Ethnicity (White British) 100% (n=15) 100% (n=11)

Obesity (BMI>30 kg.rf) 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 dease 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 788)7&d FENFVC ratio 00.82
(0.790.84) Participants exhibited moderate gas transf@pairment at baseline with a median
Tled predicted of 52.0 (462) and KJdb predicted 085.0 (7494). The baseline genderge
physiology (GAP) sta@b)distribution for the whole IPF cohort was; stage4l/% (n=7), stage-2
47% (n=7), and stage-3% (n=1)Table4.3).

Table4.3 IPF participant plmonaryfunction tests at baseline

Whole Cohort n=15
Median (IQR) % (n)

Completed SRETP n=11
Median (IQR) % (n)

FEV (L) 2.28 (1.992.61) 2.20 (1.972.61)
FEV % 84.0 (82.090.0) 86.0 (73.090.0)
FEV/FVC ratio 0.82 (0.790.84) 0.82 (0.790.85)
FVC (L) 2.71 (2.483.11) 2.64 (2.483.11)

FVC (% predicted)

78.0 (73.688.0)

78.0 (72.688.0)

Tleo(% predicted)

52.0 (41.662.0)

51.0 (36.657.0)

Kco(%predicted)

85.0 (74.004.0)

80.0 (60.693.0)

GAP Stage Stage 146.7% (n=7)
Stage 246.7% (n=7)
Stage 36.7% (n=1)

Stage 145.5% (n=5)
Stage 245.5% (n=5)
Stage 39.1% (n=1)

4.5.2.2.2 Bodycomposition and nutritional status

The median BMbf enrolled participantst baselinevas 280 kg.m? (25.7-32.3). Over one third
(38%[N=6)2F LI GASyiGa ¢S NB) aidodatintswerealassed as urjdéwreight
based on BMI assessmeBiM1<18.5kgm). Of patients whdad abaseline BlAassessment
completed(n=7) 57% (n=4) of participants had a fat mass index (FMI) of greater than 8.9,lkg.m
criterion identifying obeity based on this variablg847)Themedian phase anglef participants

was 5.D (4.25.4), 43% (n=3pf participantswith BIAassessment at baselif&d a phase angle of

less than the 8 centile of their ageappropriate reference4.77 formalesxk T n & S¥4ARAE | Y R
F2N FSYI f 848) agut-off valuSitleMified asan independent predictor of both

impaired nutritional status and survivial patients with cancefTable4.4).(349)Baseline

nutritional status was assessed using the CNAQ and SNAQ questionnaires with baseline data

availablefor 7 paticipants. The median CNAQ score was 363®8and the median SNAQ score
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was 16 (1516). 29% (n=2) of participants with available data scoi@fl on the CNAQ

questionnaire, a threshold score which accurately identifies patients at rigk%ofweight loss
over the next 6 month$350)No participants had a SNAQ scoret)8 points, a threshold score

using this outcome measure predictivepdor appetite

Table4.4 IPF participant bdy composition at baselineBioelectri@l impedancedata

available at baseline for Whole Cohort (n=7) and participants completing the SRETP (n=3).

Whole Cohort
n=15

CompletedSRETP
n=11

Simple Measures Median (IQRY%6 (n) Median (IQRP6 (n)

Body Masgkg) 78.2 (71.996.8) 78.1 (71.096.8)

Body Mass Inde(kg.nt) 28.0 (257-32.3) 280 (257-32.3)

Bioelectrical Impedance Analysi§ n=7 Median(IQR) n=3 Median (minmax)

Fat Free Mass (kg)

559 (48.556.5)

51.0 (45.955.9)

Fat Free Mass (%)

67.4 (60.670.2)

65.0 (60.669.2)

Fat Free Masindex (kg.rr)

18.3 (17.419.6)

18.3 (15.118.8)

Fat Mass (kg)

32.6 (29.840.0)

27.4(20.437.4)

Fat Mass (%)

276(20.537.5)

35.0 (30.840.1)

Phase Angle ()

5.1 (4.25.4)

5.1 (4.25.2)

wSaAradlyoS o6 mo |551.6(536.662.0) 554.9 (546736)

Reactancém 0 46.30 (40.663.3) 49.7 (40.649.9)

4.5.2.3 Baseline exercise capacity

Participants gercise capacityt baselinevas assesselly endurance time on eonstant work
rate test at 75%.peak 6MWDand incremental CPEResults from baseline exercise capacity

assessmentare summarised inTable4.5.

4.5.2.3.1 Endurance time and 6MWD

The median workate at 75%*.peakutilised forthe constant workrate test was 65 Watts (45
85) with participants achievinga median endurance time of 8.05minutes (5.8310.60) This
duration is within the range considered acceptable baseline test duration ofl3 minutes as
recommenckd by the EREL86) The median baseline 6MWD was 405.0 m (832). The median
pre 6MWD Borg breathlessness score was 0.8lJGnd post Borg breathlessness score was 3.0

(1-4).
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45.2.3.2 CPEExercisecapacity variables

Incremental CPET tisg demonstrated thatost participants had significant impairment péak
exercisecapacityat baselinewith a mediantfp,peak of 11.9%nl.kg'min? (11.514.2) and percent
predicted+fp.peak of67%(57-76). One participant (who withdrew from the SRETP arm after visit
3) was a significant outlievith a highpeak exercise capacijtyfp.peak of 27.4nl.kg*min™ (147%
predicted).

BaselineATdatawas not availabléor one participantdue to poor qualityof the metabolic cart
dataaround theAT. Themedianbaseline AT in the fourteen remang participants was.05
ml.kg*min? (7.4-9.9), with all but one participant havgnanAT of less than 1inl.kg!min™® a
value which is widely used in perioperative medicinstratify patients with poor physical
capacityand at increased perioperative ri¢g51)Significant deconditioninfindicated by theAT
expressed as a percentageloff’ A Yy R prébiictRodp ek AT/ +fpeak pred] being less
than 50% wasapparentwith 13 ofthe 15 paticipantsmeeting this thresholavith the median
ATHRpeak predof the cohort42.0% (B-47).

45.2.3.3 CPETespiratoryvariables

Participants tended to exhibi rapid respiatory rate (RR) during peak exergisedian 39
breath.min! (34-47) min. 30- max. 90. However,goticipants did not typically exhibit mechanical
ventilatory limitation to exercise with the median breathing reserve (BR) within the normal
expected range 838.90(19.555.5)with only one participant having significant reduction in BR
of <15%(185)However participants demonstrated markedntilatoryinefficiency with a redian
(IQRH xR Q slope 0f41.0 (35.555.0). All but one of the participants exhibited an increase in
partial pressure of CQP=1CQ) from rest to ATHowever the median BCQ at the AT was
reducedat 31.0 mmHg (26-86.0) (normal ranga35 mmHg) Inthe one participant where H#CQ
reduced from rest to AT the magnitude of this was smalD&8 mmHg and of uncertain
significance. 8 participants had a®Q at the AT of less than 35 mmHg a value wisch

predictive ofdisease severity in patients Wwitardiorespiratory diseag284)

dgnificant exercisénduced desaturationvasobservedin participants from rest to peak excise
with the medianQ0O, decreasing from 99.0% (®R) at rest to 92.5% (896) at+f.peak (p<0.01)
with amedian desaturation of 6% from baseline. 40% (n=6) of patients desaturated tK8p@ >
at peak exercisand 13% (n=2) desaturated to SpB%. N participants desaturated to less

than 85% during CPEA protocol safety stopping criteria)
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4.5.2.3.4 CPETardiovascularvariables

The media heart rate reservdHRR age predicted max. HRactual max. HRof participantswas
28 beats.min' (3-47) with a minmum of-20 and a maximum of 7®ne-third (n=5) of patients
had anormalHRR o&15beatsmin™ a value typically use¢in conjunction with other parameters)
to indicate cardiovasculamfiitation to exercig.(175 The relationship betweerfp, and work rate
(x®/ WRslope) was relatively preserved throumlt the cohortwith a median value .7
ml.mint.Watt? (9.0-10.3)with one participant having &,/ WRslopeof less than 8.5ml.min

L Watt?, a value indtative ofimpairment inoxygen delivery283)Reduction in baseline gak
oxygen puls€O; pulse) wasapparent with a median @pulse of8.5 ml.beat (7.6-11.7) or 83.%
predicted(60-99). A reduced peak £pulseis suggestive oéither anexercise limiting
cardiovascular disease, a deconditioning responsanpairment in muscle @utilisation.(280)
Further assessing picipants cardiovascular response to exeraising thechronotropic index
(k1 w &fR) revealedd participants havinghronotropic index valuegreater than one standard
deviation above theisex predicted value§eferencemean+SDmen 41.2+9 ' and women 63.4
+15 1Y) and hencesuggestie ofan impairedcardiovascularesponse to exercisé\ further ane
participant hada chronotropic index belowheir sex predicted valuavhich, as this occurred in

conjunction with a reduction inspeak,is suggestive ofchronotropic insufficiency280)
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Table4.5 IPF participant lselineexercisecapacity assessmentWhole cohort and

participants completing the SRETBaseline AT data unavailable for 1 participant

Variable

Whole Cohort n=15
Median (IQR) or %n)

Constant Work Rate Test at 75&@ppeak

Endurance time (minutes)
Constant loadvork-rate (Watts)
6 Minute Walk Distance
6MWD (m)

Incremental CPET
ExerciseCapacity Parameters
Ramp slope (Watts.mih)

AT (ml.kgmin?t)*
AT/predictedtfp.peak (%)*
Workload at AT (Watts)*
+peak (ml.kgmin?)
+Ppeak% predicted
Workload attf,peak (Watts)
Cardiovascular Parameters
RestHR beatmin?)
PeakHR(beatmin?)

Heart rate reserveHRR
(beatmin?)

O, pulse atHippeak(ml.beat?)
O, pulse percent predicted (%)
D,/ WR slope (ml.mifiWatt?)
Chronotropicindex (L)
PeakBorg score (leg pain)
Respiratory Parameters

SpQ at rest (%)

SpQ at tiPpeak (%)
RestRespiratory Exchange Rat
(RER(ratio)

Peak RERatio)

+B/+£Q slope(ratio)

PCQ at rest (mmHQ)

P=CQ at AT (mmHg)*

Pe1O; at rest (mmHg)

PO, at AT (mmHg)*
Peaktg(L.mint)

Peak RR (breath.mt

Peak V(L.breath')
Breathingreserve (%)
RestBorg score (breathlessnes:
PeakBorg score
(breathlessness)

8.05 (5.810.6)
65 (4585)

405 (352475)

10 (1610)
8.05 (7.49.9)
41.18 (37.144.3)
45 (3758)
11.95 (11.514.2)
66.67 (57.175.9)
90 (66112)

77 (6792)
117(98-143)
28 (3-47)

8.45 (7.611.7)
83.9 (6099)
9.70(9.0-10.3)
55.31 (35.665.0)
4.0 (1.05.0)

99 (9799)
93 (8996)
0.88 (0.860.89)

1.10 (1.61.3)
41.00 (35.555.0)
27.0 (2628)
31.0 (2636)
114.0 (111117)
110 (104114)
62.00 (48.683.0)
39 (3447)
159 (1.321.87)
38.5 (19.555.5)
0.0 (0.01.0)
3.0 (4.05.0)

SRETR=11

Median (IQR) or % (n)

8.11 (6.610.6)
54 (4266)

390 (323438)

10 (1610)
8.05 (7.49.5)
41.97 (37.947.1)
39 (3247)
11.70 (11.514.1)
66.67 (47.672.2)
71 (6293)

77 (6792)
112 (98126)
36 (2456)

8.30 (7.310.8)
84.1 (601-96)
9.70 (8.910.5)
47.58 (35.665.0)
5.0 (2.06.0)

99 (9799)
93(89-96)
0.88 0.860.89)

1.09 (1.61.3)
48.70 (35.36.2)
27.0 (2529)
29.5 (2436)
115 (112117)
112.0 (105115)
53.50 (48.672.0)
39 (3148)
1.57 (1.261.64)
42.0 (3446.5)
0.5 (0.01.0)
4.0 (3.05.0)
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4.5.2.4 Baselinehealth related quality of life assessment

Baseline datdor the SGRQPFwas available for all pacipants, data for the EGD-5L
guestionnaire was available for 7 participaigble4.6). Significant impairment in HRQL was
apparent at baseline with median total SGR{PFscore of 404 (23.463.5. Nine marticipants had
an SGR{PFscore of30 a valuadentified as an independent risk factof mortality.(49) The
median (IQR) baseline EBD-5Lindex score was 0.84 (0.8488)(the ideal health staténdex
being a scar of 1.00) and the median EBD-VASscore(rated from 3100)was70 (60685).

Table4.6 IPF participantbaselinehealth related quality of life (HRQL) scoreSt. Georges
Respiratory Questionnaird’F (SGRPF) and the fevel version of the EQD (EGBD-5L).

Patient reported outcome

Whole Group

Completed SRET

SGRE IPF

Median (IQR) n=15

Median (IQR) n=11

Symptoms domain

60.30 (41.680.9)

73.80 (44.884.2)

Activity domain

67.20 (38.489.2)

78.30 (48.1100.0)

Impacts domain

21.10 (2.844.6)

31.30 (3.045.4)

Total Score 40.40 (23.463.5) 52.40(23.7-64.1)
EQ5D-5L Median (IQR) n=7 Median (minmax) n=3
EQ5D VAS Sco(@b) 70 (6085) 75 (6085)

EQ5D Index 0.84 (0.840.88) 0.84 (0.811.00)

4.5.2.5 Exploratorystatistical normality testing of baselineharacteristics

Due to the small sample size limiting statistical power as discuss&lubipters3.14and4.4.4
non-parameric tests have been used to report primaaypd secondary clinical outcomisthis
Chapter.In exploratory analyses thghapiro-Wilk test of normality was performednd results
presented bedw (Table4.7). In variablesvere Hrejected (p<0.05) parametric tests have also

been presented focomparisois of repeated measurege.g., Baseline vs. Week 4 vs. Week 9)

Table4.7 Exploratory normality testing using Shapifd/ilk test of normalty on baseline
CPET variabléa participants completing the SRET#11*p<0.05

Outcome variable Statistic Degrees of freedom (df)| Significance
Endurance timémins) | 0.991 11 0.960
6MWD 0.989 11 0.946

AT 0.943 10 0.530
+Ppeak 0.784 11 0.357
PeakWR 0.776 11 0.050
+g+£Q slope 0.950 11 0.819
Peakth 0.924 11 0.351

Peak Gpulse 0.951 11 0.385

Heart Rate Reserve 0.089 11 0.030*
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4.5.3 Primaryoutcome following the SRETP

4.5.3.1 Endurance time

In patients who completed the SRETP (n=11) the median (IQRYate (Watts) used for the
constant workrate endurance time test at 75%aselinetf,peak was 54 Watts (4@6) with a

minimum of 27 Watts and maximum &7 Watts.

Significant improvement iandurance time was observed following the SRETP. The m@gQR)
endurance timen participants who completed the SREAN&s 8.12 minutes (6.60.60)at
baselineand 15.14 minutes (11.623.65)at Week 9the medianchangewas+ 6.72 minutes (2.91
-14.62) p=0.003Figure4.2). The mediarpercentagechangein endurance time from baseline was
+82% (36137) with a minimum o0#20% and a maximum a680%.

Nine of the 1lparticipants who completed the SREBRY%)increased their endurance time by
more than 33% from baselinéhe proposed MCID value for endurance time in patients with
COPI192)

A p=0.003 B p=0.003
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Figure4.2 Endurance time (minutes) on constantadd test at 75%baselinex@peak for

participants completing the SRETR) Dotplot of individual values of thendurance time
(minutes)at baseline andVeek Q Error bars represent the median and upper and lower
interquartile range. B) dot and line plotustrating individuaparticipantchangein endurance
time (minutes) frombaseline toWeek 9. n=11Comparisonsnade using Wilcoxon signed rank

test.
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4.5.4 Seconday outcomesfollowing the SRETP

4.5.4.1 6-minute walk distance §MWD)

Pairedbaseline andVeek 9data for the6MWDwas availatd for 10 patients who completed the
SRETP (onapicipantdeclined to undertakehe Week 9 6MWD due to knee pairjollowing the
SRETRSstrong trend to improvement in theMWDwasobservedwith the median(IQR) distance
walkedof participants who completd the SRETIRcreasing fron890 m (323438) at baseline to
425 m (348450) at Week 9Themedian change ithe 6MWDwas+40 m (2466) p=0.07§+10%

from baselinewith a minimum change B8 m and maixnum of+82 m(Figure4.3).

The MClIDvaluefor the 6MWD in IPF/ILD has been estimated at betweed22n (154, 157) 80%
(n=8)of participants increased their 6MWD by greater th#me lower MCID boundary estimate of
22mand 50% (n=Shcrea®dtheir 6MWDby greater than the uppdboundary estimatdimit of

45 m. Of the two patients with a <33% improvement in endurance tiore improved their

6MWDby >45 mwhilst the otherhad a<22m improvement.
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Figure4.3 6-minute walk distance §MWD) in patients completing the SREP. A) Dot pot of

individual éminute walk distanceGMWD) [m] at baseline an®lVeek 9 Eror bars median and

interquartile range. Bdlot and line plotllustrating individuaparticipant changein 6MWD (m)

from baseline toNeek 9.Baseline n=11, Week 9 and paired datd 0.Comparisonsnade using

Wilcoxon signed rank test.
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4.5.4.2 Spirometry and Ga Transfer
Significant improvement in FVC% predicted was néadldwing theSRETP.hemedian(IQR)

FVC% predicteish participants completing the SREMEreased from 78.9 (7288) at baseline to
81.0% (7488) atWeek 9 p=0.02%Figure4.4). The median change in FVC% predicted wa06%
(1-5), a valuewnhich is grater thanthe lower linit boundaryestimatefor the IPF specific MCID of
+2-6% for this variabl€352)A nonsignificant increase in the absolute FVC (L) was observed with
a medianchangeof +0.07L-0.60 to 0.20) p= 0.131. No sificant differencen other spirometric

or gas transfer assessmentsis observed betweebaseline andVeek 9(Table4.8).

Table4.8 Comparison of spirometry and gasansfer assessments at baseline ai¢eek 9
in participantswho completed the SRETP (n=1Baseline vs. Weekr@ade using Wilcoxon

signed rank test.p<0.05

Pulmonary Function Baseline Week 9 p value
Test Variable Median (IQR) Median (IQR)
FEVY (L) 2.20(1.972.61) | 2.07 (1.932.56) | 0.929
FEVY % predicted 86.0 (73.090.0) | 84.00 (74.689.0) | 0.759
FVC (L) 2.64 (2.483.11) | 2.87 (2.523.23) | 0.131
FVC %redicted 78.0 (7288) 81.0 (7488) 0.023*
FEV/FVC (%) 82% (7985) 80% (7483) 0.248
Tlco% predicted 51.0 (36:57) 51.00 (3156) 0.121
Kco% predicted 80.0 (6093) 80.00 (6186) 0.100
B
1204 p=0.023 1201 p=0.023
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Figure4.4 FVC% predicted in participants completing the SREJRndividual FVC% values

at baseline andVeek 9 Errorbars illustrate median and interquartile (IQR) ranged@)and line
plot illustrating individuathangein FVC9%redicted baseline toWeek 9. n=11Comparisonsnade

using Wilcoxon signed rank test
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4.5.4.3 CPEVariables

45.4.3.1 Exercise capacity variables

CPET metatic cart data in the 11 participants completing the SRERAsaline Week 4 and
Week 9 is summarised ifable4.9A

In participants who completed the SRETP a-significantincreasen +f,peakwas observed

from baselineto Week 9 median11.70ml.kg*min? (11.514.1)vs.12.95ml.kg*min? (11.2137)

respectively With amedian changef +0.60 ml.kg.min (-0.5to +1.2) p=0.328(Figure4.5)

(Table4.9A). Futther no significant difference was identified us@NA SRY I yQa (GSaild 6A 0K 5dz
test for multiple comparison p=0.76T&ble4.9B). Inn=7 participantst@,peakincreased by.5

ml.kgt.min?, inn=2 f,peak declined by).5 ml.kg".mintand in the remaining=3 it remained

unchanged#£0.5 ml.kgh.min?).
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Figured.5 +@ppeak in participantcompletingthe SRETR) Individual-fp,peak valuesit
baseline Week 4 andNVeek 9 Error bars illustrate median and interquatrtile range (IQRJloB)
and line plotillustrating individuaparticipantchange intf,peak.n=11 Comparisonsnade using

Wilcoxon signedank test NS = not significant
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Participants AT values demonstratsidnificantintraindividualvariability which mayeflect

erratic respiratory pattern around the AT making accurate interpretatioallenging Comparing

AT values through the SRETPsignificant change in AT from baseline to eitiMek 4 olWeek

9 was observed. The median baseline &vieek 9 AT values in participants completing the SRETP
were 8.05ml.kg*min?(7.4-9.5)vs.7.95 ml.kg*min? (7.0-8.6) p=0.484 Figure4.6). There was no
significant change in participants AT expressed @ercentage of predictedf.peakat Week 9
following the SRETP (median, Baseline 42.0% vs. Week 9pt0®8) Table4.9A).
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Figure4.6 AT in participants completing the SREH).Individual AT valued baseline,
Week 4 andNeek 9 Error bars illustrate median and interquartile range (IQRJoBand line plot

illustrating individuaparticipantchange inAT. n=10
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At Week 9 a significant and clinically meaningful increase from baselinehgasvedn

participantspeakWRwith a median increase of +8 Wats16) p = 0.01Q+11% from baseline

(Figured.7)Thit, NBadzZ G ¢l & | faz2 F2dzyR (2 0SS aAIYyAFAOLYyG Ay
GAGK 5dzyyQa GSaid F2NJ YdzZ GALIX S O2YLI NRAaz2y OCNASRY!Ll y.
(Table4.9B). The magnitude of the increaseing grater than the MCID for this variabie COPD

of +4 Watts(183)Participantgpeak WR increased significantly from baseline to Weeledian

change+7.0 Watts p=0.018\though a trend to further increase was obsetvieom Week 4 to

Week 9 this did not reach statistical significance, medtange+3 Watts p=0.092.
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Figure4.7 Peakwork-rate in participants completing the SRE Individual peakvork-
rate valuesat baseline Week 4 andNeek Q Error bars illustrate median and interquartile range
(IQR)B)dot and line plotillustrating individuaparticipantchangein peakwork-rate. n=11

Comparisonsnade using Wilcoxon signed rank testS =nosignificant.
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45.4.3.2 Respiratory Variables

Following the SRETP participants exhibited a significant increase in their peak mechanical
ventilatory capacity during CPET. The median peak minute ventilation £gepkmin'] in

participants who completed the SRETP increasguificantly fronb3.50 L.min* (48.072.0) at

baseline t069.50L.min! (55.576.0)at Week 9, nedian change-9L.min* (2-19)p=0.033 Figure

4.8A) (Table4.9A). This result was also found to be sigrfit in secondary analysis using
CNASRYlIyQa (Said ¢oAGK 5dzyyQa GSad F2NJ YdzZ GA LK
9 p=0.006) Table4.9B). The increase in peakfwas manifest from a nosignificant increase in

both the peak tidal volume {Yand peak respiratory rate (RR) with median changes ®&4+0

L.breath! (-0.02 to 0.20) p=0.090 and +3Beath.mint (1.5-7.5) p=0.102 respective(iffable
49A).INASO2yRINE |ylteasSa dzaAy3d CNARASRYlIyQa GSai
significant increase in RR from baseline to Week 9 was identified (p=0Tae&834.9B).
Correspondingly agnificant reduction in the median breathing reserve frdth(% @4-56) at

baseline to 34.5% (240) atWeek 9 p=0.037 was observedo significant change in gi&cipants

S0, during peak exercise was observed as a consequence of ti@,3Rttlian §0, 93%(89-96)
baselinevs 92% (8898) Week 9p=0.789 (Table4.9A).
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Figure4.8 Peak minute ventilation £gfjin participantscompleting the SRETR) Individual
peak+fvaluesat baselineWeek 4 andNeek 9.Error bars illustrate median and interquartile
range (IQR)B) dot and line ploillustrating individuaparticipantchange irpeak+g n=11

Comparisonsnade using Wilcoxon signed rank tdd6 = 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 @@oduction ¢f +£Q slope) was observed
following the SRETH participants who completed the SREMP mediantf +§Q sloperatio at
baseline wagl8.70 (35.366.2)and atWeek 945.95 (38.663.6)p=0.286(Figure4.9A).
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Figure4.9 +ef=@Q slope in paticipants completing the SRETA) Individual+f £ Q values
at baselineWeek 4 andNeek Q Errorbars illustrate median and interquartile range (IQ&R)dot

and line plotillustrating individuaparticipantchange int§ +£Q. n=11
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4.5.4.3.3 Cardiovascular variables

A significant reductiomasnoted in the median HRRIlowing the SRETFom +36 beat.min* (24-

56)at baseline to 25 beat.min* (17-41)at Week 9median change6 beatmin™ (-10 to 2)

p=0.041 Figure4.10). No significant difference however was identifierepeated measures
G§SaldAy3 dzaAYy3I CNASRYlIyQa (Sad ¢AGK 5dzyyQa (S
(Table4.9B) or ANOVA with Geiss&reenhouse correctio(as ShapiraVilk p<0.05) p=0.050.

Further, there was no chage in the number of participants (n=5) with an HRR& beats.mirt

(the reference range for this parametg@r75).
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Figure4.10 Heart rate reservgHRR in participantscompleting the SRETR) IndividuaHRR
valuesat baselineWeek 4 andNeek Q Error bars illustrate median and interquartile range (IQR).
B)dot and line plotillustrating individuaparticipantchangein HRRn=11 Comparisors made

using Wilcoxa signed rank testNS = not significant.
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A trend to reduction in the,/ WR slope was observed following the SRETdlian change0.85

ml.min®.W(-1.75 to 0.10p=0.075 Figure4.11). However there was no change in the number
of participants(n=1)with a +f,/ WR slpe less than 8.5nl.mint.W (indicative of significant
impairment in oxygen delivergs a consequence of the SRETF® trend to reduction irtfp./ WR
slopemayreflect participants increasing thepeak WR without significant changedifp,peak
rather than aconsequence of developingmpairment inoxygen deliveryas a consequence of

the SRETBsee discussion)
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Figure4.11 +@y/ WRslope in paticipants completing the SRETR) Individuat2/WR slope
valuesat baselineWeek 4 andNeek 9 Error bars illustrate median and interquartile range
(IQR).B)dot and line plotllustrating individuaparticipantchange int2/WR slopeComparisons

made using Wilcoxon signed rank test11
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Althoughthere was an apparent reduction in tmeedianO, pulsefrom baseline toNeek 9

(medianbaseline8.45ml.beat™ vs.Week 9 7.75nl.beat Figure4.12) this was notidentified to

be statistically significarn{p=0.89 with 5 patient reducing their peak ulse and 6 increasing.

Further no significant reduction in threedianpeakO, pulseexpressed as percentpredicted

was observednjedian84.1% vs. 75.6% p=0.59). A mgnificant increase in the median

chronotropic indexvas obgrved frombaseline toWeek 9 47.58L.min* vs. 54.54_.min' p=0.18)

In secondary analysesusingFRY |l ya G(Said 6AGK 5dzyyQa GSaid F2I
increase in the chronotropic index from baseline to Week 4 was identified (p=0Tdld¥4.9B).
However, there was no significant change in the number of participants with chronotropic index
greater than onestandard deviatiorabove ther sex appropriatereferencevalue(suggestiveof

cardiovascular limitation texercise) baseline n=4 Week 9 n=5 p=0.1§Table4.9A)
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Figure4.12 peak Q pulsein participantscompleting the SRETR) Individuapeak Q pulse
valuesat baselineWeek 4 ad Week 9 Error bars illustrate median and interquartile range (IQR).

B)dot and line ploillustrating individuaparticipantchange irpeak Q pulsen=11
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4.5.4.4 Safety, feasibility,and adherence

No serious adverse events were reported. In totab yvade lexerciserelated adverse evest
were reported both of which weramild post exercise presyncopehich 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 mtient withdrew from the SRETP arm after visit 3 due to an unrelated health condition. Two
patients werein the SRETP arm at the point of study termination due to the GO¥iandemic.

No patients withdrew from the study citing the SRETP or study assatsagethe reason for

withdrawal.

Excluding the two participants in the SRETP arm enrolled at the giostuidy termination due to

the COVIEL9 pandemic, 92% of participants enrolled to the SRETP arm (11 out of 12) completed
the SRETP with good adhererfg@g5% of total available training sessions completed). Of the
eleven patients who completed thewBeek tvice 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 SRET&m enrolled at the point of study termination due to CO\MDhad adherence rates

of 75% (ut of 12 sessions) and 100% @dit of 4 sessionsjespectively. The above

demonstrating that SRETP was a feasible intervention in this cohort of patients with IPF

152



Chapter 4

Table4.9A Summarytable of CPET metabolic cart variables in participants completing the SRETP (f=&.01 *p<0.05%n=10for ATand AT

derivedparameters Comparisonsetween all time pointsnade ughg Wilcoxon signed rank test

Baseline Week 4 Week 9 Week 0 Week 0 Week 4
(n=11) (n=11) (n=11) VS. VS. VS.
Week 9 Week 4 Week 9
Median (IQR) p p p

Exercise Capacity Parameters
AT (ml.kgmin?t)& 8.05 (7.49.5) 7.90 (7.38.2) 7.95(7.0-8.6) 0.484 0.260 0.953
Workload at AT (Watt$) 39 (3247) 41 (3552) 35 (30656) 0.612 0.114 0.441
AT/predicted 2 peak (%) 41.97 (3.643.9) 38.75 (34.242.0) 41.98 (30.245.8) 0.575 0.343 0.859
+fpeak (ml.kgmin?) 11.70 (11.4514.1) 12.15 (10.713.7) 12.95(11.213.7) 0.328 0.477 0.657
1@ percent predicted 66.67 (47.672.2) 64.55 (56.675.1) 67.67 (48.1-76.1) 0.328 0.875 0.722
Workload attfp:peak (Watts) 71 (6293) 85 (69101) 84 (73101) 0.010**  0.018* @ 0.092
Cardiovascular Parameters
PeakHR beat.mir?) 112 (98126) 118 (109130) 116 (116135) 0.052 0.067 0.476
HRRgeat.mir?) 36 (2456) 23 (1943) 25 (1741) 0.041* 0.067 0.423
Oz pulse attfp, (ml.beat?) 8.45 (7.611.7) 8.40 (7.49.5) 7.75 (6.69.7) 0.894 0.625 0.929
Oz pulse percent predicted 84.16 (60.796.0) 81.72 (63.588.9) 75.69 (62.199.4) 0.594 0.722 0.859
+P/WR sope (ml.mint. W) 9.70 (8.910.5) 9.00 (8.010.6) 9.00 (8.69.3) 0.075 0.838 0.505
Chronotropic Index 47.58 (35.665.0) 55.48(47.965.4) 54.54 (46.560.9) 0.182 0.008**  0.021*
Respiratory Parameters
SpQ at +fpeak (%) 93 (8996) 91 (8592) 92 88-98) 0.789 0.020* | 0.373
+E/H+RQ slope(ratio) 48.70 (35.366.2) 44.35 (42.661.3) 45.95(38.663.6) 0.286 0.075 0.929
PeCQ at AT (mmHd) 29.5 (24.436.0) 30.0 (24.533.8) 31.5 (24.834.0) 0.206 0.291 0.196
POz at AT (mmHE) 112.0 (105.58115.1) 112.5(108.0117.0) 110.5(107.8117.0) 0.833 0.752 0.612
+Bat fpppeak (L.mir) 53.50(48.0-72.0) 65.00(51.067.0) 69.50 (55.576.0) 0.033* 0.119 0.093
Peak RR (breath.mt 39 31-48) 40 (3652) 40 (3657) 0.109 0.202 0.094
PeakVr (Lbreath?) 157(1.31.6) 1.54 (1.451.73) 1.64 (1.51.9) 0.092 0.656 0.094
Breathing Reserve (%) 42.0(34.0465) 42.0 (32.852.0) 34.50 (27.640.0) 0.037*  0.229 0.059
Other CPET Variables
RER atf.Peak(ratio) 1.09 (1.61.26) 1.15 (1.11.25) 1.21 (1.11.3) 0.056 0.202 0.230
Peak Borg score (Breathlessne: 3.0 (4.05.0) 4.0 (3.05.0) 3.0 (1.65.0) 0.495 0.894 0.201
Peak Borg Score (leg pain) 4.0 (1.05.0) 3.0 (1.65.0) 3.0 (0.64.0) 0.090 0.182 0.482
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Table4.9B

derivedparameters Comparisons using Friedman test wittiZy ytetdor multiple comparison.

Exercise Capacity Parameters

AT (ml.kgmin?)#

Workload at AT (Watt$)
AT/predicted 2 peak (%)
tfzpeak (ml.kgmin?)

/. percent predicted
Workload attfp:peak (Watts)
Cardiovascular Parameters
PeakHR beat.mir)
HRRI§eat.mir?)

O, pulse at+fp, (ml.beat?)

Oz pulse percent predicted
0/ WR slope (ml.mihW1)
Chronotropic Index
Respiratory Paameters
SpQ at +fpeak (%)
/O slope(ratio)

PeCQ at AT (mmHd)

POz at AT (mmHE)

+hat tfpppeak (L.mir)

Peak RRobreath.min?)
PeakVr (Lbreath?)
Breathing Reserve (%)
Other CPET Variables
RER atfp-Peak(ratio)

Peak Borg scor&sOB)
Peak Borg Score (leg pain)
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Baseline
(n=11)

8.05(7.49.5)

39 (3247)

41.97 (39.643.9)
11.70 (11.4514.1)
66.67 (47.672.2)
71(62-93)

112 (98126)

36 (2456)

8.45 (7.611.7)
84.16 (60.796.0)
9.70(8.9-10.5)
47.58 (35.665.0)

93 (8996)

48.70 (35.356.2)
29.5 (24.436.0)
112.0(105.5115.1)

53.50(48.0.72.0)
39 (3148)
157(1.31.6)
42.0(34.0-46 5)

1.09 (1.61.26)
3.0 (4.05.0)
4.0 (1.65.0)

Week 4
(n=11)
Median (IQR)

7.90 (7.38.2)

41 (3552)

38.75 (34.242.0)
12.15 (10.713.7)
64.55 (56.075.1)
85 (69101)

118 (109130)
23 (1943)

8.40 (7.49.5)
81.72 (63.588.9)
9.00 (8.610.6)
55.48 (47.965.4)

91 (8592)

44.35 (42.661.3)
30.0 (24.533.8)
112.5 (108.0
117.0)

65.00 (51.667.0)
40 (3652)

1.54 (1.451.73)
42.0 (32.652.0)

1.15 (1.11.25)
4.0 (3.05.0)
3.0 (1.65.0)

Week 9
(n=11)

7.95(7.08.6)

35 (3056)

41.98 (30.345.8)
12.95 (11.2137)
67.67 (48.1-76.1)
84 (73101)

116 (116135)
25 (1741)

7.75 (6.69.7)
7569 (62.199.4)
9.00 (8.69.3)
54.54 (46.550.9)

92 (8898)

45.95 (38.663.6)
31.5(24.834.0)
110.5 (107.8
117.0)

69.50 (55.576.0)
40 (3657)

1.64 (1.51.9)
34.50 (27.040.0)

1.21 (1.11.3)
3.0 (1.65.0)
3.0 (0.64.0)

FrieRY I y { Week O vs.

Comparison
p

0.687
0.587
0.687
0.761
0.587
0.006**

0.120
0.120
0.913
0.913
0.320
0.012*

0.441
0.086
0.267
0.962

0.039*
0.039*
0.404

0.021*

0.060
0.185
0.264

Week 9
p

0.453
0.617
0.453
0.522
1.000
0.006**

0.264
0.264
1.000
1.000
1.000
1.000

1.000
0.165
0.507
1.000

0.043*
0.043*
0.602

0.023*

0.057
1.000
0.602

Week 0 vs. Week 4 vs.

Week 4
p

0.453
0.617
0.453
0.522
1.000
0.128

0.210
0.210
1.000
1.000
1.000
0.017*

0.602
0.165
1.000
1.000

0.264
0.264
1.000
1.000

1.000
0.407
0.602

Summarytable of CPEMetabolic cart variables in participants completing the SRETP (n=%1<0.01 *p<0.05%n=10for ATand AT

Week 9
p

1.000
0951
1.000
1.000
0.951
0.859

1.000
1.000
1.000
1.000
1.000
0.057

1.000
1.000
0.634
1.000

1.000
1.000
1.000
0.210

0.407
1.000
1.000
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4.5.4.5 Symptomseverity scores

Significant reduction was observedgarticipant ratedbreathlessness assessed using the MRC
breathlessness scast Week 9following the SRETP. 5 participants reduced their MRC Score by 1
point (indicating a posive effect) and 6 remained unchanged (Wilcoxon Signed rank p=0.03).
Although the median changa MRC score was 0-{0, the mean change in MRC Score waS4
points. Following the SRETP no change was noted in participants modified Borg breathlessness
smre at peak exercise aft@ither the 6MWD (median change +0.50 points.b to 1.1] p=0.86) or
CPET (median change 0.0 poif#k.0 to 0.0 p=0.50]. However, there was a trend to reduction in
the peakperceivedrating of leg pain symptoms using the modifiBorg scale following CPET from
4.0 (1.05.0) at baseline to 3.0 (0:4.0) atWeek 9 p=0.09.

4.5.4.6 Healthrelated quality of life assessment

No significant difference was observed in the total S&Hcore or individual domain scores
following the SRETFable4.10). A nonsignificant reduction was evident in the Symptoms
domain of the SGR®Fwith the median scorén participants completing the SRETH 818 (44
80) at baseline and 63.4@F6) atWeek9 p=0.176In total 6 participants reduced their SGREF
Total score by3.9pointsa value identified as the MCID for this outco2€6) Limiteddata was
available for the EGD-5L with 3 participants having pairdadseline andVeek 9 data. The EQ
5D-5L index score reduceddgativeeffect) frombaseline towWeek 9 in all three participantsith

available datand the EEBD-VAS score decreased in two participants and increased in one.

Table4.10 Effect ofthe SRETP on HeaHRelated Quaity of Life. SGRQPF-{ 1 & DS 2 NH S
Respiratory QuestionnairelPF EQ5D-5L- the 5 levelEQ5D.Baseline vs. Weekd&mparison

made using Wilcoxon signed rank tegh<0.05

Baseline Week 9 Comparison
SGR@PFDomain Median (IQR) n=11 Median (IQR) n=11 p value
Symptoms 73.80 (44.834.2) 63.40 (33.575.5) 0.176
Activity 78.30 (48.1100.0 67.30 (48.188.0) 0.594
Impacts 31.30 (3.845.4) 31.49 (6.642.5) 0.678
Total Score 52.40 (23.764.1) 52.11 (21.758.7) 0.790
EQ5D-5L Median (min-max) n=3| Median (min-max)n=3 | p value
EQ5D VAS Score 75 (6085) 65 (6095) 1.000
EG5D Index 0.84 (081-1.0) 0.74 (0.621.00) 0.595
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4.5.4.7 Body composition and atritional status

Following the SRIP there was no significant change observegarticipants baly mass or body
mass index. With the median change in body m8s&5 kg {1.25 to 1.00) p=0.14 and chge in

BMI-0.26 kg.n? (-1.25 to 1.00) p=0.21.

Due to the small sample size of patients with paiB#8and nutritional questionnairelata, any
assessment offfect of the SRETP on thesgtcomeswas limited However, no significant change

in either of hese outcomes was observéBable4.11).

Table4.11

simple measures, bioelectrical impedance (BIA) and2iNAQ and SNAQ gquestionnaif@aseline

vs. Week 9 comparisanade using Wilcoxon signed rank test. *P<0.05

Effect of the SRETP @mody composition anchutritional status. Assessed by

Baseline Week 9 p
Simple Assessment (n=11) median (IQR)
Body Mass (kg) 78.5 (70.996.7) 78.1(71.96.8) | 0.14
Body Mass Index (kg:H 28.0(257-32.3) 28.1(25.831.0) | 0.21
Bioelectrical Impedancén=3) median(min -max)
Fat Free Mass (kg) 51.0 (45.955.9) 49.9 (46.354.1) | 0.285
Fat Free Mass (%) 65.0 (60.069.2) 63.8 (58.770.3) | 0.285
Fat Free Mas Index (kgn 18.3(15.1-18.8) 18.0 (15.518.6) | 0.593
Fat Mass (kg) 27.4 (20.437.4) 28.4(19.638.1) | 0.593
Fat Mass (%) 35.0 (30.840.1) 41.3(36.246.3) | 0.109
Phase Angle () 5.1 (4.25.2) 5.2 (4.15.2) 1.000
wSaradl yOS oA 554.9(546736) 577 (551731) 1.000
Reactancém 0 49.7 (40.649.9) 52.3 (39.852.3) 1.000
Nutritional Questionnairegn=3) median(min -max)
CNAQ 31 (2631) 32 (2933) 0.414
CNAQ <29 2 0 0.400
SNAQ 16 (1616) 16 (1417) 0.655
SNAQ<14 0 0 1.000
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4.5.5 Predictors ofbaselineexercisecapacity

To assesthe association betweehJ- NIi A Gdseliheychin@deristics and their baseline
exercisecapacity(primary outcome ¢ndurance timé, and secondary outcome$MWD, AT,

+Ppeak and peak WRdata from all IPF participants who undertob&seline assessments was
dzZASR 6yImpu FYyR O0AQDINRIFGS O2NNBf I (A 2ffcierd2 STTA

4.5.5.1 Baselineage, lung function andbody composition

No signifi@ant correlations were observed between patients age, baseline lung function or body
composition (BMI, FFMI and FMI) and eitbaselineendurance time MWD, AT tfp.peak,or
peak WRIn participants with baseline BIA (n=7)rartd of negative correlatiobetween fat mass
index EM)) (kg.n?) and AT (ml.kg.min?) r=0.75 p=0.052 asobserved but hisdid not reach
statistical significancélrable4.12)

Table4.12  { LIS NX I y Q & coéffinds Befweei seldctedbaseline demographis

pulmonary function and body composition and baseline exercise capadtyM| faffree mass
index, FMH fat mass index. n=1%8n=14 for AT variable&n=7 for FFMI and FMAssessment of
correlatonmad® dza Ay 3 { LISkedénty Q4 NI y |1 O2

Age FVC% Tledo BMI FFMf FME
(years) predicted | predicted | (kg.nT?) (kg.nm?) (kg.n7?)

Endurance time r=003 r=-0.75 r=-0.06 r=-0.13 r=-0.61 r=-0.54

(m) p=0.9 p=078 p=084 p=071 p=0.2 p=0.22
6MWD r=0.00 r=034 r=0.25 r=-0.13 r=0.11 R=0.36
(m) p=100 p=021 p=0.37 p=0.65 p=0.82 P=0.43
AT r=0.07 r=0.29 r=-0.10 r=-0.06 r=-0.36 r=-0.75
(ml.kgt.mint)% p=0.82 p=0.32 p=0.73 p=0.82 p=0.43 p=0.05
+@ppeak r=0.01 r=0.33 r=0.17 r=-0.41 r=-0.18 r=-0.64
(ml.kgt.min?) p=0.99 p=0.24 p=0.55 p=0.88 p=0.70 p=0.12

Peak WR (Watts) | r=-0.01 r=0.03 r=040 r=0.34 r=-0.29 r=0.07
p=0.99 p=0.92 p=014 p=0.22 p=0.54 p=0.88
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Comparing participants baseline exseecapacity to their baseline physiological stadtratified

usingthe validatedGAPstagingmetric (Tablel.1) andthe MRC scoréTable3.7) identified
significantcorrelation betweerbaselinegphysiologial function and exercise capacityligher
baselineGAP score (higher scores indicating greater impairment) was significandiivedy
correlated with+f,peak (r=0.62 p=0.01) Consistentvith previous studies, highaRC score
(higher scores indicating greater impairmeatyrelatednegativelywith exercise capacityith
MRC score demonstrating negative correlation with bothvé®l (r=-0.76 p<0.01) angeak WR
(r=-0.63 p=0.01)Table4.13).(301)

Table4.13 Comparison oftratified baselinephysiological status and baseline exercise
capacity Physiological status stratified usitige genderagephysiologf(GAB score and medical
research counc{MRQ breathlesmessscore n=15n=14 for AT. GAP Stage distiion Stage 1
n=7, Stage 2 n=7, stage 3 n=1, MRC Score distribution StageStayel2 n=6Stage 3 n=8

l 3aSaayYSyid 2F O2NNBf I iA2gfficentrRS dzaAy3d {LISIFNYIyYyQa

Gender Age-Physiology Medical Research Council

(GAP) Score (MRC)breathlessness Score
Endurance time r=-0.13 r=-.042
(m) p=0.65 p=0.88
6MWD r=-0.49 r=-0.76
(m) p=0.07 p<0.02*
AT r=-0.27 r=-0.08
(ml.kgt.mint)% p=0.36 p=0.78
+@ypeak r=-0.62 r=-0.49
(ml.kg*.min?) p=0.01* p=0.0%
Peak WRWatts) r=-0.48 r=-0.63
p= 0.07% p=0.01*

4.5.5.2 Baseline CPHJarameters

Participants HRR during incremental CPET was the only baseline CPET variable found to have

significant correlation with participants baseline endurance time@55 p=0.04)Kigure4.13A

andTable4.14). No other significant correlations were observed between either exercise capacity

(6MWD, AT+fp.peak orpeak WRpr other CPET parameters, and participants baseline endurance

time (Table4.14). Consistent with previous observatios$rong positive correlation was

observed between participan@MWDand +f,peak (r=0.68 p<0.01(Figure4.13B).(155, 156)
158
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Strong negative correlation was observed between baself#fQ slope (a measure of

ventilatory inefficiency) and both 6MWD (¥8.57 p=0.03) and peak WR Q=1 p<0.01)Kigure
4.13GD). Participanpeak \f duringbaseline CPET demonstrated significant positive correlations
with their +f,peak (r=0.67 p<0.01), AT (r=0.57 p<0.01) and peak WR (r=0.74 p&gy0ie (
4.13E-G). This finding suggesting that although patients tended not to destrate mechanical
respiratory limitation as assessed by the breathing reserve (meBliR88.5% [BR <15% indicating
respiratory limitation) mechanical respiratory function did contribute to the observed exercise
limitation. Significant positive correlath was also observed between peajpdse and peak WR
(r=-0.60 p=0.02)Kigure4.13H).
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Table4.14

Comparisorof baseline exercise capacits. baseline cardiorespiratory CPET pararaet UnitsEndurance timeg([ET) (minutesgMWD (m), +f.peak

and AT(ml.kg*.min™), Peak WR (Watts}f +i£Q (ratio), peaktg(L.mint), peak Y(L), $O: at peak (%), heart rate reser¢geHRRbeats.min'), £,/ WR(ml.mint.W?),

peak Q pulse(ml.beat?) *p<0.05, **p<0.01 n=15%n=14 for AT comparisons 4 4 Saa YSy i

2F O2NNB I (A 2fficentrRS dza iy 3

ET 6MWD | =@ AT Peak +dpC@Q | peakteh | peakVr | SO.at | HRR +@/ WR | peak
peak WR peak Ozpulse
Endurance 1 r=0.01 |r=0.11 |r=0.28 |r=0.06 |r=0.44 |r=0.47 |r=0.47 |r=0.04 |r=-0.55 |r=0.10 |r=0.23
time (min) p=0.98 | p=0.69 | p=0.33 | p=0.83 | p=0.10 | p=0.07 | p=0.07 | p=0.90 | p=0.04 | p=0.72 | p=0.41
6MWD r=0.01 1 r=0.68 r=-0.02 | r=0.69 |r=0.57 |r=0.29 r=0.36 r=0.49 r=-0.31 | r=-0.01 | r=0.22
(m) p=0.98 p<0.0I" | p=0.94 | p<0.0I" | p=0.03 | p=0.28 |p=0.19 | p=0.06 |p=0.27 | p=0.83 |p=0.43
+@ppeak r=0.11 r=0.68 1 r=0.47 r=0.71 r=0.43 | r=0.45 r=0.67 r=0.30 | r=-0.17 | r=-0.05 |r=0.49
(ml.mintkg?) | p=0.69 | p<0.01" p=0.09 | p<0.01" | p=0.10 | p=0.09 | p<0.01" | p=0.28 | p=0.55 | p=0.98 | p=0.06
AT r=-0.28 | r=0.02 |r=0.47 1 r=0.28 |r=0.17 |r=0.26 r=0.57 r=-0.45 | r=-0.22 | r=0.03 |r=0.49
(ml.mint.kg?) | p=0.33 | p=0.94 | p=0.09 p=0.32 | p=0.57 | p=0.37 | p=0.04 |p=0.10 | p=0.45 | p=0.91 |r=0.08
Peak WR r=0.06 r=0.69 r=0.71 r=0.28 1 r=-0.71 | r=0.55 r=0.74 | r=0.27 r=-0.35 | r=-0.05 | r=0.60
(Watts) p=0.83 | p<0.01" | p<0.01" | p=0.32 p<0.01" | p=0.03* | p<0.01" | p=0.33 | p=0.21 | p=0.86 | p=0.02
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4.5.6 Predictors ofresponse to the SRETP

4.5.6.1 Primaryoutcome

No significant correlation was observed betweeither participant<baseline agek-VC%
predicted, Tkdb predictedBMI, orchange irthese parameters following the SREWreek 9
baseline here aftereferred to ask), andtheir k percentageendurance timg(Table4.15). Further
no significant correlation was observed betwegither baselineexercise capacityr baseline
CPET variablesr change inthese variable$ollowing the SRETP, akéloendurance timgTable
4.16andTable4.17)

4.5.6.2 Secondaryutcomes

A strong positive correlation was observed betwédmaseline T¢d% predicted andt AT (r=0.78
p<0.0J. However the physiologicatignificarce of this finding is unclear as no significant change
in AT was observed following the SRETPtla@dhagnitude of the individual changes smailfi(
ml.kgt.min?in all but 2 participanfs(Table4.15, Figure4.14A). Unexpectedlya sgnificant strong
positive correlation was observed between participmage an&k 6MWD (r=0.71 p=0.03 (Figure
4.14B). Consistent with previous study repoyss strong negative correlation was observed
between participant baselineMWDand theirk6MWD (m) (r=-0.66 p=0.04)Table4.16, Figure
4.140).(201)Furthera significant negative correlation was observed between basefpeak
andkpeak WR (r=0.70 p=0.02JFigure4.14D). These obsemtions suggesting that participants
with greater impairment in exercise capacity at baseline experienced grimapeovementin

their exercise capacity following the SRETP.

Spnificant negative arrelation was observed between baseline pefgandk tf,peak (r=0.64
p=0.04)(Figure4.14E). Further $rong positive correlation was observed betwelepeak+gand
both k+fpeak (r=0.90 p<0.01) arkpeak WRrE0.92 p=<0.01)Table4.17 and Figure4.15A,B).
Gonsistent with results o¥/ainshelboim et al. 2014trong positive correlatiowas observed
betweenkpeak tidal volumekpeak \f) andk f,peak (r=0.80 p<0.01Figure4.150).(198)Strong
positivecorrelation was also observed betwekpeak \f andk6MWD (r=0.70 p=002) (Figure
4.15D). Theseobservationssuggesting that increasadechanical/entilatory capacity main part
underlie the improvement in exercise capacity observed following the SRBf#cant pitive
correlation was observed betwedipeak Qpulseand bothk+f,peak anckpeak WRHowever
positive correlation of change in these variables may be expectefpais used to derive gpulse
and there is linear relationship betweeifp, and WR duringubmaximal exercis€83)No other

significant correlations between exercise capacity variables and CP&iigtars were obsenc
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Table4.15 Comparisons betweemoth baselineandk (Week 9-baseline) physiological variabless.k exercise capacity* p<0.05, **p<0.01n=114n=10 for
K6MWD anck AT comparisond 4 aSaaYSyid 2F O2NNBf | GA2-¢fficeitrRS dza Ay 3
Age FVC% Tled% BMI kKFVC% | kTledo kBMI
(years) predicted | predicted | (kg.nT?) predicted | predicted | (kg.nT?)
k Endurance time | r=0.16 r=0.36 r=-0.01 r=-0.38 r=0.17 r=-0.48 r=-0.23
(% Change) p=0.63 p=0.28 p=0.98 p=0.28 p=0.63 p=0.14 p=0.50
k 6MWD* r=0.71 r=-0.06 r=0.10 r=0.08 r=-0.18 r=-0.39 r=-0.21
(m) p=0.02 p=0.87 p=0.83 p=0.83 p=0.62 p=0.27 p= 0.57
k +@ppeak r=-0.11 r=-0.31 r=0.23 r=0.30 p=0.23 r=-0.56 r=0.12
(ml.kgt.min%) p=0.76 p=0.36 |p=050 |[p=0.38 |p=0.50 |p=0.07 |p=0.73
k AT® r=-0.29 r=0.38 r=-0.78 r=-0.14 r=0.08 r=0.03 r=0.33
(ml.kgt.min%) p=0.43 p=0.28 | p<0.0I" |p=0.97 p=0.83 |p=0.94 |p=0.35
k Peak WR r =0.09 r=-0.02 r=0.42 r=0.30 r=-0.02 r=-0.60 r=-0.27
(Watts) p=0.79 p= 0.96 p=0.20 p=0.38 p=0.95 p=0.05 p=0.94
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Table4.16

P/ WR(ml.mirr*. W), peak Qpulse(ml.beat?).! 8 4SaavyYSyi

164

Comparison betweerboth baselineexercise capacity andther CPET variables s.exercise capacityUnitsEndurancdime- ET percent%),6 MWD
(m), tiPpeak and ATml.kg*.min?), Peak WR (Watts}g +£Q (ratio), peak g(L.min?), peakVr(L.breath'), SO, at peak (%), HRReart rate reserve (beats.mif),
2T O2NNBf I (A 2-gfficiantr R $:0.QE#= A1) B 10{foldEMWNIMhdyAD &

ET(%) |6MWD |z@ AT Peak +dprC@Q | peak*ef) | peakVr | §O.at | HRR +@y/ WR | peak

peak WR peak Oypulse
kEndurance |r=-0.26 | r=-0.31 |r=0.53 |r=-0.38 | r=0.53 | r=0.17 |r=-047 |r=-0.24 | r=0.23 |r=0.26 |r=0.12 |r=0.13
(% Change p=0.45 | p=0.36 | p=0.09 | p=0.32 | p=0.91 | p=0.98 | p=0.07 | p=0.48 | p=0.49 | p=0.45 | p=0.72 | p=0.71
k6MWD* r=-0.31 | r=-0.66 [ r=0.51 |r=0.35 |r=-0.36 |r=0.49 r=-0.28 | r=047 [r=0.02 |r=0.00 |r=0.51 |r=-0.18
(m) p=0.36 | p=0.04*| p=0.13 | p=0.35 | p=0.31 | p=0.15 | p=0.45 | p=0.17 | p=0.96 |p=1.00 | p=0.13 | p=0.96
k+@ppeak r=043 |r=043 | r=-050 |r=0.35 |r=0.25 |r=-0.10 |r=-064 |r=0.21 |r=0.44 |r=-0.18 |r=0.36 |r=-0.73
(ml.mintkg?) | p=0.19 | p=0.19 | p=0.12 | p=0.33 | p=0.47 | p=0.77 | p=0.04* | p=0.54 | p=0.17 | p=0.60 | p=0.28 | p=0.83
KAT® r=052 |r=042 |[r=0.28 |r=-041 |r=053 |r=0.72 |r=-037 [r=0.18 |r=0.22 |r=-0.37 | r=0.10 |r=0.12
(ml.mintkg?) [ p=0.13 | p=0.23 | p=0.43 | p=0.24 | p=0.12 | p=0.02 | p=0.29 | p=0.96 | p=0.54 | p=0.29 | p=0.79 | p=0.75
kPeak WR r=-0.31|r=-045 | r=0.70 | r=0.12 r=--0.31 |r=-0.05 | r=-041 | r=-0.08 | r=-0.53 | r=0.09 |r=0.14 |r=0.01
(Watts) p=0.83 | p=0.16 | p=0.02* | p=0.74 | p=0.36 |p=0.89 | p=0.22 | p=0.82 | p=0.09 | p=0.79 | p=0.68 | p= 0.99
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Comparisons betweelboth k exerdse capacity and CPET variables vis.exercise capacitynitsEndurance timeET) (percent %)6MWD(m),

+fpeak and ATml.kgt.min?), Peak WR (Watts}f +EQ (ratio), peaktg(L.min'), peakVr(L.breath!), SO, at peak (%), HRR heart rate rege(beats.mirt), +ip,/ WR

(ml.min®. W), peak Qpulse(ml.beat).! 3aSaayvYSyi

2F O2 NNBf I i A 2-gfficigntr.RES0.08a % pLAEOL.{n+DS*h=N0For REIMNED aNd& AT.]

KET K6MWD | k=@ KAT kPeak k+er@Q | kpeakzeh) | kpeakVr | kSOat | KHRR k+@/ WR | kpeak

peak WR peak Oypulse
kEndurance |1 r=0.27 r=0.10 r=-042 | r=042 r--0.09 |r=0.34 r=0.09 r--040 |r=-0.35 |r=-0.40 r=-0.14
(% Change p=0.47 |p=0.77 |p=091 |(p=022 |p=098 |p=031 |p=079 |p=0.22 |p=0.29 |p=0.22 p=0.69
k6MWD* r=0.27 1 r=0.54 r=-0.38 r=0.29 |r=-045 r=0.52 r=0.70 r=0.15 r=-0.24 |r=0.15 r=0.24
(m) p=0.47 p=0.11 |p=031 |p=042 |p=019 |[p=012 |[p=002 |p=068 |p=095 |p=0.68 |p=0.51
k+@ppeak r=0.10 r=0.54 1 r =0.06 r=0.83 r=-0.12 | r=0.90 r=0.80 r=0.15 r=-0.50 |r=0.15 r=0.77
(ml.mintkg?) | p=0.77 |p=0.11 p=0.88 | p<0.0I" |p=0.73 |p<0.0I" |p<0.0I" |p=0.66 |p=0.12 |p=0.66 |p<0.01
KATE r=-0.42 |r=-0.38 |r=0.06 1 r=0.61 r=0.07 r=-0.12 | r=-0.07 |r=0.22 r=-0.74 |r=0.22 r=-0.13
(ml.mintkg?) | p=0.91 |p=0.31 |p=0.88 p=0.87 |p=086 |p=0.75 |p=0.84 |[p=054 |p=0.01 |p=054 |p=0.73
kPeak WR r=0.42 r=029 |r=0.83 r=0.61 1 r=0.11 r=0.92 r=0.54 r=-0.03 |r=-053 |r=-0.27 r=0.63
(Watts) p=0.22 |p=0.42 |p<0.0I" |p=0.87 p=0.73 | p<0.0I" |[p=0.08 |p=0.94 |p=0.92 |p=0.94 |p=0.03
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45.6.2.1 Exploratory analysis of responder status

Inexploratoryl yI t @aAad 2F GKS LINAYI NE 2 dziNRavS2 yLB S\NNBEAMDA LI y i a
AYLINROBSYSY(d Ay SyRdzNI WES LEHRE NENE ¥ iKI2&St
with a <33% improvemehto the SRETP based on the previous published MCID foramziur

(those with axp 03z

time.(192)82% (n=9) of participants we classified as r@enders using this stratification methad
Despite the smalbample sizeonsiderablylimiting statistical power, responders were identified
as having a lower baseline peak WR compared teresponders (median, 69 Watts vs. 125
Watts p=.04).Althoughthe interpretation of the result idimited bythe small sample size, this
findingis @mnsistent with the above discussed resulsmonstrating ayreater response to the
SRETP in those with greater impairmenéxercise capacitst baselire. Comparing baseline
characteristicsresporderstendedto have aower BMIcompared to norresponderdmedian,
27.8 kg.n? vs. 33.4 kg.nMp=0.07)howeverno other statistically significandifferences between

resporders and noAresponders \ere observed(Table4.18).

Table4.18 Comparison of baseline characteristics in participants completing the SRETP
stratified as\Responde33% improvement in endurance times. \Hon-respondefx33%

improvement. Comparisoormade using MandVhitney U testéResponder AT n=8

Baselinecharacteristics Responder(n=9) Non-Responder(n=2)
Variable Median (QR) Median (mirrmax) p
or % (n) or %(n)
Age (years) 76.7 (6285) 68.7 (6572) 0.327
FVC % predicted 79 (4189) 74 (7276) 0.218
TLCO% predicted 51 (2986) 52 (5054) 0.909
BMI (kg.nv) 27.8 (2232) 33.5 (3234) 0.073
Baseline Endurance time (min) 8.12 (5.811.3) 8.29 (7.29.32) 1.000
6MWD (m) 390 (251508) 420 (365419) 0.582
AT (ml.kg'.min?) 7.90 (6.610.3* 8.9 (8.39.5) 0.400
+@peak (ml.kg'.min?) 11.50(11.313.0) 14.23 (12.815.7) 0.145
+@ppeak % predicted 63.35 (467-74.1) 69.1 (66.671.5) 0.727
Peak WR (Watts) 69 (6085) 125 (95155) 0.036
i CQ slope 50.6 (3860) 37.1 (3441) 0.218
peakeffL.mir) 50.0 (3867) 75.3 (6883) 0.218
peak \f (L) 1.54 (1.01.6) 1.86 (1.62.1) 0.145
SpQat peak exercise (%) 91 (8794) 88 (8591) 0.436
HRRbeat.min* 23 (2044) 12.5 ¢9to 35) 0.436
+@/ WR slope (ml.mir.Watt?) 9.70 (7.311.0) 9.30 (8.99.7) 0.582
Peak Qpulse (ml.beatt) 8.3(6.910.1) 11.0 (7.614.5) 0.582
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4.6 Discussion

These resultslemonstrate that a CPET derivéulgh-intensity,interval based SRETP led to
significantand clinically meaningfunprovement in participants exercise capacigsassed by
endurance time on a constant load test at 75%bas$elinetfp,peak Significant improvement was
also observed in participanteakWRand FVC% predicted, and a significant reduction observed
in paticipant rated MR®reathlessness scordhe SRETP whmind to befeasiblewith good
adherence in this cohort of pi@nts with IPRwvith no serious adverse events encounteredt
baseline participants demonstrated significant impairment in exercdgmcly, whichappeared
multifactorialin naturewith deconditioning andyentilatory, cardiovascular and diffusion
limitation all contributing to the observed exercise limitati@reater physiological impairment at
baseline was associated with poorer basekxercise capacityzurther n participantswho
completed the SRETP, thosih greater impairment in exercise capigcat baselineappearedto

have agreaterimprovement in their exercise capacity followitige SRETP.

4.6.1 Effectof the SRETBNn exercise capacity

4.6.1.1 Endurance time

A statistically significant improvement in endurance time was noted following the SREfte

the relatively small number of participants in this study (n=The median percentage
improvement inendurance timewas 82%. Although no MCID exists for constant load tests in ILD
the magnitude othe medianimprovement observedh this studyis subsantially greater than the
#33% improvement fronbaselinereported asthe MCID for this variable ipatients with
COP192)With 82% (n=9pf participantsin the present studyimproving their endurance time

by greater than this valués the constant loadork-rate was set at 75% diaselinetfppeakit
represents asubmaximalexerciseest which is likely toeflect the exercise intensity used by
patientswith IPFwhen performingeveryday physical activiti€d91)In corroborationwith the
increase in endurance time observed in this study being clinically meaningful for pasitres

obsened significant reduction in participant reported MRbreathlessness score.

Thesignificant increase observed in endurance time was accompéyiadincrease in exercise
capacity assessed by peak WR (median increase + 8 Watts p=0.01)\aml (@M dian increse
+40 m p=0.08)No significant change in parants AT otfp.peak was observed following the
SRETRomparingthe percentagechanges from baseline endurance time, peak WR asdiWD
(+82%, 11% and 10% respectively) the increaseditivity of endurace time to the intervention
is evident The inceased sensitivity of endurance time observed in this study is consistent with
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the previous documented increased sensitivity of conslaat exercise tests to therapeutic

intervention (187, 189)Similar to the finthgs of this study, Arizono et alentified in n=24

patients with IPF, that following a Meek exercise intervention, patients constant load exercise
test performance at 80% peak WR improved by +181% compared to a +6% improvement in their
6MWD.(189)

Thephysiological basis for the increased sensitivity of the constamk rate test compared to

other exercise tests observed in this and other studies, relates to the hyperbolic relationship

between workrate (watts)and duration of sustainable exercise (time) feubmaximal exercise.

(265)The time an individual can sustain exercise during a submaximal extestissdetermined

by theA ¥ R A @higReslolbtaihable workate whilst maintaining steadgtate physiological
conditions(typically+fp, and blood lactate)térmed the critical powerand the fixed amount of

work that an individual can perform aboveeatly staé (termed the curvature constapfsee

Chapter3.5.3.2for discussion! y A y R &rifidel Ralmennadkithe asymptote of the

hyperbolic relationship between woslate and sustainable exercise duration fobswuaximal

exercise Therefore, for exercise at a fixed wonlate 6 2 @S 'y A Y RA @GAsRalkk £ Q& ONR G A OF
changes irtheir critical power may induce largénangesint y Ay RA @A RdzZE £ Q& YFEAYLFE (2
exercise durationFurther due to the powetime duration relationshiplarge changes in

endurance time are more likely to refleethange in the critical power, rather than purely a

change in the curvature cotat.(266)Figure3.3).

Accurate estimation of the critical power requires multiple maximal exercise aesthence wa

not feasible in the present studd53)However, giventhe magnitude of the increase in

endurance time observed in this study, and the natoféhe critical powertime dynamic, it is
reasonable tdhypothesisghat anincrease in critical power was a contributing physiological
mechanism by which participants proved their endurance time as a consequence of the SRETP

independent of changes in their amabic 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 limithe# predicted MCID for this
variable in IL154, 157)Previous RCTSs of exercise training in IPF have demonstraiguifecant
increase in 6BMWIP197, 198, 201although one RCT failed tentify significant changél10)The
observation that a significaribcrease in theMWDwas not identifiedn the presentstudy

despitethe largeincrease irendurance timeobservedis in keeping with previous observat®n
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that endurance times more sensitive to therapeutic interventiomompared tothe 6MWDas

discussed above\ possibleghysiologicakxplanationfor this may be that although the constant
load testis a submaximal tesor all participantperformed at 75%fp, peak) this may not be

the case for théeMWD. During the 6MWD patients are instructed to walk as far as possible within
the time (i.e., approximating to their maximal walking spgeldence in patients with more severe
functional limitation the 6MWD may better reflect maximal rather than submaximaloisesr
capacity(152) This propositionis further supported by the strong positive corré¢ilen observed
between6MWDand tfp,peak in this study (18:68 p<0.0lan observatiorwhich is consistent

with previousstudies(155, 156t is also important to consider that ratients with better
preserved exercise capacity (baseline 6M@Bater thanf 450 m) significant improvement in

the 6MWD maybe limited by the well documemdW OS A t A y 3 S TWhéréby due 8 fhe { K A
nature of the test(patients are instructed not to run) i¢ not possible to observe significant
increase g¢eeChapterl.4.1for further discussion]160)Lastly it is possible that the small sample
size in this thesis study led to a type 2 statistical emuis{aken acceptance of a true null
hypothesi3. The small sample size of this study was compounded by missing data for thB,6MW
as one participant who had significant improvementtiair endurance time was not able to

undertake the6MWDat week 9 dudo knee pain.

4.6.1.3 CPEPparameters andung function

Although an observed trend toward increasetfp,peakwas apparentKigure4.5), no significant
change was observed @ither participans +f,peakor anaerobic threshold (AT) following the
SRETP. Previous research into the effect of exercise training on CPET paranestncs s
capacity in ILD is limited with only 4 full published RCTs to this effect. Only one previous study
(Vainshelboim et aR014(198) hasdemonstratedpositive effect of exercise training on AT and
+f), peak(mean change + 3rhl.kg.mintand 2.6ml.kg>.mintrespectively). In th present study
significant increase in peak WR was observed (median increase +8 Watts) with the magnitude of
this increae greater than the proposed MCID for this variable in patients with CORBI1of
Watts(183)This observation is consistent with 3 previous studies of patients with |L[/9BF.

200, 202)The lack osignificant positive effeadf the SRET& AT andfp, peakmay reflect a

type Il statistical error due to the small sample size of the stAttgrnatively,patients

physiological impairment mayaveprevened improvement in their peak oxygen upke or
anaerobic thresholdrurther research investigatirany effect of exercise training on AT and

HPpeakin patients with IPF/ILD is required.
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Following the SRETP there was significant increase in participants mechespaaltory capacity.

With a significant increase in both FVC% predicted (+5% p=0.02eak+gduring CPET (+ 9

L.min! 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. 2014.98)The increase in peat§observed in this study is also consistent

with results of previous studi€s97, 198)and is of similar magnitude to the mean difference of
+7.21 L.mir calculated in a metanalysis ofhe effect of exerciseraining onthis vaiable from
available evidence by Dowman et al. 2q229)In the present study the increase in petkwas
manifest as a nowsignificant incease in both peak respiratory rate ang ¥ strong positive
O2NNBf I iA2Y o a:BP FRSOHDBIRI PSHYRSYWLIBE ] 2w ONI nddn LI
r=0.92 p<0.01 respectively). &dldition, a strong positive coelation was observed between

k LISWAnR +ypeak (r=0.80 p<0.01) and observation consistent with, and of similar

magnitude to, that observed by Vainshelboim e{ral0.78 p<0.01 in their study)98) The

direction of these correlations is in keeping with a positive physiological respbhsseresults
suggest improvements in ventilatory mechanics may, at least in part, underlie the improvement in
exercisecapacity observed following the SRETIEhoAgh the present study, or that of

Vainshelboim et aldid not employ specific respiratory muscle training (the Vainshelboim study
did utilise deep breathing exercises), it may be that the high ventilatory ddrdaringinterval
basedexercise actas a training stimulus to promote increased strength of the respiratory
muscles. However, no significant correlation was observed between change in ventilatory

LI N}y YSGSNE F2ff26Ay3 GKS {200k LD IKIGHR 2% ILINBIRE QUOSR Ii AKY
suggesting that although the observed change in ventilatory capacity is significantly correlated
with change in peak exercise capacityniy not besolely accountable for the improvement in

endurance time observed.

Further it may be that as most patients didt 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 aomsequence of the SRET& to participants being able to work at higher work

rates with a consequent increase in their pedk Consistent with this possibility of improved
cardiovascular functioning because of the SRETP is the significant reductovechis heart rate
reserve [HRR] following the SRETP (median ch#&rzgat.mint). 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 cédn in the slope of the relationship between
oxygen uptake and wortate ./ WR slopeexpressing the oxygen cost of performing work
(median change0.85ml.min.W? p=0.08) Although a lower,/ WR slope represents less

oxygen utilisation per Wafsuggestive of increased efficiency) it is important to consider in
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patientswith cardiopulmonary disease, particularly at heavy/vigorous exercise intensities above

the AT, this may represent a developing oxygen debt that is then repaid in req@&diy his
observationsuggesting that although there was an apparent trend to reductiatffsi WR during

the study, this may reflect an increased oxygen debt as a consequence of the higher work rates
achieved at Week 9 withoworrespondingsignficant increase itfp,peak.Furtherinvestigation

of this hypothesisvas not possible due to the lack of comprehensive CB&WVery data. Due to

their lung disease, patients had significant breathlessness at peak exercise which prevented them

being ableo tolerate the CPET mask during recovery.

4.6.1.4 Health related quality of life outcomes and symptom severity

No significant chage in participants healthelated quality of life (HRQL) assessed by either the
SGRAPF or EGD-5L was noted following the SRETerpretation of results of the EQD-5L is
extremely limited by the small sample size of 3 for this variable. Lack ofatdtds outcomewas
secondary tdhe termination of the study due to the COVID pandemic. A trend to positive

effect was notedn the SGRQPF symptoms domain with 6 patients demonstrating positive effect
following the SRETR could be proposed thahe nonsignificanteffect of the SRETP &tRQL
scores suggest that the improvementandurance time observed is not clinically améngfulfor
patients Although there is no MCID fendurance time in ILD, 82% of patients improved by
greater than theMCID value for this variable in CORB306(192). Further a significant reduction

in participants MRC beghlessness scores was apparent sugiggghat patients noted a
perceivable reduction in breathlessness on a-ttaglay basis. Further it may be thiie lack of
positive effect in this current studyn HRQLis due to a type 2 statistical error becausetu#

small sample size. Consistent lwihis possibility is thatnevious studies havdemonstrateda
positive effect of exercise training on HR&3sessed by the SGRQ or SERLI6, 198, 202,
235)CdzNIIKSNJ Ay | INBSYSy (i eddinidtuciioKih the SCRER & Q& 2 0 2
symptoms domainoneRCT demonstrated significant change in ahly SGRQPF domair§235),
suggesting thathe symptomsdomain may have increased sensitivity to change following a

exercise therapy

4.6.1.5 Body composition and atritional 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 termindtitwe o

study because of the COVID pandemic. Body mass indexasavas 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 eisercapacity in ILD/IPF, with
body composition identified as @ndependent predictor of exercise capacity in patients with ILD
(143, 355)|nd further investigation into any effect of exercise training on body amsitipn 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 indilydprescribed 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, didision and cardiovascular impairment present during

exercise(37)

No serious adverse events were noted eithsra consequase ofthe study assessments
(including CPET) or tlexerciseprogramme. As discussed@hapterl.5.1there are inherent
limitations common to many clinical studies in assessing safety of an intervention aeddh®
goldstandard assessment as to whether a drug/intervensafetysignalrepresents a true risk to
patients(184)Safety of the SRETP in this cdalweas determined by assessment of the study
steering committee (My supervisory teaand Ifrom monitoring SAEs and AEl is important to
consider thatasthe cohort of patients in this study do not present and heterogenous sample of
patients with IPKin particular patients requiring oxygen therapy were exclydeadl the study
wasnot adequatelypowered to formally assess safetyis not possible to ascertain whether the
SRETP is a safe intervention in the wider IPF population from the resultssifithisFurther
assessmenand monitoringof the safety of the SRETP is requined larger study{seeChapter 6
for discussion) witltontinuedsafety monitoring ongoing after any potential future standard of

care implementation of the intervention.

All participants who completed the SRETP had good adherence to the exgn@migamme.

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 termindtierio COVIEL9

also demonstrated good adherence raté® patients wihdrew 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 destmating that the SRETP was a feasible
interventionin thispatient cotort. 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 Wickersor{217)as these studies tested only singkessions ofiigh intensity

intervatbasedexercise. The study by Nikolet@19)is published only in abstract form without
detail of the nature of the exercise programme so the interprdigbof the results of this study

are limited. Recently the protocol for a large randomised controlled trial testingaeffiof high
intensity versus continuous moderate intensity aerobic exercise in patients with fibrotic ILD has

been published and therial is currently recruitind259)

4.6.3 Investigating the mechanisms of exercise limitation in IPF

4.6.3.1 Baselineexercisecapacity

Participantsin this studyexhibited significantly impaired peak exercise capacity at basefitnea
mediantfp,peak of 11.95 ml.kgmin?(67% predicted). In a prospective study Vainshelboim et al.
identify a V@peak 0f<13.8 ml.kg.min?! as an independent predictaf mortality and 10 of the

15 patrticipants in the present study meet this thresh@d8)Participants AT was severely
impaired at baselinavith all but one of the participants ivingan AT <11 ml.kgmina valie

widely used in perioperative medicine to define those at éasedrisk of poorperioperative
outcome(351)Although no one physiological baseline characteristic significantly correlated with
baseline exercise capacity, strong negative correlation was observed between poorer
physiological status wimestratifying participantsisingeither their baselineGAPor MRC scorg

the latter finding consistent with previoustudy reports(301)

AnirR A @A RTzkpfes3éds a percentage dheir predicted+fpeak(AT/Hpeakpred.)is
often used as a measure physical conditionwith a value of <50%efined agepresening
significant decondioning.(184)Using this definition significant deconditioning at baseline was
apparent in this cohort of IPF patients witB of the 15 participants meetinthis threshold
Patients with IPF have many reastase deconditioned including reduction quantity, or
avoidance of, physicalctivity due to dyspnoeand sarcopenideading to a vicious cycle of

reducing exercise capacity and increasing symptonadyur

4.6.3.1.1 Respiratory Impairment

The majority of participants (14 out of 15) demonstratemtmal values fobreathing reserve (BR
normal range <15¥%suggesting thain this group of IPF patients peak exercise capacity was not
purely limited by ventilatorynechanics. This is consistentlwiesults of previous studiga

patients withILDIPF(126, 127)althoughothers have identified significambechanical

respiratory limitation irthis group of patient¢184)Furtheralthough most patients had
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significant BRhigh respiratory rates (RR) were observed at peak exercise (median 39 breath.min

1y an observation consistémith previousstudiesof CPET in IL{356)Due totheir restrictive lung
disease patients are limited in¢lr ability to increase peak tidal volume and consequently
increasetfduring exercis@redominately by increasing R&7) Consistent with Ybeing an
important factor contributing to exercéslimitation in this cohortirethe strong positive
correlations observed between baseline peakavid tfp,peak (r= 0.67), AT (r= 0.56) goebk WR
(r=0.74)

Despite notexhibitingdefinitive mechanical ventilatory limitation to exercisgonsistent with
previous observatior(431, 178, 184i was apparent that participants exhibited marked
ventilatory inefficiency (increasetf +£Q slopg. Although no significant correlation was
observed betweertf +i£Q andeither tfp,peak or ATa strong negative corelation was observed
betweentf +f£Q slope and both peak WR (#8.71) and 6MWD (r=0.57). These correlations are
in a physiologically meaningful direction with high&f+£Q slopes representing greater
impairment. Negative cortdation of +§ +Q with exercise capacity in IPF patients has previously
been observed in a retrospective stu(B57)however to thebest of my knowledge rigreviously

demonstrated in a prospective clinical study of patients with IPF.

Increasel +f G Q slopecan be due to relative hyperventilation and or increased dead space
ventilation because affyfmismatchingTo definitively exclude acute hyperventilatias a cause
of araised+f +Q relationship accurate calculation of the dead spdo tidal volune ratio
(Mo/V) is necessaryl.o achieve thianaccurate P(gA] CQ gradient needs to be determined via
arterial blood gas sampligeeChapter3.6.5.2 whichmay havebeen overburdensome for
participantsin the presentstudy. Howeverthe high+f +£Q slope,combined with the low end
tidal CQ values recorded at the Amormal resting RER (0.8®)dexercise induced desaturation
suggest that thénigh+f +£Q slopes observed in participaswf this studymost likelyprimarily
reflectdead spae ventilation secondary tefyvfmismatchingather than because of acute or

chronic hyperventilation

Modest exercise induced desaturation was observed (mefli@nat W .peak93%) consistent
with the overallmild to moderatedisease severitand modeate reduction in diffusion capacity at
baselhe (median T 51% predicteddf patients in this studyNo significantcorrelation was
observed between peak,S, and peak exercise capagcigithough thesedataare exploratory and
limited by the small samplsize, the lack of correlation observed beemthe degree of exercise
induced desaturation and exercise capacity is consistent with a previous study by Byelet al.
failed to observe an increase in peak wogke in a cohort of ILD patients (who deseited

during exercise) completing two CPETesalbhing either room air or supplemental oxygéi5)
These observationsay suggest other factors cause limitation of peak exercise capacity in

patients with mildmoderate ILD por to oxygen extraction at the peripheral muscle being limited
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by PaQ. It is however important to consider thatipplemental oxygen has been shoten

improve performance during high intensity constant load exercise tests in patients W{riLIPF
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

Onethird of patients achieved their age predicted maxim heartrate range during peak

exercise indicated by a heart rate reserve (HRR®beats.min'. In this cohortall but one of

the participants had a normal baselit,/ WR slope (10 ml.mihW+1) suggesting there was

not significant impairment obxygen deliveryo the tissuesn the cohort as a wholdHowever,
baseline HRR was the only baseline parameter significantly correlated with baseline endurance
time (r=-0.55) Furtherparticipantswere noted to have aimpaired peak @pulsepredicted

(median 83%Rnd5 participants exhibited chronotropic index values greater than one standard
deviation above their age and sex adjusted reference r¢sgggesive ofanabnormal
cardiovascular response to exergisgnlike pealO, pulsewhich is calculatetdy peak+f./ peak

HR, the chronotropic index represents the slope of the HREANS G A 2 Yy A KA LJE KSvy
independent of the absolute value peakfp, (whichitself may be reduced due to necardiac

pathology).

Pulmonary vascular diseasgassociated with advancing IPF and has been identified as an
additivemechanism of exercise limitatian this group of patient$358)Unfortunately, dueo the
pilot nature of this study baselinechocardiographyvas not included in the study designaking
it not possible to quantify if participants in this study h@dmonary hypertension at baseline
Ventilatory inefficiency and exerciseduced dsaturation were apparent in the cohorthowever
no participants &hibited acorrespondingsignificant fall in BCQ from rest to AT a combination

of CPETindingswhich can be suggestive giulmonary hypertensiomand or rightleft shunting.

4.6.3.2 Predictors of response to the SRETP

An unexpected finding was the strong @ A G A @S O2 NNBt I G A2y 6Nl 6 SSY
suggesting that older participants had greater response to the SRETP as assessé&Myyihe

The large RCT of exercise training in ILD by Dowmardiet mbt observe significant correlation
between age ad 6MWD (¥0.07)(201)However, although a mechanistic expléioa for this
association is unclear, exercise training has been shown to be effective in older(a88ahand

not a barrier to positive outcome from exercise training in patients with C@GBO).
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Comparisorbetweenparticipants baseline exercise capacitydi K SANJ k' SESNDA &S OF LI OA i

followingthe SREHreveded significant negative correlation between baseline 6MWD and

k ¢ a2 5 -066)Andaselinetfpeak anckpeak WR (r=0.70).No significant correlations

were® a SNIBSR 0SGoSSYy LI NGAOALN yia ol .anedplarsidy OKF NI OG SNJF
secondary analysis of the primary outcome participamse stratifiedinto those who inproved

their percentageey RdzNJ y OS GAYS o0& x o007 dihbwhodidmtSt Ay S WNBa LR
Wy ANHALRYRSNEQS | a GKAAa @t dzS ftariable iocCOBI25 & G A Yl GSR | &

Drawing comparison betweetesponder§and Honrespondersasextremelylimited by both

the small overall sample size (n=11) and smathber ofparticipants classiid as\Hon-

responder§ln=2).However with these limitations in mingdt is interesting thaWNB a L2 Y RSNE Q KI R

a lowerbaselingpeak WR compared t#lon-responder§]69 Watts vs. 125 Watts p=0.03his

observation is in keeping with the above discussigdificantnegativecorrelationsobserved

between baseline exercise capty and response to the SRETRe observation that those with

poorer exercise capacity at baselinedngieater respone to exercise trainingt immediate

follow-up identified in thisstudy is consistentith the results of a large RCT (n=142) of exercise

training in ILD by Dowman et athich was statistically powered to assess effect of baseline

characteristics on efficadi201) The authors idntified those with lower baselineMWDhad

greatest improvement iBMWDI & ¢ 6SS{ad® | aAy3a O2 YdogtiiedforS | yI f 2aA&X
each 10 m increase in baseline 6MWD, the gaBMiWDachieved following the exercise

intervention at 9 weeks declimkby-1.4 m.

4.6.4 Limitations of the study

This study has limitations which are important to discuss. First, the sarajle size limits the
statistical power of the analysis increasing both the risk of type 1 (rejection of a true null
hypothesis) and type @nistaken acceptance of a true null hypothesis) statistical errors, and
potentially limits the reproducibility ofhte study results to the wider IPF population. However,
this cohort represents a relatively heterogenous group of patients with mild to nadelisease
severitywhich istypical of patients who may be considered appropriate for referral to outpatient
basedstandardof-care exercise training interventions. It is important when interpreting the
results of this study to consider the impact of iplicity of testing leading to a type 1 statistical
error and pvalues of less than 0.05 occurring by chance. Aisbf results of CPET could be
particularly prone to this caveat given the large number of results produced from one test.
Consideration fothe risk of multiplicity of testing was considered in my prospectively designed
statistical analysis plan. The mpiary outcome for the study was pspecified and despite the

small sample size a highly significant result was observed, and | beliejssiifigble to regard
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this result as having high validity. Results from other analysis should be viewed as explanat

hypothesis generating, with further validation required in a future, appropriately powered,

definitive study.

As this study was ntaesignedas adedicatedfeasibility study(361)it wasnot possible taformally
evaluatethe wider study design. Howeven this cohort of patients the SRETP was completed

with good adherencgeno patients withdrewfrom the study citing the SRE or study outcomes as

the reason for withdrawal, and informal feedback from patients was posisiygporting the
conclusiorthat the SRETRas afeasibleintervention forthis cohort ofpatients with IPF During

the study ro serious adverse events were encountered to suggest any safety concerns. However,
given that this cohort of patients represent a selected cohopatfents with amild-moderate

disease severity with a small sample size it is not possildefinitivelydetermine the safety of

this intervention in the wider IPF population. Henbe safety of the intervention would need to

be further investigated in any future definitive study (Seleapter 6for discussion) and continued

to be monitored dter any future ptential 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 patibnts w
IPF. HowevelPF is more common in malegth international case series identifying a-80%

male predominancél0, 11)and the 2021 U.K ILD registry identified that 78.5% of patients
diagnosed with IPF in tHast9 years(2013-2021)recorded on the national registmyere male

(total IPF cases recorded n=32752) Further the prevalence of males in this cohigrsimilar to

that observed in a large retrospective study of all IPF patientsrexfdp standard care ILD clinics

at UHSNn=247 [n=194 from UHS{4% male)362)

A further limitation with the demographics of the sample cohort is @fpatients recruited were

of White British ethnicity. This limits the translatabilitiitbe results to patients with IPF of

different ethnicities.lt is important when interpreting thiimitation to consider the demographic

of the populationfrom which paients were recruitedo this single centre studyData from the
Hampshire County Coaitcensus\ Y HamMdp ARSYy(GAFe GKIG dpmbyz 27F
(n=1,394,800) are White BritigB63)Hence suggesting thatigcohort was overall

representative of thdocalpopulation from which patients were recruitefiquality, diversity,and
incluson (EDI) iwital to ensurerepresentatie research angs an NIHR priorit{364)henceit

wouldvital to carefully considerandhave a robust strategip ensure EDIin any futuredefinitive

study (SeeChapter 6.Zor 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 for3 months prior to study recruitmerand the overall time course of the study was
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relatively short (910 weeks) hencé is unlikely thata change in clinical status led to significant

bias A prospective comparator control group was added to this thess substantial

amendment however de to the impact of the COVAI® 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 orfyfurtherfactoris theinability to exclude bias generate

from potential improvement in participants test performance due to a learning effect. Regarding
the primary outcome this effect is most likely to be rsignificant. A large study (n=463) of COPD
patients performing twaconstant load tests at 75% péakwork-rate 5 days apart demonstrated

a mean difference between tests of only 3wish the within subject coefficient of variation for

the test 249%4190) This issubstantialllessthan themedian improvement from baseline noted in
this study (+82%)

4.6.5 Further investigation into the mechanisms of posig effect from the SRETP

Asdiscussed above it is apparent that the IPF participants in this study predominantly exhibited
multifunctional exercise limitation with deconditioning, ventilatory limitatieffly fmismatch,
cardiovascular impairment and difion limitation all contribuing. 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
(kC = /2 =Bandik V1) did not ggnificantly 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+peak and Awhichare highly validateti 8 8 SaavyYSyda 2% |y AYyRAGARdz
and sustainable exercise capacity respectiy&84)Hence futher investgation is required to

explain the large increaséanendurance time observed\s discussed above improvement in
endurance time on a constant load submaximal exercise test is a product of either an increase in
'y AYRAGARdz f (shold Qhedisyimpt@dof the hipeasbBli poivétigrelationship

for submaximal 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 canstant loadendurance time following exercise trainihgveidentified that there is an

increase in the rate of rexygenation of the peripheral muso@65)a reduction in the amount of

lactic acidosis during the constant tbeest(366)and a reduction in the degree of dynamic lung
hyperinflation during exercisg867)However, no such studies have bgerformedin patients

with IPE

As discussed iBhapterl.2.8impaired reda status(in favour ofoxidants) has been identified in

IPF patients at rest and following acute exercAlghough low levels of oxidativ&resspromote
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increase muscleontractileforce during exercise,igh levels of oxidative stress can impair muscle

performance by promotig contractile dysfunctiomwith resultant muscle weakne$868, 369)As
discussed iitChapterl.2.8.2there is evidence from healthgdividuals that increased antioxidant
capacity an effect which may benediated by an increase in antioxidant enzymiss method by
which exercise exerts its positive effe€1d.6, 117) However, no such studies have been carried
out in patients wih IPF whappearto haveimpairedrestingredoxstatus andconsequently
maybeintrinsically sensitive to an oxidative challenge (such as exef&ia8)Hence it is possible
oxidative stress iamechanism of exercise limitation in patients with IPF and that improvement in
redox status (in favour of antioxidants) at least in pagyunderlie the positiveeffects of

exercise in this patient group. Counter to this, as oxidative stress is a putaisieanism leading

to interstitial fibrosisin IPHas discussed i@hapterl.2.7), and acute bouts of exercise may cause
oxidative stress, it is important to determine whether a period of exercise training causes

cumulative oxidative stress burden.

Hence, m the next sage 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 gtients with IPFare investigatedThe hypothesis testeid that this cohort of IPF
patientshave impaired redox status (in favour of oxidative stress) compared ts@genatched
controls. Further that improvement in redox status (in favour of antioxidpista mechanism by
which exercise training exerts its pogé effects in this patient groughese analyses wiiklp to

both further understand the mechanisms of exercise limitation in patients with IPF and the
biochemical mechanisms underlying the impement in exercise capacity observed in this clinical

study.
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4.7 Summary

An 8week twice weeklyhigh-intensity, intervatbasedand CPETerivedSRETRd to sgnificant
and clinically meaningfunprovementin exercise capacity assessed by the primatgame
endurance time. Statistically significant improvemenEWC% predicteand peak WRvas
observed with a strong trend to improvement in 6MWD also apparent. Although no significant
improvement in healtkrelated quality of life was identified followinie SRETP, participant
related breathlessness improved withstatisticallysignificant reduction observed in thdRC
breathlessness scoréhe SRETP was found to be a feasible intervention in this cohatiehts
andcompleted with good adherenca{{5% sessions completedjth no serious adverse events

encountered.

CPET testing revealed that the majority of participants had significantly impaired baseline exercise
capacity with multiple interacting pathophkiological mechanisms contributing to tlisserved
impairment including deconditioning, mechanical ventilatory impairmefyfmismatch

cardiovascular impairment, and diffusion limitation. Following the SRETP significant increase in
mechanical ventilry capacity was observed and this sigrfitly 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 incése=capacity at
baseline were found to hee 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.

Thestatistically significant increase in endurantme observed in this study wast

accompanied by aorrespondingsignificantincrease in CPEderived assessments of
cardiopulmonary fitneséATand tfpeak). Although this observation is consistent with the
known increased sensitivity of constdiotad exercise tests to therapeutic intervention (a
consequence of the hyperbolic relationship between waate and time for submaximal exercise)

the mechanisms underlying participants increased exercise test peaforenremain unclear.
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Chapter 5 Investigating the &ect of exercise on
systemic redox status in patients with IPF

5.1 Introduction

In Chapter4 this thesis has discussed results of a clinical staxystigatingan individually
prescribedstructured responsive exercise training programme (SRETP)i@misawith IPF. The

SRETP was demonstratedbe safe andeasiblewith good adherencémedian 8%)in this
patientgroupand SR (2 AAIYAFTAOFIY(d AYLINR@SYSydGa Ay LI
status. Significant and clinically meaningful imgnment was observed in the studies primary

outcome endurance time on a constant load tes7&86+f,peak (median improvement +82%
p=0.003), with 9 of 11 patients improving their endurance timep3% a value estimated as the
minimum clinically important difference (MCID) for this form of exerciseitepatients with
COPI192)However, nacorrespondingsignificant change was observedaarticipants peak

oxygen uptake#fppeak)or anaerobic threshlal (AT)following the SRETP.

As discussed iBhapter3.5.3F Y A Y RA @A RdzE £ Q& LIS NJoaR Bubrhayirded R dzNA
exercise test is physiologicatiglated to theircritical power threshold (thasymptoteof the

hyperbolc powertime relationshp for submaximal exercise) and the fixed amount of work they

can perform above steadstate (termed the curvature constarfBigure3.3).(265)With large
improvements in test performance more likely to reflect an increase in critical power than

curvature constan{266)

DA@SY GKS fIFNEBS AYLNRGSYSY(l Ay LI NOGAOALI yiaQ
without significant change in theifp,peakor AT, | sought to evaluate alternative mechanisms
dzy RSNLIAYYAYy3d GKS AYLINRGSYSYy(d Ay LI NLAOALIYGa

In Chapter4 | identified that the SRETP led to significamprovement in participaré geak+g
duringincrementalCHET. Further the delt& ] (Week 9baseline) in both peakgand \f
correlated with improvements in peak exercise capaditsfiopeak andk peak WR). However,
neither improvementh y  LJI NIpdalOekerdisg dagaciyor peak ventilatory capacitguring
CPETwere found to correlate with changes in endurance time, suggesting that improveiment
these factoradid not solelyaccount forthe improvement in constanlibad exercise test

performance obsrved.

Asdiscussedn Chapterl.2.7impaired redox statugin favour of oxidants) has been identified in
patients with IPF at rest compared to agetch controlg84, 85)With evidence from mechanistic
studies that oxidative stress can caywegression of pulmonary fibrog&3)andthat biomarkers

of oxidative stress areorrelated withvalidated measures of disease severitylPEH90) There is
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evidence froma limited number of clinical studies that acute exercise can cautiger oxidative
stress in patients with F(108, 110 111)howeverthe effect of a period of exercise training on
redox status in IPF patieniss unknown Although low levels of oxidative stress during exercise
may be required for optimahuscularcontractile function(370)high oxidative stress loads during
exercise impact negatively on muscular performance to promote contractile dysfunction and
muscular fatigug369)Hence thee isa putativemechanistiaationaleto proposethat
dysregulated redox status (in favour of oxidants) maykurther mechanism of exercise

limitation in patients with IPF.

There is evidence from healthydividuals that improvement in redox balance (in favour of
antioxidants) may be a mechanism by which exercise exerts its positive €ff@é)dVhether
these observations translate to patients with JRFRo due totheir unfavourable restingedox
statusare potentiallyparticularly vulnerable to an oxidative challenge (such as exercise) is
unknown(123)

Hence in the present Chapter, in the same cohort afgeis with IPFrecruited to the clinical
study discussed i@hapter4, first the effect ofacuteexercise omedox statusn patients with IPF
is investigatedThen the CPEderived individualy presecibed SRETP studied @hapter4 is used

to investigae the effect of a period of exercise training on redtatusin IPF patients

5.2 Null Hypothesis

Patients with IPF haw#o not haveimpaired redox status (in favour of oxidative stress) compared
to agessex matched controls and th#tie 8-week SRETP does na alter redox status in this cohort

of patients with IPF

5.3 Aims andobjectives

Aim: To investigate the effect of both acute exercise areriod of exercise training on
whole-bodyredox statusn patients with IPF

Objectives:

i.  Analyse and compamhole-body redox statuin IPFpatientsto agematched
controls bothpre- and postCPET
i. Quantify any effect of the-8veekindividually prescribe@RETP onhole-body

redox statusn IPF ptents.
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5.4 Methods

Sample processing and analytical methodology of tlimxebiomarker analysis is described in

Chapter3. Here methods specifically relating to the study design are described.

5.4.1 Control participant study design

The Control arm to the study waslded as a substantial amendmeREC reference 17/SC/0342a

and UoErgo2 A49421.A1p the protocol after interim analysis of the first 6 IPF patients

recruited to the SRETWherethe mean age of participantsas71 yearsThere are naeliable
referencerangesfor systemiaedox biomarkesin older people and as basald@x activity

increases with ag€l09)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 needo conduct measuremes of redox state before and after a CPR&rformed using

identical protocol to that completed by the IPF participamisan age and gendanatched

control group

5.4.1.1 Patients

Patients with IPF were recruited as describe@haptes 3.4.1 and4.4.1.2 Control participants
were prospedwely recruited from the UHSFT perioperative CPET service and had been referred
for standardof-care perioperative CPET priordtectivesurgery. A sample size of twelve was
proposed to ensure ten control participants were successfully recruited alldairay20% drop

out rate. Control participants were selectively approached to achieve an age andateked

cohort tothe IPFcohort. This was achieved by grouping patients based on age into subgroups
(60 years, 655 years, 6&0 years, 780 yearsy80years). Control participant eligibility criteria
are summarised belowl@ble5.1) andin Chapter3.4.1
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Tableb.1 Inclusion and Exclusion Criteria for Control participants

Control participant eligibility criteria

Inclusion Criteria

Age andsex matched to IPF patients

Referred for standard care perioperative cardiopulmonary exercise test at UHSFT

Excusion Criteria

Inability to give informed consent

Current tabaco smoking

Malignancy (except localised squamous or basal skin carcinomajgaidg active

investigation, treatment, or followip

Diagnosis o$ignificant chronic respiratory disease, sevtaft ventricular failure or collagen

vascular disease as judged by the investigating team

5.4.1.2 Procedures

Patients are referred to thedHSFT perioperative CPET service by their clinical team for
assessment prior to surgical intervention to facilitate aetey and individualised, preoperative
risk assessmer(B871)Following full ethical approval for tremendment ncludingrecruitment
strategy (seeChapter3.3.1) | prescreenedJHSF perioperative CPET lgsforsuitable patients
andinvited them to participatevia telephone. If patients wished fmarticipate,they were
provided with the relevant written patient information documentati@md given adequate time
to read this and ask questions, prior to giviotly informed written consent on the day of the
perioperativeCPEBppointment Following consent, control parimants medical, drug and
surgical history was taken using a fatesignel paper case report form. Control CPETs were
performed as part of standardf-care perioperative assessment and conducted by the UHSFT
perioperative CPET team (Dr James QGuarinderRayat, and Toran Williams acknowledged).
CPETS performed by the UHSHToperative CPET team follow guidelines and protocol of the
POET3society(185)and UHSFT S@Rd hence emploidentical protocoto that usedfor IPF
participants in theclinicalstudy and described i@hapter3.5.2 Pre and postCPET venous blood
samples were taken from control participants with identical sampling to IPF participants at

baseline assessment as daébed inChapter3.13.1 If control participants had clinical blood

samples required as part of the perioperative assessment these were taken at the same time as

the preCPET samples. All CPET variables for both IPF and Carttcippgnts were double Iind

reported by experienced CPET clinicians blinded to outcomes and group allocation (A.F, A.B and

3" reviewer J.0) as described@hapter3.6.4.
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5.4.2 Redox Biomarker Analyses

The analytical methodologipr redox biomarker analysis is discussedhmapter3.13.1here the
assayaused are described in brief. Whet®dy redox status was assessed by th&tl free thiol
concentration inserum, which largely represents the freestgine group (Cy84) of albumin
(336)(with higher values representing increased antioxidant capaaiig/or enhanced propensity
for disulfide reductioh and in EDTA plasma by the low molecular weaghinothiol and sulfide
concentrationg(325) Wholebody Ipid peroxidation was measured in serum using the
thiobarbituric acid reactive substances (TBA&SEY(318, 319) with 4hydroxynonenal (4HNE)
protein adducts assayedas complementary markers of lipid oxidation stat(820) Plasma
antioxidant capacity was measured using the ferric redu@bdity of plasma (FRAP) assay,
howeverthe FRAP does not quantify antioxidant capacity contained within ¢ginaups due to the
low pH effect of the assay on proteihiols.(339)Nitrate, nitrate and total nitroso species (RXNO)
were assayed in EDTA plasma as biomarkers of nitric @Nidproduction andmetabolism with

cyclic guanosine monophosphateGMP) assessed as a marker of downstream NO sigr@4igy.

5.4.3 Statistics
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General statistical methodology and considerations for the thesis are discusSéajter3.14,

here specific statistical congtations relating to this Chaptearre described Statistical testing for
normality was not performea-priori due to the small sample size limiting the stttial power of

these analyse&345)hence norparametiic tests were used (seehapter 3.14. These general
statistical principles were prplanned with Dr Helen M@ses NIHR BRC Medical statistickeor.
continuouws variables, comparisons between groups (e.g., Control vs. IPF participants) were made
using the MannWitney U test and paired group comparisons (e.g., pre vs. post CPET) were made

using the Wilcoxon signed rank test.

To prevent multiplicity of comparisguaired comparisons for IPF participants are made between
only the baseline and Week 9 time poinBue to the exploratory nature of these anagy
values have not been adjusted for multiple comparisons with the impact of this considered when

discussinghe results.

In secondary analysis for matching/repeated measures (e.g., Baseline vs. Weekdkys Wthe

AlFYS LI NIOAOALIYGAL 2F LI A-NBRI S22 NARO KSR CHASRYS gz i ¢
multiple comparison (witlBonferronicorrection) was used. Exploratory statistical testing for

normality using theShapireWilk test was performe prior to these analyses and were p<0.05

(suggesting rejection ofddthe ANCOVA (parametric) with Geis&eenhouse correctiowas

reported forcomparison.

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 &:2 ratio of Control participats to IPF participantat baseline
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5.5 Results

5.5.1 Control participants demographics and exercise capacity

5.5.1.1 Cortrol participant demographics

11 control participants were consented to participate in the study. One participant was excluded

after CPET due tive unexpected finding of severe airway obstruction and profound respiratory
limitation to exercise on CPETEM FVC =0.53, Breathing reserv14% witht@,peak expressed

aspercentpredicted=77%).

10 control participant$80% malesyvere included in the final analysis. There was no significant
difference between Control and IPF patients for age (median, Corrd vs. IPF 72.5 years
p=0.4), sex (males, 80% vs. 87% p=1.00), BMI (30.1?kg.ra80 kg.m? p=0.46), or smoking
history (exsmoker 70% vs. 67% p=0.86). Control participants had sigoificantly higher
incidence of ischaemic heart disease (562618% p=08&). No other signi€ant differences in

baseline demographics between Control and IPF participants was obs@ialgd].2).

The most common surgical indication for referral of Control participants foopegative
assessment was elective abdominal aortic aneurysm (AAA) repair in 40% (n=4). 3 participants
were being assessaatior to non-malignancy related lower gastiatestinal surgery (reversal of

I I NI YI y Q amaligiant initiay/irtdigation], and complex inguiternia repair n=1). The 3

remaining control participants were referred fassessmenprior to; diaphragmatic hernia repair

(n=1), deep brain stimulation inse2ty’ 0 F2NJ t I NJ]Ayaz2yQa RAaSlIasSo

replacement (n=1).
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Tableb.2

Baseline demographics of Control participants compared to IPF participants

MRGC Medical Research Council Breathlessscore, BMbody mass indexCOPBchronic

obstructive pulmonary disease GORJastioesophayeal reflux disease€Control vs. IPF

comparisors made using Mankvhitney U test.

Control IPF
n=10 n=15
Median (IQR)r % (n) | Median (IQR)r % (n) p

Age(years) 70.4 (61.775.0) 72.5 (69.180.1) 0.144
Sex (Male) 80% (n=8) 87% (n=13) 1.000
BMI (kg.m?) 30.1 (23.535.1) 280(25.7-323) 0.461
Exsmoker 70% (n=7) 67% (n=10) 0.861
Pack Years (egmokers) 10.0 @0.0-30.0 15.0 (9.622.0) 0.962
Ethnicity (White British) 100% (n=10) 100% (n=15) 1.000
Obesity (BMI>30 kg.rf) 50% (n=5) 38% (n=5) 0.444
Ischaemic heart disease 50% (n=5) 13% (n=2) 0.0
Hypertension 40% (n=4) 27% (n=4) 0.734
COPD 20% (n=2) 20% (n=3) 1.000
Cerebral vasculadisease 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 2diabetesmellitus 10% (n=1) 20% (n=3) 0.504
Chronickidney disease 10% (n=1) 9% (n=1) 1.000
t I N]AyazyQa 10% (n=1) 0%(n=0) 0.400

5.5.1.2 Control participant CPET variabdecompared to IPF participants

5.5.1.2.1 Exercise&apacity assessment

Comparison ofesults from ncremental CPET for the Control compared to the IPF particigants
baseline are illustrated ifable5.3. Both groups exhibited significant impairment in exercise
capacity at baselinand there was a statisticallysignificant difference in peak exercise capacity
(xB-peak)betweenControl and IP participants either expressed asveight adjusted value
(median Control 14.7 ml.kgt.min?t vs. IPA.1.95ml.kg*.min p=0.16) or as a percentage of
predicted (median, Contrd@5% vs. IPF 67% p=0.899.statisticallysignificant between group
difference was observed for the AT either when expressed as a weight adjusted value (median,
Control9.10 ml.kg.mint vs. IPB.05ml.kg:.min? p=0.26) owhencomparing the percentage of

patients with anATof less tharl1 ml.kg>.min? (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 predictedf.peak (ATAR:peak predicted) was less than 508dicatingsignificant
deconditioning(mediantf@,peak predictedControl 47% v4PF 42% p=0.17).

Theimpairment in exercise capacity observed in Control participesasnsistent with these
patients being prior identified by the referring clinician as having subjectively assessed impaired

physical fitress necessitating referral fperioperativeCPET assessment prior to elective surgery.

5.5.1.2.2 CPETespiratoryparameters

In keeping with their diagnosis of fibrotic lung diseasempared to the Control group, IPF

patients had significantly greateff +f£Q slope representing increased ventilatory inefficiency
(median, IPFX0 vs Control 3.8 p=0.002) anekxhibitedsignificantexerciseinduced desaturation
SO at Hip,peak (medan, IPF 93% vs. Control 99% p=0.002). In keeping with the greater
ventilatory inefficiency observed in IPF patients, this group also had significantly o€y &

AT compared t@ontrols (median, IPF 31 mmHg vs. Control 36 mmHg p=0.02). IPF patig¢ats ha
significantly higher FENFVC 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 tidddwme or breathing reserve
(Table5.3).

5.5.1.2.3 Cardiovascular parameters

Control participants had significantly low#fp,/ WR slopgexpressing the oxygen codt o
performing work)compared to IPF participants (median Qoh8.70ml.min.W1vs. IPF 9.70
ml.mint.W'p=0.041) suggestive a@hpaired oxygen delivery in Controldowever, no significant
difference was observed between peak heart rate, heart rate reservpul®e or chronotropic

index between Control and IpRtients(Tableb.3).
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Table5.3 Comparison of CPET asgdirometryvariables between Controls and IPF

participants.®n=14 for AT parameters in IPF gro@entrol vs IPF comparisonsade using

Mann-Whitney U test*p<0.05, **p<0.01

Control n=10 IPF n=15

Variable Median (IQR) %  Median (IQR) % p
(n) (n)

Incremental CPET
Exercise Capacity Parameters
Ramp slope (Watts.mih) 10 (1615) 10 (1610) 0.093
AT(ml.kg".min?%) & 9.10 (8.111.4) 8.05 (7.49.9) 0.259
AT/predicted+fpeak (%} 46.97 (41.450.1) 41.18 (37.144.3) 0.166
Workload at AT (Watt$) 45 (4368) 45 (3758) 0.437
+peak (ml.kg.min?) 14.17 (13.219.8)  11.95 (11.514.2) 0.160
+Ppeak % predicted 64.93 (62.3883.6) 66.67 (57.175.9) 0.807
Workload attfp.peak (W) 105 (72136) 90 (66112) 0.338
Cardiovascular Parameters
Peak HR (beat.nif 126 (99155) 117 (98143) 0.311
HRR (beat.mif 21 (4 to 49) 28 (347) 0.643
Peak Qpulse (ml.beat) 10.02 (8.414.60) 8.45 (7.611.7) 0.428
O, pulse % predicted 89.30 (70.4104) 83.9 (6099) 0.311
+,/ WR slope (ml.mifi W) 8.70 (7.69.5) 9.70 (9.6010.3) 0.041*
Chronotropic Index () 38.24 (32.864.5)  55.31(35.665.0) 0.567
Respiratory Parameters
SO at rest (%) 99 (99100) 99 (9799) 0.215
SO at Hippeak (%) 99 (9899) 93 (8996) 0.002**
+f +fQ slope (ratio) 32.83 (31.135.8)  41.00 (35.55.0) 0.002**
P=1CQ at AT (mmHd) 36.0 (3343) 31.0(26-36) 0.022*
PET@at AT (mmHd) 108.0 (103113) 110.0 (104114) 0.403
that Hip,peak (L) 50.0 (4081) 62.00 (4883) 0.428
Peak V(L) 1.55 (1.372.30) 1.59 (1.321.87) 0.567
Breathing Reserve (%) 37.0 (1867) 38.5 (2056) 0.892
Other CPEVariables
RER atfp,Peak (ratio) 1.17 (1.11.24) 1.10 (1.61.3) 0.978
Peak Borg score (SOB) 5.0 (3.756.4) 3.0 (4.65.0) 0.311
Spirometry
FEVY (L) 2.42 (1.892.99) 2.28 (1.992.61) 0.461
FEVY (% predicted) 90.5 (61.298.7) 84.0(82.090.0) 0.461
FVC (L) 3.13 (2.573.97) 2.71 (2.483.11) 0.285
FVC (% predicted) 92.0 (79.295.2) 78.0 (73.688.0) 0.062
FEW/FVC (ratio) 0.74 (0.690.81) 0.82 (0.790.84) 0.008**

192



Chapter 5

5.5.2 Systemiowvhole-body redox statusanalysis

Here the results of the redox biomarker analysis study are presented. Results are first presented
for objective 1¢ Comparison of wholbody redox status in Control and IPF participants at

baseline The aims of this objective were first to compaestingwhole-body redoxstatusin IPF
patients compared to age, sex and functionally mattGontrols and second to investigate the
effect of an @ute exercise challenge avhole-bodyredox statisin both cohorts. Then for

objective 2¢The effect of a individuallyprescribedstructured responsivexercisdraining
programme(SREP)on whole-bodyredoxstatusin patients with IPFThe aims of thisecond

objectivewereto investigate any impact of the SRETRuiole-bodyredox status.

5.5.2.1 Objective 1: Comarison ofwhole-body redox status in Control and IPF participants at
baseline

5.5.2.1.1 Thethiol redox metabolome

The thiol metabolome comprises of freecabound thiols, disulfide and sulfid¢€325)Thiols are
classified as low molecular weight (e gytathione,cysteineandhomocysteinepand high
molecular weight thiols (e.gprotein thiols) se€hapter3.13.2for discussion. Free thiols exist in
their reduced state (e.gfree glutathione [GSH]), whereas bound thiols are oxidised,(evg
glutathione to gie glutathione disulfidGSSG] or binding of a low molecular weight thiol to a

protein).

Here the thiol metabolomés presented as 1) Totéteethiol (TFT) concentration in serutow

molecular weight thiols + proteifiee thiolg and the TFT concentrian corrected for plasma

protein (TFT/g protein®) Individuallow moleculamweight thiol concentrations in EDTA plasma

3) hdividuaWe 2 G £ Q GKA2E O2y OSy i Nl=low Rojedulanwgighdfiees | LIt
thiol +oxidised/protein bound thib[e.g. Total GSH = free GSH + oxidised/protein bound GI$H])

The ratios of reduced to oxidised free thiol couples (e.g., the rati®3H to GSSGESH/GSSG,

cysteine [Cys] toxidisedcyskine [CySS] Cys/CySS, and homocyisie [Hcys] tooxidised

homocyseine [HCySS&] Hcys/HCySS) Free andotal sulfide concentratiosin EDTA plasma and

in addition the persulfide concentration which represents the protein bound component e.g.

(Totalg Free Sulfides).
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5.5.2.1.1.1 Totalfreethiols

Total free thiols were assagieas a measure of wholeody redox status (with higher values

indicating increased antioxidant capad#ghanced propensity for disulfide reductipriNo

significant differencén total free thiol concentrationsvere observed between IPF patients and

Contrds either pre- or postCPETFigure5.1A). The mediartotal free thiol concentration

corrected for serum protein wasre-CPETConNB f 1 ®T1 p ein@2d k[Tt CINRGyy >Y2f k3
proteinp=0.26andpost/ t 9¢ / 2y (i NP f einwiPp dyY2 {>KYRirfp&0HR thINE

both groups no significarhange irtotal free thiolconcentrationsvere observed following CPET.

(Figureb.1Band Table5.4).
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Figure5.1 Totalfree thiol concentration inserumfor Control and IPparticipants. A) Total

free thiols B)Total free thiol concentration corrected for serum protePRE CPET (blue) and POST
CPET (red)ndividual dot plos with median £ IQRPFPRE CPEF15POST CPET nzCbntrol
PRE CPHEHELQ POST CPET n=10.

5.5.2.1.1.2 Glutathione

Glutathione (GSH) is the eqpdoduct of the transsulfuration pathway andasibiquitouslow

molecular weightintioxidant in many organisn{828)No significant difference was observed in
total GSH concentrations between Control and IPF particgpaitiher pre (median, Control 2.40

UM vs IPF 3.8@M p=0.34) or posCPET (median, Control 328l vs. IPF 3.6@M p=080) (Figue

5.2A andTable5.4). Post-CPET a significant increase in total GSH concentrations was observed in
Control Paticipants (medianpre 2.40uM vs.post 3.25uM p=0.007) a response that was not
observed in IPF participants (238).

In both groups significant interpatient differences were apparent in free GSH and GSSG
concentrations, however no significant betweerogp difference was observed for either free

GSH or G% pre or postCPETHigure 5.2B,0). 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 notavtaed in IPF participants (pred®.nM vs. 6.65
nM p=0.98)(Figue 5.20

The ratio of reduced to oxidised glutathione (GSH/GSSG) is considered a key indicator of
extracellular redox potential329)In the present analysi®F @tients hadsignificantlyincreased
oxidative stress as indicated by a lower ratio of GSH/GSSG compared to Goet@RET with a
strong trend of associatioabserved postCPETmedian preCPET IPF 736 vs. Control 1856
p=0.046, and posEPET IPF 457 @ontrol 1337 p=0.05Figure 5.2D). Consistent witlthe stress
of CPETGSH/GSSratios tended to decrease pre to peSPPET in both groups however no

significantchange was observed in either gro(ifable5.4).
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Figue 5.2 Glutathionethiol status in plasma for Control and IPF piaipants. A) Total GSH,
B) free GSH, C) GSSG, D) GSH/GSSG redoxRREPEPET (blue) and POST CPETir{dad}ual
dot plotswith mediant IQR. IPIPRE CPEE15POST CPET nzCbntrolPRE CPEFE1Q POST
CPET n=1@ontrol GSH/GSSB®eand Posn=9 IPFGSH/GSSBren=14and GSH/GSSG post
n=13.Control vs. IPEomparisons made using MaiWhitney U testWithin groupPRE vsPOST

CPET comparisons made using Wilcoxon signed ranitgstot significant
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5.5.2.1.1.3 Cysteine

Cysteine (Cys) is a seasisential amino acid, and the prodrug of cysteinea@dtyl cysteine) is a
commonly used pharmacological antioxid4dB880)No significant difference was observed in total
Cys concentrations between Control and IPF patientsJ®&T (median, Control 25K vs. IPF
232uM p=034) (Figure5.3A), howeveran nonsignificant trend to lowetotal Cys, consistent

with increased oxidative stress, was observed in IPF participantsQRIST (Control 268 vs.

IPF222 uM p=0.07)(Figure5.3A)

Free Cys and CySS had considerable interpatieratiéty in both groups. No significant
difference infree Cys or CySS concentrations were observed betweetrd@and IPF participants

either pre- or post CPETF{gure5.3B,0.

The Cys/CySS redox couple was measuradresker d extracellular redox status (with lower
values representing increased oxidant strg831)No significant difference was observed
between the ratio of reduced to oxidised cysteine (CyS/Cy&®&ken Controls and IPF
participants eiber pre (median Control 0.15 vs. IPF 0.17 3¥)or postCPET (median Control
0.15 vs. IPF 0.16 p$4) (Figure5.3D).
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Figure5.3 Cysteinethiol status in plasma for Control and IRfarticipants. A) Total Cys, B)
free Cys, C) CySS, D) Cys/CySS redox dRBEeCPET (blue) and POST CPETr{dadilual dot
plotswith mediant IQR. IPPRE CPEE15POST CPET nzCbntrolPRE CPEELQ PCST 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
transsulfuratior). Whilst glutathione and cysteine are widely thought to have benehealth
impact due to their reduced state antioxidantpeecity, elevated total homocysteine is a risk
factor for several chronic diseas€332)Total Hys concentrations were nesignificantly higher in
Controls compared to IPF participants both {{@ontiol 14.3uM vs. IPF 10.8M p=0.37) and
post-CPET (Condt 146 uM vs. IPF 10.@M p=0.10)Figure5.4A and Table5.4). However total
Hcys concentrations in both groups were consistent with normahi@jevart reference values
previously observeih large population studie@72)Consistentvith the acute stress of exercise,
CPET led to a small but significeeductionin free Hys in IPF participants (medigmre 132 nM
vs.post 116 nM p=0.04) a response that was not observed in Control participaatigmpre

141 nM vspost 142 nM p=0.24)Figure5.4B). Wide interpatientdifferences in oxidised
homocysteingdHCySS) concentrations were observed particularly in Control participants.
However, no significant défence was observed inG{#SS concentrations between Control and
IPF participants either prémedian, Control 23.8M vs. IPF 17.2 nM p=0.37) or p@&PET
(median, Control 22.2 nM vs. IPF 15.0 p=0(Bigure5.4C). Further, no sigificant difference was
observed in the Eys/HCySS=dox couple between Control and IPF participdRigure5.4D).
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Figure5.4 Homocysteinegthiol status in plasma foilControl and PFparticipants A) Total

Hcys, B) Free ¢ys, C) HCySS, DybIHCySS redox coupRE CPET (blue) and POST CPET (red).
Individual dot ploswith median+ IQR. IPPRE CPHEE15POST CPET nz8bntrolPRE CPET
n=10 POST CPET n=Wthin GroupPRE vs. BSTCPETWithin group PRE vs. POST CPET

comparisors made using Wilcoxon signed rank te¥6-not significant
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5.5.2.1.1.5 Sulfides

No significanbetween groupdifference in total sulfide concentrati@were observeceither pre
(median, Contrb6.57> avs. IPF 6.9% ap=0.98) or posCPET (Control 7.97avs. IPF 7.0% a
p=080) (Figureb.5A). Wide interpatient variation was observéaboth Control and IPF
participantfree sulfideconcentratiors, howevemo significant pre(median Contro2923 nM vs.
IPF2574 nMp=089) or postCPET (median Control 2190 nM vs. IPF 2242+(/8}) between
groupdifference was observefFigure5.5B). Persulfides (TotaFree) sulfides represent the
bound sulfide compartment and haveaently been identified as a biologicallyeeant
extracellular antioxidant biomarkdB38)No significanbetween group difference was observed
in persulfide concentration either prémedian, ControB.71> a @ &3®1>Lap=0.4(Q or post
CPETQontrol 454> a  PBENd® b Hp=093) (Figure5.5Cand Table5.4).
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Figureb.5 Sdfide acidthiol status in plasma for Control and IRfarticipants. A) Total

Sulfide, B) Free Sulfide, C) Persulfide (Fbtale Sulfide)PRE CPET (blue) and POST CPET (red).
Individual dot plos with mediant IQR. IPPRE CPHEE15POST CPET nzCbntol PRE CPET
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5.5.2.1.2 Ferric reducing ability of plasma (FRAP

The ferric reducing ability of plasma (FRAP) assay provideba gssessment of antioxidant
capacity dependent on the reducing capacityref'to F&*.(339)No significant difference was
observed in FRAP assay concentration between Control and IPF participants eitfraegian

Control 1447 avs. IPF 1362 ap=0.22) or posCPET (edian Control 143& avs. IPF 1345 a
p=0.51. No significant change was observed in the FRAP concentration following CPET in either

group. Figure5.6 and Table5.4)

FRAP
2500
o PRE
2000 o POST
O
O
= Q
1500 % % %
o o)
10004 o © ©
500 T T
CONTROL IPF

Figure5.6 Ferric reducing ability of plasma (FRAE®ncentration in Control and IPF
participants. PRE CPET (blue) and POST CPETr{dddylual dot plos with mediant IQR. IPPRE
CPETh=15POST CPHE¥14 ControlPRE CPEE1Q POST CPET n=10

5.5.2.1.3 Lipidperoxidation products

Thiobarbituric acid reactive substandd8ARS3re formed as a bproduct of lipid peroxidation
and areawidely used, and highly validatgbiomarker ofwhole-body oxidative stres(318, 319)
No significant difference was observed in serum TBARS concentration between Conti&ls and
patients either pre (median, Control 4.06M vs. IPF 4.18M p=0.40) or posCPET (median,
Control 4.78M vs. IPF 4.95M) p=0.59. Consistent with the acute stress of CPET, TBARs tended
to increase preto postCPH in both Controls and IPF partiamps(Figure5.7A) although these
changes were not statistically significant in eitigeoup (Control p=02, IPF p=0.43)lable5.4).
4-Hydroxynonenaf4-HNE)protein adductsvere assaye@scomplementary markers of lipid
oxidation statug320)No significant difference was observed HHBIE concentrations between
Controland IAF paticipantseither pre- (Control 7.20 ng.mivs. IPF 8.30 ng.rhp=0.85) or post
CPET (median, Cont@b0ng.mftvs. IPF 8.15 ng.rhp=0.44. No significant change in4NE

concentrations were observeare- to postCPET in either groupigure5.7Band Table5.4)
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Figureb.7 Lipid peroxidation status irControl and IPPparticipants. A) TBARS B)HNE PRE
CPET (blue) and POST CPET (retiNidual dot ploswith mediant IQR. IPPRE CPEE15POST
CPET n=14ontrolPRE CPHEEL1Q POST CPET 0=1
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Table5.4 Baseline pre and post CPRhole-body redox statusn Control vs. IPfparticipants pre andpost cardiopulmonary exercise test (CPERgsults
presented as median@R. TFT Total free thiols?GSH/GSSGontrol PRE n=8nd POST n4®F PRE n4land POST n=1Gontrol vs. IP @mparisons made using
Mann-Whitney U testWithin Group PRE vs. POSHET comparisonsade using Wilcoxon signed rank te<0.05,

CONTROL IPF Control vs IPF
Median (IQR) Median (IQR)

Analyte PRE (n=10) POST (n=10) p PRE (n=15) POST (n=14) p PRE p | POST p|
TFT 51.80 47.10 0.123 56.70 55.15 0.432 | 0531 | 0.321
(>M) (374-63.6) (36.1:57.1) (40.1:69.1) (46.261.1)
TFT Protein 0.785 0.745 0.740 0.880 0.830 0.141 | 0.261 | 0.192
(umol/g prot) (0.590.99) (0.52-0.94) (0.67-1.16) (0.761.01)
GSH TOTAL 2.395 3.245 0.007** 3.820 3.655 0.382 0.338 | 0.796
0>adl (1.81:3.97) (2.024.53) (1.31:5.12) (2.244.69)
GSH FREE 4337.5 5424.0 0.114 3102.0 4317.0 0.510 0531 0.341
(nM) (24448716) (27849340) (2488-5595) (2427-6332)
GSSG 5.300 5.750 0.051 5.400 6.650 0.975 0.643 0.752
(nM) (0.957.67) (1.1812.48) (3.30:10.40) (2.2014.48)
GSH/GSSG" 1855.8 1337.2 0.066 736.1 456.8 0.600 | 0.046* | 0.051
Ratio (893-2454) (647-2345) (289-1246) (354-1077)
CyS TOTAL 254.0 268.5 0.407 232.0 222.0 0.530 | 0.338 | 0.074
60>adl (217.3286.8) | (220.8287.5) (197.0260.0) (183.8250.5)
Cys FREE 9001.0 9185.0 0.646 9486.0 7426.0 0.1 0.935 0.311
(nM) (730511217 (684611218) (7527-10908 (5322-9891)
CySS 625305 52496.5 0.445 51099.0 50066.5 0433 0.23 0.285
(nM) (4646574334) | (4626174429 (4322964214 | (4172856889)
CyS/CySS 0.150 0.150 0.134 0.170 0.155 0.865 | 0.367 | 0.841
Ratio (0.120.22) (0.120.21) (0.150.21) (0.120.21)
HcyS TOTAL 14.30 14.55 0.114 10.60 10.19 0.140 | 0.367 | 0.096
6>abl (8.515.8) (8.91-16.4) (8.8-13.7) (8.57-11.6)
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CONTROL IPF Control vs IPF
Median (IQR) Median (IQR)

Analyte PRE (n=10) POST (n=10) p PRE (n=15) POST (n=14) p PRE p | POST p|
HcyS FREE 140.5 142.0 0.241 132.0 115.5 0.041* | 0567 | 0.312
(nM) (127-186) (114-161) (109-160) (96-143)
HCySS 23.75 22.20 0.44% 17.20 14.95 0300 | 0367 | 0.212
(nM) (8.6-48.8) (6.52-48.0) (9.7-23.3) (5.822.8)
Hcys/HCySS 6.090 5.30 0.878 8.090 9.005 0.975 | 0.311 | 0.341
Ratio (3.7913.53) (3.1817.22) (5.5019.85 (4.47-20.69)
Sulfide FREE 2923.0 2189.5 0.799 2574.0 2242.0 0638 | 0.892 | 0.841
(nM) (12133370) (14383184 (12953739) (17563716)
Sulfde TOTAL 6.565 7.965 0.575 6.910 7.005 0.397 | 0.978 | 0.796
6>adl (5.588.81) (5.698.83) (5.688.20) (5.6910.67)
PerSulfide> a 3.71 4.54 0.959 3.81 4,92 0.158 | 0.397 | 0.931
(Total-Free S) (3.586.56) (3.646.27) (3.11-5.91) (3.626.13)
FRAP 1446.5 1436.0 0.074 1362.0 13445 0.470 | 0.216 | 0.508
(>M) (1324-1567) (11371629) (12371502) (1241-1505)
TBARS 4.05 4,78 0.123 4.13 4.95 0.432 | 0.397 | 0.585
(>m) (2.904.84) (3.556.28) (3.496.61) (3.927.80)
4-HNE 7.20 9.60 0.575 8.30 8.15 0209 | 0.849 | 0.437
(ng/ml) (5.8311.72) (6.0811.25) (5.50-13.00) (6.009.78)
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5.5.2.1.4 Markers of ritric oxide (NO)production andmetabolism

Nitrite, nitrate andtotal nitroso speciesRXNQwere measured as biomarkers of NO production
and metabolismNitrites (NQ’) are the reduced bm of nitrate (N@) and are norspecific
markers of antioxidant capacity. No significant difference in plasma nitrite concentration was
observed between Contt@and IPF patients either prémedian, Control 0.84M vs. IPF 1.2gM
p=0.26) or posCPET (rma#an, Control 0.99M vs. IPF 0.98M p=0.75). Consistent with reported
post exercise responses in healthy individ(@I8, 374)CPET induced a naignificant increase in
nitrite concentrations inControls pre Oy n > g2 & ®n ® i), whisst ir IPF/pattients a
trend to a reduction imitrite postCPET was observggtNB ™ ®H p2 &la ndpEfh3) > a
(Figureb.8A and Tableb5.5). Plasma nitrate concentratiowas not found to differ significantly
between Control andAF patients either prgControl 31.4.M vs. IPF 27.8M p=0.57) or post
CPET (median, Control 3uM vs. IPF 32.aM p=0.80)No significant change in the pre to pest

CPET nitrate concentratiamas observed in either grouigure5.8B)

To complete assessment of NO status total nitrosospecies (RXNO) were assessed in EDTA plasmz
As discussed iBhapter3.13.2.4 due to itshighsensitivity and theubiquitouspresence of

environmental nitritecontaining compoundghe RXNO assayhgghly sensitivéo contamination
duringsample processing and storage with values of >10@akmedsupraphysiologicd(342)

and Professor Martin Feelisch personal communicatiwith 3 baselinedata points (=1 Control

andn=2 IPH excluded from the analysis due to RXNO concentrations >10FKNO

concentratiors tendedto reduce pre to postCPET in both groups, although the magnitude of the
reduction was more pronounced in the IPF grd¢opedian, prel4.1nM vs. post7.60 nM p=018),
compared toControls (median, pr20.6nM vs. postl5.40nM p=0.52). However, no signifiant

between group difference in RXNOncentrationsvere observed either pre or postCPET

(Figureb.80.

Cyclic guanosine monophosphdt&MP) concentration in EDTA plasma was measured as a
marker of downstream NO signalling. d&iinterindividualariation incGMP concentrations were
observed in both groupeGMP concentrations tended to be higher in IPF participants both pre
(Control 152mol.mltvs. IPF 17@mol.ml* p=0.24) and pst-CPETControl 15 pmol.mltvs. IPF
200 pmol.ml* p=0.06) A non-significanttrend to reductionin Control cGMRoncentrationsvas
observedpre to postCPET (15amol.ml?t vs. 1150mol.mI? p=0.09) an obsevation which was

not apparent in IPF participants (1pgnol.mI* vs.200pmol.ml? p=0.98).(Figure5.8D and Table
5.5).
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monophosphatcGMPPRE CPET (blue) and POST CPET (red). Individualdeitiplotediant
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Mann-Whitney U test. Within group PRE vs. POST CPET comparisonssingd#/ilcoxon signed

rank test. NSnot significant
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Table5.5 Baseline pre and post CPET nitric oxide (lw&@)duction andmetabolismredox biomarkerconcentrationsin Control vs. IPParticipants pre and post
cardiopulmonary exercise test (CPEIRXNO Control PRE n=10, POST n=9, PR=RR, POST n=Results pesented as mediad@R. Control vs. IPFomparisons
made using ManWhitney U testWithin GroupPRE vsPOSTCPET comparisons made using Wilcoxon signed rank test.

CONTROL IPF Control vs IPF
Median (IQR) Median (IQR)

Analyte PRE (n=10) POST (n=10) p PRE (n=15) POST (n=14) p PREp| POSTp
Nitrite 0.835 0.990 0.155 1.220 0.975 0.133 0.261 0.752
6>ab0 (0.700.98) (0.841.17) (0.431.37) (0.601.13)
Nitrate 31.35 31.65 0.285 27.80 32.10 0.600 0.567 0.796
6>ab0 (25.839.9) (25.848.2) (22.447.0) (26.946.0)
RXNG 20.60 15.40 0.515 14.05 7.60 0.182 0.212 0.110
(nM) (11.4532.05) (6.5529.40) (9.37-20.2) (3.915.7)
cGMP 151.50 115.00 0.086 179.00 199.50 0.975 0.238 0.064
(pmol/ml) (100.0180.3) (97.4167.3) (137.0209.0) (101.3232.5)
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5.5.2.1.4.1 Effect of exerse-induced desaturation oiomarkers ofNOproduction and
metabolism

As NO is primarily formed frobaarginine by nitric oxide synthase (NOS) in an oxylpgrendent

reaction, he effect of exercisenduced desaturation on the pre to pe€&PET change

nitrite/nitrate concentrations(delta,k Pre CPEQ Post CPBWwas investigated in IPF participants.

When stratifying patients based opG® at +fpeako £ hH": o dignifachriietdeen group

difference was observed in either absolute nitrite or ater concentrations preor postCPET
(Figure5.9A,BandTable5.6), or theky A G NA& (i S (RghdsRGDaidNablés3s). Further no

significant lineaassociation was observed between the absolute magnitude of the exercise

induced desaturation (S,at +Hfppeak SO G NBAG O YR 9p0RKINI K yAIGNRAGS oNT
KYAGNT GS O2y006p50dNT G A2y a 6 NT

Table5.6 Baselinenitrite and nitrate concentrations pre and post cardiopulmonary

exercise test stratified byeripheral oxygen saturation§S,0,) at +@ppeak [<92% vsk ¢ H: z

Results presented as median and interquartile raffeE = pr€PET, POST =spCPETDelta=

(Pre CPEQ Post CPETZomparison made using MaiWhitney U testéS0x pr’s  t 2andi / t 9 ¢
deltan=8

Baseline SpQ at Peak Exercis Comparison
Nox <92%(n=6) ¥92%(n=9) p
Nitrite PRE 1.06 1.26 0.96
> a) (0.651.57) (0.391.35)

Nitrite POST 0.86 1.03 0.85
> a* (0.561.43) (0.481.11)

Delta Nitrite -0.11 -0.14 0.95
(Preg Post)® (-0.43to +0.07) (-0.270 +0.06)

Nitrate PRE 28.85 27.80 0.95
> a) (19.9771.30) (22.9-44.5

Nitrate POST] 30.25 36.80 1.00
(> a (239-64.3 (27.3-45.0

Delta Nitrate -0.23 1.60 0.76
(Prec Posty} (-7.7to +4.1) (-3.61to +5.31)
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Figureb.9 Baselinenitrite and nitrate concentrationsin IPF participantstratified by
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circle/triangles, Post CPERed circles/trianglesNO Week O (Baseline).

5.5.2.2 Exploratory statistical test of normality

Due to the small sample size limiting statistical power as discus<&uhipters3.14and 5.4.3
non-parametric tests have been used to report primary results in this Chaljstexploratory

analyses the&shapireWilk test of normality was performed on redox outcomes and results
presented in belowTable5.7). Were Hy rejected(p<0.05) parametric tests have also been

presented for comparison of tests on repeated measures
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Tableb.7 Exploratory nornality testing using ShapirdVilk test of normalityon baseline

Redox bomarker variables for IPF participantompleting the SRETP n=¥p<0.05

Outcomevariable 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 (Tot3gl 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

5.5.1.2 Obijective 2: Investigang the effect o the SRETBn whole-body redox statusin
patients with IPF

Here the results of longitudinal analysisestigatinghe effect of the8-weekindividually
prescribedSRETP omhole-bodyredoxstatusin patients withIPF is described. Eleven IPF patients
completed the 8week twice-weekly SRETP as describe@lvapter4. 11 paired preCPETenous
blood samples (BaselineWeek 9) were obtained and n=10 paired p@RET (Baselimg/Neek 9)
were obtained (baselinpost-CPET bloods were not available for one participant). n=8 of these

patients had preand postCPET samplesllectedat the interimWeek 4time-point.

5.5.2.2.1 The Tliol redoxmetabolome

5.5.2.2.1.1 Totalfreethiols

At Week 9, following SRETP completion, there was a significant increase in t@&Pgoktotal
free thiol concentrationgFigure5.10A), with the median (IQR) total free thiol concentration

corrected for serum protein in participants who completed the SRETP, increasing from 0.80
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>mol/g protein (0.760.95) at baseline to 19>mol/g protein (0.901.18) at Week 9 p=0.005. The
median increase in total free thiols was +0:360l/g protein (0.050.43)[+33% from baseline]
(Figureb.10B) (Table5.8 A). This significant result was corroborated in secondary analyses using
CNASRYlIyQa (Said ¢oAGK 5dzyyQa GSad F2NJ YdzZ GA LK
9 p=0.010Table 5.8). This change indicative of an ina®e in posexercise (CPET) antioxidant
capacity Further preCPET total free thiol concentrations tended to increase following the SRETP,
however the magnitude of this change was not statistically significant (medianjriz8e37
>mol/g protein vs. Week 9 1.038mol/g protein p=0.18)With a significant change across the
three groups identified using the Friedman test p=0.0Bdb(e 5.8 As observed at baseline,
there was no significant préo postCPET change in totiaée thiol concentrations at Week
9.(Table5.8 A)

A Total Free Thiols o B  Total Free Thiols/Protein
1204 p=0.028 o 257
100 [ | o 5 od p=0.005
(0] (@] (9 ’ | |
go4 ©°© o o Week 0
= o) % ~ 157 0° 2 ° 3 3 o Week 4
~ 60 _ o o %
0 o 1.0 S % %% O Week9
404 & & © £ %@ o &9
20 w 0.5 ©
0= | — L 0.0——T — | p—
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KOS KO S xS Ko Ko
QQO QQO QQO QQO QQO QQO

Figure5.10 Total free thiol concentratiors in serum for IPF participants completing the
SRETRA) Total free thiols, Blotal free thiols corrected for serum protein concentrati@aseline
(Orangeg, Week 4Rurple, and Week 9 (GreerREPreCPET, POSHostCPETIndividual dot
plots with mediant IQR. Baseline PRE CPET n=11, Baseline POST CPET n=1Br&/Z&KT4r8-
Week 4POST CPETh¥eek 9 PRE CPET n3¥&ek 9POST CPET n=Ghmparisors made

using Wilcoxon signed rank test
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5.5.2.2.1.2 Glutathione

A significant increase in peS&IPET antioxidant capacity assessed by the total GSH concentration

was observed following th8BRETP. In participants who completed the SRETP, the median post

CPET total GSH concentration increased from 3.2&t baseline to £0> aat Week 9 p=0.028.
(Figureb.11A) The median increase from baseline to Week 9 was +8.@80.07 to +1.41)+22%

from baseline]ln secondary arfa& & S &

comparison this result was not found to be significdiatfle 5.8B, however this may in part be

due to reduced statistical power due to the small sample size at week 4 @xB)stent with the

dza Ay 3 G KS C NiksSiot Multyfle &

.CI

S

response observed in Controls at baseliimdpwing the SRETP (Week 9) total GSH concentrations

increased significantly pre to pe&PET in the IPF participants (Week 9 median, pre>38&s.

post 4.50> ap=0.021)Figure5.11A,). No significant change was observed in-GfeET total GSH
concentrationgFigure5.11A, and Table5.8 A,B,Q. Free GSHind GSSH concentratiomlid not

change significantliollowing the 8week SRETIFiure5.11B,0. Following the SRETP at Week 9,
no significant change was observiecthe GSH/GSSG @tither pre (median baseline 516 vs.
Week 9 495 p=0.44) or pos€PET (median, baseline 440 vs. Week 9 480 p{Fi§8)ye5.11D).
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B) free GSH, C) GSSG, D) GSH/GSSGBatieline Qrangd, Week 4 Rurple, and Week 9

(Green) PREPreCPET, POSHostCPETBaseline PRE CPET n=11, Baseline POST CPET n=10,

Glutathione thiol sttusfor IPF participants completing the SRERyTotal GSH,

Week 4 PRE CPET6, Week 4 POST CPET n=8, Week 9 PRE CPETeek1A POST CPET n=11.

4GSH/GSSG WO PRE n=10 W9 n=9, W4 PRE n=5 POST n=6, W9 PRE n=9 aBh&08d vs:9

Week 9 andP’RE vs. POEPETComparisons made using Wilcoxon signed rank.test
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5.5.2.2.1.3 Cysteine

Chapter 5

Folbwing the SRETP, no significant change was obsemntethl Cys concentrations either pre
(median, baseline 258 avs. Week 9 244 ap=0.93) or posCPET (median, baseline 28avs.
Week 9 257 ap=0.14)(Figure5.12A and Table5.8 A B). Wide interpatient variation in the

concentrations of free Cys andidised cysteine (CySS) were obser{idure5.12B,0, and

following the SRETP no significantqmepostCPETEhange was observed in either free Cys or
CySS, or the Cys/CySS redox cofiidrire5.12B,C D and Table5.8 A,B).
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Figure5.12

Cysteinethiol statusfor IPF participants completing the SRER).Total Cys, B)

Free Cys, C) CySS, D) Cys/CySS redox. &agaéne (Orange), Week 4 (Purple), and Week 9
(Green) PREPreCPET, POSHostCPETIndividual dot plots with mediah IQR. Baseline PRE

CPET n=1Basdine POST CPET n=10, Week 4 PRE CPET n=7, Week 4 POST CPET n=8, Week 9
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 tdtamocysteine {Cyg concentrations following the-8
week SRETP either pienedian,baseine 11.20> avs. Week 9 10.48 ap=0.17) or posCPET
(median, baseline 10.78 avs. Week 9 11.28 ap=0.65)(Figure5.13A). In contrast to the

identified significant reduction in freleCys preto postCPET at baseline, fre€ydevels did not

change significantly pre to pe&PET at Week 9 (median Week 9 @@ &M vs. post 102 nM

p=0.88)(Figure5.13B). Given the reduced state of frédeCys, this observation is consistent with

the above presented obsenians of increased posexercise (CPET) antioxidant capacity at Week

9. No significant changes were observed in HCySS aQy&HCySS redox couple, either-pme
postCPETFigure5.13CDandTable5.8 A,B,O.
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Homocysteinghiol status for IPF participants completing tteRETFA) Total

hCys, B) FreleCys, C) HCySS hOoyS/HCyS®8dox coupleBaseline (Orange), Week 4 (Purple),
and Week 9 (&en) PREPreCPET, POSHostCPETIndividual dot plots with mediat 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=1&eW9 POST CPET n=11.

212



Chapter 5
5.5.2.2.1.5 Sulfides

Following the 8veek SRETP thetal sulfide concentration did not change significantly either-pre
(median, baseline 6.15 avs. Week 9 7.3% ap=0.18) or posCPET (median, baseline 70k

vs. Week 9 7.78 ap=0.54)(Figure5.14A). Further, no significant chge was observed in free
sulfide concentratiorat Week Yollowing the SRETIFigure5.14B). Consistent with other
observations of increased antioxidant capacity following the SRETP, the persulfide concentration
pre-CPET tended timcrease from baseline to Week 9 (median, baseline 3.45 nM vs. Week 9 5.50
nM p=0.08)Figure5.14Cand Table5.8 A,B).
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Figure5.14  Sulfide acidthiol status for IPF participants completing the SREAP Total

Sulfide, B) Free Sulfide, C) Persulfide (Fbtale). Baseline (Orange), Week 4 (Purgiegl, Week

9 (Green)PREPreCPET, POSHostCPETIndividual dot plots with mediaf IQR. Baseline PRE
CPEN=11, Baseline POST CPET n=10, Week 4 PRE CPET n=7, Week 4 POST CPET n=8, Week
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 atioxidant buffering capacity assessed by the FRAP assaptditiange significantly
either pre- (median, 1290> avs. 1361> ap=0.790) or posCPET (1326 avs. 1402> ap=0.241)
following the 8week SRETP. However, consistent with the observed increase iexgrsise
antioxidant capacity following the SRETP, a-significant increaseiFRAP concentrations pre to
postCPET was identified at Week 9 (median, pre £86W/s. post 1402 ap=0.083(Figure5.15
andTable5.8 A,B).
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Figure5.15 Ferric reducing ability of plasma (FRAP) assay concentrationid?F participants

completing the SRETBaseline (Orange), Week 4 (Purple), and Week 9 (GieBi)PreCPET,
POSTPostCPETIndividual dot plots with mediah IQR. Baseline PRE CPET rBddeline 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 Lipidperoxidation products

Following the 8veek SRETP, TBARS concentrations did not change significantly compared to
baseline either pre(median, baselind.33> avs. Week %$.99> ap=0.21) or posCPET (median,
baseline5.48> avs. Week %4.41> ap=0.11)or using assessment of regted measures either
pre- or -post CPETT@ble5.8 B,Q. However, consistent with the observed increase in fOBET
antioxidant capacity at Week 9, a significant reduction in TBARS pre t€pP&St was apparent at
Week 9 (indicative of reduced oxidatisgess). Whereas TBARs tended to increasetprpost
CPET at baseline and WeefEyure5s.16A), following SRETP completion (Week 9) TBARS
concentrationdecreased significantly préo postCPET; median (IQR) chang20>M (-1.44to
+0.13) p=0.016 (20% reduction gpest CPETJigure5.16A and Table5.8 A,B,Q). No significant
change in 4HNE concentrations were observed following the SRE§Bre5.16B).
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Figure5.16 Lipid peroxidation statudor IPF participants completing thERETRA) TBARIB)

4-HNE BaselingdOrange), Week 4 (Purple) and Week 9 (GrdeREPreCPET, POSH04-CPET
Individual dot plots with mediatt IQR. Baseline PRE CPET n=11, Baseline POST CPET n=10, Weel
4 PRE CPET n=8, Week 4 POST CPET n=8, We€lPEPRELL, Week 9 POST CPET n=11.

4TBARS Week 4 POST.i@mparisons made using Wilcoxon signed rank.tes
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Table5.8 A
structured responsive exercise training programme (SRERBsults pesented as median@R. *"GSH/GSSG WO Pre n=10 W9 n=9, W4 Pre n=5 Post n6, W9 Pre n=9 and

Whole-body redox status at Baselin@Veek 4and Week 9 pre and post cardiopulmonary exercise test (CPET) for IPF patients completing the

Pog n=9 Baseline vs. Week 9 aRE vs POEPEtomparisons made usirthe Wilcoxon signed rank testp<0.05, **p<0.01

Analyte Baseline Week 4 Week 9 Baseline vs. Week
Median (IQR Median (IQR) Median (IQR) 9

PRE (n=11) | POST (n=10)] PRE (n=8) POST (n=8) | PRE (n=11) | POST (n=11)| p PREp | POSTp
TFT 52.60 53.40 69.20 63.20 63.40 61.20 0.155]| 0.093 | 0.028*
6>al (40.1-61.7) (46.356.7) (61.1-75.6) (52.7-79.4) (48.478.1) (53.380.4)
TFT Protein 0.870 0.795 1.130 0.960 1.030 1.050 0.168| 0.182 | 0.005**
0>Y2f k3| (0.671.02) (0.76:0.95) (1.021.32) (0.861.18) (0.901.18) (0.971.18)
GSH 3.960 3.275 3.420 3.540 3.350 4.500 0.021| 0.790 | 0.028*
TOTAI > a 0 (1.265.12) (1.384.61) (1.564.84) (1.855.26) (1.534.73) (1.966.09) *
GSH 2836.0 31275 2687.0 2775.0 3058.0 3757.0 0.72 | 0.328 0.333
FREKEnM) (2056:5595) (17095710) (11155297) (1271-5364) (1877-6040) (18237140)
GSSG 4.500 6.650 3.300 5.600 5.500 9.600 0.110| 0.508 0.066
(nM) (3.3017.80) (2.1815.18) (0.506.10) (1.159.83) (0.60-15.70) (4.4017.40)
GSH/GSSGH 516.1 439.5 439.9 320.0 495.4 480.3 0.086| 0.441 0.575
Ratio (227-1246) (288-787) (2431221) (227-658) (300-1836) (147-1063)
CyS 250.0 236.5 222.0 244.5 244.0 257.0 0.424] 0.929 0.139
TOTAI > a 0 (218282) (183261) (183240) (183257) (184-280) (196:311)
Cys 9945.0 7820.0 10044 8451 7278.0 6403.0 0.534 | 1.000 0.722
FREE (nM) (813011268) | (442710377) | (751216882) | (600017013) | (582415641) | (505513382)
CySSs 62509.0 52260.0 47920 49330 59608.0 47575.0 0.213| 0.790 0.508
(nM) (5022071077) | (4228363615)| (4612361872)| (4562363324)| (3837163323) | (3604156271)
CyS/CySS 0.180 0.145 0.180 0.185 0.170 0.190 0.905| 0.441 0.777
Ratio (0.150.21) (0.120.22) (0.160.30) (0.130.23) (0.100.26) (0.120.21)
HCGy/S 11.20 10.70 11.40 12.10 10.40 11.20 0.505| 0.168 0.646
TOTAI > a 0| (8.9515.90) (9.01:12.98) (9.70:12.50) (9.8913.9) (6.7312.30) (9.21:12.40)
HG/S 135.0 110.5 138.0 131.5 107.0 102.0 0.878| 0.248 0.648
FREHKEnM) (119160) (95-178) (122-266) (91.5162) (92-186) (87-125)
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Analyte Baseline Week 4 Week 9 Baseline vs. Week
Median (IQR Median (IQR) Median (IQR) 9

PRE (n=11) | POST (n=10)] PRE (n=8) POST (n=8) | PRE (n=11) | POST (n=11)| p PREp | POSTp
HCG/SS 18.00 19.20 29.30 20.90 14.40 17.80 0.594| 0.182 0.285
(nM) (13.4-36.9) (9.627.3) (11.742.4) (10.524.4) (10.523.6) (10.626.0)
HCy#HCySS 6.200 7.100 6.170 6.510 4.750 5.800 0.086| 0.657 0.203
Ratio (3.728.85) (3.8712.13) (4.3022.70) (4.3822.47) (3.8922.20) (4.3518.06)
Sulfide 6.150 7.005 8.350 7.225 7.390 7.700 0.859| 0.182 0.541
TOTAI > a 0 (5.358.15) (5.2510.68) (5.889.55) (5.51-7.96) (5.5310.20) (5.8910.50)
Sulfide 2574.0 2463.5 2304.0 1598.0 2564.0 2358.0 0.657 | 0.657 0.721
FREENM) (13343739) (18083893) (18164648) (13373771) (15994562) (13794590)
Persulfide(> a) 3.45 4.67 4.90 4.40 5.50 5.02 0.594 1 0.075 0.721
TotatFree (2.704.90) (3.295.22) (4.066.05) (3.465.31) (3.936.81) (2.506.92)
FRAP 1290 1326 1339 1366 1361 1402 0.083| 0.790 0.241
6>a0l (12371502) | (1241-1505) | (10791463) | (11761480) | (12421485) | (12361525)
TBARS 4.330 5.475 4.320 6.160 5.990 4.410 0.016| 0.213 0.114
0 M) (3.496.61) (4.17-7.93) (2.066.81) (2.97-7.30) (3.768.44) (3.847.08) *
HNE 8.200 8.150 7.600 8.700 7.100 7.700 0.131| 0.657 0.507
(ng/ml) (5.5013.00) (5.689.78) (5.8312.40) (7.3510.60) (5.7010.40) (6.1013.60)
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Table5.8B Whole-body redox status at Baseline, Week 4 and Week 9 pre and post cardiopulmonary exercise test (CPET) for IPF patiertsgaimpl
structured responsive exercise training programme (SREAP3,GSH/GSS®4 Pre n=5 Post n€omparisons using FriedmanS a & A G K 5dzyy Qa F2 NJ
comparison*p<0.05

Analyte Friedman PRE CPEB dzy Yy Qa POSTCPEF dzy' Yy Qa
Pre Post WOvW9| WOvW4| WavW9| WOvW9| WOvW4| Wav W9
(n=8) (n=8) (n=8) (n=8) (n=8) (n=8) (n=8) (n=8)

TFT 0.093 0.102 0.240 0.137 1.000 0.098 0.855 0.855

6>abd

TFT Protein 0.034* 0.012* 0.073 0.073 1.000 0.010* 0.184 0.855

6>Y2f k)3

GSH 0.368 0.882 0.544 1.000 0.855 1.000 1.000 1.000

TOTAI > a v

GSH 0.651 0.687 1.000 1.000 1.000 1.000 1.000 1.000

FREEnM)

GSSG 0.321 0.717 0.544 1.000 1.000 1.000 1.000 1.000

(nM)

GSH/GSSG» 0.247 0.311 0.342 1.000 0.618 1.000 0.745 0.447

Ratio

CySs 0.102 0.140 0.855 0.098 0.855 0.312 1.000 0.240

TOTAI > a v

Cys 1.000 0.325 1.000 1.000 1.000 1.000 0.401 1.000

FRE (nM)

CySS 0.651 0.687 1.000 1.000 1.000 1.000 1.000 1.000

(nM)

CyS/CySS 0.180 0.639 0.326 0.326 1.000 1.000 1.000 1.000

Ratio

hQyS 0.867 0.417 1.000 1.000 1.000 0.952 0.634 1.000

TOTAD > a v

HCys 0.368 0.687 0.544 1.000 0.855 1.000 1.000 1.000

FREKENM)
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Analyte Friedman PRE CPEB dzy Yy Qa POSTCPEF dzy' y Qa
Pre Post WOvW9| WOvW4| WaAvW9| WOvW9| WOvW4| W4v W9
(n=8) (n=8) (n=8) (n=8) (n=8) (n=8) (n=8) (n=8)

HCGySS 0.156 0.417 1.000 0.544 0.184 0.634 1.000 0.952

(nM)

HCys/HCySS 0.867 0.565 1.000 1.000 1.000 1.000 0.855 1.000

Ratio

Sulfide 0.368 0.325 0.855 0.544 1.000 1.000 1.000 0.401

TOTAI > a 0

Sulfide 0.651 0.417 1.000 1.000 1.000 0.952 0.634 1.000

FREKENM)

Persulfide(> a | 0.012* 0.197 0.010* 0.184 0.855 0.634 1.000 0.240

TotatFree

FRAP 0.651 0.325 1.000 1.000 1.000 1.000 1.000 0.401

6>al

TBARS 0.687 0.651 1.000 1.000 1.000 1.000 1.000 1.000

0 M)

HNE 0.882 0.882 1.000 1.000 1.000 1.000 1.000 1.000

(ng/ml)
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Table5.8C  Whole-body redox status at Baseline, Week 4 and Week 9 pre and post cardiopulmonary exercise t&st)(@P IPF patients completing the
structured responsive exercise training programmeREBTP)N=8.*"GSH/GSS®4 Pre n=5 Post n€omparisons usingNCOVA (parametric) with Geissgreenhouse
correction for variables were ShapiWilk test p<0.05 (se€able5.7)

Analyte Baseline vs. Week 4 vs. Week|
PRE {n=8) POST §n=8)

GSH 0.750 0.548

FREHKEnM)

GSSG 0.363 0.190

(nM)

HGOys 0.448 0.380

FREKENM)

HCG/SS 0.082 0.611

(nM)

HCys/HCyS¢ 0.310 0.778

Ratio

TBARS 0.657 0.615

0 M)
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5.5.2.2.4 Markers of ritric oxide (NO)roduction andmetabolism

At Week Xhere was a significant decrease in p@RET nitrite concentrations compared to
baselinemedian baseline 0.98 avs. Week 9 0.66 ap=0037 with a median (IQRhange of
0.39>M (-0.58 t0 -0.13) (40% reduction from baselin€frigure5.17A andTable5.9A,B). In
aSO2yRINE |ylfteasSa dzaAiy3d (KSultig@ahnpaison thiQrasulii S a
was notfound to be significani{able5.9B). However thisdiscrepancymay in part be due to

reduced statistical power due to the small sample size at week 4 [insiiig this analysis

Further at Week 9, a statistically significantwetion in nitrite concentrations preo postCPET

was observed, median chang&12> a(-1.44 to +0.13) p=0.013 (11% reduction{ieepost
CPET{Figure5.17B). This observation of a significant reduction in nitrite concentrations fare
post-CPETs suggestive of exercismduced nitrite utilisation (see discsisn). No significant

change in preCPET nitrite concentrations were observed following3RETP (median, baseline
1.22> avs. Week 9 1.16 ap=0.53. Further no significant change in nitrate a@mtrations were
observed as a consequence of the SRERre5.17B). At Week 9 n=1 pr€PET and n=1 pest
CPET RNXO vatweere excludedRXNCGoncentrations >100 nM). Whereas RXNO
concentrations tended to fall preo postCPET at baseline and Week 4, no fsgostCPET

change in RXNEpncentration was apparent at Week 9 (median, pre 12.95 nM vs. 12.55 nM
p=0.37)(Figure5.170). No significant change in cGMP concentrations was observed following the
SRETHFigure5.17D).

221



Chapter 5

A Nitrite
p=0.037
44 I 1
p=0.013
(|
3 o
=
w 27 ©
8 (@]
1 %E é? %F S
® o 3
0 1 1 1 1 1 1
¢ A LN L
XS K &S
FL7 L7 TP
C RXNO
80
O
60
2404 . o
O
o]
20-% o O i
1 3% ¢
o e o) ® o
A 1 A i 1 1
< A < A & A
oS &S XS
FLO7 L7 P
Figure5.17

B
1001
80
s 60

W

20

Nitrate

i

O o
0 1 1 1 1 1 1
A AN
<O KO &S
V07 LT R0
< Q Q O Week0
O Week 4
o Week9
D cGMP
400
o)
300
-
= o 9
(@] —
£ 200 % % ‘? ?%
o
100- (o)
(@]
© o]
o) o 8
0 1 (I) 1 1 1 1
A A & X
LG Lo &L

NO production and metabolism biomarkein IPF patientcompleting the

SRETM)Nitrite, B) Nitrate, C) RXNO, D) cGMBaselingOrange), Week 4 (Purple), Week 9
(Green) PREPreCPET, POSHostCPETIndividual dot plots with mediar IQR. Baseline PRE
n=11 and POST n=10, Week 4 PRE n=7 and POST n=8, Week 9 PRE and FR38Dr34d4eline
PREN=1Q W4 PRE n=6 airDST n=7, W9 PRE and P®410 4cGMP W4 PRE nB&seline vs.

Week 9 and RE vs. POSIPETComparisons made using Wilcoxon signed rank test.
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Chapte 5

Nitric oxide production and metabolism biomarkews Baseling Week 4and Week 9 pre and post CPET for IPF patients completing the 8

week SRETResults presented as median (IQRVitrite and Nitrate Week 4 PRE n=7 and POSTRXRO Baselirfére n=10and Post n=9W4 PRE n=6 and

POST n=TVeek 9Pre n=10 andPost n=10 Baseline vs. Week 9 and FrestCPETomparisons made using Wilcoxon signeckréast.*p<0.05

Analyte Baseline Week 4 Week 9 Baseline vs. Week 9
Median (IQR) Median (IQR) Median (IQR)

PREN=11) POST (n=10) PRE (n=8) Post (n=8) | PRE (n=11)] POST (n=11 p PRE p POST p
Nitrite® 1.220 0.975 1.240 1.115 1.160 0.660 0.013* 0.534 0.037*
6>al (0.801.37) (0.81:1.22) (0.451.51) (0.541.28) | (0.371.33) | (0.281.03)
Nitrate* 27.70 30.25 30.20 29.40 27.70 27.50 0.286 0.799 0.878
6>al (21.629.9) (26.942.0) (26.540.3) (24.346.9) | (21.535.4) | (25.442.4)
RXNG® 12.30 6.00 10.90 10.30 12.95 12.55 0.374 0.594 0.263
(nM) (7.57-22.40 (3.4014.00) (5.4222.30) | (3.3013.60) | (8.8815.07)| (9.1529.40)
cGMP 172.0 189.5 174.0 149.5 187.0 184.0 0.374 0.477 0.646
(pmol/ml) (111-209) (98.1-241) (96-231) (73-188) (118202) | (151.06204)
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Table5.9B Nitric oxide production and metabolism biomarkeis Baseline Week 4and Week 9 pre and post CPET for IPF patients completing the 8

week SRERP / 2 YLI NA a2y a dzaAy3d CNASRYIl Y (#R¥GPRE h=6 &nd BASYT y=0.AcGMRPRE =& G A LX S O2 Y LI |

Analyte Friedman PRE CPEJ5 dzy' y Qa POST CPEJ5 dzy' y Qa
Pre Post | WOVW9| WOvW4| WAvWI| WOvW9| WOvW4| Wav W9
(n=7) | (n=8) (n=7) (n=7) (n=7) (n=8) (n=8) (n=8)

Nitrite 0.651 | 0.223 1.000 1.000 1.000 0.401 1.000 0.401

0>alo

Nitrate 0.964 | 0.882 1.000 1.000 1.000 1.000 1.000 1.000

0>alo

RXNG 0.864 | 0.368 1.000 1.000 1.000 1.000 0.544 0.855

(nM)

cGMP* 0.197 | 0.197 0.240 0.634 1.000 0.634 1.000 0.240

(pmol/ml)

Table5.9C Nitric oxide production and metabolism biomarkeis Baseline Week 4and Week 9 pre and post CPET for IPF patients completing tveék SRETP
Comparisons usingNCOVA (parametria)ith GdsserGreenhouse correction for variables were ShaWibk test p<0.05 (se€able5.7)

Analyte Baseline vs. Week 4 vs. Week|

PRE gn=7) | POST [n=8)

Nitrate 0.349 0.799
6>adv
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5.5.2.2.4.1 PostSRETP effect eerciseinduced desaturation orbiomarkers ofNO
production andmetabolism

Consistent with baseline observattis, stratifying participants byQ; at +f,peak revealed no
significant between group difference in the magnitude of the-poepostCPET chaye in nitrite
concentrations at Week 9 (p=0.6@jigure5.18A and Table5.10). However, a trend to

significance was observed in the between group difference for the magnitude of the change in
plasma nitrate concentrationgnedian, 80 pH:: b p ® pOprbr:E @ AE®ds)> a
(Figure5.18D). Further a significant negative cetation was observed between deltaCs.

(xpeaks- rest) and delta nitrate concentrations préo postCPET (r=0.64 p=0.048).

Table5.10 Week 9nitrite and nitrate concentrations pre and post cardiopulmmary

exercise test stratified byeripheral oxygen saturation§S,0,) at +@ppeak [<92% vsk ¢ H: z
Results presented as median and interquartile rangBE = pr€PET, POST = pGRETDelta=
(Pre CPEQ Post CPET¢omparison made using MasWhitney U est

Week 9 SpQ at Peak Exercise Comparison
nOX <92% (n=5) #92% (n=6) p
Nitrite PRE 1.22 0.91 1.00
6>a0 (0.341.38) (0.54-1.67)

Nitrite POST 0.39 0.67 0.66
6>ab0 (0.271.14) (0.490.93)

Delta Nitrite -0.21 -0.11 0.93
(Prec Post) (-0.62 t0-0.01) (-0.8310-0.02)

Nitrate PRE 27.30 28.00 0.95
6>ab0 (18.539.4) (24.337.9)

Nitrate POST] 33.80 27.00 1.00
6>a0 (21.645.3) (22.7-39.2)

Delta Nitrate 5.00 -0.83 0.05
(Precg Post) (0.239.67) (-1.94 to 1.66)
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5.6 Discussion

In this chapter an individually prescribed SRETP was used to investigate the effect of exercise
training on wholebody redox status in patients with IPF. These results demonstrate that
participants with IPF had significantly increased baselindative stess 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 followig the 8week 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 demonstraafid a f
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 posity fromnitrite/nitrate

supplementation during exercise training.

5.6.1 Control vs. IPF participant matching

Due to the effect of age on redox biomarker stafi§9)it was necessary to recruit a ndRF

control graup to compare baseline prand postCPET redox biomarkers. The perioperative CPET
service provided a mechanism by which Control participants cautédruited whilst performing

a CPETutilising anidentical protocol to thatompleted byiPF participantswhilst attending for
standard of care assessment. In retrospagtunanticipated advantage employing this

approach, rather than recruitingn age and sexmatchedcohortto undertake a researc@PET

with venous blood samplings it allowed for contined recruitment of Control participants to the
study whilst research specific visits were formally suspended at the UHSFT site due to the impact
of the COVIEL9 pandemic (se@ppendix Gor full COVIEL9 impact statement).

Appropriate age and saxatchingof the Control cohort to IPF participants was achieved with no
significant between group difference identified for either variable. Consistent WwehControl
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 distributiboommon medical conorbidities

was not found to be significantly different between the two groups. Coraatrdiith Controls

having subjectively impaired physical capacity necessitating referral for a perioperative CPET prior
to elective surgery, CPET demnstrated this group had significant impairment in exercise capacity.
The degree of impaired exercise capaan Controls was similar to that observed in the IPF

cohort, with no significant between group difference identified in either peak oxygen uptake o
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anaerobic threshold. Further comparable with the IPF cohort significeedretiitioning as

indicated by a AT expressed as a percentage of prediat®gpbeak of <50%yas also apparent in
Controls. The impaired exercise capacity of Control participaasspredominantly a
consequence of the observed deconditioning in combination wattdiovascular limitatiomo
exercise Unlike IPF participants, in generar@ol participantsdemonstratedimpairment in
oxygen delivery indicated by a reduction in thepgf the relationship between oxygen uptake
to work-rate (./ WR slope) a finding which is suggestiveartliovascular impairment to
exercise(184)However otherCPETardiovascular parameters includipgakO;, pulse and
chronotropic index wer@verallpreserved in this group and not statistically different from the IPF
cohort. Consistent withIPF patients having a diagnosis of fibrotic ldisgase compared to
Controls, IPF participants had significantly higt@t+Q slopes (indicating greater ventilatory
inefficiency) andexhibited significant exercisenduced desaturationan observation not apparent

in Controls.

In summary the recruited Contrphrticipants provided an appropriately age, sex and functionally
matched cohort for robust redox biomarker cparison with the IPF cohort. As in the IPF cohort,
medical cemorbidity 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 deconditoning was apparent in both cohorts with differences in the mechanisms of exercise
limitation reflecting primarily the absence of interstitial pisease in Controls. Further the

results of CPET in Controls identified, although not prospectively angdiptitat they were also
appropriately matched for physical fithess to participants in the IPF cpadiriding that adds

robustness to the betwen group comparisons.

5.6.2 Comparison of wholebody redox status in Controls vs. IPF participants

The results othis study demonstrate that the IPF cohort had increased oxidative stress at rest
compared to agesex matched Controls, as indicated by a sigguifily reduced systemic ratio of
GSH/GSSG (a key indicator of extracellular redox pot€32&j). This observation is consistent

with a previous study by Muramatsu et al. of 21 patients with(876) and with other studes

which have identified increasaéstingoxidative stress in patients witl?F(84) In the present

study no significant difference in whel®dy oxidative stress assessed by the Iggdoxidation

marker TBARS was identified between Control and IPF participants. This finding is contrary to the
studya Rahman et gB85)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 studyHuys et a[91) These

discrepancies may be due to the differences in the ages of the study cdpoetent study,

71yearsvs.Fois 68 yeargs. Rahman 58 years), or the different analytical techniques used
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(fluorometric [Fas and present study] vs. colorimet(Rahman)in the present study, despite

increased oxidative stress as indicated by the reduced GSH/GSSG ratio, itastgiifference in
other aminothiolsor sulfides were identified between IPF and Control pgytats at rest. In their
studyFoiset al(91)identified significantlyeducedbasal anibxidant capacity in IPF participants
compared to control indicated by a lower concentration of plasma total GSH, a findingais

not replicated in this study. Although, theiE et al.cohort are of similar age and disease severity
to the present studyit is important to again consider that different analytical techniques were
used in each study (chemical electrophoresis ei liquicchromatographytandem mass

spectrometry [present study]).

Homocysteine sits at the centre of three metabolic cy¢hesthionine, folate, and

transsulfuration with the accumulation of homocysteine linked to several disease states including
cardiovascula333)and neurodegenerative disea$g34)In this studytotal homocysteine
concertrations werenot found to be statistically differertietween IPF patients and controls.

Further homocysteine concentrations in both groups weseparable with agsex match

population reference value@72)This observatioiis consistent with thebove discusskstudy

by Fois et al(91)but contraryto a study by Bargagli et who identified significantly higher

plasma homocystemin IPFpatientsvs. agematch controlg376)Althoughmeantotal

homocysteine concentrations the IPF participantsf all 3 studiesre fairly comparable(10¢

18>a v &

In this study a comprehensive assessment of wAtmldy redox status in FPand Control

participants was made using a combination of different sensitive and validated analysis including,
total free thiols, the aminothiol and sulfide metabolome, FRA® lgpid peroxidation status. The
finding that, despite increased whaeleody exracellular oxidative stress in IPF participants (as
indicated by the reduced GSH/GR&tio), concentrations of other biomarkers including other

free aminothiol and sulfide caentrations were not found to be significantly different in
concentration to Cotrols 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 landscafi23)With the reactive species interactome
construct appreciating the richness and diversity of the wHildy redox landscape and its
capacitytoadadi (2 A0GNBaa2NBRXZ Syl of Ay3 doficétratigNgod S NI |

certain molecules at the expense of others in an attempt to maintain wholly homeostasis

Postexercise (CPET) redox status was assessed in both IPF and Controbpgstiolfowing
maximal (symptom limited) incremental CPET perfed to identical protocol in both groups®
that each experienaa comparable physical stress. In keeping with thegxercise observations
of this study, a strong trend to increased whdledy oxidative stress posixercise 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 &rcise redox biomarker response

demonstrated significantdterogeneity between Control and IPF participants. In ControiSTCP
(exercise) induced a significant increase in total GSH@stexercise suggestive of
antioxidant buffering. In addition, nesignificant trends of association were observed suggestiv
of increased oxidative stress in Controls-gepostexercisancluding 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 incresisexprrise in both groups. In IPF
participants, in keeping witlcreased posexercise oxidative stress, a significant-gepost
exercise reduction in reduced homocysteine (fl€gys) was observed, however no other
significant changes in redox biomark were noted in the IPF group pte postexercise at
baseline These observations again highlight the adaptability and flexibility of the winulg

redox landscape to physiological stress as described within the reactive species interactome
construct,in as much as, despite the application of a significant phygitdbexercise stress,
limited changes in redoxbiomarkersconcentrations wer@bserved preto postexercise irboth

groups.(123)

Previous research into the effect of acute exercise on redoxistat patients with IPF is limited.
The present study is, to the best of my knowledge, the first to comparegastise redox status

in IPF participants to an agmatched Control group. Lited previous studies have investigated
the effect of acute exeise 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 significanteduction in plasma total antioxidant capacity post symptom lichite
constant load test (50 Watts in all participanf$p8)In a further study (n=21), usirige same
exercise protocol, this group identify a significardramse in systemic lipid peroxidation (assessed
by plasma F2soprostanes) 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 prand postsymptom limited constantoad exercise test at 80% peak
WR in patients with IPF (n=11) and failed to obsersmgaificant change in wihe-body redox

status assessed by plasma TBAR4)Thedifferencein results between this thesis astudies

by DowmanandJackson may be a consequence ofdiféering diseasseveritiesbetween the
cohorts (meanFVClackson61%Dowman 76%present study 78%or the different exercise

protocols used (constant load test [Jacksom Dowman] vs. incremental CPET [present study]).
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5.6.3 Effect of the SRETP on whebedy redox status in IPF participants

This study is,a the best ofmy 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 posixercise (CPET) antioxidant buffering capacéyg abservedi the IPF
participants. This finding evidenced by a significant increase (in favour of antioxidants) from
baseline to Week 9 in the posiercise concentration of both the total free thiols in serum and

total glutathione. Consistent with thebservation ofincreased posexercise antioxidant capacity
following the SRETP, total glutathione concentrations were also found to increase significantly in
IPF participants prdo postexercise at Week 9. It is interesting that this pegercise total
glutathione esponse mirrors that identified in Control participants at baseline. Although oxidative
stress assessed by TBARS tended to increasespestise at baseline and WeelFgure5.16),
following SRETP completiovéek 9 a significant reduction in TBARS concentrations was
observed preto postexercise. Consistent with reduced p&stercise oxidative stress, @teek 9

the significant reduction in reduced homocysteine (free HCys) concentrations after CPET observed
at basdine in IPF participants was not appareRurther a trend toward an increase in FRAP was
also observed preo postexercise at Week 9 (p=0.08). Trendsgmsjive of increased pre

exercise antioxidant capacity were also identified;-prercise concentré&ns of persulfides

(Totalg Free sulfides), which have recently been appreciated as biologically relevant extracellular
antioxidans(338)tended to increase from baseline to Week 9 (p=0.88)well as the pre

exercise concentration obtal free thiols (p=0.18)

The significant increase in antioxidant capacity following the SRETP observed in this study is
consistent with previous obsenians of training in healthy individua{$16)It is propo®d that
increased antioxidant capacity may be a mechanism through which exercise exerts its positive
effectsin healthy individuals, a response which may impart be mediated by nuclear factor
erythroid 2related factor (Nrf2) orchestrated upgelation of amioxidant enzymeg117)The
observation that the SRETP led to increased-pastcise antioxidant capacity in IPF particiigan
and the pasibility that this may be a consequence of upregulation in antioxidant enzymes,
requires further exploration in an appropriately designed and adequately powered mechanistic

study (seeChapter6 for further discussion to this regard).

In Chapter4 the clnical outcomes of the-8veek SRETP on patients with IPF are reported. In
participants who completed the SRETP symptmonited constant load test endurance time

improved significantly from basak to Week 9, with a median improvement of 82% (p=0.003).
HowedSNE y2 aA3IYATFAOF Yy (G A YiHpphRaw\Bay SogeivedAAS didcitsdedi A O

in Chapter3.5.3and Chapter4, performanceon a constardoad submaximal exercise test is
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state physiological conditionstermed the critical powe(265)

Exercisénduced oxidative strss is well documented in healthy individugdg7)and at a low

level this exercisénduced response is necessary for maximal muscle contraatitgibn and
efficiency during exercis@70)High levels of exercisaduced oxidative stress promote

contractile dysunction and contribute to muscular fatig 869)Redox homeostasis is vital to the
functioning of the body and as IPF pateappear to have unfavourable redox status (in favour of
oxidants) at resthey may be consideredniquely sensitive to an oxidative challenge such as
exercisg(123) The finding of increased pogixercise antioxidant buffering capacity in IPF
participants following SRE completion provides potentialmechanism through which
participants may improve #ir muscular resistance to fatigue, and consequently submaximal
exercise test performance, indepdent 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

Chapter6 for discussion).

As discussed i@hapterl.2.7, oxidative stress has been proposedsgautative mechanism of
disease progression in IPF with oxidative stress thought to drive fibrosis via several
mechanismg84) Recent work by colleagues in Southgmon has identified thabxidative stress is
sufficient to promoe altered collagen structure and increased lung tissue stiffuess

WA SdzR2 Ké L2 EA OQ rdudibld factori(AIPByere®rfet &K dehdgnBtrat®thak
oxidative stres$nducedinhibition offactor inhibiting HIF (FIMyas sufficient to inducéllF
activation in healthy lung fibroblas{83). Further in lungissue of patients with IPF, HIF activation
score correlated with oxidative stress consistent with pseudohypoXia€ttivationWith HIF
activation subsequently leading to the deposition of alteesdl stiffened lung collageand the
development of fibros. Furtherwork by the group has identified th&tiFactivationin lung
tissue, BAL and peripheral blood mononuclear cells (PMB@ajients with IPF isignificantly
correlated witha gene expression oxidative stress score, and further that HIF dativatan
independent predictor of survivgB78)In the context of these findings, the observation of the
present thesis study that the-&eek SRETP led to improvemémtedox status (in feour of
antioxidantsyaises the possibility thaviaa reducton in oxidative stresmediated
pseudohypoxic HIF activatioexercise trainingoulditself be a disease modifying therapy for
patients with IPF. A hypothesis that would require testing dedicatedmechanisticstudy (see

Chapter 6.
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5.6.4 Nitric oxide (NO)production andmetabolism

Nitrite, nitrate and total nitrosospecies (RXNO) were measuredane postexercise (CPET) as
biomarkers of N@roduction andmetabolism.IPFparticipants exhibitd a nonsignificant
decrease in nitrite concentration préo postexercise at baseline, a response that was not
observed in Controld-{gure5.8). The SRETP potentiated the magnitude of the exeintheced
fall in circulating nitite, with postexercise nitrite concentrations significantly lower at Week 9
compared to baseline. Further a significant reduction in nitrite concentrationtprpostexercise
was observedt Week 9 Thesdindings are suggestive of exercisgaduced nitite utilisation.In
healthy individuals Nyberg et al. obsedvan exercisenduced arterialvenous reduction in nitrate
and nitrite concentrations and propose that thiadingis suggestive of exerciseduced
nitrate/nitrite utilisation.(379)In further support of theidentifiedfall in nitrite concentrations
during exercise plausibly being suggestive of uptake and utilisation of nitrite by skeletal muscles is
the observatios of both the presence of enzymes assded with he nitrate-nitrite-NO pathway

and the nitrate/nitrite transportersialinwithin human skeletal muscle fibr¢380, 381)

Stratifying participants by,6:at +f,peak did not reveal a sigitant difference in the magnitude
of the exercisdnduced nitrite utilisation suggesting that this finding was not simply secondary to
any differences in systemically measurable exertideced hypoxia. This observatien

consistent with the findingsfa study in healthy individuals performing a submaximal exercise
test at both highaltitude (4559m, where the effective inspired oxygen concentration is
approximately 12%) and sea level in which no significant betweermpgtifierence was observed

in pre- or postexercise plasma nitrite concentratiof882)Although there are differences in the
physiological stress of normobaric vs. hypobaripdxya(383)these findings suggest that the
exerciseinducedfall in nitrite concentratiorobserved in the present studyaybe a consequence

of a disease spedifresponse in IPF patients rather than secondary to systemic hypoxia.

Venous nitrite concentrations have bedemonstratedto increase pe to postexercise in healthy
subjects by several groups, with the magnitudeéhaf increase correlating with peak axese
capacity(373, 374)n n=55 healthy subjects (meage 40 years) Rassaf etdgémonstrate that
following a maximal incremental exercise test plasma nitrite concentration significantly increased
pre- to postexercise (97 nM vs. 125 nM p<0.0Q2Y.3)Further the authors identify that the
magnitude of the exercismduced nitrite increase was both significantly correlated vpigak

exercise workate (r=0.37 p<0.00 andan independent predictor of peak workate and exercise
endurance. Further significant correlation was observed between the-@asicise induced

nitrite increase and brachial arterial flemediated dilation (BAMD a validated assessment of

endothelialactivityand hence with endothelial functigr§384)
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Typically, posexerciseplasmanitrite concentrations are thought to represent the oxidation of

NO formed within the microcirculation by endothelial endogennitisc oxide synthaséeNOS),
with reduced bioavadbility of endothelial NO a hallmark of endothelial dysfunc{{®85, 386)
Exercisénduced endothelial NO production is salient to exercise performance with N€asing
muscle blood flow, improving sarcoplasmic¢@eandling and improving mitochondirespiratory
chain efficiency387, 38) Consequently, the exercigaducedreduction (as opposed to increase)
in circulathg ritrite concentration inlPF participants in this study may reflectcompromised
endothelial capacity tproduce NQwith resultant negative impact on participants exercise
capacity However, the progressiviacreasen pre-to postexercisenitrite concentration
difference as a consequence of the SRETP sugggasthis observation cannot be explained by
an existing endothelial dysfunction algmrather suggesting an increased capacity for nitrite

consumptiondtilisation.

There is limitedesearch ind endothelial functioning in IRRowever endothelial dysfunction has
been identified in IPF patients compared to control usingB#AY389)and digital pulse wave
response to salbutam(390)(a correlate of BAAMD(391). With IPF associad endothelial
dysfunction proposed as a possiloientributingfactor for the association between IPF and
cardiovascular diseag892)Hence in the context dhe dysregulated exercisénduced nitrite
response observed in this study, any association between IPF and endothelial dgsfuncti

warrants further investigation (se€hapter6).

As discussed i@hapterl.2.8.1an alternative source of nitrite arises from the biotransformation
of dietary nitrate, which can occur within the gastrointestinal tract (e@duction of nitrate to

nitrite by commensal bacterigB93)and exercising skeletal mus¢&94)The nitratenitrite-NO
pathway is now uderstood to be biologically relevant, particularly in hypoxic conditiassunlike
the L-arginire/NOS pathway it forms N@nhderconditions of low @availability(93, 94)Larsen et
al. (102)investigated any association between dietary nitrate supplementation and exercise
capacity in n=9 trained healthy individuals. The austidentified that supplementation with 3
days of sodium nitrate 0.1mmol/kg/dagrgnificantly loweredhe oxygen cost of performing
steadystate cycleergometry(mean=f, cost Placebo 2.98 L.miws. Nitrite 2.82 L.mihp<0.02).
The observation that tiate supplementation can lower the oxygen cost of submaximal exercise
has subsequently been replicatdy other groupsincluding studies using naturally occurring
nitrate (enrichedbeetroot juice(104, 105), and iscontrary to the physiological principal that the
oxygen cost of performing submaximal work is esisdly fixed and uninfluenced by age, sex and

physical capacity184)

A recently published RCT testm efficacy of nitrateenriched beetroojuice supdementation
as an adjunct to pulmonary rehabilitation (PR) in patients with C@PR)Participants undertook

8-weeks twice weekly PR and in addittmok either enriched beetroot juice (containing 12.9
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mmol nitrate) or placebo prior to&h 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 exerciseinduced fall imitrite concentrationsexhibited by IPF

participants may be exercise limiting, and nitrate (and consequently nitrite) supplementation can
improve exercise efficiencthere is plausiblgutative mechanistic rationaletsuggest that
patientswith IPF could derive clinical benefit from nitrite/nitrate supplementation as an adjunct
to exercise training. A hypothesis that warrants testingrirappropriately designed and powered

clinical trial(seeChapter6 for further discussioi

5.6.5 Limitations of study

This study has several limitations. The sample size is relatively small due to the impact of the
COVIEL9 pandemic restrictionsn clinical research (se&ppendixG). However, this was an
intensive detailed study with theultiple study visits enabling investigatianto the biochemical
effects ofan individudly prescribedexercise programme on a comprehensively phenotyped

cohort of patients with IPF.

A further limitation is the lack of a temporal comparator group forpBEicipantsat the Week 9
timepoint who did not undergo SRETRch dgtandardof care(group for temporal comparison

was plannedor within the study design, howevemeaningful recruitment to this group was
precluded by the impact of the COVID pandénic on thisstudy AppendixG). The proposed
standard of care group would strengthen ttebustnesf the baseline to Week 9 comparisons

as it would have provided control comparison for both any natural variation in redox biomarkers
over time and possiblmfluence d progression of disease on the biomarker outconiédgs does

not affect the robustness of any conclusions drawn on comparisons made before and after a
direct physiological stress such as symptom limited incremental . GREMer it is unlikelyhat a
charge 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 mestudy eligilility criteria.

Ld Aa +Ffaz AYLRNIFYG (G2 O2yaARSNI GKFG GKS /2
A trend toward higher incidence of ischaemic heart disease was identified in Cohtreisyer no
significant difference wasbserved formedical comorbidity between Control and IPF participants.
Cardiovascular disease itself can impair redox balaeoee it is possible that the presence of this
comorbidity in Controlsnay havanfluenced theredox biomarker compariso{896)However,

IPF is a disease of older eyl associated medical comorbidities including ischaemeirt
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diseaseare common within typical IPF patient coho(®97)hencel believe thecomposition of

the Control cohort in tfs study strengthens the reaorld applicability of the significant

associations identified.

A final caveat t@onsider is the multiplicity of testing within a relatively small sample size and
hence the results of this Chapter should be seen as hypothesis gengesaid require further
investigation in a future study that is both appropriately designed and powerée. apparent
improved postexercise redox status (in favour of antioxidants) marked by several redox
biomarkers assessing different facets of the veéHobdy redox landscape serves to reduce the

likelihood of these observations having occurred purelylmnce.

5.6.6 Summary

Theeffect ofboth acuteexerciseand a period of exercise trainimg whole-bodyredox statusn
patients with IPRvasinvestigated A Control cohort of age, sex and functionally matched
individuals were recruited for biomarker compariseho undertook incremental CPET using
identical protocol tathe IPF participants (and consequently were exposecbtmparable
physiological stresg)llowingfor robust between group comparisaf both resting and post
acute exercise whokeodyredox statusIPF participants were found to have significantly
increased oxidative stres®mpared to the age, sex and functionally match Control group. The
statistically significant and clinically meaningful improvensgntexercise capacity and functional
status fdlowing the 8week SETP wereidentified to beassociated with a statistically significant
increase in posexercise wholéody antioxidant bufferingapacity. As highoxidative stress
burdens during exercise can negatively impact on muscular contraatitgién, the SRETP
induced increase in postxerciseantioxidant capacity may provide a mechanigmoughwhich
participants improve thig muscularfatigue resistancandconsequently exercise test
performance independent of changes in their peak exeraise@erobic exercise capacity
Confirmation of thidypothesiswould require further dedicated investigatiosn unexpected
finding ofthis studywas he observed exerciseduced fall in nitrite concentrations in IPF
patients a response which was increakin magnitude following the SREMhough requiring
further validation in a dedicated mechanistic study, this finding provimeative mechanistic
rationale to suggest that patients with IPF may gain clinical benefit from nitrite/nitrate

supplementatbn as an adjunct to exercise training.
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Chapter 6Final discussion and further work

6.1 Final discussion

Despiteadvances in antifibrotic therapy, treatment options for patients with IPF remain limited
with an ongoing unmet need for therapies that imprassemptoms ad functional status. Exercise
training is recommended for IPF patients but the optimal exercise trgigirategy to achieve
maximal individual patient benefiand the physiologicand biochemicaiechanisms underlying
any improvementremain undefinedThis thesis has further investigated the role of exercise
training in patients with IPF using a higitensity interval basedtructured responsive exercise

training programme (SRETP).

6.1.1 Key findings

The results of this thesis suppagjection ofthe null hypothesis proposed in the introducticand
demonstrate that the SRETP led to significant and clilyaaeaningful improvement in patients

exercise capacity, lung function and breathlessness.

The systematic review demonstrates that exercise strategfidised in previous studies of
exercise training in IPF/IMary in terms othe frequency intensity,time and type of training
utilisedand the majority have limited provision to accuratéigividualiseexercise training
intensities and progressioihe use of CPET to prescribe exercise intensities for training
performed on an electromagnetically brakegcleergometerin this thesis studyacilitated the

delivery of a individually prescribe SRER.

The8-weektwice weeklySRETP led to significant impement in endurance timduring a

submaximal constant load exercise t€882% p=0.003) although no corresponding significant
change in peak oxygen uptake or anaerobic threshold was obsdtisdmportant to highlight

the effectiveness of the SRETRpiée the training programm being relatively short and

conducted twice a week with a total exercise time of 10 ls@@ minutesFollowing the SRETP a
significant increase in participants peak respiratory capacity during CPET was apparent, and
although trese changes correlated witmprovements in peak exercise capacity, no association

was identifiedbetween either improvement in participants peak exercise capacity or peak
ventilatory capacity during CPERd increased endurance timEhese observationsupport the
viewthat improlS R NB A LA NI G§2NE FdzyOlA2y RAR y204 Fdf t @&

These observations prompted further consideration of the potential mechanistic explanations for

the positive training response to the SRETP focusirtgermle of oxidative stres 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 exerciseapacity and functional stas were found to be accompanied by a
significant increase in posixercise (CPET) antioxidant buffering capacity and reduction in
markers of oxidative stress. Plausibly this could increase muscle fatigue resistance and so

submaxmal exercise test perfornrece.

IPF patients weralsofound to exhibitan exerciseinducedfall in nitrite concentrationandthis
unexpected responseasfurther enhancedollowingthe SRETPTheobservedexerciseinduced
fall in nitrite concentratios is suggestive o€onsumptio and or utilisation of nitrite by exerciag
skeletal muscleThis finding provides putative mechanistic rationale to further investigate the
utility of nitrate supplementation as an adjunct to exercise training in patients Wigh This
chapter will fist 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 theork 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 typatkstcal error rate). Further

recruitment to the study was planned however the COXtEDpandemic led to early study
termination with consequent negative impact on the total sample size Agge=ndix GCOVID
impact statement)Although no SAEs were encdered, this study was nasufficientlypowered

to formally assess safety of the interventiand the study cohort representsrelatively selected
group of patients with mildnoderate disease severity, hence it is not possible from this study to
comment wrether this intervention is safe to impieent in the wider IPF populatiofrurther data

on safety is requireddém a larger study (se€hapter 6.2 and ongoing data monitoring following
any potential future standard of care implementation of the SRE futher consideration to this
regard is tle multiple outcomes testedhcreasing 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 prspecified and a very significant positigéfect demonstrated (p=0.003),
consequently there is strong evidence in support of the hypothesis that the SRETP improves
exercise capacity assessed by this outcome meagiteer significant results should be vietvas
hypothesis generating and this li@miion 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 assessmsdnit not the intervention (SRETP). A

prospective norrandomised IPF comparator group was incorporated into the study design,
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however the COVHD9 pandemic precluded meaningful recruitment to this arm of the study.

However, ér the most robust comparisorte be drawn a randomised control triakdign would
have been necessarin addition to reducing any known and unknown biases, this design would
have also provided valuabteasibilityinformation as to whether patients were prepared to be
randomised to aontrol arm. Thigjualitativedata wouldbe informative when planning the

design ofafuture 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 tB&éFsR{owever,
patients were instructedd maintain only their usual activities during the study period and
informal feedback from participants suggests that on off days they tended téceesy outlight

activities.

A limitation of this study is the higbroportion of males recruited (82% of gi@zipants 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 |&sgears recorded on the national regisimhere male (total

IPF cases recorded n=32752). Afurther consideration is the lack of regsentation of patients

from different ethnic groups in this study. All patients recruited to this study were of White British
ethnicity. As discussed ®hapter3.4the recruitmentstrategy for this study was opea all

eligible patients with IPF and pahts were recruited using a variety of different approaches
Howeverdue to time and financial constraints of this student research project patient

information documentation was only available in written Englifew case seridavestigatng

the effectof ethnicity on IPFprevalencehave been publishedhowever in a large case series of

people dying withPFn the USA (n=251,058Y.2% were notHispanic White§13)A further
consideration is the demographic of the population from which patients weceaiited. Data

from the Hampshire County Cocilcensusk Y Hamd ARSYGATFE GKIFG dmoy:
(n=1,394,80) are White Britisi(363)However, 1 is recognisd in the literature that both female

and etmic mirority patientshave beerunderrepresented imesearch studies in IRIad future

research should take active steps to be inclusive fq388) This is considered in the discussion

for the future definitive study discussed below

HRCT scanning is essential in the diagnosticawprt patients withsuspeted IPE With IPF
radiologically characterised by the presenddJiP pattern fibrosigs6) 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 radiologicatemt of fibrosishad any effect on the
outcomes of tle exercisgorogramme. The observation that the SRP significantly increased
antioxidant capacityand thatoxidant stress is sufficient to drive fibrosigyes putative

mechanistic rationale to suggettat the SRETP could be disease modifying and hence may alter

radiological appearance$here is evidnce 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 patetits

IPFcompared to placebd399)Further studies are required tassess any impact baseline
fibrosis score on outcomes frothe SRETE&nd totest the hypothesighat the SRETP may
modulatethe progression ofadiographical fibrosiéseeChapter 6.Zor further work proposed

from this thesi$.

A further limitation is that it is unknown as to whether the positive clinical and biochemical effects
of the SRETP are maintained in the lontggm. Due to the progresge nature of IPF a

comparator group within a longderm follow-up study design would be essential. To this regard
the only RCT of exercise training in ILD/IPF to date powered to assesgtut of disease

severity on response to exercise training ited that preserved functional status at baseline

was the only factor found to predict maintained 6 MWD anhénth follow-up (an effect

independent of whether patients were randomised to esiee or standard cajg201)

6.1.3 Exercise training in patients with IPF

The cohort of patients enrolled in this study had overall miloderate disease severity and the

study design precluded patients from enrolment who required supplemental oxygen. A reason for
this was that alhough 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 obthdy design400)Hence

further investigation is required to confirm whether the CPET derived SRETP utilised in this study
would be feasible in patients witimore severe disease necessitating supplemental oxygen

therapy.

There § increasing appreciation within the ILD community that progressive fibrotic interstitial
lung diseases (PED) share a common mechanistic phenotype irrespective of the specific
underlying diagnosig401)With the antifibrotic medication Nintedanib®, initiatply licenced for
treatment of IPF, now a standard catleerapy for patients wittPFILD of any typ€75)As IPF is
considered the model ad progressive fibrotic lung diseaéB,and patients with fibrotic ILDs
share similar mechanisms of exercise limitat{8i)it is reasonable to proposéat the findings
of the present study will translate to patients witlf~R.D of other causes, however this

hypothesis would require testing in a dedicated study.

This studyinvestigateda highintensity interval based SRETP in patients with IPF usingla si
prospective cohort design. As discusse@apter2 exercise traiing as part of pulmonary
rehabilitation is recommended as standard care for patients with IPF following limited studies
demonstrating positive clinical effe€t99)With exercise training in standard pulmonary
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rehabilitation typically consisting of continuous aerobic exercise with or without streangih

flexibility training similar to that employed in the majority of previous RCTs of exéraisag in
ILD/IPRseeChapter2 and(153). Due to this thesistsdy design, it is not possible to conclude
whether this highintensity interval based SRETBugperior/noninferior to the continuous

aerobic exercise trainingrogrammegypically utilised in standard care pulmonary rehabilitation
for patients with IPAN favour of the SRETP at least being-mderior to continuous aerobic
training is the signi€ant, and above minimum clinically important difference (MCID),
improvements in exercise capacity and functional status identified in this study. As disoussed
Chapter 1PF patients may be particularly suited to interval training as compared to conténu
aerobic exercise as the periods of lowetensity exercise present during interval training allow
for recovery from any present cardiorespiratory limitatito exercis€37)Previous research
comparing efficacy of higimtensity interval to continuous training in patients wittlV/IPF is very
limited. The only previous study to this regardli® (published in abstract fo) randomly
assigned n=52 ILD patients to eithewBeks of higkintensity interval or continuous aerobic
training and identified no significant intergroup @ifénce inthe magnitude of thepost-
intervention improvement in exercise capac{B19)A large randorised controlled trial testing

the efficacy of highntensity vs. continuous aerobic traininglltD is currently recruitin(259)
Hence further work following on from this thesis will focus on the further investigation of other

research questions as described in this Chapt

In the present study the SRETP was not found to have significant positive effect onrbk&séd
quality of life as assessed by the SARR As discussed@hapter 4 trends were identified to
suggest positive effect of the SRETP on some SBIRQomains and the failure to observe a
significant change may be a consequence of a type 2 statigtiror due to theél (i dzBréal &
sample size. Consistent with the SRETPgoeémceived as beneficial for patients is the significant
reduction in patient reported MRC breathlessness score. ThBIES)L. was added to the study
protocol after the interim aalysis as an additional more global health related quality of life
assessmentHoweverthe impact of the COVHD9 pandemic on study recruitment prevented
meaningful conclusions being drawn from this outcome measure. Informal feedback from
patients partigpating in the study was positive. In a sstindy within the present study caint
collaborators Ms JuditarkonyiSepp (trained health psychologist) and Ms Dawn Adfledonald
(Health psychology MSc student) performed a qualitative research study usingtsectured
interviews to inform on participants experiencestbé exercisgprogrammeand the study
schedule. The results of this study are currently being analysed and will be informative by
providing highguality patient focused data on whether the sty had any impact on patients
mental wellbeing and also provide data to infothe design of the planned definitive study

discussed below.
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6.1.4 Effect of exercise owhole-body redox status

A strength of this study is that it tesdl an individually prescribgéexercise programme which
deliveredthe same relative physiological stressetach individualFollowing the SRETRPF
participants exhibited increaskpostexercise antioxidant buffering capacity and reduced
oxidative stress. As IPF patients, in thid arevious studies, have been identified as having
increased oxidative stresd restthey may be considered to hetrinsically sensitive to an

oxidative challenge such as exerdf$23)The robutness of the posSRETP comparisons are
limited by the lack of an IPF compasagroup who did not perform SREHdwever, consistent

with the SRETP having a positive effect on redox status (in favour of antioxidants) positive effect
was identified in seval different and validated global assessments of wHmdy redox status.
Further, te lack of a comparator group doestrimpact on the interpretation of results before

and afteradirect physiological stress such as CPET. The inclusion of tHBfRdmntrol group

which were age, sex and functionally matched to the IPF participants foapdepostexercise
(CPET) redoxidmarker comparisons is a strength of the study and allows for robust conclusions
to be drawn from the baseline redox analysis. Howgas the noAPF Control group did not
perform the SRETP it is not possible to ascertain whether the positive biocheffiécst of the
SRETP observed are an IPF disease specific response, or a more generalisable post training
response which would occim any individual who undertook the SRETP. To this regard previous
studies of exercise training have identified increaaatioxidant capacity in healthy individuals
after a period of exercise trainifd16)Howevae, it is interesting that following the SRETP a
significant exercisinduced 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 ttelhanges in redox biomarker concentrations observed
are physiologically relevantr sufficient to underpin the changes in functional capaditythe

present study the median total free thiol increase w@s26 > Y 2 fprotéin (a 3% increase from
baseline). Although meaningful comparison between studies is difficult due to the heterogeneity
in study desigmand differing analytical techniques used, it is informative that a study in renal
transplant patients idetified that stratifying patients by total free thiol concentration using cut
offs of <1.56 vs. 1.58.04 vs. >2.04 Y 2 fprotéin revealedsignificantlydifferent between group
survival outcome$402)Hence providig 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 omarkers ofnitric oxide (NO)production andmetabolism

Nitrite, nitrate and total nitroso specig®RXNO) were quantified as markers of pf@duction and
metabolism. At baseline patients with IPF exhibited a trend toveeréxercisenduced fall in
nitrite concentrdions, with significant exercisenducedfall apparent following the SRETPese
obsenations suggestive of exercisaduced nitriteconsumption and/owtilisation by the
exercising musclerhis was an unexpected findirgpposite to the expected posixercise
increasein circulatingnitrite concentrationsobserved in studies of healthy initiluals in which
the magnitude of tle exerciseinduced increase in nitrite concentration correlates with both peak
exercise capacity and endothelial functi(8v.3)It is also apparent in the present study that a
significant exercisénduced increase in nitrite concentration was not observed in ContFadgi(e
5.8). Endothelial dysfunction can@mmpany advancing ag#&3)and agerelated blunting of the
exerciseinduced increase in nitrite concentration has been identifi¢d4)Hence, the lack of a
non-IPF SRETP Control group means it is not possible taexblel possibility that the exercise
induced nitrite utilisation observed in IPF participants following the SRETP reflects-waicde,
rather than IPF disease specific, respomsprevious study of exercise training in n=82 healthy
older adults aged ®-75 years (mean age &8 years)id not identify any significant change in

plasma nitrite/nitrate concentrations after 2d/eeks thrie-weekly aerobic exercise trainirfg05)

A comprehensivautritional assessment includindgdelectrical impedance analysis (Béhd
validated nutritional questionnairesas added to the studgrotocol after theplannedinterim
analysis tanvestigate any effect of nutritional status and body composition on@sercapacity
and the trainability response in tHF participantdPF patients have numerous reasons to have
impaired nutritional satus including increased work of breathing, disease related anorexia, and
secondary tantifibrotic medicationgseeChager 1.3.4). Temporal reduction in weight is an
independent predictor of reduced survival in {(P50)andreduced skeletal muscle mass has
recently been shown to be coreged with ILD disease severiti43)Unfortunately, the impact of
the COVIEL9 pandemic on study recruitment preventeteaningfulconclusions being drawn

from the nutritional assessment anaty composition outcors 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 inclded in the design dahe future planned definitive study for all participants.addition to

the potential impact of body composition on exercise capacity, accuratga for body
composition is desirable as exercising skeletal muscle has been elgaisfia biologicallyetevant
store of nitrate during periods of fasting andensive/prolonged exercis@l06)Despitethe lack

of BIA data to robustly control for changes in muscle mass influencing circulating nitrite

concentrations, it is reassuring thao significantchange irparticipantsbody mass index was
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identified following the SRETnd 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 thelRénCotmol participants
Hercerobustbetween group comparisorfer any effect of body composition dsiomarkers of
nitric oxide production and metabolisrand wholebody redox statuss not possible. This caveat

is considered in the design of the planngefinitive study discussecdeipw.

6.1.6 Summary

The results othis thesisdemonstratethat a CPET derived hightensity, interval based SRETP is
safe and feasible for patients with IPF and leads to significant and clinically meaningful
improvement in exercis capacity, lung function ahbreathlessness symptoms. These results add
to the limited evidence base supporting the feasibility grditive effectof interval training in
patients with IPF217-219) This thesis presents the novel observatihat these clinical
improvementsare accompanied by a significant increase in o@rcise antioxidant buffering
capacity and reduced oxidative streghich plausibly mapromote muscle fatigue resistance and
consequently increasgarticipantssubmaximaexercise test performancé further novel finding

of this thesis study is the identification of exereciaducedfall in nitrite concentrationsgn patients
with IPF, a response increased in magnitude following the SREEMdingidentifies a potenial
putative mechanistic rationale to investigate nitrate/nitrite supplementation during exercise
training in patients with IPRimitations to consider when interpreting the strengthtbé
observatiors of this thesis study arboth the small sample sizendthe lack of a temporal
comparator groupSalient rengths of this thesis studgrefirst the use of a individually
prescribedexercise programméhe use ofwhich facilitates accuratavestigation into the
physiological and biochemical mechanismshaefexercise trainingesponseandsecondthe
presence of an agsexand functionally matched Control grotipat performed incremental
symptom limited CPET with identical protocol to the IPF participants (and hence were exposed to
comparable physiologit exercise stress) enablimgbustbetween group comparison for both

pre- and postexercisgCPET)edox biomarkes. The novel observations of this thesis warrant

further investigation whiclwill now be discused.
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6.2 Further work

From the current study datset and samples, the stored whole blood (PAX® gene tubes) samples
will be analysedising RNA sequencing techniques and bioinformatics to investigate whether
there are any differences in gene expression between the IPF and Cordups at baseline and
further whether the SRETP has any modulatory effect on gene expression in the IPF cohort.
Specifically, whether there is upegulation of antioxidant genes such as glutathione peroxidase
and thiol reductases which wouffovide further mechanistic insiglto the observed increase

in postexercise antioxidant capacity in IPF participants following the SREF&gWation of
antioxidant enzymes has been identified as a mechanism by which exercise exerts its antioxidant
effect in healthy individual§l17)however whether this response is replicated in patients with IPF
is unknow. As discussed i@hapterl.2.8and Chapter5.6.30oxidative stress has been identified

as a putative pathophysiological mechanism causing pulmonary fibrosis. To this regard, recent
work in Southampton has identified that oxidatistress can leatb progression of pulmonary
fibrosis vigpseudohypoxic indction of HI83)Henceit would alsobe informative to assess

whether the SRETIBd to modificationof HIF signature gene expressiorthé SRETP was found

to modify HIF gene expressiagiven that pseudohypoxic HIF activatitas been demorisated

to besufficient to inducehe deposition of stiffened and pribrotic collagen witim the

extracellular matrixthis wouldprovide putative mechanistic rationale to suggest that the SRETP

couldbe a disease modifying therapy for patients with IPF.

6.2.1 Further work investigating the role of higintensity intervalbased exercise in
patients with IPF

A fully powered, randomised controlled studyftother investigate the results demonstrated in
this thesis is planned. Given the increasing appreciation that patients with progréissote LD

of any cause have a shared phenotype, consideration simitdade as to whether the study
inclusion criteia should be broadened to include patients withIRB of other aetiologyt is
unknown whether the observations (particularly the biochemical findings) would translate into a
heterogenous cohort of patiestwith various PIDs. Given that the observaitis 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 cofiaking into consideratiormé
limitations of this thesis study discussecdbab, it may be necessary to have three arms to the
study as follows 1) IPF SREERercise training)ren 2) IPF standard of care aBh Age sex

matched Control SRETEXercise training)ren. Thisstudy desigrwould enable robust

determination ofboth the dinical efficacy of the SRE&Rd whether any change nedox
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biomarkerswhich occurred as a consequence of BRETRere specific tgatients with IPF or

reflect a more generalisable pestining response.

Using the data presented in this thesis toamh a power calculation based on the primary

outcome (endurance time) assuming an 82% improvement (observed in this study), With ® 1 p
and Power (3 &80-90% and a 1:1 recruitment ratio, a total sampleof 1218 would be
required(Table6.1).(346) Thissample size wouldot be sufficientfor further investigaton ofthe
mechanistic outcome variablegven the magnitude of, and greater variability in, their effect

sizes As the present study was exploratory it may be reasonable to sagler assumedffect

size estimate (e.g., 60% improvement in arahce tine) which would require more participants

to achieve adequate powetlsing a 2:1 recruitment strategy to the exercise intervention arm
would alsoincrease the intervention exposed sample size and provide additional mechanistic
data. Using a 2:1 ceuitmentratio assuming I' n @1 p  =§0R0% t@detScNad 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@% dropout this would mean an IPF participant recruitment targed8{SRETP arm
n=32 standard of care arm n=16). It would be reasonable to recruit thenagtehed Control arm

with a 1:1 ratio to the IPF standard of care arm for mechanistic comparisgn 1fe16
Controls)(seeFigure6.1 for illustrativedefinitive protocol summanandFigure6.2 for study

schedul@. 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 independenstudy advisory board (independent of the study team and sponsor) who

would provide impartial decision making as to the safety of samty study interventions.

Table6.1 Example powercalculations 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% baselinefppeak.

Endurance time (mins) Power SRHEP Group ) Total (n) allowing for
mean (SD) 8.282.89 20% drop out
Estimated effect size (1ci 0 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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[ Baseline Assessments

Standard of care Exercise Exercise
Group Group Group
n=16 n=32 n=16
Usual Care SRETP SRETP
8 weeks 8 weeks 2x weekly 8 weeks 2x weekly
Week4
Incremental CPET
SRETP
Represcribed

[ 9 Weeks: End Assessments

Figure6.1 Protocol lllustration of the planned definitive studyPF participantsvill be

randomly assigned using a 2:1 recruitment strategy to either the Standard of Cane @rou

Exercise GroufsRETP structured responsive exer@graining programme (se€hapter 3.7

oScreening Visit ALL PARICIPANTS )
winformed consent, ECG, MRC Score, spirometry and gas transfer| BiGR@D-5L, Bioelectrical impedence,
transthoracic echocardiogram. )
N
uBaseline incremental CPET and venous blood sampling pre and postALREPARTICIPANTS
uExercise training prescribed based on CPET metabolic thesholds
J
A
wConstant workrate test (Endurance timeStudy primary outcome)ALL PARTICIPANTS
J
A
WSRETP WeeksAl Exercise twice weekhEXERCISE GROUPS ONLY
wWWeek 1: 30 min (4 intervals), Weekd 240 minutes (6 intervals)
J
A
wincremental CPET and venous blood sampling pre and post ERERCISE GROUPS ONLY
uExercise training rerescribed on updated metabolic thesholds
J
A
WSRETP: Weeks35Exercise twice weekhEXERCISE GROUPS ONLY
w40 minutes (6 intervals)
J
A
wConstant workrate test (Endurance timeStudy primary outcome)ALL PARTICIPANTS
J
A
aincremental CPET and venous blood sampling pre and post BREPARTICIPANTS
oMRC Score, spirometry and gas transfer, SGFRQECEDSL, Bioelectrical imedepence
J
Figure6.2 lllustrative study schedule for the definitive studyexercise W4, Visit 4 and

Exercise WS peiformed by Exercise Groups only- Week.
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For comparisorsample sizecalculation=of the future studyusing mechanistic outcome data are

now presented To detect a 3% change in total free thiol concentratieorrected for serum
protein (detected in this sidy) withh ' 1 ®n p =3 8FR% and BSréttuitment ratio a
samplesize ofl0-14 would be requiredIf powered to detect &0% reduction irplasma nitrite

from baseline to Week @ithh ' n dnp  =800% aha 1SINdcruitment ratio a total sample
size 0f24-32 patientswould be required hence allowing for 20% dregut a recruitment target of
30¢ 40 patrticipants Hence both of these outcomes should be appropriately powered within the
above proposed definitive study desigbiven the proposed sample size oétefinitive study it

would be necessary to consider a méintre design.

Within this proposed study all the assessments and sampling profile that was completed in this
thesis studywould be performedIn addition, lwilding on the present thesis studw, the

proposed @finitive study noAlPF 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 cardiacdametiuld also beéncluded in order

to determine the extenof significant ventricular dysfunction in either cohort and assessment of
any presenpulmonary hypertensioifa complication of advancing I@B7). Blood sampling for
PMBCs could be included in all or a-gubup of patients for further investigation into argffect

of the SREP on gene expression analysis with specific interest on any modification of antioxidant
and HIF signature gene expressidhis study would also provide a platform to investigate any
impact of the SRETP on the radiological extent of $ilstdro help anssv this research question a
subgroup of patients would be approached to undergo baseline and falfpWRCTIt would be
important to consider whether &urther subgroup of participants could perform additional
exercise tests to formallysaess any change critical power as a consequence of the SRETP. The
assessment of critical power traditionally requires multiple exhaustive exercise(8@¥rand the
feasibility of these assessments in this patient group would need to be explored in patient and
public consultations and then tested in a snsafety/feasibility study prior to adoption into the
study protocol. Patient and public involvement astof the wider study design in the form of
consultations and focus groups would be necessary to ensurevtiiode study was designed with

a patient foaisedapproach(408)

Within the design of the definitivetudyit is essentiald embed a robust strategy for Equality,
Diversity and Inclusion (EDIf).recognition of the importance of EDI in research the NIHR
published a mission statement for EBR021to ensure that it is embedded in all researn@t4)
TheNIHR EDI strategyutlines thatall research should; document how data for EDI in the study is
collected, demonstrate how EDI has been considerredl addressed ithe proposal, justifyand
explainthe recruitment strategy to ensure inclusivity, and demonstrate that all potential

recruiting locations have been consider@h4)Key steps that will be taken in the design of the
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definitive study to ensure robust EDI inclugesuing representation of ethnic minorities and

people from a range of socioeconomic backgrouasincluded irstudy PPlproviding patient
facing documentatiorn languages other than Engliahd in easy to read formattargeting
recruitment incommunity centresreligiouscommunity groupgnd a range of social media
platforms,and considering whether additioned¢search sitesarerequired to ensure the study has

anethnically diverse population.

The COVIRY9 pandemic precluded planned recruitment to this study and although at the time of
writing national government restrictiorsre easing case numbers remain higimd patients wih
IPF remain a vulnerable grog09)Furtherthere are significant ongoing infection prevention
and capaciticonsiderations to be contemplated for both participants and research staff
particularly given that lunfunction and CPET testing are considered aerosol generating
procedureg410)Translaton of an in hospital/outpatient exercise programme to a virtually
delivered study design has been demated successfully locally by adapting the Wesfit study
(NCT03509428) of multimodal prehabilitation for cancer patients to the virtually delivereéitSaf
study (NCT04425616311)However, further consideration @uld be needed prior to adopting
this type of study design to meet th@oposed research study aini3ue to its virtual delivery the
exercise interventiomaynot be asstrictly individuallyprescribed and further the safety and
feasibility ofany adaptechome-basedinterventionwould require testingin patients with IPF wi

have a propensity for exerciseduced desaturation.
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6.2.2 Further investigationinto nitric oxide (NO)production andmetabolism in

patients with IPF

6.2.2.1 Further investigation of endothelibfunction in IPF

The exercisénducedfall in nitrite concentrationobserved in IPF participants in this study requires
further investigation. As the majority of the measured exeréighiced nitrite is thought to arise
from oxidation of NO produced byhdogenousitric oxide synthas¢eNOS) within the
endothelium, with reduction in endothelial derived NO a hallmark of endothelial
dysfunction(385, 386¥ormal assessment of endothelial function in IPF patienthéncontext of
exercise is warranted. Limited research to date has identified endothelial dysfunction in IPF
patients compared to controls using brachial aytéiow-mediated dilation (BAMD)389)and

digital pulse wave response to salbutani@®0)(a correlate of B&AMO(391). BAFMD is a

validated and nonanvasive assessment widely used in research to quantifpthedal
function(384)Briefly BAFMD uses ultrasad to assess brachial arteryatheter before and after

a brief period of transienischaemia induced by inflatingsphygmomanometecuff to supra
systoliclevels sufficient to occlude blood flow to the proximal forearm. After cuff release a
sudden posischaemia increase in blood flowecurs 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 BMD technique is essential and it is necegd$ar patients to

be fasted. ie BAFMD methodology could be used to further investigate endothelial function in
IPF during exercise by comparingB¥D responses in a subgroup of IPF andragthed

Controls recruited to the above discussed definitiverebse study.

6.2.3 Nitrate supplementation during exercise in patients with IPF

As discussed iGhapterl an alternative source of nitrite arises from the biotransformation of
dietary nitrate(95)With the nitrate-nitrite-NO pathway now niderstood to be biologically
relevant particularly in hypoxic conditions asatms NOunderconditions of low @
availability(93, 94)Dietary nitrate supplementation ithe form of sodium nitraté102)and
naturally occurring nitrate enriched beetroot juiddEB)(104, 105has been demonstrated to
reduce the oxygen cost of performing submaximal work in healthy individuals. A iRGanof
NEBJ vs. placebo as an adjunct to pulmonary rehabilitation in g&lebtsdemonstrated that it
augmented the response texercisdraining with a mean between group difference in favour of
the NEB@roup of + 30 nincrementalshuttle walk test ditance(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 supplemeration, first a proof of concept crossser doubleblind design RCT
testing the effect of nitrate loading prior to@nstantload exercise testould be considered. In
outline, participants (following baseline assessment including CPET) would be randtumised
either a period of nitrate suppleentation (NEB)vs. placebo prior to a symptom limited constant
work-rate exercise test. Then following a sufficient washout period, receive the alternative
therapy NEB.dr placebo) prior to repeating the constalitad 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 cddibe performed including any effecf dietary nitrate
supplementation on BAMD, plasma nitrate/nitrite concentrationsandassessment of any effect
of nitrate supplementation on the oxygen cost of exercisf@,(required to perform a given work
rate). In formally designing this study it Wobe important to consider what dose and frequency
of nitrate supplementation is requed to achieve maximal benefit. A recent systematic review
into the effect of dietary nitrate supplementation on exercise capacity in chronic respiratory
disease (all icluded studies tested efficacy in COPD patients, none in IPF) identified that doses of
70-140mINEBJ7.5¢ 13.5 mmol nitrate equivalent) for a period1¥4 days have been utilised in
previous studies with inconsistent effects on exercise capacity obsengmphendent of dose and
duration of therapy(412)To this regard furthereview of the literature would be required and
consideration made as to whether varyidgsing 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 supplement@RETB. +
placebo would be necessary. It would be important to consider whether an additional standard
care + nitrate supplementation arm would be necessary within thdysdesign to provide
additional insight into whether a period of sustained nitrate glgmentation has any impact on

exercise capacity in patients with IPF independent of the SRETP.
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Chapter 6
6.3 Finalconclusions

This thesis study demonstrates thaC®ET derivedhigh-intensity intervalbased SRET&d to
clinically meaningful improvement in patientQ S E S NI and incthal statGsThie SRETP
was found to be feasible in this cohort of patients awanpleted with good adherence with no
serious adverse events encounterddesefindings add to the limited evidence base supporting
the feasibiliy and efficacy of intervebased exercise training for patients with IPF. Further
investigation into the potential mchanisms of the training response to the SRETP in this thesis
identified that patients witHPF were found to have evidence of increaseilative stress
compared to age, sex and functionally matched contrarel following the SRETP, a significant
increase in postexercise (CPET) antioxidant buffering capacity and reduction in oxidative stress
was observedThese finding&entify a potential mechanism by which the SRECERIdimprove
participantsmuscular fatigue resistance to exerca®d consequentlyhteir submaximal exercise

test performanceln the present study IPF patients exhibitaexerciseinducedfall in

circulating nitrite conentration, a response that was increased in magnitude following the SRETP.

This unexpected observation provides puvatmechanistic rationale to propose that this patient
group may benefit positively from nitrate supplementation during exercise traidirg/pothesis

that requires further testing.

Further definitive work, within the context of the ongoing CO¥fpandenic, is planned with

the aim of further investigating the positive clinical gotdysiological and biochemicaffects of

the SRETP observedpatients with IPF in the present study and, in the future, whether these
findings are translatable to patients thiprogressive fibrotic ILD of other aetiologies. This further
work will provide greater understanding of the mechanisms through whichcesesexerts its
positive effects in patients with fibrotic lung disease. Such understanding could ultimately

translake to the development oindividualisedexercise programmes for patients with fibrotic lung

disease delivered as part of standard clinitcaldB ¢ KA OKX Ay FRRAGA2Y (2

functional status, have disease modifying effects.
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Appendix
AppendixA
AppendixA.1 Systematic ReviewSearch terms for Medline and Embase

databases

# Search Term

1 interstitial lung disease®.mp

2 exp Interstitial Lung Disease/

3 Exp Pulmonary Fibrosis/

4 {fibrosis adj3 lung®).mp.

5 {pulmonary adj3 fibrosis).mp

6 exp |diopathic Pulmaonary Fibrosis/ or Interstitial Pneumonia/ or exp lung fibrosis/

7 IPF.mp.

8 ILD.mp.

9 {pulmonary$ adj sarcoid$).mp

10 {(bird$ or farmer$ or pigeon$ or avian$ or budgerigar$) adj (lung$ or disease$)).mp.

11 (asbestosis or byssinosis or siderosis or silicosis or berylliosis or anthracosilicosis or
silicotuberculosis).mp.

12 lor2or3ordorSor6or7or8or9orl0oril

13 exp systemic sclerosis/

14 scleroderma.mp.

15 exp Rheumatic Disease/

16 rheumatic$.mp.

17 13orldori15or 16

18 17 and (lung$ or pulmonary$ or respiratoryS).mp

19 120r18

20 exercise therap*.mp.

21 axercis*.mp

22 physical fitness.mp.

2 rehabil*.mp.

24 Exercise Therapy/ or Exercise Tolerance/ or Exercise Test/

25 exp Exercise/

26 Physical Fithess/

27 Rehabilitation Nursing/ or "Physical and Rehabilitation Medicine"/ or Rehabilitation Research/ or
Rehabilitation, Vocational/ or Rehabilitation/ or Rehabilitation Centers/

28 Physical Therapy Modalities/

29 Physical Exertion/

30 200r2lor22or23or24or250r26or27o0r28or29

31 19 and 30

Ovid MEDLINE(R) and Epub Ahead of Print, In-Process & Other Non-Indexed Citations, Daily and

Versions{R) 1946 to November 23, 2020

And Embase ClassictEmbase 1947 to 2020 November 23™ 2020.

Appendix A
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Appendix A
AppendixA.2 Systematic ReviewSearch terms for Cdarane database

Search Terms
MeSH descriptor: [Lung Disease, Interstitial] explode all trees
interstitial* near lung* near disease*
(interstitial*) near (fibros*)
Idiopathic pulmonary fibros*
IPF*
ILD*
pulmonary* near sarcoid*
pulmonary® near fibros*
(bird* near lung*) or (bird* near disease*)
(farmer™ near lung®) or (farmer™ near disease®)
(pigeon* near lung*) or (pigeon* near disease*)
(avian* near lung*) or (avian* near disease*)
{budgerigar® near lung*) or (budgerigar near disease*)
asbestosis or byssinosis or siderosis or silicosis or berylliosis or
anthracosilicosis or silicotuberculosis
15 | #lor#2or#3or#dor#Sor#6or#7 or#8or#9or#l0or#1l or#12 or
#13 or#14
16 | MeSH descriptor: [Scleroderma, Systemic] explode all trees
17 | Scleroderma
18 | MeSH descriptor: [Rheumatic Diseases] explode all trees
19 | rheumatic*
20 | #16 or#l17 or#18 or #19
21 | (#20 AND (lung* OR pulmonary*® OR respiratory*®))
22 | #150r#21
23 | MeSH descriptor: [Exercise Therapy] explode all trees
24 | MeSH descriptor: [Exercise] explode all trees
25 | MeSH descriptor: [Physical Fitness] explode all trees
26 | MeSH descriptor Rehabilitation, this term only
27 | MeSH descriptor: [Physical Therapy Modalities] explode all trees
28 | Rehabilitat™ or exercise*
29 | (#23 OR #24 or #25 OR #26 OR #27 OR #28)
30 | (#22 AND #29)
31 | Trials Data Base
Cochrane Central Register of Controlled Trials (CENTRAL) 23! November 2020
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AppendixA.3 Systematic reviewLlist of included studies

Wewel 2005

Behnke, M.; Schwertfeger, I. Zimmermann, I. Kirsten, D. Joerres, R. A. Magnussen, H. Home based exercise
training in patients with interstitial lung diseasguropean respiratory journal 2003;22(Suppl 45): Abstract
1081. Ref(226)

Wewel, A. R. Behnke, M. Schwertfeger, |. Eberhardt, F. Kroidl, R. F. Jorres, Red.[Xikagnussen, H.
Homebased walking training in patients with interstitial lung diseases. E@opespiratory journal
2005;26 (Suppl 49): Abstract No. 3428. &27)

Holland 2008

Holland, A. E.; Hill, C.; Conron, M.; Munro, PazBale, D.; McDonald, C. F. Exercise training in interstitial
lung disease: a randomized controlled trial. American thoracic society international cordeidayg 1823,
2007, USA 2007;():[A56(128)

Holland, A. EHill, C. J.; Conron, M.; Munro, P.; McDonald, ShBrt term improvement in exercise
capacity and symptoms following exercise training in interstitiaBlunR A 8 S 8 S® ¢ K2 NI} E Hnn
Ref:(197)

Nishiyama 2008

Nishiyama, O. Kondoh, Y. Kimura, T. Kato, K. Kataoka, K. Ogawa, T. Watanabe, F. Arizono, S. Nishimura, K.
Taniguchi, H. Eféés of pulmonary rehabilitation in patientsith idiopathic pulmonary fibrosis. Respirology
Hnny T mo369¢166Y o chbn T

Menon 2011

Menon, B. Vijayan, V. K. Bansal, V. PrajapaffBct of pulmonary rehabilitation on gas exchange, muscle
cross section area and functional parameters in interstitial lung disease. European respiratory journal
2011;38 Abstract 4798 RéR29)

Prajapat, B. Menon, B. Bansal, V. Vijayan, V. Effect ethigid crosssectiond area on CT as a marker of
muscle mass in interstitial lung diseases after pulmonary rehabilitation. Respirology. 2011;16 (Suppl 2):
Abstract 325. Ref230)

Dale et al. 2014

Dale, M. T.; McKeough, Z. J.; Munoz, P. A.; Corte, P.; Bye, P. T.; Alison, J. A. Exercise trati@sig$or a
related and other dustelated respiratory diseases: a randomised controlled trial. BMC pulngona
medicine 2014;14:18Ref(200)

Jackson 2014

Gomez, O.; Raos, C. F.; Cardenas, D.; Gaunaurd, I.; Eustis, N.; Cohen, M.; Jacks@&xdrcisé training
during pulmonary rehabilitation increases activity lewvafl$PF patientsAmerican journal of respiratory and
critical care medicine 2012;1854885 Ref{231)

Gomez, O.; Gaunaurd, I. A.; Cohen, M.; Cardenas, D.; Cahalin, L.; Rdgaity€lated quality of life in
IPF patients o pumonary rehabilitation program Americajournal of respiratory and critical care
medicine 2013;18A1814 Ref(232)

Gaunaurd, I. A.; Gémédarin,O. W; Ramos, C. F.; Sol, C. M.; Cohen, M. |.; Cahalin, L. P.; Cardenas, D. D;
Jackson, R. MPhysical activity and quality of life improvements of patients with idiopathic pulmonary
fibrosis completing a pulmonary rehabilitation prograRespiratory ca 20In T p o6 MH U Refy285) mmy T
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Jackson, R. M.; Ramos, C. F.; Cardenas, D.; Gaunaurd, |.; Eustis, N.; Cohen, Mla@Gon@Effects of
aerobic and strentlp training on symptoms and exercise capacity of IFRepttiAmerican journal of
respiratory and critical care medicine 2012;18&8398 Reff234)

Jackson, R. M.; Ramos, C. F.; Cohen, M. |.; Gaunaurd, I. A.; Cahalin, L. P.; Sol, C. M.; Cardenas, D. D.; Gomez
Marin, Q Exercise limdtions and rehabilitation of IPF patients. American journal of respiratory and critical
care medicine 2014;1884164Ref:(233)

Jackson, R. M.; Gomé#arin, O. W.Ramos, C. F.; Sol, C. M.; Cohen,,MGaunaurd, I. A. Exercise
fAYAGEFEGAR2Y Ay LtC LI GASyGaYy || NIYR2YAT SR ReRRA Lt 2F Lz Y2y
(110)

Vainshelboim 2014

Vainshelboim, B.; Oliveira, J.; Yohoshua, L.; WelX, B.; Kramer, M he effect of pulmonary
rehabilitation on exercise tolerance pulmonary function dyspnea and quality of life in patients with
idiopathic pulmonary fibrosis€€uropean respiratory journal 2013;#3569241)

Kramer, M.; Vainshelboim, B.; Oliveira, J.; Yohoshua, L.; Wais, |.; Rusanov, V.; Fruebbemi@ry
rehabilitation improves exercise capacity and fuantin patients with idiopathic pulmonary fibrosis
American journal of respiratory anditical care medicine 2014;1881832 [gf: (236)

Vainshelboim, B.; Oliveira, J.; Yehoshua, L.; Weiss, I.; Fox, B. D.; Fruchter, O.; Krariemls®traimg-
based pulmonary rehabilitation program is clinically beneficial for idiopathic pngmyofibrosis
WSALIANI GAZ2YT AYGSNYylLGA2ylIf NBEOR&@AOISEFT G(K2NI OAO RAASIH A

)
ax
-

Vainshelboim, B.; Oliveira, J.; Fox, B. D.; Yehoshtautliter, O.; Kramer, M.. Effect of exercise
pulmonary rehabilitation on longerm outcomes in idiopathic pulmonary fibros&smerican journal of
respiratory and ctical care medicine 2014;18Ref: A3644237)

Vainshelboim, B.; Oliveira, J.; Fox, B.; Kramer, M. Effect of exercisenamjmehabilitation on longerm
outcomes in idiopathic pulmonary fibrosiSuropean repiratory journal 2014;44(Suppl 58) P602(R28)

Vainshelboim, B.; Oliveira, J.; Fox, B. D.; Soreck, Y.; Fruchter, O.; Kramer, MtdRr_efigcts of a 12
week exerciséraining program on clinical outcomes inagathic pulmonary fibrosis. Lung
HAamMp T wmg85d Raf(X38)n p T

Vainshelboim, B. Fox, B. D. Kramer, MzRakian, SGershman, FOliveira, JShortTerm Improvement in
Physical Activity and Body Composition After Supervised Exercisen@mmgram in Idiopathic Pulmonary
Fibrosis! NOKA @Sa 2F LIKeaAOlf YSRAOAYRel(240R NBKIFIOGATAGFEOGAZ2Y HAM

He 2016

He, H.; Hao, Jj, S.; Qian, J.; Li, L.; Li, C.; Huangff¥ct of Cardiopuhonary RehabilitatiofExercise
Training on Pulmonary Functiarf Patients with Moderate IRBournal of Clinical Pulmonology 2016; 21(03)
492-494+5(@ (242)

Shen 2016

Shen, L.; Li, Q. H.; Weng, D. The Preliminary Evaluation of the Effectiveness and Safety of "Pulmonary
Fibrosis Rehabilitation Exercise" American journal of respiyadad critical care medicine 2016;193:A5010
Ref:(243)

Ku 206

Ku, V; Janmeja, AK; Aggarwal, D; So&ylonaryrehabilitation in patients with interstitial lung diseases
in an outpatient setting: a randomised controlled triaddian Journal of Chest Diseases and Allied Sciences
2017;59(): 7580 Ref(244)
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Dowman 2017

Dowman, L. M.; McDonald, C. F.; Hill, C. J.; Leg,Barker, K.; Boote, C.; Glaspole, I.; Goh, N. S. L.;
Southcott, A. M.; Burge, A. Tt,a. The evidence of benefits of exercise training in interstitial lung disease:
' NI YyR2YA&SR O2y(iNRfftSR BOMALIf d ¢K2NIE HAMTTTHOTO)

PerezBogerd 2018

PerezBogerd, SWuyts, W.; Barbier, V.; Langer; Burtin, C.; Van Remoortel, H.; Decramer, M.; Troosters,
T.; Janssens, Wreliminary results of pulmonary rehabilitation in interstitial lung diseases: a randomised
controlled trial B3222009556Buropearrespiratory journal 2011;3859s Ref{245)

Barbier, VHornikx, M. Coosemans, |. Muylaert, I. Wuyts, W. Janssens, W. Troos&ursjval rates after a
rehabilitation program in paents with interstitial lung diseas&uropean respiratory journal 2014;8L(ppl
58): P4282 Ref:246)

PerezBogerd, SWuyts, W Barbier, V. Dmeyer, H. Van Muylem, Aanssens, W. Troosters,Short and
longterm effects of pulmonary rehabilitation in interstitial lung diseases: a randomised controlled trial
Respiratoryresearch 2018;19(1):18Ref(202)

Naz 2018

Naz, I.; Ozalevli, S.; Ozkan, S.; Sahin, H. Efficacy of a Structured Exercise Program for Impromsirag Functi
Capacity and Quality of Life in Patients With Stage 3 and 4 Sarcoidosis: a RANDOMIZED CONTROLLED TR
Journal of cardiopulmonamehabilitationt Y R LINBE@SY GA2Y HABW)TOYOHUOYMHNTIM:

De Las Heras 2019

CerdanDelLas-Heras, J.; Hilberg, O.; Lokke, A.; Bendstrup, Exr@leddilitation program in idiopathic
pulmonary fibrosisEuropean respiratory jomal 2019;54(Suppl 63): PA22B2f:(248)

CerdanDe-lasHeras, J; Balbino, F.; Lakke, A.; Cattdatamoros, D.; Hilerg, O.; Bendstrup, E. Tele
Rehabitation Program indiopathic Pulmonary FibrogisA SingleCenter Randomized Trial. Int. J. Environ.
Res. Public Health 202B:10016.Ref:(249)

Lanza 2019

Lanza, M.; Meoli, ICauteruccio, R.; Stefanelli, F.; Di Giorgio, A.; Annunziata, A.; FiorentBtoyrGand
longterm effects of pulmonary rehabilitation in Idiopatic Pulmonary Fibrosis: the evidence of benefits of
exercise training. European respiraggournal 2019;54%umpl 63 PA678 Ref(250)

Zhou 2020

Zhou, M.; Zhang, H.; Li, F.; Yu, Z.; Yuan, C.; Oliver, BRulrthahary Daoyin as a traditional Chinese
medicine rehabilitatiorprogramme for patients with IPF:rAndomized controlled triaRespirology2021
Apr;26(4):366869epub Nov2020;Ref (225)

Jarosch 2020

Schneeberger, T.; Glockl, R.; Jarosch, |.; Behr, J.; Neurohr, C.; FrankenbeRyaisdd, A.; Kreuter, M.;
Kenn, KEffects of a @veek inpatient pulmonary rehabilitation in patients with idiopathic pulmonary
forosisk N} yR2YAT SRY O2yGNBffSR GNRIfd 2ASySNI25L) AY A&

Jarosch, I.; Schneeberger, T.; Gloeckl, R.; Kreuter, M.; Neurohr, C.; Prasse, A. Effectsetf guBnomry
rehabilitation program in patiets with idiopathic pulmonary fibrosisA randomized, controlled trial.
European respiratory journal 2016;48(Suppl 60): Ref: AGED

Jarosch, I.; Schneeberger, T.; Gloeckl, R.; Kreuter, M.; Frankenberger, M.; Neurohr, C.; Prasse, A.; Freise, J.
Behr, J.; Hitzl, W.; et al., Sheerm effects of comprehensive pulmonary rehabilitation andhitgsintenance

in patients with idiopathic pimonary fibrosis: a randomized controlled trial Journal of clinical medicine
2020;9(5): 156{221)
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AppendixA.4 Systematic reviewArticles excluded at fultext review

Reference

Exclusion Reason

Alyami et al. 202(413)

No control group

Arizono et al. 2014189)

Nonrrandom group allocation

Chehere B et al. 201814)

No control group

Dang et al. 201415)

No control group

Deniz et al. 2018416)

No control group

Ferreira ¢ al. 2009(209)

Retrospective design

Florian et al. 2019417)

Retrospective design

Frankel et al. 201418)

Retrospectivelesign

Grongstad et al. 202@3119)

No control group

Holland et al. 2007420)

Conference abstract (full text article includé87)

Holland et al. 2011¢11)

No control grop

Holland et al. 2011(421)

No control group

Lalande et al. 20822)

No control group

Lardner et al. 2014423)

No control group

Menon et al. 2013424)

No control group

Morisset et al. 2018425)

No control group

Nishiyama et al. 200¢4126)

Conference abstract (full text article includé®6)

Rammaert et al. 20127)

No control group

Rammaert et al. 200@128)

No control group

Ryerson et al. 201129)

No control goup

Ryerson et al. 2013@30)

No control group

Ryserson et al. 2@b (428)

No control group

Sciriha et al. 201631)

No control group

Sciriha et al. 2018132)

Nonrandom groupallocation

Stessel et al. 201833)

Wrong intervention (unstructured exercise)

Senanayake et al. 204B4)

No control group

Strookappe et al. 201835)

No control group

Swigris et al. 201 36)

Nonrandom group allocation

Vainshelboim, et al. 201241)

duplicate article of included study

Vainshelboim et al. 201437)

No review outcome measures reported. Duplicatélication
of included full text articl€198)

Wallaert et al. 2018438)

Retrospective design

Wapenaar et al 202(139)

Wrong intervention (unstructured exercise)

Wickerson et al2019(217)

Wrong intervention (single bout of exercise only)

Xiao et al. 2019440)

Full text notavailablein Endjsh Language

Yuen e al. 2016441)

Wrong intervention (unsupervised exercise)
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AppendixA.5: Systematic reviewCheck List for the Cochrane risi-bias tool for
randomised trials (RoB 2) shoversion Ref(224)

Appendix 1cTable 1: Checklist for ROB2 assessment Y=Yes, PY, Probable Yes, PN&erdidable, NI No
information. Greenpositive (low bias) answefednegative (highbias) response

Signalling Question Response

1.1 Was the allocation sequence random? Y/PYPN/NNI

1.2 Was the allocation sequence concealed until participants were Y/PYPN/NNI
enrolled and assigned to interventions?

1.3 Did baselindifferences between intervention groups Y/PYPN/NNI
suggest a problem with the randomization process?

Q1 Risk of Bias Assessment See Algorithni

2.1 Were participants aware of their assigh@ntervention during the Y/PYPN/NNI
trial?

2.2 Werecarers and people delivering the interventions aware of Y/PYPN/NNI
participant€assigned intervention during the trial?

2.3 If Y/PYNI to 2.1 or 2.2: Were there deviations from the NA/Y/PYPN/NNI

intended intenention that arose because of the
trial context?

2.4 If Y/PYto 2.3: Were these deviations likely to have affected the NA/Y/PYPN/NNI
outcome?

2.5 If Y/PYNI to 2.4: Were these deviations from intended intervention | NA/Y/PYPN/NNI
balanced between growg?

2.6 Was an appropriatanalysis used to estimate the effect of assignme Y/PYPN/NNI
to intervention?

2.7 If N/PN/NI to 2.6: Waghere potential for a NA/Y/PYPN/NNI
substantial impact (on the result) of the failure to analyse participar
in the goup to which they were randomized?

Q2 Risk of Bias Assessment See Algorithni

3.1 Were data for this outcome available for all, or nearly all, participan Y/PYPN/NNI
randomized?

3.2 If N/PNINI to 3.1: Is there evidence that the reswis not biased by | NA/Y/PYPN/N
missing outcomelata?

3.3 If N/PNto 3.2: Could missingness in the outcome depend on its tru¢ NA/Y/PYPN/NNI
value?

34 If Y/PYNI to 3.3: Is it likely that missingness in the outcome depend NA/Y/PYPN/N/NI
on its true value?

Q3 Risk of Bia®\ssessment See Algorithni

4.1 Was the method of measuring the outcome inappropriate? Y/PYPN/NNI

4.2 Could measurement or ascertainment of the Y/PYPN/NNI
outcome have differed between intervention groups?

4.3 If N/PNINI to 4.1and 4.2: Wereutcome NA/Y/PYPN/NNI
assessors aware of the intervention received by study participants?

4.4 If Y/PYNI to 4.3: Could assessment of the NA/Y/PYPN/NNI
outcome have been influenced by knowledge of intervention
received?

4.5 If Y/PYNI to 4.4: Is ifikely that assessment of NA/Y/PYPN/NNI

the outcome was influenced by knowledge
of intervention received?

Q4 Risk of Bias Assessment See Algorithni

5.1 Were the data that produced this result analysed in accordance wit Y/PYPN/NNI
pre-specified anbysisplan that was finalized before unblinded
outcome data were available for analysis?

5.2 Is the numerical result being assessed likely to have been selected Y/PYPN/NNI
the basis of the results, from multiple eligible outcome measureme
(e.g. sales definitions, time points) within the outcome domain?

5.3 Is the numerical result being assessed likely to have been selected Y/PYPN/NNI
the basis of the results, fromultiple eligible analyses of the data?
Q5 Risk of Biag\ssesment See Algorithni
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. 1.3 Baseline N/PN/NI )
imbalances suggest Low risk
a problem?

1.1 Allocation Y/PY/NI
sequence random?

1.3 Raseline
imbalances sugges Some concerns
a problem? N/PN/NI

High risk

Appendix 1drigurel: ROB2 Question 1: Algorithm for suggested judgement of risk of bias arising from
the randomization process

2.1 Participants

2.4 Failuresin
implementation
affecting outcome? Both NA/N/PN

aware of
intervention? Both N/PN

Low risk

2.2 Personnel

aware of el
AT Either Y/PY/NI il Rl Either Y/PY/NI

2.5 Non-adherence

NA/Y/PY
2.6 Appropriate
N/PN/NI analysis to
estimate the effect
of adhering?

2.3 Balanced
non-protocol
interventions?

High risk

Appendix 1c Figure 2 ROB2 QuestioAlgorithm for suggested judgement of risk of bias due to
deviations from the intended interventions (effetcof adhering to intervention)
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3.1 Outcome data
for all participants?

Low risk

3.2 Evidence that
result is not biased?

3.3 Missingness
could depend on
true value?

3.4 Likely that
missingness
depended on true

High risk

Appendix 1c Figure 3: ROB2 QuestiorARjorithm for suggested judgement of risk of bias due to missing
outcome data

4.3 Outcome
assessorsaware :
: . Low risk
of intervention
received? 4.4 Could

assessment have

been influenced

by knowledge of 4.5 Likely that
intervention? assessment was
influenced by
knowledge of

4.3 Outcome intervention?

assessorsaware
of intervention
received? 4.4Could
assessment have
been influenced
by knowledge of 4.5 Likely that
intervention? assessmentwas
influenced by
knowledge of
intervention?

4.2 Measurement
or ascertainment
of outcome differ
between groups?

4.1 Method of
measuring the
outcome
inappropriate?

High risk

Appendix 1c Figure 4: ROB 2 Question 4 Algorithm for suggesiggement of risk of bias in
measurementof the outcome
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5.1 Trial analysed in
accordance with a pre-
specified plan?

Low risk

Result selected from... N/PN/NI

At least one NI,

5.2 ...multiple outcome but neither Y/PY _
measurements? Some concerns

5.3 ..multiple analyses
of the data?

High risk

Appendix 1c Figure 5 ROB2 QuestioAlforithm for suggested judgement of risk of bias in selection of
the reported result
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AppendixB: Medical Research Council (MR@}gathlessnesscore

Adapted from referencé¢302)

Grade | Degree of breathlessness related to activities

1 Not troubled by breathlessnessxcept on strenuous exercis

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 Sops for breath aftemwalking about 100 yards, or after a fe

minutes on level ground

5 Too breathless to leave the house, or breathless when

undressing
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AppendixC 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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AppendixD: St. Georges Respiratory QuestionnawtPF version(Used with

permissionof SDS 2 NHS Q&

| 28 LIA G €

aPRAOLN

THE ST GEORGE’S RESPIRATORY QUESTIONNAIRE

IDIOPATHIC PULMONARY FIBROSIS VERSION

The SGRQ-I

This questionnaire is desighed to help us learn much more about how your

breathing is troubling you and how it affects your life. \We are using it to find
out which aspects of your illness cause you most problem, rather than what
the doctors and nurses think your problems are.

Please read the instructions carefully and ask if you do not understand

anything. Do not spend too long deciding about your answers.

Study ID Number: .............coco i

Date: ........ocoii i

Please tick in one box to show how you describe your current health:-

Very
good

Good

Fair

Poor

Very
poor

Copyright reserved

P.W. Jones, PhD FRCP
Professor of Respiratory Medicine,
St. George’s University of London,
Jenner Wing,

Cranmer Terrace,

London SW17 CRE, UK.

SGRQ-! Current Health Status
Version 1.0 August 2012

Tel. +44 (0) 20 8725 5371
Fax +44 (0) 20 8725 5955
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Part 1

Questions about how much chest trouble you currently have. Please tick in one box
for each question.

Almost Only with Not
every chest at
day infections all
1. lcough: O O O
2. |bring up phlegm (sputum): O O O
3. I have shoriness of breath: O O O
4. | have attacks of wheezing: O O O
5. In a typical week how many attacks of chest trouble do you have? Please tick {(v) one:
More than 1 attack [
No attacks [
B. In a typical week how often do you have good days? Please tick (v') one:
None O
Afewdays [

Every day is a good day [

SGRQ-I Current health status 2
Version 1.0 August 2012
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Part 2

Section 1:
If you have ever had paid employment:
Please tick (v') one:

My lung condition interferes or made me stop work [J

My lung problem does not affect my job [

Section 2: Questions about what activities usually make you feel breathless. Please tick in
each box that applies to you these days.

Please tick (v') in each box that applies to you these days:

True False
Getting washed or dressed O
Walking around the home O
Walking outside on the level O
Walking up a flight of stairs O
Playing sports or games O

ok wN =
oOoooao

Section 3: Some more questions about your cough and breathlessness. Please fick in each
box that applies to you these days.

Please tick (v') in each box that applies to you these days:

True False
1. My cough hurts O O
2. My cough makes me tired O a
3. | ambreathless when | talk O a
4. | am breathless when | bend over O O
5. My cough or breathing disturbs my sleep O O
6. | getexhausted easily O O

Section 4: Questions about other effects that your chest trouble may have on you. Please
tick in each box that applies to you these days.

Please tick (V') in each box that applies to you these days:

True False

1. My cough or breathing is embarrassing in public O O
2. My chest trouble is a nuisance to my family, friends or neighbours O O
3. | getafraid or panic when | cannot get my breath O O
4. | feelthat | am not in control of my chest problem O O
5. Exercise is not safe for me O O
6. Everything seems too much of an effort O O
SGRQ-I Current health status 3

Version 1.0 August 2012
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Section 5: These are questions about how your acftivities might be affected by your breathing.
Please tick in each box which you think applies to you because of your breathing

True False

1. Jobs such as housework take a long time, or | have to stop for rests O O
2. If | walk up one flight of stairs, | have to go slowly or stop O O
3. If I hurry or walk fast, | have to stop or slow down O O
4. My breathing makes it difficult to do things such as walk up hills, carrying

tg;r;lg;olif stairs, light gardening such as weeding, dance, play bowls or O |

5. My breathing makes it difficult to do things such as very heavy manual work,
run, cycle, swim fast or play competitive sports O |

Section 6: We would like to know how your chest usually affects your daily life. Please tick
in each box that applies to you because of your chest trouble

True False
1. lcannot play sports or games O O
2. lcannot go out of the house to do the shopping O O
3. lcannot do housework O O
4. | cannot move far from my bed or chair O O

Now, would you tick in the box (one only) which you think best describes how your
chest affects you:-
It does not stop me doing anything | would like to do
It stops me doing one or two things | would like to do

It stops me doing most of the things | would like to do

I o o

It stops me doing everything | would like to do

SGRQ-/ Current health status 4
Version 1.0 August 2012

270



Appendix E
AppendixE EQ5Dp [ v dzS & (i XuBed yith paxdssion from the
9dzNB Yy 2t u

Subject Study Number............ Date.........ocooe .

Visit: (INITIAL/END).............

Health Questionnaire

English version for the UK

© 2009 EuroQol Research Foundation. EQ-50™ js a trade mark of the EuroQol Research Foundation. UK (English) v1.2
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Under each heading, please tick the ONE box that best describes your health TODAY.
MOBILITY

| have no problems in walking about

| have slight problems in walking about

| have moderate problems in walking about
| have severe problems in walking about

| am unable to walk about

ooooo

SELF-CARE
| have no problems washing or dressing myself

| have slight problems washing or dressing myself
| have moderate problems washing or dressing myself
| have severe problems washing or dressing myself

| am unable to wash or dress myself

ooooog

USUAL ACTIVITIES (e.g. work, study, housework, family or leisure activities)
| have no problems doing my usual activities

| have slight problems doing my usual activities
| have moderate problems doing my usual activities
| have severe problems doing my usual activities

| am unable to do my usual activities

ooooo

PAIN / DISCOMFORT
| have no pain or discomfort

| have slight pain or discomfort
| have moderate pain or discomfort
| have severe pain or discomfort

| have extreme pain or discomfort

ooooo

ANXIETY / DEPRESSION
| am not anxious or depressed

| am slightly anxious or depressed
| am moderately anxious or depressed
| am severely anxious or depressed

| am extremely anxious or depressed

ooooo

2

© 2009 EuroQof Research Foundation. EQ-5D™ s a irade mark of the EuroQol Research Foundation. UK (English) v1.2
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The best health
you can imagine

+ We would like to know how good or bad your health is TODAY. 100

s This scale is numbered from 0 to 100. 95

+ 100 means the best health you can imagine. 90

0 means the worst health you can imagine. 85

» Please mark an X on the scale to indicate how your health is TODAY. 80
« Now, write the number you marked on the scale in the box below. 75
70
65
60

55

YOUR HEALTH TODAY = 50

45

40

35

30

25

20

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||1||||||||||||||||||I|||||||||||||||
|IIII|IIIIIIJII|IIIIIIIIl|IIII|IIII|IIII|IIII|IIIIIIIII|IIII|IIII||IIllllII|IlII|IIII|IIII|IIII|IIII|

0

The worst health
you can imagine

3

© 2009 EuroQol Research Foundation. EQ-5D™ js a trade mark of the EuroQol Research Foundation. UK (English) v1.2
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AppendixF, Council on Nutrition Appetite Questionnaire (CNAQ)

Council on Nutrition Appetite Questionnaire (CNAQ) Questionn&XAQ items

underlined

1) My appetite is?

5) Compared to whenwas younger,

a. very por,
?
b. poor, food tastes”
c. average, a. much worse,
d. good, b. worse,
e. very good C. just as good,
d. better,
e. much better
2) When | eat

a. | feel full after eating only a few mouthfuls,
b. | feel full after eing about a third of a meal,
c. | feel full after eater over half a rake

d | feel full after eating most of the meal,

e. | feel hardly every feel full

6) Normally | eat

a. less than one meal a day,
b. one meal a day,

c. two meals a day,

d. three mals a day,

e. more than three meals a day

3) | feel hungry
a. Rarely,
b. occasionally,

. some of the time,

(9]

7) | feel sick or nauseated when | eat
a. most times,
b. often,

c. sometimes,

d. most of the time,
. I
e. all of the time d. rarely,
e. never
4) Food tastes . .
8) Most of the time my mood is
a. very poor,
.V d,
b. poor, a. Very sal
b. Sad,
c. average,
d. good, c. never sad nor happy,
d.h .
e. very good appy

e. very happy.
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AppendixG: COVID19 Impact Statement

The early part of 2020 saw thstart ofthe COVIEL9 global health pandemic, the disease caused

by svere acute respiratory syndrome coronaviruSARSC0V2) (442) The COVHR9 pandemic

is an ongoing global health emergency and has led to devastatinglyxtighsemaality and

morbidity across the world. Lockdown restrictions and social distancing measures have also had
dzy AYF3AYyFo6fS AYLIOG 2y Ittt |aLSO0da 2F LIS2LX S

With respect to research there has been extreme impact a@hgarnational, national, and local
levelwith the research community refocusing prioritisation on research to help combat the
pandemic. From a personal perspective the CeGMPandemic has had significant impact on the
work related to this thesis. As aespalitytrainee in respiratorymedicine,| was redeployed to
fulltime clinical work to support the UHSFT response to the CQ¥ lizandemic from 30March

¢ 4™ August 202@nd | continued to work on my Prdlongsidemy clinical work at this time.

Furtherto thisto support the U.K response from both a clinical and research perspective the NIHR
issued guidance at the start of thé& tvave of the pandemic in March 2020 stating that support
FT2N) alft odzi SaaSydalt Of AymicObrmennt shuldd et  LINE O
LJ- dza($4B)Eottowing this guidance, and local discussion, the UHSFT Research and
Development department (R&D) suspended all {@ssential research studies at the site on

March 17" 2020. At this time there were 3 active participantgtiis research study, 2 allocated to

the SRETP arm and one to the standard of care Bua.to suspension of the study this time

all 3 of these participants had to withdraw and | was unable to detagurther study

assessments on these participantde study was subsequently terminated for the recruitment

and followup of IPF participants from the 1 df March 2020 onwards as discussed below.

The decision as to whether it would be possible tdagghe research project within this study

for my thess 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-CTOVID
both due totheir age and chronic respiratory diseg@®9)From a standarabf-care clinical
perspective only urgdrappointments have been conducted fateface onsite at UHSFT for ILD
patients with all noressential followup being conducted by telephone since the start of the
pandemic. A further factor which is relevant to the research in this thesis is the fisitttoipants

and researchers because of study procedures from an infection prevention perspective.
Guidelines from the Association for respiratory technology andjohygy (ARTP) identify CPET as
a high risk aerosol generating procedure (AGP) and spirgraenoderate risf@d10)meaning
extraCOVIBL9 precautiorsin linewith currenttrust guidelines a& required.Although no specific
guidance exists for high intensibased interval trainig 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,dether with national and local research policy focusing on

urgent public health related GOD19 pandemic response studies, has made further patient
focused clinical research activity as part of the clinical research project for this thesis both
impracticd from a logistical perspective and unethical from a risk to patient perspective.
Followirg a meeting with my primary supervisors (Prof Sandy Jack and Dr Mark Jone) on 12
August 2020 in which we discussed the abowentioned issues, it was decided tmptall active
recruitment to the clinical phase of the research stdidlyIPF participantsThe implications of this
to the study were reducing the sample size in the SRETP arm and preventing meaningful
recruitment to the standarebf-care arm. The inabijitto recruit patients to the proposed

standard of care arm does prevent comparison betwHe patients exposed and not exposed to

the SRET®s discussed in this thesis

The COVIR9 pandemic also had impact on the analysis of stored samples relatihg thdsis
researchDueto social distancing within the university laboratories and inseswvorkloadof
priority COVIEL9 related research worthe analysis of my biomarker samples was delayed until
July 2021Due to this delay and the ongoing sociatalieing restrictionsvithin the UoS
laboratories at this time it was not feasitfier me to receive appropriate training to perform the

redox biomarker analyses

| believehoweverdespite the impact of COVAI® on this work | have worked well in challergin

circumstances to deliver and adapt the reseacohtainedwithin this thesis.

During the COVID pandenyeriodl both led, and collaborated in, several research projects
unrelated to this thesis worlwhich has aided in my personal development towarddreing a
future independent researcheA highlight of work orelated to thesis conducted is thated,

with consultantoversight, the design, development and implementation of a respiratory fellow
up service for patients hospitalised with COMEDI recagnised the opportunity to integrate
research into standardiaical careto better inform future practice and | designed a study
investigating the incidence of, and risk factors for, delayed recovery from CI®VTbese studies
identified persistentchestX-ray abnormality 12weeks post COVID9 waspresent in 32%f
patients and associated with length of studyesity, increased serutactate dehydrogenase

and smokinggtatus The results from this study are summarised in two separate peer reviewed
publications in a high impact respiratory jourr{dé4, 445jseeAppendix H.Zor full list of
publications unrelated to this thesis authored during PhD study pgriod
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AppendixH: Publications, Posters and Presentatis

Appendix H.1Publications related to this thesis

Wallis TIM PontoppidarK, GoveK, HillD, Cullinane] ThompsorF, BreretonC, FreemarA,
FletcherSV GrocottMPW, JonesVIG, Jacks Feasibility of a cardiopulmonary exercise test (CPET)
derived hidp-intensity interval training programme (HIIT) in idiopathic pulmonary fibrosis (IPF).
European Respiratory Journal Sep 2020, 56 (suppl 64) 775

Wallis TIM Minnion M, Freeman A, Bates A, Otto J, Wootton S, Fletcher SV, Grocott MPW,
Feelisch M, Jones M@ck Sindividualised exercise training enhances antioxidant buffering in
idiopathic pulmonary fibrosigournal of Translational Mediciddanuscrpt Under ReviewMarch
2023

Appendix H.2Publicationsand Postersinrelated to thesispublishedduring PhD
period

1st Author

Wallis TWelham B, Kong ®jorelliT, AzimA, Horno J, Wilkinson M, Burkie Freemar,
Wilkinson T, Jones M, MarshallBedicting the risk of chest radiograph abnormalityvi@eks
post hospitalisation with SARS CBYCR confirmed CMY/19. Respiratory Research 2022: 2022
Oct 31;23(1):297. DOI: 10.1186/s129842-0221 70

Wallis T,Gudmundsson E, Pontoppidan K, et B®&mporal progression of mediastinal
lymphadenopathy in idiopathic pulmonary fibro&isropean Respiratory Journal. 2029:
2200024. doi:10.1183/13993003.0002822

Wallis T,Heiden E, Horno J, et &isk factors for peistent abnormality on chest radiographs at
12-weeks post hospitalisation with PCR confirmed C&\IRespiratory Research.
2021;22(1):157. doi:10.1186/2931-021-017508

Coauthored

Gudmundsson E, Zhao A, Mogulkoc N, van Beek F, Goos T, Brereton C, Veltkamp M, Chapman R
Gy 9a | DIFENIKglFAGS | DK2fALRIZNI . X | SAIKGY
Vermant M, Unat O, Proctor A, De Sadele@&dnneny EWallis T, Duncan M Taylor M,

Verleden S, Janes S, Alexander D, Wells A, Porter J, Jones M, Stewart |, van Moorsel C, Wuyts W
Jacob JDelineating associations of progressive pleuroparenchymal fibroelastosis in patients with
pulmonary fibrosisEuropean Respiratory JoatrOpen Resear@03. DOI:
10.1183/23120541.00632022

Brereton C, Yao L, Davies E, Zhou Y, Vukmirovic M, Bell J, Wang S, Ridley R, Dean L, Andriotis O,
Conforti F, Brewitz L, MohammedW8allis T, Tavassoli A, Ewing R, Alzetani A, Marshall B, Fletcher
S, Thurner P, Jones NPseudohypoxic HIF pathway activation dysregulates collagen structure
function in human lung fibrosigLife 11, e69348. doi.org/10.7554/eLife.69348

Yao L, Zhou Y, Li J, Wickens L, Conforti F, Rattu A, Ibrahim F, Alzetani A, M&istaieBS,
Hancock Dwallis T, Downward J, Ewing R, Richeldi L, Skipp P, Davies D, Jones M, & Wang, Y.
Bidirectinal epitheliamesenchymal crosstalk provides sslfstaining profibrotic signals in
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pulmonary fibrosisThe Journal of biologicahemistry 2021:297(3), 101096.
doi.org/10.1016/j.jbc.2021.101096

Freeman A, Cellura D, Minnion M, Fernandez B, Spalluto C, Levett D, BatdBsAT Watson A,
Jack S, Staples K, Grocott M, Feelisch M, & Wilkindexeficise Training Induces a Shift in
Extracdular 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, CrawétgherS, Gibbons M,

Hallchurch P, Horgan L, Jakaityte I, Lewis T, McLellan T, Myall, K, Miller R., Smith D, Stanel S, Thillai
M, Thompson RAVallis, T Wu Z, Molyneaux P, WestPhe burden of progressive fibrotic

interstitial lung disease across the Ulke Eunpean espiratory journal, 2021: 58(1)2100221.
doi.org/10.1183/13993003.00222021

Brereton CWallis T, Casey M, et allime taken from primary care referral to a specialist centre
diagnosis of idiopathic pulmonary fibrosis: an opportunity tolioye patent outcomes?ERJ
Open Research 2020 6:2 004ZP0; doi:10.1183/23120541.0012020

Drake T, Docherty A, Harrison E, ewdllis TWard K, Wells A, West A, Wickremasinghe M,
Woodhead F, Hearson G, Howard L, Baillie J, Openshaw P, Semple M, Stemkans| Rl
ISARICAC InvestigatoButcome of Hospitalization for COVID in Patients with Interstitial Lung
Disease. An InternationMulticenter StudyAm J Respir Crit Care Med. 2020 Dec
15;202(12):1656.665. doi: 10.1164/rccm.2020&77940C

Poster Preentations

1st Author

Wallis T,Pontoppidan K, Brereton €0al. Peripheral blood monocyte count as a prognostic
marker infibrotic interstitial lung disease (fILD): analysis from a single UK specialist.centre
Thorax 2019;74:A128121

Coauthored
2022:

ZhaoA, Shahin A, Zhou Y, Gudmundsson E,Szmul A, Mogulkoc N, van Beek F, BreetonC, Van Es H,
Pontoppidan K, SavasWallis T, Unat O, Veltkamp M, Jone M, van Moorsel C, Barber D, Jacob J,
Alexander OPrognostic Imaging Biomarker Discovery in Surviraly&isfor Idiopathic Pulmonary

Fibrosis. In: Wang, L., Dou, Q., Fletcher, P.T., Speidel, S., Li, S. (eds) Medical Image Computing and
Computer Assisted InterventianMICCAI 2022. Lecture Notes in Computer Science, vol 13437.
Springer, Cham

Thompson Fallis T, Pontoppidan K et ah review of patients following a diagnosis of
unclassified interstitial lung disease (ILD) at a tertiary ceiveopean Respiratory Journal 2020
56: 760

Hill D. Lau L, Barber C, Newell C, AziKufykulaaratchyr, HowarthP,Wallis T, Freeman AThe
relationship between lung function and BAL return in severe astliiueopean Respiratory
Journal 2020 56: 2240

Brereton C, Pontoppidan Wallis Tet. al. 2019What proportion of patients with Idiopathic
Pulmonary Fibrosis fadlutside UK prescribing criteria for arfibrotic treatment?A UK specialist
centre review European Respiratory Journal 2019 54: PA 1348

Freeman A, Geale R, Bali S, Gove K, Cellura D, Bidedlisl,T, Paas K, Staples K, Jack S, Grocott
M, Wilkinson Tlnterva Exercise Training in Poorly Controlled Asthma: Preliminary Clinical Trial
ResultsEuropean Respiratory Journal 2019 54: PA 2534
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Pontoppidan K, Vedwan K, Battison S, BreretoW#llis T, Jones M, Fletcher $emporal changes
in mediastinal lymphdenopaty in patients with idiopathic pulmonary fibrosiEuropean
Respiratory Journal 2019 4: PA 4691

Freeman A, Geale R, Bali S, Gove K, Cellura D, Bidadlisl,T, Paas K, Staples K, Jack S, Grocott
M, Wilkinson TP105High intensityintermittent exercise training in poorly controlled asthma:
preliminary clinical trial result§ horax73: A159.
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