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Idiopathic Pulmonary Fibrosis (IPF) is a lung scarring disease of old age, with a median life expectancy of 2-5 years. In spite of recent advances in our understanding of disease pathophysiology and the recent introduction of two efficacious antifibrotic agents, IPF remains a fatal disease, which is difficult to prognosticate. Low sensitivity of current markers of disease such as forced vital capacity (FVC) and carbon monoxide gas transfer (TLCO) contributes to this and so novel biomarkers have the potential to better understand disease progression. In this work, the potential role of hyperpolarised gas magnetic resonance imaging (MRI) and dynamic contrast-enhanced (DCE) MRI is explored.
Hyperpolarised 3- Helium (3He) ventilation MRI demonstrates interesting qualitative findings, including a sensitivity to small airway pathology and some features of IPF, including traction bronchiectasis and tracheomegaly. Ventilation heterogeneity does not appear to change and ventilation defects in IPF are more likely due to be attributable to co-existing airways disease, or possibly a physiological process of aging.
3He Diffusion-weighted MRI (DW-MRI) metrics show a correlation with TLCO and regions of increased Brownian motion are likely attributable to honeycombing and the bronchiolisation process, reflecting increased volume to surface area. Modelling of the diffusion-weighted signal generates mean linear intercept distances (LmD), a parallel to metrics used in histology. These demonstrate an increase over 12-months, suggesting progression of disease.
129-Xenon (129Xe) spectroscopy techniques were explored for the assessment of alveolar gas exchange. Chemical shift saturation recovery (CSSR) based metrics have previously demonstrated good reproducibility and correlation with clinical outcomes in chronic obstructive pulmonary disease, but in this IPF cohort were irreproducible. However, the red blood cell to tissue / plasma ratio (RBC:TP) derived from high-resolution spectroscopy was reproducible, correlated with TLCO, and demonstrated progression over 6 and 12 months, even where TLCO is static.
Dynamic contrast-enhanced 1H MRI provides a means for measuring transit times through the pulmonary circulation which also shows progression over 12-months. This may provide a non-invasive means of pulmonary haemodynamic assessment, helping to identify patients at risk of developing pulmonary hypertension. It may also be used alongside existing and novel physiological data to assess perfusion and diffusion limitation of gases.
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The Clinical Assessment of Idiopathic Pulmonary Fibrosis
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[bookmark: _Toc349918144][bookmark: _Toc364347256]Classification of Interstitial Lung Diseases
Interstitial lung disease (ILD), also known as diffuse parenchymal lung disease is an umbrella term for more than 300 different conditions.1 These conditions carry a range of prognoses, treatments and clinical outcomes,2 therefore the first challenge for the clinician presented with a patient with an apparent ILD process is to make a more specific diagnosis.
There are several possible methods of subdividing these processes, although the only internationally recognised guideline which encompass all forms of ILD is now almost a decade old.2 Some of these processes have a known aetiology, for example due to a local pulmonary reaction following the inhalation and retention of dusts, such as asbestos or silica (leading to asbestosis and silicosis, respectively). Commonly these are referred to as pneumoconioses. Some allergens induce a hypersensitivity reaction in the susceptible host, as is seen in hypersensitivity pneumonitis or drug-induced ILD. However, these processes with well-defined aetiology make up only around 35% of all patients with ILD, according to European Respiratory Society data.1
Of the remaining ILD categories, sarcoidosis and the various forms of vasculitis are recognised as distinct clinical entities. ILD related to connective tissue disorders are often grouped together. A summary of this classification is given in Figure 1.1.

[bookmark: _Toc364424654][bookmark: _Toc364425617][bookmark: _Toc364493340][bookmark: _Toc494795715][bookmark: _Toc3145290]Figure 1.111.1: Classifying interstitial lung disease
Summary classification of the interstitial lung diseases into those with defined aetiology and those with an unclear aetiology. ILD: interstitial lung disease. ILD: interstitial lung disease. Adapted from Raghu et al.3
[bookmark: _Toc349918145][bookmark: _Toc364347257]Idiopathic Interstitial Pneumonias
Idiopathic interstitial pneumonias (IIPs) are therefore a group of conditions related by the lack of a clear pathophysiological mechanism. These too can be further subdivided according to their histopathological features, as in Figure 1.2.

[bookmark: _Toc364424655][bookmark: _Toc364425618][bookmark: _Toc364493341][bookmark: _Toc494795716][bookmark: _Toc3145291]Figure 1.211.2: Classification of idiopathic interstitial pneumonia
IIPs can be further subclassified into groups depending upon their histopathological features. See text for further detail. IPF: idiopathic pulmonary fibrosis; UIP: usual interstitial pneumonia; DIP: desquamative interstitial pneumonia; RBILD: respiratory bronchiolitis interstitial lung disease; LIP: lymphoid interstitial pneumonia. Rare IIPs include idiopathic pleuroparenchymal elastosis and unclassifiable IIPs. Adapted from Raghu et al.3
However, the various forms of IIP are not to be considered as distinct pathological entities from the non-IIP groups of ILDs. For example, idiopathic non-specific interstitial pneumonia (NSIP) is included in the IIP group of conditions where no cause is found, but NSIP is the most common form of interstitial lung disease pattern seen in patients with connective tissue disease (CTD).4-6 Organising pneumonia (OP), is known as cryptogenic organising pneumonia (COP) where no associated conditions or causes are identifiable, but OP is also associated with CTD and may be induced by pneumotoxic drugs.7
Usual interstitial pneumonia (UIP) is a pattern of disease characterised by honeycombing and reticulation in a peripheral and basal distribution, often associated with traction bronchiectasis.8 In figure 1.2, this histopathology is congruous with a diagnosis of idiopathic pulmonary fibrosis if no underlying case is apparent. These features are covered in more detail below. UIP is associated with other conditions and ILD is the most common pulmonary manifestation of rheumatoid arthritis (RA).9 Indeed, cohort studies of patients with RA have estimated that 45 - 58% of patients with RA develop changes consistent with ILD on imaging or physiological testing, although 76 – 90% had disease, which was not determined clinically significant.5, 10 Only in the absence of an associated syndrome can this be defined as idiopathic pulmonary fibrosis (IPF).
[bookmark: _Toc349918146][bookmark: _Toc364347258]When Usual Interstitial Pneumonia is Not Idiopathic Pulmonary Fibrosis
Conversely, when UIP is demonstrated as the pattern of ILD on imaging or biopsy, it is important not to miss a potential associated diagnosis. The treatment of patients with connective tissue disease-associated UIP is broader and the prognosis better if it is recognised as such.11, 12 Drugs such as bleomycin can induce pulmonary fibrosis associated with a UIP pattern; indeed endotracheal administration of bleomycin has become a commonly utilised model of UIP in rats.13
However, the distinction between CTD-associated patterns of ILD and idiopathic disease is not straightforward. For example, some patients manifest symptoms or biochemical autoimmune profiles compatible with CTD, but do not fulfil the diagnostic criteria for CTD and are described as undifferentiated CTD (UCTD),14 although the criteria for defining CTD-ILD are far from standardised. For example Corte et al. identified 56 patients with UIP and demonstrated that the prevalence of UCTD varied between 13 and 36% depending on the stringency of the criteria used.15
Such caveats underlying the definition of IPF within the umbrella term of ILD makes diagnosis challenging. The matter has been further complicated over the past two decades with several changes to the classification of ILDs as scientists and clinicians have strived to better understand the pathophysiological mechanisms underlying these interconnected but highly heterogeneous group of conditions.
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[bookmark: _Toc364424656][bookmark: _Toc364425619][bookmark: _Toc364493342][bookmark: _Toc494795717][bookmark: _Toc3145292]Figure 1.311.3: Venn diagram of CTD-ILD, UIP and IPF
CTD-ILD: Connective tissue disease related interstitial lung disease; UIP: usual interstitial pneumonia; IPF: idiopathic pulmonary fibrosis. A minority of CTD-ILD have a UIP pattern and rheumatoid arthritis is the predominant CTD in these cases. IPF is defined by a UIP pattern of ILD, no underlying pathological explanation. Some cases of UIP are related to a different aetiology. For example, drug-induced lung disease, chronic hypersensitivity pneumonitis or asbestosis may have features compatible with UIP.
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[bookmark: _Toc349918148]From CFA to IPF: Etymology of Idiopathic Pulmonary Fibrosis
Fibrosis of the alveoli has been recognised as a discrete pathological entity since Scadding’s letter to the British Medical Journal in the 1960s,16  which coincided with an increasing availability of lung biopsy specimens. However, controversy around the role of inflammation in fibrotic lung diseases is inexorably linked to the changes in terminology, etymology and classification of ILDs and has defined research, diagnosis and treatment of this condition over the subsequent five decades.
For much of this time, IPF was synonymous with the earlier term cryptogenic fibrosing alveolitis (CFA), the latter of which was more commonly used until the early 2000s. Even in the 1990s, it was recognised that CFA combined a heterogeneous group of ILD conditions, as defined both histologically and phenotypically.17 The term CFA has since fallen out of favour as the classification of ILDs has changed to encompass our evolving understanding of the ILD pathological spectrum.8 
Wide variations in the treatment of CFA are recorded in the United Kingdom (UK) in the 1980s, although systemic corticosteroids and immunosuppressant therapies were commonly trailed, with meagre evidence to support this.18 However, immunosuppressant treatment appeared to be a logical if not empirical choice of therapy, given hypotheses on the aetiology of IPF placed importance on the role of inflammation around this time, as illustrated by a review article from Thorax in 1982.19
This section aims to outline the history of IPF in terms of classification, pathology and treatment.
“Lumpers and Splitters”
Liebow and Carrington are commonly referenced as providing the first attempt to categorise idiopathic interstitial lung diseases, from their book chapter in 1969.20 However, the medical community was divided on how to handle taxonomy of disease, with two camps forming between those wishing to bring together diseases with commonalities and those wishing to make more subtle distinctions. These were described as ‘lumpers’ and ‘splitters’.
This type of disagreement was not limited to the classification of ILDs. Indeed, the term chronic obstructive pulmonary disease (COPD) was coined to enable commonalities in lung disease related to smoking to be studied together. The terms ‘blue bloater’ and ‘pink puffer’ were used to describe phenotypes of this disease before falling out of favour. However, there has been a recent renaissance for the ‘splitters’, as the prevalence of the terms bronchitis-predominant and emphysema-predominant disease demonstrates, analogous to blue bloaters and pink puffers, alongside the term ‘phenotype-based care’, indicating a desire to find differences which predict outcome and response to therapy.21
The debate over lumpers and splitters spans biological disciplines and the twentieth century as described by Simpson (1945) on the classification of mammals:
“Splitters… their critics say that if they can tell two animals apart, they place them in different genera … and if they cannot tell them apart, they place them in different species. … Lumpers make large units – their critics say that if a carnivore is neither a dog nor a bear, they call it a cat.” 22
UIP, DIP and All That
Liebow and Carrington faced similar opposition for many years in their attempts to classify of IIP, as the somewhat dismissive title of one 1978 New England Journal editorial suggests (UIP, DIP and All That).23
The uncertainties surrounding the pathogenesis of IPF was partly responsible for not adopting Liebow and Carringtons’ attempt to reclassify IIP. Idiopathic pulmonary fibrosis was commonly regarded as a single entity, although terms for this disease included cryptogenic fibrosing alveolitis,24 idiopathic pulmonary fibrosis,25 and classic interstitial pneumonitis-fibrosis.26
[bookmark: _Toc349918149]The last of those terms illustrates the concept that pneumonitis, or inflammation of the distal airways was thought to be a precursor to the later development of abnormal tissue healing and fibrosis. The role of the immune system and inflammation has proven to be controversial in the development of fibrosis and is partially responsible for the identification of IPF pathology and treatment as distinct to that from other IIPs. 
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Inflammation and IPF
Thinking around interstitial lung disorders through much of the 1970s and 1980s centred on alveolitis as the initial feature of pathology.19 It was perceived that inflammation within the distal airspace tissue led to an aberrant healing process with fibrosis occurring as the end-stage process, although it was originally perceived that desquamative interstitial pneumonia (DIP) was a precursor to the later development of UIP.27 This disease demonstrates alveolitis in the form of intra-alveolar macrophage accumulation.
It is now understood that DIP is a separate pathological entity and is a non-specific response to inhalation of cigarette smoke, considered alongside respiratory-bronchiolitis interstitial lung disease (RB-ILD) in Figure 1.2. However, the role of inflammatory cells in development and prognosis of IPF remains controversial. A recent example includes evidence suggesting an association between neutrophil accumulations in bronchoalveolar (BAL) lavage fluid with mortality.28 Mucus production appeared to be a prominent finding in IPF lungs and correlated with lymphocyte count in a recent European Respiratory Journal article, although specimens were examined ex-vivo following lung explantation.29
Infection as a driver of inflammation and progression has also come under scrutiny. Richter and colleagues demonstrated that 36% of patients with IPF had evidence of bacterial colonisation in BAL fluid and that the detection of organisms persisted three months later.30 A previous multicentre trial randomised controlled trial (RCT) suggested an improvement in the quality of life of patients treated with an antibiotic (co-trimoxazole) versus placebo.31 A trend to improvement in survival was also seen in this study but was underpowered to assess for mortality as a primary endpoint. A further phase III trial RCT is underway, powered to assess this.
The move away from acceptance of IPF as a primarily inflammatory phenomenon was driven by Katzenstein and Myers, who were able to demonstrate in well-defined cases of IPF that the inflammatory component of disease is mild and occurs in areas already affected by fulminant fibrosis.32 A landmark review of IPF pathogenesis began to turn the tide of IPF as a disease of lung scarring without evidence of inflammation as a significant precursor, thus leading to the acceptance of treating IPF as a disease with a separate pathological identity.33 In this article, the hypothesis of abnormal wound healing as the representative pathology of UIP was introduced.
UIP is a Pathology Characterised by Aberrant Tissue Repair
The normal wound-healing model is outlined in Figure 1.4.33 In UIP, the insult appears to be relatively trivial and rather than an overzealous physiologic inflammatory response, the prevailing mechanism of disease appears to be centred on dysfunctional repair. The histopathological representation of this process is an aggregation of activated myofibroblasts, known as fibroblastic foci.34 An example of histological UIP including a fibroblastic focus is shown and described further in Figure 1.5, with Figure 1.6 demonstrating the honeycomb lung, typical of the end stage disease process. Clinically, the extent of fibroblastic foci on lung biopsy is strongly associated with mortality.35
[image: Wound healing]
[bookmark: _Toc364424657][bookmark: _Toc364425620][bookmark: _Toc364493343][bookmark: _Toc494795718][bookmark: _Toc3145293]Figure 1.411.4: Normal wound healing process in human tissue
Following an initial process of inflammatory cell attraction to the site of epithelial injury, fibroblasts are attracted to the site and undergo a phenotypic change into myofibroblasts. This allows a wound to be closed until normal tissue can be restored, a process known as reepithelialisation. Usually most of the myofibroblasts are removed from the site and these cells die off (i.e., undergo apoptosis), leaving behind normal cellular tissue. If the injury is significant, some of the extracellular matrix remains, leaving a scar. Adapted from Selman et al.33
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[bookmark: _Toc3145294]Figure 1.511.5: Usual interstitial pneumonia on histology
Seen at 5x magnification (A) and 8x magnification (B). Section A demonstrates the interface commonly seen in idiopathic pulmonary fibrosis, with normal healthy lung tissue in the top left of the slide. Contrast this with the thickened alveolar walls apparent in the affected lung in the lower right of the slide. A fibroblastic focus (pl. foci) is demonstrated in section B. The dense pink cytoplasm and elongated nuclei of the cells, arranged in a horseshoe-like pattern distinguishes these fibroblasts from surrounding lung tissue (arrow). Images reproduced with permission from Leeds digital pathology project.36
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[bookmark: _Toc3145295]Figure 1.611.6: Histological honeycombing in advanced usual interstitial pneumonia
Seen at 5x magnification. Little of the normal lung architecture remains, with the breakdown of alveolar walls into honeycomb cysts. The airspaces are surrounded by bronchiolar metaplasia and contain thick fibrous walls. Images reproduced with permission from Leeds digital pathology project.36
Fibroblasts and their phenotypic evolution into myofibroblasts are key to the propagation of disease. These cells appear to be resistant to the regulatory pathways of proliferation and apoptosis,37 which then prevents the normal reabsorption of extracellular matrix and reepithelialisation which forms the latter stages of a normal wound healing process. In this sense, IPF has been described as having features similar to those of malignancy, particularly in their resistance to apoptosis.38 Indeed, fibroblastic foci have been described as phenotypically similar to ‘tumorlets’, although the cellular makeup of these regions is polyclonal, suggesting a reactive, rather than malignant process.39
In spite of recent advanced in our understanding of the complex biology and pathology of IPF, the precipitating lung insult(s) or imbalance(s) which leads to myofibrocyte infiltration and subsequent lung fibrosis seem to be relatively trivial and remain unclear, hence the current terminology ‘idiopathic’ is still taxonomically accurate.40
Physiological sequelae
The replacement of normal interstitium with thickened extracellular matrices leads to thickening of alveolar membranes and a destruction of the normal lung architecture, as demonstrated in Figures 1.5 and 1.6. The resultant reduction in the availability of alveolar-capillary surface area causes a physiological reduction in oxygen transfer across the alveolar membrane. Therefore, hypoxia occurs and is most prominent during times of increased tissue requirement such as during exercise. Stiffness of the interstitium and loss of functional lung tissue also leads to loss of lung volume, which is measurable by simple spirometric techniques, including forced vital capacity.
As the disease continues to progress, hypoxia is seen during more minor exertion. Recent data from in vitro biochemical studies suggests that hypoxia may drive further fibroblast proliferation, which may clinically translate to lead to further disease progression.41, 42 Respiratory failure ensues in the majority of patients and is the most common mode of death in most patients with IPF observed through several IPF trials (see Figure 1.7).43-46

[bookmark: _Toc3145296][bookmark: _Toc364424658][bookmark: _Toc364425621][bookmark: _Toc364493344][bookmark: _Toc494795719]Figure 1.711.7: Causes of death in IPF
Most patients with IPF die as a result of their respiratory disease, in contrast to common respiratory conditions such as asthma and emphysema. Adapted from Ley at al.47
A period of respiratory decline may be acute and is often termed an exacerbation of IPF. The cause of this sudden deterioration is unknown and is essentially a diagnosis of exclusion after ruling out causes such as infection, heart failure, pulmonary embolism or other cause of acute respiratory deterioration.48 Prognosis following such an event is poor.
Pulmonary hypertension
A significant proportion of patients with IPF will develop pulmonary hypertension (PH). PH is defined as mean pulmonary artery pressure (mPAP) of > 25mmHg, measured directly by right heart catheterisation (RHC) pressures.49 The presence of PH confers a poor prognosis in IPF.50 A large cohort of patients referred to transplant centres in the USA showed 36% of patients meet the criteria for PH on referral, as determined by RHC assessment 51. The true prevalence of PH is difficult to define, with studies ranging from 9.8 – 86.4%, depending on study design and stage of illness.52-55 However, it appears to be a marker of severity and becomes more prominent in later stages of disease.
The cause of an increase in blood pressure within the pulmonary artery has commonly been attributed to a combination of vascular bed ablation by fibrosis and hypoxia-induced vasoconstriction. Both of these mechanisms reduce available pulmonary capillary space and therefore induce backpressure into the pulmonary arterial system. The multifactorial mechanisms are outlined in Figure 1.8.56 However, some patients with IPF appear to develop high PAP, with mild or no significant hypoxia and disease. This is commonly referred to as ‘out of proportion PH’. The mechanism for this is poorly understood and forms the basis of an interesting strand of specialist research, although has not been included in the diagnostic criteria.57
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[bookmark: _Toc3145297][bookmark: _Toc364424659][bookmark: _Toc364425622][bookmark: _Toc364493345][bookmark: _Toc494795720]Figure 1.811.8: Pathophysiological mechanisms in IPF-associated pulmonary hypertension
The mechanisms which lead to the development of PH in IPF are incompletely understood but are likely predominantly resultant from a loss of capillary bed and hypoxic vasoconstriction. Vascular aetiology may form part of the process as may other comorbid pathologies. Chronic obstructive pulmonary disease (COPD) also carries a risk of PH and shares some of the mechanisms. Adapted from King et al.56
Identifying associated PH is likely to be of future importance in both prognostication and identifying patients suitable for clinical trials involving targeted PH therapies. 
Animal Models of IPF
One hindrance to the development of further understanding and therapeutics in IPF is the lack of a well-pathologically matched animal model of disease.  The most common is the bleomycin model in rodents, whereby the lungs of a mouse, rat or hamster is instilled with bleomycin, an oncological agent known to cause pulmonary toxicity and ensuing fibrosis in humans.13 It is relatively easy to perform and has demonstrated good reproducibility.
However, the time period for development of fibrosis is 7-21 days, versus several months and years in humans. While this permits more rapid assessment, this also means that the aetiology differs from IPF, particularly in the initial inflammatory phase of disease, which seems to predominate until around day 9 after bleomycin instillation.58 This may help to explain some of the difficulties in translating therapeutic agents from preclinical to clinical IPF.
A systematic review of such models between 1980 and 2006 identified 240 experimental models identifying compounds which prevented or diminished the extent of disease in this model, but only 13 studies involved drugs given > 7 days after bleomycin administration.59 A recent example of the importance of this distinction comes from the clinical observation that diminished prostaglandin E2 contributes to fibroblastic resistance to apoptosis.38 A carefully designed bleomycin mouse model demonstrated that prostaglandin E2 attenuated the toxic effects if administered before bleomycin, but not after.60 Resolution of the disease is also not a feature of IPF in humans.
[bookmark: _Toc364347262]Current Classification of Idiopathic Pulmonary Fibrosis
21st Century Renaissance
The publication with perhaps the most important role in moving towards devolving IPF from other patterns of IIP was the aforementioned article by Katzenstein and Myers.32 They emphasised the need for IIPs to be defined by consistent histopathological criteria and recommended that the term IPF be reserved for the phenotypic description of patients with a particular histological pattern associated with a paucity of inflammatory response (UIP).
This key recommendation was adopted in 2000 by the American Thoracic Society (ATS) and incorporated into their guidelines.61 This guideline was the first to adopt major and minor diagnostic criteria for IPF, albeit on relatively little evidence given the admission that the prevalence of IPF could not be determined. These criteria are outline in Table 1.1 – all four major criteria and three out of four minor criteria increased the likelihood of IPF. This permitted the recognition of idiopathic fibrosis associated with a UIP pattern of disease to be identified as a distinct pathological entity and played a key role in driving forward IPF research in the 21st century.
[bookmark: _Toc3145467]Table 1.111.1: ATS 2000 Guidelines - diagnostic criteria for IPF (superseded)
	Major Criteria
	Minor Criteria

	Exclusion of other known causes (drugs, environment, connective tissue disease etc.)
	Age > 50 years 

	Abnormal pulmonary function tests with evidence of restriction and impaired gas exchange
	Insidious onset of unexplained dyspnoea

	Bibasilar reticular abnormalities and minimal ground glass change on high-resolution computed tomography
	Duration of illness ≥ 3 months

	Bronchoscopic lavage or transbronchial biopsy show no features to support an alternative diagnosis
	Bibasilar inspiratory crackles (dry or ‘Velcro’ type in quality)



With hindsight, the striking features of these diagnostic guidelines are the reliance on ruling out features of better-defined pathologies and reliance on subjective clinical findings, such as quality of crackles. There is relatively little mention of CT findings in this iteration, although acknowledgement is given to high-resolution computed tomography (HRCT) scanning, which appeared to provide value in prognostication and staging of disease.62 However, lung biopsy was still heralded as the gold standard at this time.
The 2011 Joint Societies Collaboration
In the following decade, further advances in the molecular, genetic and phenotypic features of IPF led to a substantial update to these guidelines. The ATS, European Respiratory Society (ERS), Japanese Respiratory Society (JRS) and Latin American Thoracic Association (ALAT) released a joint statement in 2011, defining the guidelines for diagnosing and managing IPF.8 
In these guidelines, the diagnosis of IPF requires an absence of other known associations as per the 2000 ATS guidelines, but provided greater definition to the radiological phenotyping of UIP, thus subjecting fewer patients to lung biopsy. Clarification of the radiological criteria was welcome, given that a review of this practice demonstrated a median mortality in the region of 3-4% following the most commonly adopted method of obtaining tissue - video-assisted thoracoscopic surgical (VATS) biopsy.63 Patients with UIP pattern of disease appear to be at highest risk from surgical biopsy complications.64
Reassurance over the diagnostic accuracy of HRCT came about through several publications between the two guidelines.65-68 This culminated in a prospective study by Hunninghake and colleagues, with a reported positive predictive value for IPF diagnosis from CT of 96%, where experienced radiologists reviewed the images in the context of a clinical history.69 In practice, tissue biopsy is now only sought when clinical and radiological data are unable to produce a confident diagnosis, or where an alternative diagnosis is thought likely.
[bookmark: _Toc364347263][bookmark: _Toc364347351][bookmark: _Toc3145060]Evaluation of Clinical and Radiological Features of IPF
[bookmark: _Toc349918151][bookmark: _Toc364347264]Clinical Features and Prognostication
Demographics
The incidence of IPF appears to have risen in recent decades. Navaratnam and colleagues examined Figures from cause of death certificate analyses and G.P. records, demonstrating the rising trend of IPF as a cause of death in the UK from less than 1, to 5.1 per 100,000 person years between 1968 and 2008.70 This trend is consistent with other UK epidemiological studies.71 This increase is likely to be both a true rise in incident cases, but may also be a result of several reclassifications of the idiopathic interstitial lung diseases, improved diagnostic techniques for the identification of earlier disease and accurate mortality recording, making the trend of what we now call IPF difficult to accurately trace.
The National Institute for Health and Care Excellence (NICE) estimated the prevalence of disease to be in the region 0f 15-25 per 100,000 of the population,72 although more recent data from the British Lung Foundation (BLF) suggested that the number of people living with IPF to be more than twice this number.73 The complex taxonomy and differences in classification may be reasons for such a discrepancy. BLF data also suggests a plateau in prevalence between 2008 and 2012.73
IPF is consistently described as a disease of old age, commonly occurring in the sixth and seventh decades of life.74-76 Males are at greater risk and almost twice as likely to develop IPF in later life thanas likely to develop IPF in later life as females.76 Females appear at greater risk under the age of 50, but true IPF in the age group is rare and care should be given not to miss a non-idiopathic reason for the development of UIP pattern fibrosis in this cohort, particularly given that females are at greater risk of connective tissue diseases.14
Overall, it appears that the prevalence of IPF has risen in line with an ageing population in recent decades, particularly in men, and possibly appears to have plateaued in recent years.
Asbestosis
Barber and Fishwick made an interesting observation in response to Navaratnam and colleagues’ article on IPF prevalence in the UK.70, 77 Previous research demonstrates the rise in mortality from lung fibrosis related to asbestos exposure (asbestosis) over a similar time period.78 A large proportion of the UK population were exposed to asbestos until the 1980s and given the significant lag time between exposure and development of disease, it is possible that a significant proportion of ‘IPF’ as recorded on death certification may actually be asbestosis, particularly in males. For example, one case-control study found that two thirds of males from the control arm of the study born in the 1940s had one or more medium to high-risk asbestos exposures at work.79
The overlap between asbestos-induced ILD and true IPF is problematic for a number of reasons. Firstly, asbestosis has a basal and peripheral reticular pattern, as is also found in IPF. Differences can be found at a histological level, for example fibroblastic foci are the hallmark of IPF, but are reported as uncommon in asbestos related UIP in the College of American Pathologists–Pulmonary Pathology Society (CAP-PPS) guidelines.80 However, biopsy is less commonly performed due to risk of disease exacerbation and therefore less evidence is available to distinguish the diseases.
Secondly, conflicting evidence exists as to whether histologically defined UIP is a common pathological manifestation of asbestos-related ILD. Kawabata and colleagues retrospectively examined 1718 cases of explanted lung tissue, finding 183 with a significant asbestos exposure, and 239 with histological UIP.81 In assessing these cohorts, even asbestos exposure that does not meet the current criteria for asbestosis increased the risk of histological UIP. However, in the same journal two months later, Attanoos and colleagues reported that UIP was rarely seen in post-mortem cases of asbestos lung disease and the cases observed could be accounted for by the background prevalence of IPF in the general population.82
These findings raise the possibility of IPF being attributed to asbestosis and vice-versa, but the distinction is difficult to appreciate clinically. Presence of asbestos bodies in lavage is often cited as a measure of exposure to asbestos fibres, but does not differ in those with and without asbestosis and is not associated with other clinical measures of asbestos-associated lung disease.83, 84 Asbestos fibres and other clinical markers of exposure, such as pleural plaques is therefore of little practical use in distinguishing the cause of the ILD. Therefore, careful history taking and clinical evaluation in these patients is vital.
Clinical History
The presentation of IPF is well noted to be of insidious onset, with a developing symptomatology of six months or more in the majority of patients.8 Unproductive cough and dyspnoea are the most common complaints and the unspecific nature of these symptoms is often in some part responsible for the latency in diagnosis. Focus on finding early cases is of importance, given the apparent association of diagnostic delay with mortality in a retrospective analysis of such patients.85 indeed, a prospective study of patients referred to a tertiary ILD centre in Denmark aims to identify risk factors for diagnostic delay and aims to report in December 2019 (ClinicalTrials.gov ID: NCT02772549).
The classical features on examination have long been understood and can provide important diagnostic clues if found. For example, nearly all patients have fine inspiratory crackles, commonly described as ‘Velcro’ in quality, while up to 50% of patients with IPF have finger clubbing (Figure 1.9).24 As previously described, care should be taken not to miss clues to an underlying association or cause, such as connective tissue diseases.
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[bookmark: _Toc3145298]Figure 1.911.9: Clubbing in a patient with IPF
Note the increased curvature of the nails, loss of soft tissue either side of the nails and loss of the normal angle at the nail bed. With thanks to the patient for providing consent (anonymous).
Occupational exposure to dust may also be associated with the development of IPF,86 in particular workers exposed to metal and wood dust appear to be overrepresented in the IPF population.87 A meta-analysis conducted in 2006 demonstrated consistency of this observation and also identified agricultural labour, livestock, stone and sand, and cigarette smoke as exposures associated with an increased risk of IPF development.88 This suggests that IPF is likely to be a heterogeneous disorder of abnormal lung healing, linked to a range of exposure types rather than a disease with a single definable external cause. However, there is a reliance on accurate clinical diagnosis in these retrospective observational studies and so they should be considered with this in mind.
Prognostication
In spite of extensive research into this condition, including the licencing of two new targeted therapeutic agents 89, 90, predicting prognosis for an individual with IPF remains extremely challenging. Prospective studies provide insufficient follow up time to give a true estimate of mortality, although median survival is historically quoted as between 2-5 years from diagnosis.91 However, it is clear that patients may take a range of different clinical courses, as is outlined in Figure 1.10.8
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[bookmark: _Toc3145299][bookmark: _Toc364424660][bookmark: _Toc364425623][bookmark: _Toc364493346][bookmark: _Toc494795721]Figure 1.1011.10: The unpredictable future for patients with IPF
The median survival of patients with IPF from diagnosis is 3 – 5 years. However, rate of decline from diagnosis for any given individual patient is difficult to predict. Some will have rapidly progressive disease (A). Others will have exacerbations, marked by an acute and unpredictable deterioration in their condition without a return to baseline level of function (B). These events confer a poorer prognosis, although what drives them to occur in some individuals is uncertain. Others will progress more slowly (C) and a minority may even remain relatively unburdened by their disease for many years from diagnosis (D).
Distinguishing which clinical pathway an individual will take is challenging for the ILD physician. Several methods of detecting assessing disease progression exist although are flawed and often lack sensitivity to further prognostication. These radiological and physiological clinical assessments are detailed below.
[bookmark: _Toc349918150][bookmark: _Toc364347265]Clinically Utilised Imaging Features
Plain Chest Radiography
Given that the symptoms of IPF tend to be non-specific and insidious in nature, a plain chest radiograph performed in the community is in practice likely to be the initial radiological investigation in most patients with IPF. Features of fibrosis are discernible on plain radiography and can be helpful in ruling out other causes of the presenting symptoms, however it is significantly less sensitive to disease than CT scanning.65, 92
Features of peripherally located opacities may be present and if located in a typical basal and peripheral distribution may be supportive of UIP. Reticular abnormalities and reduced lung volumes may be seen, however, finer details such as honeycombing and traction bronchiectasis are not visible and so further radiological investigations are required in order to correctly discern the pattern of disease. Plain chest radiographs from a person without pathology and with IPF are demonstrated in Figure 1.11.
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[bookmark: _Toc3145300]Figure 1.1111.11: Plain chest radiography and IPF
The plain chest radiograph in the healthy volunteer (A) can be contrasted with the radiograph in a patient with idiopathic pulmonary fibrosis (IPF) (B). The latter demonstrated smaller lung volumes with volume loss in the right lower lobe. Reticular changes are visible in the lower lobes peripherally, however the changes are subtle and fibrotic change is commonly missed on plain chest radiography.
Computed Tomography
The CT imaging features of UIP are now well described and are detailed in the most recent iteration of the ATS/ERS/JRS/ALAT statement on the diagnosis and management of IPF.8 A summary of these features is provided in Table 1.2. These features provide the ILD MDT with a consistent guide on which to base the certainty of diagnosis. 
[bookmark: _Toc3145468]Table 1.211.2: Radiological patterns of consistency with usual interstitial pneumonia
	UIP pattern
	Possible UIP pattern
	Inconsistent with UIP

	Subpleural and basal distribution
	Subpleural and basal distribution
	Upper or mid-lung predominance

	Reticulation
	Reticulation
	Peribronchial or perivascular predominance

	Honeycombing + / - traction bronchiectasis
	Absence of features listed as inconsistent with diagnosis
	Extensive ground glass changes

	Absence of features listed as inconsistent with diagnosis
	
	Profuse micronodules

	
	
	Cystic change away from areas of honeycombing

	
	
	Diffuse mosaicism

	
	
	Consolidation in bronchopulmonary segments or lobes



As thin-section HRCT became more widely available, the ability to make a diagnosis of UIP pattern of fibrosis from CT and clinical information without the need for a biopsy increased. A seminal article from Raghu et al. retrospectively analysed 59 patients following lung biopsy demonstrated that the sensitivity and specificity of HRCT alone was 90% and 78% respectively.68 Hunninghake and colleagues demonstrated similar findings and showed that the positive predictive value of HRCT could be enhanced by reviewing the scans alongside clinical data in a centre with physician and radiology experience in diagnosing ILD.69
In the UK a 2015 quality statement from NICE dictates reflects the need for a combined radiological and clinical approach, recommending that the diagnosis of IPF is made only with the consensus of a multidisciplinary team with expertise in ILD.72 In practice, this includes a respiratory physician with expertise in ILD and a radiologist with an interest in thoracic imaging.
The high degree of sensitivity has enabled ILD MDTs to provide a diagnosis with certainty and reduce the reliance on obtaining a pathological specimen through biopsy, with its associated risks and complications.93 This is reflected in the consensus guidelines’ diagnostic algorithm, which stipulates that lung biopsy is not needed if all the criteria in the left column of Table 1.2 are met.8 
Radiological examples of ILD demonstrating UIP pattern of disease (all the features in the left column of Table 1.2), possible UIP, and inconsistent with UIP are demonstrated in Figure 1.12.
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[bookmark: _Toc3145301]Figure 1.1211.12: CT Patterns of interstitial lung disease and congruity with UIP
A and B: Disease is predominantly peripheral and basal. Traction bronchiectasis is apparent (red arrows), associated with honeycombing in the peripheral lung tissue. This is probable usual interstitial pneumonia (UIP) and in the absence of causative pathology, would be determined as idiopathic pulmonary fibrosis (IPF). C: Although reticular changes are basally and peripherally predominant, no honeycombing is apparent. Mild traction bronchiectasis is seen (red arrows). There are no features inconsistent with UIP and so this was determined to be ‘probable UIP’ D: Although the peripheral lung parenchyma is affected and there is evidence of traction bronchiectasis (red arrows), the predominant abnormality (red circles) is ground glass opacification (GGO – increased density and opacification without complete obscuration of the underlying bronchovascular structure). No honeycombing or reticulation is present. This is therefore inconsistent with UIP. The addition of subcarinal lymphadenopathy and congruent clinical features led to a diagnosis is hypersensitivity pneumonitis in this case.
Quantitative CT is a novel prospect in ILD and IPF. This and other investigative radiological imaging developments are further explored in chapter 2.
Echocardiography
As previously described, pulmonary arterial hypertension becomes more common in later stage disease and is a marker of poor prognosis.50 Right heart catheterisation (RHC) is the gold standard diagnostic test, but is invasive and carries risks including haematoma, pneumothorax and arrhythmias, with an associated small, but significant (< 0.1%) mortality rate according to an analysis of 7,218 patients electively undergoing this procedure.94 It also requires significant user expertise and time. Thus, a minimally invasive diagnostic screening tool is useful.
Echocardiography provides a diagnostic screening test by measuring systolic pulmonary artery pressure (sPAP) as a surrogate for mPAP.95 Efforts have been made to formalise the pathway of utilising echocardiography in PAH detection for patients with ILDs. Coghlan and colleagues devised the DETECT study to develop a scoring tool for determining whether to refer patients with systemic scleroderma (SSc) for RHC by combining echocardiography with physiological, serological and electrocardiographic data.96 The final result is a tool with excellent sensitivity, but has a post-echocardiograph specificity of just 35%, thus potentially subjecting many patients without PAH to RHC.
Although studies in small numbers of subjects enrolled prospectively in trials show good correlation between echocardiographic and RHC parameters,97 this is not reflected in retrospective studies of patients in clinical practice. For example, Farber et al. reviewed data from the USA-based REVEAL registry, analysing 1,883 patients who had echocardiography and RHC within 12 months of each other.98 Correlation between echocardiography-measured sPAP and RHC-measured mPAP was good, with r = 0.56 and these results are in broad agreement with a retrospective analysis by Testani et al., who reviewed 618 patients undergoing LHC and echocardiography within 48 hours of each other (r = 0.52).99 However, the low specificity of echocardiography is apparent, with only 26% of patients with a normal RHC value identified as having an sPAP within the normal range on transthoracic echocardiograph. In addition, misclassification of the severity of PAH occurred in 54.4% of patients, highlighting the limitation of using echocardiographic measures to evaluate PAH beyond initial diagnosis.
Insight into the longer-term prognostic value of echocardiography is provided from further analysis of 167 patients from the REVEAL cohort who had a second RHC and echocardiograph within three months of each other. Correlation of change in PAP over time was poorer (r = 0.43, p = 0.001), with discrepancies ranging from -80mmHg to 60mmHg between echocardiography and RHC. This suggests that although useful as a screening tool, using echocardiographically estimated sPAP as a surrogate for PH is an imprecise means of haemodynamic assessment over time and is inherently unsuited to detecting subtle pulmonary vascular physiology changes in IPF.
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Spirometry and forced vital capacity
Spirometry is a well standardised and relatively easy to perform investigation which is readily available in primary care and chest clinic settings.100 As IPF progresses, lung volume begins to fall due to the replacement of normal, elastic lung tissue with rigid regions of fibrosis. This fall in respiratory volume is detectable by asking the patient to take a deep breath in and then blow out as hard and fast as possible until they can breathe out no further. This measurement is known as the forced vital capacity (FVC) and fall in this value is the most commonly stipulated primary endpoint in clinical trials of IPF, as a surrogate measure of mortality.101
Patients with IPF demonstrate lower percent predicted FVC than healthy population values and suffer an average decline of around 150-200mL per year in large interventional trials.47 More recent placebo cohorts from randomised controlled phase III trials of Pirfenidone and Nintedanib also support this observation. A summary of FVC decline in these trials is provided in Figure 1.134. The CAPACITY phase III Pirfenidone trials are not included as the study authors did not publish absolute FVC values.90
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Placebo groups from studies included in this summary are as follows: 1. King et al. (Bosentan - BUILD-1),102 2. King et al. (Bosentan – BUILD-3),103 3. Raghu et al. (Interferon gamma),104 4. Raghu et al. (Ertanacept),44 5. Azuma et al. (Pirfenidone - phase II),105 6. Demedts et al. (NAC),106 7. Daniels et al. (Imatinib),46 8. Taniguchi et al. (Pirfenidone – phase III),107 9. Richeldi et al. (Nintedanib - INPULSIS),89 10. King et al. (Pirfenidone - ASCEND).108 The ASCEND trial demonstrated a more marked deterioration in FVC in both treatment and placebo arms. This is discussed in more detail in ‘IPF treatments past and present’, but is likely due to enrichment of the trial more patients at higher risk of progression.
FVC at initial presentation / diagnosis may hold prognostic value. Latsi and colleagues retrospectively dichotomised 104 patients into early (survival less than two years from diagnosis) and late (survival more than two years) deaths, finding a statistically significant difference in baseline FVC between the two groups of 16.7%.109 However, the significant differences in lag time between onset of symptoms and medical presentation is difficult to account for, partially due to subjectivity of patients’ recollection of the time of onset.
Several studies show that decline in FVC is a predictor of reduced survival times.109-111 A reduction in survival rate is consistently demonstrable in patients with a decrease in predicted FVC of 10% or greater of their predicted value over six months. A post hoc analysis by Zappala and colleagues suggests that a decline of 5-10% is also predictive of mortality, although less specific.112 Their findings are summarised in Table 1.3. Indeed, licencing and UK approval of both pirfenidone90, 108 and nintedanib89 as licenced treatments are predominantly based on an apparent reduction in decline of FVC of 10% over 52 – 72 weeks. 
Table 1.3: FVC decline and mortality, derived from data in Zappala et al.112
[bookmark: _Toc3145469]Table 1.31: FVC decline and mortality, derived from data in Zappala et al.112
	
FVC decline at six months

	
Hazard ratio
	
p-value

	< 5%
	1
	

	5 – 10%
	2.31
	0.01

	> 10%
	2.80
	0.001



The Problem with Forced Vital Capacity
However, there are several problems associated with using FVC as a surrogate endpoint for mortality. Firstly, FVC decline does not necessarily predict that patients will follow a linear path of decline towards death, just as stability over a short time period does not suggest long term stability. For example, a recent retrospective multicentre analysis of 734 patients with IPF demonstrated that a decline in FVC over the first year was predictive of death, but that subsequently, further physiological decline was no more frequent among both whose FVC had declined during year 1 than whose FVC had remained stable.113
This observation was further characterised by Nathan et al., using Pirfenidone follow-on trial data to show that patients who survived an FVC decline of ≥ 10% over six months were as likely to remain stable over the subsequent six months as they were to suffer another significant drop in FVC.114 In addition, data from the placebo arme of the INPULSIS nintedanib trial demonstrated that patients with a ‘high’ starting percent predicted FVC of > 90% predicted had an annual decline in FVC of 225mL compared to 224mL for those with a percent predicted FVC of ≤ 90%.89 Thus, neither starting point nor drop in FVC can predict a future decline with any great accuracy.
Secondly, there is a surprising lack of clarity in several studies regarding the use of absolute vs. relative decline in percent predicted FVC. For example, if a patient FVC of 70% with an absolute decline of 10% now has an FVC of 60%, whereas a relative decline of 10% gives them a new FVC of 63%. The outcomes are potentially vastly different if different starting points are considered, such as a patient with 100% predicted value vs. a patient with 40% of predicted value; an absolute 10% decline for the latter would almost certainly be fatal.
These issues led to Wells describing percent predicted FVC as ‘making a silk purse from a sow’s ear’ and ‘the least flawed of the flawed primary endpoints’.115 Richeldi et al. demonstrated that using relative rather than absolute decline had little effect on the transplant-free survival of patients, but using an absolute method of detecting decline requires twice as many patients to adequately power a clinical intervention study of IPF.116
A further complication factor is the recent adoption of Global Lung Initiative (GLI) reference equations for calculating predicted FVC values.117 The Association for Respiratory Technology and Physiology (ARTP) previously recommended European Community for Coal and Steel (ECCS) reference equations, although these were based on Caucasian males aged 18-75yr working in coal mines and steel works and extrapolated to other populations.118 The GLI equations are based upon prospectively collected data from a wide range of ages (3 – 95) and better represents females, older patients and non-Caucasian ethic populations, but almost all of the studies carried out in IPF have used ECCS reference values. A British Thoracic Society (BTS) 2016 Winter Meeting abstract neatly demonstrated one consequence of adopting GLI reference values, namely that patients are more likely to fall into a treatment threshold on the new guildelines.119 However, many of the ramifications of this change remain to be analysed.
Finally, comorbidity may have a significant influence on the FVC. Emphysema is a condition with causes destruction of the acinar airways elasticity and subsequent increases in lung volumes. Emphysema and fibrosis are often co-existent in the same patient and this has led Vincent Cottin to coin the term ‘combined pulmonary fibrosis and emphysema’ syndrome’ (CPFE).120 The increase in lung volume seen in patients with emphysema can lead to an increase in FVC, leading to underestimation of the severity of underlying fibrotic disease.121 This is in spite of apparent earlier development of PH and worse prognosis in this group of patients.122
Carbon Monoxide Gas Transfer
Transfer coefficient (KCO), otherwise known as the Krogh coefficient is the rate of uptake of carbon monoxide during a 10-second breath hold at maximal inhalation. The methodology for quantifying this was originally devised by Marie Krogh in 1909 to assess the diffusive capacity of the lung.123 Transfer factor (TLCO), otherwise known as diffusion factor (DLCO) is calculated by multiplying KCO by a calculated alveolar volume (VA).124 Oxygen and carbon monoxide (CO) bind to the same site on the haemoglobin molecule and therefore CO transfer can be used to infer oxygen transfer efficiency. In modern clinical practice, the single-breath manoeuver is most commonly utilised.125
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KCO and TLCO calculations as derived from changes in gas concentrations during breath holding – see text for details. CO0: concentration of carbon monoxide at time point zero (prior to breath hold manoeuvre) COt: concentration of carbon monoxide collected after exhalation; BH: breath holding time in minutes; VA: alveolar volume, determined by helium dilution changes; Pb: atmospheric pressure.
In this method, a known concentration of carbon monoxide (CO) and helium (He) is inhaled and the subject holds their breath for a specified time before exhaling into an analyser. The logarithmic change in CO concentration during the breath-hold phase is termed KCO. VA is calculated by measuring the dilution of helium within the lung at full inspiration. In IPF, both KCO and TLCO fall as the disease progresses, owing to destruction of alveolar tissue and thickening of alveolar septae, leading to reduction in functional gas exchanges. Given that both ventilation and perfusion is greatest in dependent parts of the lung, the basal distribution of IPF disease can be expected to have dramatic implications for overall gas exchange efficacy within the lung.126
TLCO decline of ≥ 15% over one year has recently been utilised as a secondary endpoint of therapeutic trials involving patients with IPF (two phase III trials of pirfenidone vs. placebo).90 However, subsequent key trials have not used this endpoint and simply used mean decline of TLCO,108 or left TLCO omitted decline in gas transfer from the study endpoints completely.89 Thus, carbon monoxide gas transfer metrics require further scrutiny.
Baseline TLCO consistently demonstrates an association with mortality time in IPF,101, 110 and have been assessed independently from FVC.109 A value of ≤ 40% of predicted value at presentation is commonly identified as a cut off for poor prognosis in these studies. TLCO is a more familiar metric than KCO to clinicians and perhaps this is the reason that is more commonly reported in studies as a clinical outcome measure. The neglect of KCO as a primary or secondary endpoint in trials is troubling, given that different aspects of the underlying pathology will affect the metrics differently. Pastre and colleagues neatly demonstrate this by showing that for a group of patients with ILD and a given DLCO value of 50%, KCO varied from 60 – 95%.127
A Dutch study recruiting between 1993 and 2005 reveals what we might be missing out on by taking a simplistic look at gas transfer.128 A change in TLCO at six months was not found to be predictive of subsequent mortality, but KCO was predictive of mortality at six months, with TLCO and FVC decline becoming important at 12 months. Jegal et al. also found that change in TLCO at six months did not show statistically significant correlation with mortality, but do not report exploration of the other components of gas transfer in their Cox analysis.111 Flaherty and colleagues studied 80 patients with UIP-pattern fibrosis and found that TLCO was not predictive in the short term.129
Part of the reason that a relatively large reduction in gas transfer or change over protracted length of time needs to be seen in order to use TLCO as a prognostic marker may be due to the lower degree of reproducibility of the test in clinical practice. A study of 6,193 patients with respiratory conditions demonstrates the wide intra-patient variability of percent predicted TLCO in clinical practice to have a mean of 5.76% and standard deviation 7.75%, subjectively quite high if one is observing for subtle changes over short time periods.130 Irreproducibilites occur during both the breath-hold time (KCO) and lung unflation state (KCO and VA)
Complicating the interpretation of gas transfer metrics, other conditions such as emphysema also reduce the capacity of the lung to undertake efficient gas transfer, particularly where such pathology co-exists with ILD.131 Patients with IPF and PH may have a decline in TLCO and KCO due to pathophysiological mechanisms from either disease and in this cohort, gas transfer metrics appear to be of further prognostic value.52
As IPF disease progresses, breath-holding manoeuvres at total lung capacity become increasingly difficult to perform, possibly due to activation of cough reflex and dyspnoea. It is recognised that some patients with IPF cannot perform carbon monoxide gas transfer testing. Furthermore, not being able to perform the test has been reported as a marker of poor prognosis.132 However, some patients cannot perform gas transfer testing due to other reasons, including respiratory muscle weakness, lack of availability or simply poor technique in spite of coaching. Thus, the test becomes less useful in the advanced stages of disease.
However, Ccarbon monoxide gas transfer tests remain an invaluable part of the diagnostic evaluation of ILD and are routinely applied in IPF evaluation. Decline over 12 months is likely to be adversely prognostic, but given the wide test variability and conflicting evidence to date, the changes in TLCO which are minimally important and clinically prognostic are not fully determined. KCO is probably underutilised and may add value to the diagnostic and prognostic evaluation of IPF.
Nitric Oxide Gas transfer
A relatively novel concept in gas exchange physiology testing is gas transfer of nitric oxide (NO).133 KNO and TLNO (DLNO) are the nitric oxide equivalents of KCO and TLCO, respectively. NO and CO can be inhaled simultaneously in the same manoeuvre. The red blood cell resistance to carbon monoxide uptake accounts for more than half of the total resistance from airway into blood, but the resistance is much less for nitric oxide.124 Hence, CO is more perfusion limited and NO more diffusion limited.
The relationship between TLNO and TLCO has been explored in a recent review.134 The ratio between TLNO and TLCO has been explored and may provide insights into perfusion vs. diffusion limitation in patients with ILD, but studies are thus far small and single timepoint in nature. For example, a study of 25 patients with pulmonary sarcoidosis had a reduced TLNO/TLCO ratio, consistent with alveolar thickening and reduced diffusion acpability.135 However, a study of 41 patients with ILD (most with sarcoidosis) demonstrated a raised TLNO/TLCO ratio, possibly reflecting that this cohort had later stage disease and increasing component of vasculopathy.136
It is unclear how NO gas transfer will evolve into use in research studies and clinical practice, but has the potential to be a tool for the investigating of diffusion and perfusion related pathophysiological limitations in IPF.
Composite Physiologic Index
In an attempt to address the aforementioned problem of lung volume measurements being confounded by emphysema, Wells and colleagues comprised a composite physiology index (CPI) in 2003.137 A stepwise regression method was used to generate the weighted combination of lung function variables which best correlated with the extent of pulmonary fibrosis on CT. This was formulated in 106 patients and then tested in a derivation cohort of a further 106 patients. The equation is given below.


[bookmark: _Toc364347267][bookmark: _Toc3145571]Equation 1.2: Composite Physiologic Index for Idiopathic Pulmonary Fibrosis
CT: computed tomography; DLCO: diffusing capacity of the lungs for carbon monoxide; FVC: forced vital capacity; FEV1: forced expiratory volume in 1 second. All physiology values are percent of predicted value. Adapted from Wells et al.138
In the derivation cohort, the CPI predicted CT extent of emphysema better than any physiological index alone in patients with co-existent emphysema.137 The physiological indices are readily utilised in the chest clinic and so calculating the CPI is relatively straightforward. However, this data was generated before the GLI reference equations for spirometry were published and it remains unclear what effect they would have on both the underlying prognostic value of the spirometric indices, or the CPI itself. In addition, a minimally important or clinically significant change has not been identified and recent large trials on IPF therapies have excluded patients with significant emphysema.89, 107
Exercise Capacity Tests
Three main tests of physiological exercise capacity exist:
1. 6-minute walk test (6MWT)
2. Incremental shuttle walk test (ISWT)
3. Cardiopulmonary exercise testing (CPET / CPEX)
The evidence of each as measures of exercise ability in patients with IPF is further explored.
Six-minute Walk Test
The six-minute walk test (6MWT) is a well-established, safe and straightforward technique, which aims to establish the maximal distance a participant can walk in six minutes. Ideally, the corridor in which a 6MWT is performed should be 30m in length, marked out be cones at each end, as shorter course lengths increase turning time and decrease the 6MWT distance achieved.139 Oxygen saturations at baseline and at nadir levels can help establish if hypoxia is present on exertion.
Although there are several small studies observing the effect of 6MWT distance on mortality, Mura et al. performed a three-year follow up of IPF patients in what was the largest study of 6MWT in IPF patients at the time. They found only that percent predicted walking test difference and not absolute distance in metres predicted three-year survival.140 This is somewhat surprising, given that reference ranges for normal values are based upon only 300 healthy participants from a single region of the United States of America.141
Subsequently, baseline 6MWD of < 250m was associated with a two-fold increase in mortality risk in a retrospective analysis of 748 patients with IPF,142 which included retrospective data from the INSPIRE study.45 A low six-minute walk distance (6MWD) may be associated with other comorbid conditions and it is not clear if the deaths in this cohort were driven by IPF. However, the investigators also showed that a change in 6MWD of 50m or more over the 24-week follow up period was associated with an approximately three-fold increase in subsequent mortality. This appeared to improve the prognostic ability of previous physiological test monitoring in this cohort.143
Nathan et al. subsequently analysed 6MWT data from the placebo arms of the CAPACITY trials,90 demonstrating correlations in decline of distance walked with PFTs and quality of life metrics.144 Although a trend to increasing mortality was observed in those with a 6MWD < 250m or a decrease of 50m, this was not statistically significant. However, patients were excluded from the CAPACITY trial isf they had severe impairment, which is likely to have led to underpowering of this study to assess for mortality effect.
Although 6MWT has been investigated more than ISWT or CPET in IPF, there are several limitations to its use. Firstly, 6MWD is not sensitive to the development of PH.145 Given that patients with severe physiological impairment were excluded from the studies above, this may limit the applicability of 6MWT in this subgroup. When the ‘moderate’ group of patients has been taken in isolation from the BUILD-1 IF-gamma trial, no significant change in 6MWD was found from baseline to either 6 or 12 month follow-up tests.146 Thus, caution should be exercised in extrapolating results in patients selected for interventional studies to a clinical patient cohort.
Anecdotally 6MWT is thought to be as much as a test of participant motivation as of exercise limitation. Comparison of intrapatient 6MWD between visits is therefore more likely to be meaningful than interpatient comparisons. The ATS guideline also stipulates that a 30m long corridor should be used, but the guideline authors acknowledge the significant variation in circuit length in practice, including the use of treadmills, on which patients are unable to pace themselves.139
In spite of these limitations and the lack of clarity over its prognostic ability, the relative simplicity of the 6MWT makes it the most utilised method of exercise capacity assessment in lung disease, including IPF. One significant advantage of the 6MWT is that it can be repeated with the administration of ambulatory oxygen in those patients who are hypoxaemic during exercise and thus provide an objective means of quantifying improvement in exercise tolerance with ambulatory oxygen treatment. This is also the case with the incremental shuttle walk test, which is described below.
Incremental Shuttle Walk Test
The incremental shuttle walk test (ISWT) was initially developed as a simple way of assessing disability in COPD.147 The test requires the participant to between two cones in time to a set of auditory beeps. Each minute the required walking speed progressively increases. The participant walks for as long as they can until they are either too symptomatic to continue or can no longer keep up with the beeps. The number of shuttles (laps between the cones) is recorded. Like the 6MWT, an ISWT is straightforward to conduct and does not require specialist laboratory equipment. The associated schematic explains this in further detail (Figure 1.145). Distance in metres achieved (number of laps x 10), as well as start and end dyspnea score, spO2, and heart rate are recorded.
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After an introductory sequence of bleeps, the participant sets off from the first cone start point (left) and must make it to the second cone by the next bleep. They wait at the point marked by the dashed line until the bleep and set off back towards the first cone. After each minute, the bleeps occur with a shorter time interval in between, thus requiring an increase in walking speed. The test ends if the required distance is failed by more than 0.5m or if the participant is too symptomatic to continue.
The requirement to keep up with the recording removes some aspects of self-motivation associated with 6MWT and it is simpler to conduct than CPET, although ISWT also aims to maximally exert to participant. In spite of these advantages, evidence of the clinical application of the ISWT in IPF is sparse. Correlation of ISWT distance with maximum oxygen consumption recorded during CPET in patients with IPF is mixed, with one small study demonstrating a strong positive relationship,148 but a non-significant relationship in a group of patients with a broader range of ILD.149
No published studies that explore the prognostic ability of ISWT distance in IPF are available. However, its relative simplicity and lack of requirement of specialist equipment or long corridor space makes it an attractive, if somewhat pragmatic tool for research studies.
Cardiopulmonary exercise testing (CPET)
CPET, otherwise abbreviated to CPEX, is seen as the physiologically gold standard method for the assessment of determining cardiovascular, respiratory and metabolic responses and limitations to exercise. An incremental ramp increase in workload on a treadmill or exercise bike is applied until the participant no longer feels able to continue. Ideally, at this point a maximal ability to consume oxygen (VO2peak, or VO2max if a plateau is observed) will be observed.150
A wealth of information can be gained from exerting each system. CPET can elicit alterations in respiratory mechanics, gas exchange, cardiovascular abnormalities and muscular dysfunction in patients with various forms of ILD.151 However, the use of CPET metrics in respiratory medicine is probably best established is respiratory medicine as pre-operative markers of prognosis in lung cancer,152 while relatively little has been evaluated with regards to its clinical application in IPF.
A study of 38 patients demonstrated that the ventilatory equivalent for CO2 (V’E/V’CO2 - a measure of the efficiency of the lung to clearing carbon dioxide) predicted high sPAP (> 40mmmHg) and therefore provides a non-invasive surrogate for pulmonary hypertension.153 High V’E/V’CO2 (> 45) was associated with a poorer prognosis. However, the assumption that this reflects increasing pulmonary arterial pressure has not been validated with data from RHC and it is unclear how many patients with IPF reach this threshold and at what stage of their disease.
The only study in publication to assess the role of VO2 in IPF prognosis is a study by Fell and colleagues, who retrospectively reported on 117 patients with IPF and baseline CPET data.154 A VO2max < 8.3ml/kg/min was associated with significantly worse prognosis, although this represented only 7% of patients. Interestingly, not all patients with a cut off below this value demonstrated desaturation in 6MWT. This may be due to the aforementioned limitations of 6MWT in exercising participants to their true exercise capacity.
The study data was unable to demonstrate a value that constitutes a clinically significant change in VO2max over time to predict short-term survival. This may reflect a selection bias; as patients became sicker they decline exercise testing but still perform other PFTs. Ultimately, this reflects one of the primary limitations of CPET. Patients may find it unpleasant and decline testing where other simpler methods of assessing severity and progression are available. CPET is usually only available in tertiary referral centres and requires significant time and expertise to perform and interpret, limiting its broader use. Evidence in IPF is sparse, although the studies discussed suggest that it could add value in vascular disease evaluation and prognostication.
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In practice, a combination of demographics, spirometry, carbon monoxide gas transfer, walking distance and radiological findings are utilised to develop a picture of disease stability or decline. Ley and colleagues aimed to quantify this combination with the invention of a multifactorial staging system for IPF, now commonly known as the GAP score (gender, age, physiology).132
The derivation cohort was performed on 228 patients and validated in 330 patients treated in a separate clinical centre. There are several strengths to this approach, including the use of commonly available clinical tests, the external validation cohort, and the relatively long follow up time (median 1.7 years in derivation cohort). Indeed, it is the only tool to have undergone external validation, although several risk prediction tools without external validation precede this study.137, 155, 156 An inability to perform TLCO confers the highest risk score for the TLCO paradigm, as the most likely reason for an inability to perform the test is a decline in lung function, although as previously discussed, this is not necessarily the case. A summary of the derived GAP index and scoring system is given in Figure 1.156.
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[bookmark: _Toc3145304]Figure 1.1511.15: GAP score and mortality index
Risk prediction score as derived from Ley et al.132
One potential weakness of this scoring system are the inclusion of patients on treatments now not commonly utilised for IPF in the derivation and validation cohorts, which is now understand to adversely affect the outcome in IPF.157 The limitations of DLCO and FVC have been set out previously, but the external validation demonstrates that the model nevertheless is a robust predictor of 1,2 and 3-year mortality. It does not however, provide detail on the importance of decline in the clinical parameters and does not assert the ability to predict sudden periods of decline, termed exacerbations, which carry a high mortality rate.
The GAP score remains the most clinically useful tool for discussing risk and severity of disease with patients and enables stratification for research. The RISE stratification score, based upon dyspnoea, PFTs and 6MWT is currently under evaluation, with an estimated completion of data collection time of December 2018 (ClinicalTrials.gov ID: NCT02632123).
Serum Biomarkers
Classification of Biomarkers
Biological markers, or biomarkers, are objectively measured indicators of a physiological or pathological process, or a response to therapeutic intervention. They can be subsclassified as described in table 1.4. 
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	Type of Biomarker
	Description
	Example

	Predisposition
	An increased likelihood of developing a health disorder based on the presence of a particular biomarker.
	BRCA1 / BRCA2 gene mutation and breast cancer

	Diagnostic
	Confirms the presence of a disease, may also facilitate earlier detection
	CFTR gene and cystic fibrosis

	Prognostic
	Indicates how a disease may develop in an individual in whom the diagnosis is already established
	WT1 antigen in ovarian cancer (negative)

	Predictive
	Helps determine which patients are more likely to benefit from a given treatment option
	EGFR mutations and response to TKI therapy in non-small cell lung cancer


BRCA is the name of a tumour suppression gene and is not an acronym; CFTR: Cystic fibrosis transmembrane conductance regulator; WT1: Wilms’ tumour 1; EGFR: epithelial growth factor receptor; TKI: tyrosine kinase inhibitor.
Key studies exploring the potential use of serum biomarkers in IPF are discussed further in the remainder of this subchapter, focussing mainly on potential prognostic and predictive markers.
Alveolar Epithelial Markers
Krebs von den Lungen-6 antigen (KL-6) is expressed on type 2 pneumocytes in the lung and promotes the migration, proliferation and survival of fibroblasts.158, 159 KL-6 is markedly elevated in patients with IPF as compared to heatlhy subjects and a baseline serum level >1000 U/mL is associated with a poor outcome,160, 161 although there is no current evidence to suggest how KL-6 could be associated with antifibrotic treatment response.162
Surfactant proteins are secreted by type 2 pneumocytes in the alveoli to decrease surface tension and enable alveolar expansion in health. However, surfactant proteins A and D (SP-A and SP-D) are also elevated in patients with IPF.163 They are predictive of improved survival, possibly by inducing fibroblast apoptosis.164 Mutations of surfactant protein C are also associated with familial forms of IPF.165
Fibrogenesis and Extracellular Remodelling
Lysyl oxidase-like 2 (LOXL2) is expressed in fibrotic tissue and seems to be directly linked to the process of extracellular matrix remodelling.166 Although a correlation has been reported between serum LOXL2 and disase progression,167 the monoclonal antibody developed to target LOXL2 (Simtuzumab) was inefficacious at a phase 2 clinical trial of patients with IPF,168 and also interestingly in a phase 2 trial of patients with liver fibrosis.169
Matrix metalloproteinases (MMP) are enzymes which facilitate the remodelling of the lung extracellular matrix.170 Subclasses 1 and 7 (MMP-1 and MMP-7) are overexpressed in IPF compared to other interstitial lung diseases.171 In particular, MMP-7 levels are correlated with physiological lung function metrics and are linked to disease progression and survival,171 making MMP-7 one of the most promising prognostic serum biomarkers in IPF.
Chemokines
Both CC Chemokine Ligand 18 (CCL18) and Interleukin-8 (IL-8) are leukocyte chemoattractants and both are elevated in the serum of patients with IPF.172, 173 Both CCL18 and IL-8 are negatively correlated with pulmonary function tests and survival.174, 175 Perhaps most interestingly, pirfenidone is licenced in the treatment of IPF and supresses the expression of CCL18 on macrophages,176 underlying the potential importance of further studying the potential of these chemokines as predictive biomarkers in IPF.
Growth Factor and Ahesion molecules
YKL-40 appears to affect cell proliferation, but the mechanism of action of this protein is not yet understood in spite of several studies involving YKL-40 in interstitiallung disease.177 It encourages cellular replication of lung fibroblasts in the animal model 178 and one study determined that a serum level > 79 ng/mL was adversely prognostic.179 Various insulin-like growth factors are involved in cellular proliferation and differentiation. In particular, serum levels of insulin-like growth factor binding proteins 1 and 2 (IGFBP-1 and IGFBP-2) are elevated in patients with IPF 162, 180 and IGFBP-2 decreases in patients treated with antifibrotic therapy,162 although it was not associated with degree of disease severity as measured by pulmonary function tests.
Vascular endothelial growth factor (VEGF) is a proliferation enhancing glycoprotein expressed by the alveolar epithelium.181 Nintedanib non-specifically inhibits VEGF and is a licenced therapy, originally in epithelial growth factor receptor-postive non-small cell lung cancer,182 and most recently in IPF.89
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One significant driver to the recent increase in research interest in IPF is the difficulty in finding efficacious treatment. Here, the numerous inefficacious treatments trialled to date are explored, followed by an evaluation of current treatments. Although the 2012 trial evaluating immunosuppression and N-Acetylcysteine by Raghu et al. is not the sequentially first trial of those described here, it is explored first here due to its highly significant outcome and it provides context to the effects of these treatments which were commonly co-prescribed in some of the other earlier trials.157
The Graveyard of IPF Therapies
Azathioprine, Glucocorticoids and N-Acetylcysteine Combinations
The belief that inflammation played a key role in the aetiology of IPF led to immunosuppression and antioxidant therapy being most commonly co-prescribed, particularly following its recommendation in the 2000 consensus guidelines.61 The most significant piece of evidence behind this recommendation was a study of 27 patients with IPF, whereby those randomised to azathioprine and prednisolone tapered to 20mg daily showed a greater improvement in FVC, and DLCO over placebo, although no differences were of statistical significance.183
In 2005, Demedts et al. demonstrated an advantage in better preservation of FVC and TLCO in patients on the antioxidant N-acetylcysteine (NAC) azathioprine and prednisolone (triple therapy) compared to azathioprine and prednisolone (IFIGENIA study).106 The study is limited due to the loss of 30% of patients being lost to follow-up due to death or withdrawal and the lack of a placebo arm for steroids and azathioprine, but nevertheless seemed to support the combination of three drugs.
By 2008, there remained substantial heterogeneity in clinical practice, with approximately 50% of 814 surveyed American chest physicians prescribing a combination of two or three of these drugs.184 The phase-shift in this treatment came as late as 2012, following publication of the ‘PANTHER-IPF study’.157 After randomisation of 236 patients evenly among triple therapy, NAC and placebo, the trial was stopped following planned interim analysis due to an excess mortality and hospitalisation among the triple therapy arm of the study.
The fact that this was not observed in the NAC group suggests that azathioprine or prednisolone may equally be responsible for the deleterious effect. Mean follow-up was just 32 weeks, suggesting that the effect was soon after drug commencement and was most often related to an exacerbation of disease and may therefore be in some part attributable to infection contributed to by immune suppression.
There may be several reasons for the observed inconsistencies. The distinction of IPF from other IIPs waqs less clear in 1980s when the first study was carried out.183 Other forms of IIP with a significant inflammatory component, such as NSIP, are routinely treated with such therapies. The lack of a placebo arm in IFIGENIA did not allow for direct comparison with the natural course of IPF and it may be that NAC simply ameliorated some of the deleterious effect of immunosuppression in this study.
Although aerosolised and oral NAC have proven effective biochemically in reducing biomarkers of oxidative stress and clinical markers of progression, such small studies are unable to correct for the role of other therapies such as steroids.185, 186 A follow- on of the NAC and placebo arms of the PANTHER study has subsequently shown no difference in FVC decline or mortality.187 There was however, an improvement in quality of life scores in the NAC arm. Consequently, steroids, azathioprine nor and triple therapy are not prescribed in IPF for the treatment of disease. NAC may provide symptomatic relief as a mucolytic agent,188 but does not seem to affect the clinical course of disease as monotherapy.
Tumour Necrosis Factor Inhibition and Etanercept
Piguet et al. were the first to observe tumour necrosis factor (TNF) expression in human tissue biopsies from patients with IPF.189 This finding led to a Piguet and Visen conducting a trial of recombinant TNF receptor infusion treatment in mice instilled with belomycin.190 The investigators demonstrated in ex-vivo specimens that the infusion reduced lung collagen content, suggesting that the TNF may provide a therapeutic target to reduce the activity of the molecule, thus diminishing the progression of fibrosis.
Recombinant human TNF receptor medication was developed and first shown to be efficacious as add-on therapy in rheumatological conditions, such as rheumatoid arthritis.191 However, there is no proven efficacy of targeting TNF in IPF. An RCT of 88 patients treated with Etanercept or placebo failed to demonstrate a statistically significant difference in physiologic or functional endpoints.44 A trend was observed for a slowing in decline of FVC and TLCO in the active treatment arm, although both parameters demonstrated decline in both arms over a 48-week follow up.
The trial was small and only 34 patients in the Etanercept arm completed follow-up. Approximately one third of the patients in both groups received corticosteroid treatment during the trial, which may have influenced the endpoint, given what is now understood about the potential harms of immunosuppressive treatment in IPF.157 
The interesting trend of reduction in progression has not been taken up in further trials to date, even though since this study, there have been reports that augmenting the TNF signalling pathway or pulmonary delivery of TNF therapy may be efficacious in the bleomycin mouse model.192 The potential of this class of drug to modify pathophysiology in IPF is further complicated by the apparent emerging complications of TNF therapy, including case reports of infection, TB reactivation and ILD development, including hypersensitivity pneumonitis.193 It seems unlikely, therefore, that further TNF-targeting therapies will be trialled in IPF.
Interferon Gamma and Transforming Growth Factor Receptor
Transforming growth factor (TGF) ß1 was identified as another example of a potential molecular target discovered from the study of a rodent model of lung fibrosis.194 When exogenous TGF-ß1 is instilled into lung tissue, it causes extensive fibrotic changes in the lungs of rats.194 Thus, the combination of findings that lymphocyte-derived interferon-gamma (IFN-γ) is relatively deplete in human subjects with fibrosing ILD,195 and subsequently that IFN-γ treatment led to significant downregulation of TGF-ß in the bleomycin instilled rat model of IPF196 led to exploratory trails of IFN- γ in human disease.
Ziesche et al. were the first to publish an improvement in patients with IPF treated with IFN-γ. Here, histopathologically confirmed IPF which did not respond to high dose steroids was treated with either physician-guided further steroid therapy, or subcutaneous injections of IFN-γ and low-dose steroid (prednisolone), with nine patients in each arm. Although small in number, the IFN-γ arm demonstrated reduction in TGF-ß1 gene transcription compared to the steroid alone arm. Clinically, an improvement in lung capacity was seen in the IFN-γ arm vs. steroid arm. Another study of 50 patients randomised to IFN-γ or colchicine and steroid demonstrated a survival advantage in the IFN-γ arm197 and these studies  paved the way for larger trials involving IFN-γ.
The first RCT to assess IFN-γ against placebo therapy included 330 patients with IPF, who had progressed radiologically or by evidence of ≥ 10% decline in FVC despite steroid treatment.104 Prednisolone was permitted in either arm, provided the dose was ≤ 15mg. The trial failed to demonstrate a survival or disease progression advantage in the treatment arm, although there was an advantage if analysed per protocol. There was also a benefit to treatment in patients with ‘mild’ disease in a post-hoc subgroup analysis. In addition, no molecular analysis was undertaken to enable a focus on subgroups such as those with very low IFN-γ expression. When these studies were included in a meta-analysis, IFN-γ therapy was found to be associated with improved survival.198
Given the per protocol and subgroup findings, King and colleagues undertook a post hoc analysis of the study, determining that FVC decrement of 10% was reliable for mortality prediction.101 This analysis and surrogate of mortality has since been utilised in several therapeutic IPF studies, and was subsequently used by the investigators to power a larger RCT of IFN-γ and placebo in 826 patients.45 However, this trial was stopped at a planned interim analysis due to lack of efficacy in any paradigm, including FVC, TLCO, or mortality.
The reasons for the apparent earlier findings of improved survival with IFN-γ are unclear, although there are some significant differences in study design. Pneumonia and exacerbation rates were lower in the largest and final trial,45 and in contrast to the earlier studies, patients who were on a dose of prednisolone ≥ 0.125mg/kg/day were excluded. By contrast, physicians could titrate the dose of steroid in the non- IFN-γ arms of other studies and no report of the doses was given for these studies. The deleterious effect of immunosuppression observed by the Raghu et al. trial therefore may account for some of the apparent differences,157 particularly given that the apparent benefits of IFN-γ appeared to be most pronounced early in the course of treatment and the inclusion of more severely affected patients, who may have been more prone to pneumonia resultant from immunosupression.104 Prognosis in the placebo arm was better than expected in the final trial, possibly also duie to a reduction in the use of immunosuppressive agents.45
Endothelin and Bosentan: the BUILD Trials
Endothelin-1 (ET-1) is a peptide with numerous and diverse range of actions in the lung and beyond. It is most commonly recognised in the field of pulmonary hypertension (PH) for its vasoconstrictive properties and a recent Cochrane review details the potential benefits of targeting this molecule with endothelin receptor antagonists, such as Bosentan.199 Enhanced ET-1 expression has been identified in the rat bleomycin model of fibrosis.200 Furthermore, Bosentan appeared to reduce collagen content of the treated rat lungs compared to controls,200 leading to bleomycin trials in humans with IPF.102, 103
BUILD-1 randomised 168 patients to Bosentan (71) or placebo (83), with the aim of detecting a significant difference in 6MWT decline over 52 weeks.102 The primary endpoint was not met, but the investigators were encouraged by non-significant trends towards reduction in FVC /DLCO decline and a reduction in mortality in the treatment arm, particularly in a post-hoc analysis of patients in whom diagnosis was confirmed with surgical lung biopsy. This led to King et al. to conduct the larger BUILD-3 trial.103
Following the findings from King and colleagues involvement in endpoint validation in the IFN-γ trial,101 BUILD-3 was powered to observe a decline of ≥ 10% in FVC, reduction in TLCO ≥ 15%, exacerbation of disease, or mortality.103 In total, 616 patients were randomised to Bosentan (407) or placebo (209), all of whom underwent lung biopsy to confirm the diagnosis. There was no difference in the primary endpoint. This well-conducted and sufficiently powered trial highlights further difficulties in the translation of the bleomycin animal model of fibrosis to human IPF and also the large number of patients required to detect changes in the commonly selected primary endpoints.
Warfarin and Anticoagulation
A recent review highlights the imbalance in the clotting cascade in patients with IPF.201 However, only two studies have investigated the effect of warfarin, a vitamin K antagonist in IPF.202, 203 Unfortunately, the outcomes of these trials appear diametrically opposed. Kubo et al. reported an RCT in 2005 of warfarin and prednisolone vs. prednisolone alone in 56 patients, demonstrating a major survival advantage associated with warfarin.202 However, absence of investigator and subject blinding, the lack of a placebo arm (particularly given previous conclusions about NAC in conjunction with prednisolone) and per protocol analytics severely limit the interpretation of this study.
Noth et al. reported a double-blinded RCT in 145 patients with dose-adjusted sham as the placebo intervention, mimicking the haematological investigation needed for patients on warfarin.203 By stark contrast, a higher mortality was seen in the treatment arm (19.4% vs. 4.1%). The differences in these studies are subtle, but may pertain to physiological state of the participants at recruitment and the use of low molecular weight heparin during admission in the first study.202
Although warfarin is not recommended specifically for the treatment of IPF, it is commonly prescribed for other indications. Further work is needed to evaluate the role of anticoagulation cascade manipulation in IPF, including the role of other anticoagulant agents.
Tyrosine Kinase Inhibition and Imatinib
Tyrosine kinases (TKs) trigger or inhibit cellular functioning and take many different forms. Some forms of TK, including platelet-derived growth factor receptor (PDGFR), appear to have a role in proliferation of fibrotic tissue and targeting PDGFR appeared to have antifibrotic effects in a bleomycin mouse model of IPF.204 Imatinib is a tyrosine kinase inhibitor (TKI) and demonstrates activity against PDGFR among other TKs. At the time, its efficacy was being explored in other proliferative diseases, such as pulmonary arterial hypertension.205
However, an RCT of 119 patients with IPF randomised to imatinib or placebo failed to demonstrate efficacy in the prespecified domains (FVC, DLCO, 6MWT decline over 92 weeks).46 There was however, a preservation of arterial oxygen levels in the treatment arm of this trial, suggesting a possible effect on vascular remodelling, rather than the profibrotic process per se. Although imatinib is not recommended for the treatment of IPF, this trial was an important step in the use of TKIs in IPF.89
Summary
In spite of the lack of the lack of efficacy demonstrated from these trials, important outcomes include a renewed drive to find efficacious treatments for IPF, a recognition of the limitations of the traditional animal model and identification of the best surrogate outcomes of mortality.
In particular, it is apparent from these trials that there was a significant heterogeneity in the choice of primary endpoint, where now FVC decline is recognised as the most appropriate surrogate marker of mortality. In turn, these ineffectual endpoints were applied to studies underpowered to see physiological changes. Post hoc analysis of data, such as in BUILD-3, also led to substantial bias.
 Nevertheless, a total of 2,596 subjects have been studieds in the aforementioned RCTs, representing significant time, cost and probable disappointment. A timeline summary of these trials and numbers of subjects in each are given in Table 1.5.4.
Table 1.4: Summary of phase III IPF treatment studies in chronological order.
[bookmark: _Toc3145471]Table 1.51: Summary of phase III IPF treatment studies in chronological order.
	Author (year)
	Study Name
	Treatment
	n (Active arm)
	n (control / placebo)
	n (total)

	Ziesche et al. (1999)
	-
	Interferon gamma-1ß vs. placebo*
	9
	9
	18

	Raghu et al. (2004)
	-
	Interferon gamma-1ß vs. placebo* 
	162
	168
	330

	Demedts et al. (2005)
	IFIGENIA
	Azathioprine, prednisolone, NAC vs. Azathioprine and prednisolone
	80
	75
	155

	Kubo et al. (2005)
	-
	Warfarin and prednisolone vs. prednisolone
	33
	23
	56

	Antoniou et al. (2006)
	-
	Interferon gamma-1ß and prednisolone vs. colchicine and prednisolone
	32
	18
	50

	Raghu et al. (2008)
	-
	Etanercept vs. placebo
	46
	41
	87

	King et al. (2008)
	BUILD-1
	Bosentan vs. placebo*
	74
	84
	158

	King et al. (2009)
	INSPIRE
	Interferon gamma-1ß vs. placebo*
	551
	275
	826

	King et al. (2011)
	BUILD-3
	Bosentan vs. placebo*
	407
	209
	616

	Raghu et al. (2012)
	PANTHER-IPF
	Azathioprine, prednisolone, NAC vs. placebo
	77
	78
	155

	Noth et al. (2012)
	-
	Warfarin vs. placebo*
	72
	73
	145

	
Total
	
2,596


*Prednisolone co-prescription permitted
[bookmark: _Toc364347271]Current Pharmaceutical Treatments
Pirfenidone
Following the findings of Raghu et at from the PANTHER-IPF trial,157  clinicians involved in the treatment of patients with IPF were left with a paucity of efficacious therapeutic options. The international consensus guidelines reflect this gap, with all treatments receiving a ‘strong no’ or ‘weak no’ recommendation, with the exception of corticosteroids for acute exacerbations of disease.8
The guidelines gave mention to pirfenidone, a novel antifibrotic compound, but through a lack of evidence at the time of publication in 2011, also gave a ‘weak no’ recommendation to its use.8 The only published data on pirfenidone in humans at this time were two publications by Raghu et al. in 1999,206 and Azuma et al. in 2005.105 The former of these was a report from an open-label study, citing its properties as a compound inhibiting TGF-β-stimulated collagen synthesis as a reason for testing this novel compound. 54 patients discontinued steroids and immunosuppressant therapy and commenced pirfenidone, with the majority of patients seeing a slowing or halting of worsening lung function. Given the open-label nature of the study, there was no control arm and subsequent findings of increased hospitalisation and death associated with prednisolone and azathioprine may have contributed to the apparent positive findings.157 However, the results were encouraging to progress to a further RCT. 
Azuma et al. randomised 109 patients to pirfenidone or placebo but the study did not meet its primary endpoint, namely a change in 6MWT oxygen saturation nadir.105 However, a statistically significant change was also observed in FVC at nine months follow-up. Subsequently, the first phase III trial in Japan used FVC decline over 52 weeks as a primary endpoint in 275 patients, finding a statistically significant difference in this endpoint in favour of pirfenidone. Further phase III trials of pirfenidone were planned in a larger population, powered to observe an effect of decline in FVC of ≥ 10% or mortality and thus building on this finding and on the knowledge of previous endpoint assessments.101
Two concurrent RCTs were conducted across 13 countries, commonly termed the ‘CAPACITY’ trials.90 These trials, termed 004 and 006, were reported together in 2011, too late to be considered in the international consensus guideline.8 Pirfenidone demonstrated a reduction in disease progression as defined by the primary endpoint in 004, but the difference was not statistically significant in 006. The USA Food and Drug Administration (FDA) generally requires ‘two adequate and well-controlled studies’ to demonstrate efficacy and therefore licence a novel therapeutic agent.207 The 006 trial was deemed insufficient to demonstrate efficacy and therefore U.S.A. regulatory authorities requested an additional trial to support the approval of pirfenidone.
The reason for the lack of efficacy demonstrated in trial 006 is not entirely clear, but participants in the placebo arm seem to progress at a less rapid rate than those in the 004 trial, which was more in keeping with FVC progression rates from other RCTs (see Figure 1.13). The ASCEND trial (n=555) was therefore designed to confirm efficacy of pirfenidone.108 The major changes from the CAPACITY trials were exclusion of patients with an FEV1/FVC ratio of 80% or less to help exclude coincident airways disease such as COPD, which may contribute to spirometry and gas exchange abnormalities, a centralised study review of CT scans, the high proportion of participants with ‘definite’ UIP pattern disease (95%) and the high proportion of surgical biopsies (30%), which may have enriched the study population. This is reflected by the more rapid decline of FVC in the placebo arm than seen in other IPF RCTs, as is also demonstrated in Figure 1.13. ASCEND reached statistical significance in its primary endpoint in favour of pirfenidone.
Pirfenidone is now licenced for treatment of IPF in the USA, Canada, Europe and Japan and the first treatment to clearly demonstrate a slowing in the progression of disease. However, the time from publication of the first open label trial to the final phase III ascend study was 15 years and the trials involved 1,772 patients.90, 105, 107, 108 Difficulties in finding a sensitive and clinically relevant endpoint, alongside heterogeneity of disease progression and a lack of accurate prognostic biomarkers ensured a long road to eventual success.
Nintedanib
Nintedanib is an inhibitor of several tyrosine kinase receptors, including the aforementioned PDGF, vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF). These VEGF and FDF receptor inhibition actions represent additional properties to the PDGF receptor properties of imatinib, as previously described (1.4.1.6).46 These actions are likely responsible for the observed effects in vitro studies, such as suppression of fibroblast proliferation, migration and differentiation, and extracellular matrix secretion.208 The numerous mechanisms of action described are not confined to action on lung fibroblasts; indeed nintedanib was first developed to inhibit angiogenesis in several histopathological cancers and has proven efficacy, particularly in the treatment of ovarian cancer.209
By the time Richeldi et al. (2011) conducted the first phase II trial of nintedanib in IPF, FVC was becoming accepted as a primary endpoint.210 The ‘TOMORROW’ trial was a dose-finding study over 12 months (n=432).210 Although the trend toward reduced FVC decline was not statistically significant when correcting for multiplicity, the trend to efficacy was most marked in the highest dose arm and provided the basis for phase III trials.
In a similar fashion to the pirfenidone CAPACITY trials,90 the INPULSIS trials were two phase III replicate placebo-controlled RCTs to assess efficacy of nintedanib, reported together (n=1066).89 Although the primary endpoint of the trials was absolute decline in FVC over 52 weeks, nintedanib also significantly reduced the proportion of participants with FVC decline ≥ 10%. On this basis, nintedanib is licenced for the treatment of IPF in the Europe and the USA.
Antifibrotic Treatment Funding in the UK
The funding recommendations of pirfenidone and nintedanib in the UK as assessed by NICE are worth further discussion, given their use of FVC cut off values to determine treatment thresholds in patients with IPF.211, 212 The relevant recommendations for both treatments are:
· The person has an FVC between 50 and 80% predicted
· Treatment is discontinued isf there is evidence of disease progression (decline in FVC ≥ 10% within any 12-month period)
The 80% maximal threshold for both treatments was provided on the basis of high incremental cost effectiveness threshold (ICER) calculations in this subgroup, although neither the CAPACITY90 nor INPULSIS89 trials analysed these subgroups prospectively. The NICE committee heard that patients with percent ofa predicted FVC < 50% were in a terminal phase of illness and focus should be of palliation and possibly lung transplantation.211, 212 In both treatments, a fall in FVC ≥ 10% was determined to be representative of treatment failure, given that efficacy of the drugs was demonstrated by preservation of FVC in the treatment populations.
The limitations of FVC have been previously covered, including how normal reference values differ with gender and age, differences in reference equations, inflation of FVC by co-existent conditions, such as emphysema and the lack of clarity between using absolute and relative changes. The recommendations are often perceived as controversial for these reasons.
Investigators have tried to address these issues. For example, a pooled post-hoc analysis of the CAPACITY and ASCEND trials evidenced that even those who suffered a 10% decline in FVC over the first six months of the trial were less likely to suffer a further decline or death over the subsequent six months if in the treatment arm.114 Kolb et al. report that composite data from both INPULSIS trials demonstrate that FVC decline and benefit from treatment is the same for patients with an FVC > 90% as compared to those with FVC ≤ 90%.213 The need for personalised assessment and management is in stark focus following these debates, but remains challenging given the limited availability of accurate markers of prognosis.
Gastro-oesophageal reflux treatment
It has long been observed that gastro-oesophageal reflux disease (GORD) symptoms (heartburn, indigestion) are associated with IPF.214 Furthermore, a case control report of patients with IPF on the lung transplantation list determined that two-thirds of patients had evidence of reflux on oesophageal pH testing and that symptoms were unreliable in determining whether or not acid reflux was present.215 Whether GORD precedes IPF development and contributes due to acidic damage to the lung parenchyma, or whether GORD is more prone to subsequent occurrence in IPF, for example due to reduced lung compliance leading to intrathoracic pressure changes, is unclear.
In light of such studies, Alliax and colleagues recently called for early consideration of antireflux surgery in patients with IPF,216 although there is was no clinical trial data to support the assertion that it would improve outcomes. Several studies demonstrate that inhibition of acid secretion using proton pump inhibitor (PPI) drugs is associated with a slower rate of pulmonary function metric decline,217 and improved survival,218, 219 but these are taken from retrospective analysis and prospective data supporting routine use of PPIs in IPF is lacking in this area. Antireflux therapy is still commonly prescribed and is recommended to be considered for use in the ‘majority of patients’ with IPF in the most recent consensus guidelines.8
In September 2018, the WRAP-IPF study results were published.61, 220 The investigators assigned 58 patients with IPF to either anti-reflux surgery or no surgery and reported a trend to smaller FVC decline in the surgery group at 48 weeks (p=0.28). Exacerbation of disease, hospitalisation and death were less common in the surgery arm, although again the difference did not achieve statistical significance. The authors call for a larger randomised controlled study of anti-reflux surgery in IPF.
[bookmark: _Toc364347272]Supportive Treatment and Non-Pharmaceutical Care
The role of non-pharmaceutical care has been established in the NICE quality standard document (2015).72 Access to a specialist nurse, pulmonary rehabilitation course referral, palliative care support and supplemental oxygen assessment and use are covered in this document and are in general, provided on an individual, pragmatic approach. A detailed discussion is outside of the scope of this thesis, although clearly accurate prognostication facilitates informed discussion on these issues.
Lung transplantation is an option for patients with IPF who fulfil stringent inclusion criteria and improves functional status and survival.221 Given the paucity of available donor lungs and the limited life expectancy of transplanted lungs, careful selection of patients is required. The International Society for Heart and Lung Transplantation (ISHLT) recommend that referral is made when patients have a < 50% 2-3 year survival.222 Given that deterioration in IPF is unpredictable, potentially sudden and given that most die within 5 years of diagnosis, this makes eligible patient selection challenging in this condition.
[bookmark: _Toc364347273][bookmark: _Toc364347353][bookmark: _Toc3145063]The Need for Novel Markers of Disease
IPF is a fatal disease and in spite of recognition of the pathological features of UIP in literature dating back several decades, prognosis remains very poor for the majority of patients. Several issues continue to hamper the progression of developing management strategies in IPF. These have been explored previously and include:
· A lack of understanding of the triggers for IPF, leading to significant lag times in the diagnosis and a lack of understanding of what ‘early’ IPF looks like.85
· Evolution of the understanding of pathological features leading to changes in taxonomy and classification of ILD disease types over the past four decades.8, 32, 61
· Deficiencies in applying pathophysiological findings from the commonly utilised bleomycin rodent model to human subjects with IPF, as demonstrated by treatments, which prevent or reverse fibrosis in the model, but have failed to demonstrate efficacy in humans.45, 103
· A considerable lag in finding validated endpoints of IPF, suitable for measuring efficacy in humans.101
· The insensitivity of these endpoints, leading to the need for large numbers of patients to be recruited to clinical trials in order to identify and validate these endpoints.89, 90
Thus, in order to make long-term progress in understanding the development and management of IPF, one or more novel sensitive markers of disease severity and progression are needed. Such markers may allow progression to be recognised early, for better risk stratification and treatment targets and may also permit a reduction in numbers required to investigate novel treatments for IPF. The need for novel treatments in spite of recent advances is still great, given that neither of the currently prescribed antifibrotic treatments halt disease progression or reverse fibrosis, merely slow down the rate of progression and are associated with significant side effect profiles.89, 90, 108
Imaging has taken on a sentinel role in identifying UIP and significantly reduced the number of patients placed at risk of surgical biopsy.68, 69 There is considerable inhomogeneity in the patients diagnosed with IPF, as demonstrated by the enrichment of ‘fast decliners’ in previous trials.108 It is hoped that novel imaging techniques may provide new markers of disease, further expanding the already important role of imaging in IPF.	
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Novel Quantitative Imaging Techniques in Interstitial Lung Disease: in Search of New Biomarkers
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Introduction
Imaging plays a key role in the diagnosis and assessment of interstitial lung disease (ILD). A multidisciplinary team with expertise in ILD can often reach a reliable diagnosis based upon clinical findings and radiology alone, as exemplified by the Joint Consensus International Societies Statement on the classification of idiopathic interstitial pneumonias.223 In practice, radiological examinations are qualitatively interpreted with an inherent degree of subjectivity. However, ILD features such as honeycombing are often subtle and may be mimicked by other conditions, leading to inter-observer disagreement in their presence and extent.224 Thus, interest exists in developing quantitative and novel imaging tools. Drug-induced interstitial lung diseases (DI-ILD) creates an important burden, with data from the Clinical Practice Research Database (UK) estimating an incidence of 4.1 per million per annum,225, DI-ILD demonstrate significant heterogeneity in their radiological and pathological manifestations,226 and therefore provide an enticing target for testing novel imaging techniques. Here, a commentary on the recent developments in novel imaging techniques in ILD is provided, with a focus on quantitative high–resolution computed tomography (HRCT) and new techniques from MRI and PET.
Methods of literature review
Literature searches were performed using the Medline database via Ovid online portal at the University of Sheffield (UK) and cross-referenced with identical search terms on PubMed and TRIP database (both web based, open access). The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram is provided in Figure 2.1.
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PICO
The literature search design was as below.
P: Any form of interstitial lung disease (diffuse parenchymal lung disease)
I: Quantitative (HR)CT, Any MR(I) modality, PET, SPECT
C: (HR)CT, pulmonary function tests
O: Prognosis, prediction, severity measures, phenotyping

Outcome left open to ensure widest possible data collection
Comparator not specifically supplied for the same reason
Search terms
Three searches carried out:
1. CT:
MESH: [Tomography, X-Ray Computed (exp)]
AND
MESH: [Pattern Recognition, Automated (exp)]
OR
Free text: quantitative.mp, automat?.mp. [mp=title, abstract, original title, name of substance word, subject heading word, keyword heading word, protocol supplementary concept word, rare disease supplementary concept word, unique identifier, synonyms], automated.mp.
2. MRI:
MESH: [magnetic resonance imaging (exp)], [xenon (exp)], [helium (exp)]
OR
Free text: magnetic resonance.ab.ti. MRI.ab.ti, NMR.ab.ti, oxygen enhance*.ab.ti, xenon, helium, xe.ab.ti, hyperpolari*. ab.ti
3. PET and SPECT:
MESH: [Tomography, Emission-Computed (exp) tomography, Emission-Computed, Single-Photon (exp)] 
OR
Free text: PET.mp, positron electron tomograph*.mp., SPECT

Each search was combined with the following terms:
AND
MESH: [Lung diseases, Interstitial (exp), Pulmonary Fibrosis (exp),]
OR
Free text: Diffuse parenchymal lung*, "pulmonary fibro*.ab,ti., lung fibro*.ab,ti.
Limited to English language
Computed Tomography
Lung density analysis
HRCT is a highly sensitive imaging tool for the assessment of macro-structural changes in ILD. In the era of multi-detector CT scanners, volumetric protocols acquired during inspiration are preferred to noncontiguous slices, due to enhanced sensitivity to spatially heterogeneous ILD features and ancillary findings (e.g. nodules).227 HRCT plays a key role in identification of the pathological phenotype of ILD and typical imaging features are well recognised in international consensus guidelines.223 Even so, disagreement on presence or quantification of disease severity between independent radiologists is common.224, 228, 229 Semi-quantitative CT scoring analyses by expert radiologists may provide prognostic insight,230 but there remains no standard method for scoring radiological extent or severity. Quantification of overall lung histogram features, regional CT density changes, parenchymal texture features and other assessments by advanced algorithms including unsupervised machine learning and deep learning approaches to image analysis have the potential to standardise and develop the role of HRCT in ILD, possibly best exemplified in the literature by lung cancer identification trials.231
The Hounsfield scale is a quanitative scale used for describing the radiodensity of material.The scale represents a transformation of the linear attenuation of material into one where the radiodensity of water is zero Hounsfield units (HU), with air defined as -1000 HU. These are universally applied for the application of imaging the internal anatomy of animals with tissues based on organised water structures. However, these values are not absolute and variation in HU density can occur in the same tissue using different scanners.232
HRCT density measurements have been used to quantitatively assess lung structure in a range of respiratory conditions, most prominently in emphysema.233 The CT density histogram of normal lung tissue is peaked at approximately -800 Hounsfield units (HU) HU and is left-skewed. An increase in the amount of soft tissue, due to fibrosis, will increase mean lung density and decrease the histogram kurtosis and skew.234 Whole-lung CT metrics, such as mean lung density (MLD),234 or lowest fifth percentile of the lung density histogram,235 correlate with physiological measures of severity, and change with disease progression.236 Although several studies have explored the relationship between density histogram metrics and ILD outcomes,237-240 reducing quantitative regional information from highly sensitive imaging to global summary measurements sacrifices the richness of the imaging data. Global measures are also confounded by other features such as air trapping in hypersensitivity pneumonitis and parenchymal destruction in combined pulmonary fibrosis and emphysema syndrome.  Similarly, Ccomplex of regional volume loss and architectural distortion result in local changes that are not apparent in the overall histogram for mild disease. Example density histograms from a local cohort are shown in Figure 2.2.
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[bookmark: _Toc364424674][bookmark: _Toc364425634][bookmark: _Toc364493359][bookmark: _Toc494795734][bookmark: _Toc3145307]Figure 2.222.2: Example density histograms from a cohort of patients in Sheffield, UK.
In emphysema, the CT density histogram demonstrates a reduction in kurtosis of the curve and a left shift towards a greater number of pixels with a density of ≤ - 950 HU. In IPF, there is a shift towards denser tissue and a higher proportion of lung tissue with a density of 600 HU or greater. The picture in a combination of the conditions is complex and the histogram may be stretched in both directions. IPF: idiopathic pulmonary fibrosis; CPFE: combined fibrosis and emphysema. Adapted from local data, with thanks to Dr. Christopher Johns.
Texture-based analysis
Texture-based analysis and computer vision based approaches can be applied to imaging data to characterise, model and process imaging features, simulating human visual perceptual and learning process using two dimensional or volumetric classification algorithms. The pre-processing, feature extraction and characterisation of data enables identification and quantification of image qualities that may have visual equivalents (e.g. rough or smooth, linear or curved) as a function of the spatial variation in pixel intensities. Focal texture analysis can potentially evaluate both global and regional information, generating qualitative and quantitative metrics. The texture features can allow for both density and morphologic assessment that can and provide a means of determining the type of abnormality (such as emphysema vs. honeycombing vs. cysts), the severity (fine vs. coarse reticulation), and extent of disease that correlates with expert radiologist assessment.241 
The adaptive multiple feature method (AMFM) is a lung texture analysis software that has been designed to recognise high-resolution computed tomography (HRCT) patterns.  The AMFM analysis uses a combination of 26 different mathematical features describing regional density patterns, along with a Bayesian classifier to recognise and quantify the volume occupied by a variety of radiologic patterns. This can distinguish emphysema from fibrosis, identify ground glass opacification (GGO) and normal lung.242-244 In early iterations, difficulties were encountered in discriminating diseased parenchyma from thoracic wall and in identifying bronchi.242 The 2-dimensional AMFM appeared relatively unsuccessful in identifying honeycombing 242, 243 due to the complex appearance of high and low attenuation values in these regions.245
Further work on the AMFM allowed 3-dimensional assessment, with apparent improvements in identification of honeycombing.246 Sensitivity and specificity for automated identification was 100% for emphysema and consolidation and 95% and 97%, respectively for honeycombing.246 Huber et al. report similar improvements in the assessment of honeycombing by utilising Minkowski functionals to recover the notion of distance on a linear space.247 AMFM was retrospectively applied to the HRCT scans in a large clinical trial of patients with IPF, where extent of GGO was independently associated with disease progression.248 Boehm and colleagues demonstrated that combining densitometric and topological information allowed automated analysis to reproduce radiologists' ratings on disease severity, ranging from 85.7% agreement in fibrotic regions to 98% in normal regions.249 Similar comparative studies of automated quantification software assessment have also shown good agreement with expert radiology opinion.250, 251
Defining lung regions manually is time consuming, therefore automated segmentation of lung fields may allow more widespread use of quantitative CT. The required undersampling can be problematic, as ILD features may be similar in appearance to soft tissue.236, 252 Korfiatis et al. described how a support vector machine (SVM) can be utilized to perform an iterative ‘neighbourhood labelling’ process, whereby lung voxels in the border regions of the lung are iteratively rechecked against labelled voxels to refine the lung border, thus improving delineation of lung tissue.253
Computer Aided Lung Informatics for Pathology Evaluation and Rating (CALIPER) is an image analysis tool that uses both 3D histogram features within a regional voxel and morphologic analysis to characterize HRCT data. The classifier was developed based on consensus radiologist determination of parenchymal features of voxels randomly selected from training images with histopathologically confirmed disease for a variety of lung parenchymal pathologies and control subjects 254-256 from the Lung Tissue Research Consortium.257 Four thoracic radiologists identified regions of normal parenchyma, emphysema/hyperlucency, GGO, reticulation and honeycombing. Histograms of these voxels were compared with a dissimilarity metric, and machine learning techniques including automated clustering through affinity propagation were used to determine canonical mathematical signatures that corresponded to these visual classes. Adaptive morphological and region growing algorithms extract the tracheobronchial tree, pulmonary vascular structures and lung parenchyma from a 3D volume. Each parenchymal pixel is classified using a combination of histogram similarity metrics (compared to canonical signatures) and morphological assessment. In retrospective clinical assessment of 55 patients with IPF, CALIPER-measured ILD changes including percent ILD, total ILD volume and total reticulation volume were associated with survival at multivariate analysis.258 An example output from CALIPER in a patient with UIP is shown in Figure 2.3.
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[bookmark: _Toc364424675][bookmark: _Toc364425635][bookmark: _Toc364493360][bookmark: _Toc494795735][bookmark: _Toc3145308]Figure 2.322.3: Example CALIPER output in IPF
Quantitative CT output generated by CALIPER imaging software for one patient with IPF from Sheffield. A: original axial and coronal HRCT sections. B CALIPER analysis. C: Glyph colour key. LAA: low attenuation area. With thanks to Dr Bartholmai and colleagues of the Mayo Clinic (unpublished).
Quantification of Vascular Metrics
Jacob et al. reported segmentation of the pulmonary vasculature and assessment of vessel cross sectional area, using a priori thresholds of 5 and 10mm2.259, 260 Applied retrospectively to patients with IPF, the sum of pulmonary vessel volume (PVV) not only correlated with visually and quantitatively assessed extent of disease, but when combined with physiological parameters, prognosticated better than the GAP score tool.259 In 203 patients with connective tissue disease-related ILD, PVV outperformed physiologic indices and visual CT scores as predictors of mortality.260  As the volumetric assessment of the size and morphology of branching vascular structures is extremely difficult for a radiologist, this novel metric highlights the potential utility of quantitative measures that do not have a current visual or morphological correlate in the radiology lexicon. Additional machine learning or deep learning techniques may elucidate features that are not perceptible, nor reproducibly assessed by humans.231    
Potential Clinical Applications and Limitations
A common challenge in the ILD MDT is differentiating between UIP and fibrotic NSIP.261 Park et al. demonstrated that their quantitative CT algorithm outcome was retrospectively in agreement with biopsy in 54 patients with 82% overall sensitivity and performed better than qualitative analysis by two radiologists.262 Tanizawa and colleagues’ definition of cystic areas also appears to provide value for differentiating IPF from non-IPF diagnoses.245 Further refinement and generalisation of quantitative techniques may lead to its their use as a tool for assisting diagnostic discrimination in challenging cases.
The potential for using CT to map response to treatment is exemplified in SSc related ILD.263, 264 The reassessment of the Scleroderma Lung Study dataset using quantitative lung fibrosis scoring demonstrated improvements in CT metrics following cyclophosphamide treatment.265 Two further studies assessed patients with SSc undergoing autologous stem cell transplantation.266, 267. Kloth et al. found significant differences in the lung attenuation of responders to treatment,266 while Yabuuchi et al. demonstrated that quantitatively measured GGO correlated more strongly than radiologist qualitative assessment of GGO with treatment response.267
Limitations
However, several issues exist in the standardisation of quantitative CT metrics. Multicentre trials are confounded by differences in scanner equipment and protocols. Choice of reconstruction algorithm influences image resolution and density histogram parameters. In particular, a high-frequency reconstruction algorithm reduces per- pixel histogram skewness and kurtosis.268 Regular quality assurance by scanning phantoms at all collaborating sites is not always feasible.237 Standardisation of the image density to tracheal air density is plausible,269 but density varies throughout the trachea. Chong et al. have reported on a novel feature selection scheme that prioritises recognition features robust to variations in apparent lung density, reporting enhanced performance in correctly identifying key disease features in ILD.270 In spite of such obstacles, Iwisawa and colleagues reported excellent agreement in automated CT pathology features across different scanners and sites using the Gaussian histogram normalized correlation (GHNC) analysis technique.271
Lack of standardisation of inspiration level during CT acquisition may also lead to differences in density. Previous data suggests inspiration to a lung volume of 90% of vital capacity yields the most reproducible density results.272 However, spirometric gating is not routinely available in most centres and some researchers report adequate reproducibility without spirometric standardisation of inspiratory effort.238 Co-morbidities such as heart failure or exogenous factors such as contrast media are likely to affect the overall lung density, which may further restrict the use of quantitative metrics in a clinical environment, but quantitative analysis of their impact is lacking.
Summary
Recent significant advances in quantitative CT have been made in semi-automated lung segmentation and, leading to  greater success in the automated identification of honeycombing using texture analysis, alongside new means of assessing the associated pulmonary vascular changes. While global physiological indices of disease progression such as standard pulmonary function tests are affected by co-morbidities such as emphysema or pulmonary hypertension, quantitative CT should ideally be able to objectively and accurately measure structural interstitial change as a standalone parameter enabling effective analysis of treatment response or objective assessment of disease progression. The objectivity and sensitivity to subtle interstitial changes in patients exposed to a potentially pneumotoxic drug, or monitoring for short-term improvement in presumed DI-ILD following removal of the offending agent is apparent. To our knowledge, this specific clinical application has yet to be assessed.
Magnetic Resonance Imaging
Acquisition of lung magnetic resonance imaging (MRI) is challenging due to a number of factors, including low proton density of lung tissue, multiple air tissue interfaces causing magnetic field inhomogeneity, rapid MR signal relaxation, and respiratory and cardiac motion. Several pre-clinical MRI studies utilised the bleomycin-induced fibrosis rat and mouse model,273-277 but MRI studies in human participants with ILD remain sparse. However, proton MRI methods such as ultrashort echo time (UTE) offer the possibility to image ILD structural changes at greater resolution, and contrast enhanced imaging offers a means of pulmonary perfusion assessment. In addition, MRI of inhaled hyperpolarised gases offer the ability to assess changes in lung ventilation,278 microstructure 279, 280 and gas exchange assessment.281
Proton Density, T1 and T2
Established proton MR imaging techniques such as 3D gradient echo and balanced steady-state free precession (SSFP) demonstrate reasonable sensitivity to fibrotic regions of lung tissue, although qualitative structural assessment is undoubtedly inferior to CT.282 Subtle abnormalities such as thickening of lobar septae are difficult to appreciate on MRI.283 In a retrospective study of CT and MRI in SSc ILD, extent of disease on MRI and CT correlated well, but MRI underscored more extensive disease.284 More recently, UTE imaging with radial acquisition of k-space, such as that shown in Figure 2.4, has enabled reductions of echo time (TE) to less than 100μs, thus minimising T2* dephasing signal losses resultant from magnetic field inhomogeneity at air-tissue interfaces. With 3D free breathing acquisition,285 these methods provide improved structural image quality and resolution, at the cost of motion artefact at the lung bases and long acquisition time, as demonstrated in Figure 2.4.286
The UTE sequence described in figure 2.4 286 samples the lung parenchyma in 3D k-space using a 3D radial trajectory with non-linear sampling in order to sample the short T2* signal compartments from lung tissue. The sequence used samples a first free induction decay image at TE 80 µs followed by a second echo at TE = 2.1 ms in order to assess the effect of lung T2*. The work described was performed at 3T field strength where lung T2* is typically < 1 ms whilst at 1.5T the T2* of healthy lung lung tissue is typically between 1-2 ms.287
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[bookmark: _Toc3145309]Figure 2.422.4: HRCT vs MRI UTE
Ssagittal reformats of the high-resolution computed tomography (HRCT) of a patient with idiopathic pulmonary fibrosis (a), 3-dimensional ultrashort echo time (3D UTE) (b), and the second echo of the 3D UTE sequence (c). Although honeycomb change is visualised in the UTE image, HRCT images show higher spatial resolution. The structural abnormality is not well visualised in the second echo images. Reproduced with permission from John Wiley and Sons.[62]
Regional T1 and T2 characteristics of lung tissue may discriminate ILD pathology. Stadler et al. demonstrated that the T1 of fibrotic lung parenchyma is significantly longer than emphysema, but ththis at T1 values were heavily influenced by lung inflation state.288 Buzan et al. observed that GGO, reticulation and honeycombing have inherently different T2 relaxation times in 12 patients with NSIP or UIP.289. Ohno et al. demonstrated that mean T2* values are also prolonged in patients with CTD-ILD due to the regional expanse of soft tissue reducing field inhomogeneity.290 The mean T2* of the lung correlated with visual score disease severity on CT, although spatial resolution was low and registration of T2* parametric maps with structural imaging was absent.290
Oxygen-enhanced and hyperpolarised gas MRI
Oxygen-enhanced MRI utilises the paramagnetic (T1-shortening) effect when molecular oxygen dissolves in tissue water and blood in the lungs. By acquiring images using a paradigm of alternating inhaled oxygen at room air concentration and high flow oxygen and subtracting the images, maps of T1-shortening are derived. Ohno et al. demonstrated enhancement changes in patients with connective tissue disease related ILD versus healthy controls.291. Molinari et al. used ‘percentage of oxygen-activated pixels’ (OAP%) as a quantitative metric, demonstrating a correlation of OAP% with transfer factor of the lungs for carbon monoxide (TLCO) in a cohort of patients with various forms of ILD.292 Given that the oxygen environment is dependent upon both local ventilation and perfusion, separating the contribution of each is a significant current challenge.
Hyperpolarised (HP) noble gas MRI exploits the signal enhancement available by the technique of spin exchange optical pumping of helium (3He) or xenon (129Xe). These atoms have spin ½ and can thus be imaged with conventional MRI methods with dedicated radio frequency coils .293 The HP gas is prepared in a pure state or mixed with nitrogen or oxygen and inhaled by the patient, who holds their breath for several seconds during acquisition. This technique is reportedly well tolerated in patients with various lung diseases.294
Whilst 3He is insoluble in lung tissue, 129Xe does not remain exclusively in the airways, but crosses the alveolar interstitium into capillary blood. Diffusion limitation can be probed with MR spectroscopic techniques, which take advantage of the unique chemical shift of 129Xe in gaseous (G), aqueous (tissue and plasma: TP) and red cell (RBC) environments. The RBC peak signal was reduced in comparison to the TP signal in patients with IPF versus healthy volunteers, suggesting that spectroscopic approaches may provide a viable biomarker of interstitial thickening.281 Indeed, measures of 129Xe gas exchange correlated with TLCO in two small cohorts of patients with IPF and SSc- associated ILD.281, 295 These spectroscopic techniques can be extended to provide regional information in the form of ratios of RBC, TP, G, potentially forming the basis of regional gas exchange mapping of the lungs.296, 297 Wang et al. demonstrated that these signals showed weak correlation with qualitative CT and semi-quantitative CT scores in a cohort of subjects with IPF, but good correlation with pulmonary function tests.298 These regional maps of gas exchange provide a novel functional imaging modality and may therefore be additive in the functional assessment of ILD. Example spectra and dissolved phase imaging are shown in Figures 2.5 and 2.6. However, changes in 129Xe MR spectroscopy metrics are likely to result from both interstitial thickening and changes in pulmonary haemodynamics, as a recent dual case report suggests and the influence of each requires further investigation.299.
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[bookmark: _Toc3145310]Figure 2.522.5: Example 129Xe spectra of the lungs
Example of whole-lung spectral peaks generated from hyperpolarised 129-xenon magnetic resonance spectroscopy. Figure a) is generated from a healthy volunteer. The red blood cell (RBC) peak is relatively preserved. In mild (b) and severe (c) IPF, with GAP score 1 and 3, respectively, the red blood cell peak is diminished in respect to the tissue / plasma peak, suggesting a diminishment in gas transfer efficiency of the lung. Unpublished local data.
[image: ]
[bookmark: _Toc3145311]Figure 2.622.6: Regional gas transfer with 129Xe
Wang et al. demonstrated how parametric maps derived from hyperpolarised 129-xenon magnetic resonance spectroscopy may phenotype gas exchange limitation in the lung in idiopathic pulmonary fibrosis (IPF). In healthy lungs (A), xenon gas diffuses efficiently across the alveolar membrane into red blood cells (RBCs), resulting in signal intensities in the normal range for both compartments. In IPF, the interstitium is thickened, increasing xenon uptake in the tissue. In some regions (B, arrows), diffusion across it is slowed, causing RBC transfer to decrease. As the disease progresses (C), scarring becomes so severe that 129Xe no longer diffuses into or through the barrier. The authors postulated that regions depicting the coexistence of increased barrier uptake with preserved RBC transfer (D, arrow) may represent regions of early disease. Reproduced with permission from BMJ Publishing Group.[73]
Diffusion-weighted MRI of HP gases enables quantification of the Brownian motion of these gases in the acinus by mapping of the apparent diffusion coefficient (ADC) of the gas. The ADC is reflective of acinar airway integrity and microstructural length scales in pulmonary disorders, such as emphysema.280 Altered ADC has been reported in a small cohort of patients with pulmonary fibrosis, indicating a disruption of the acinar microstructure but it is not clear if these changes precede structural changes evident on CT.279
Pulmonary perfusion and dynamic contrast-enhanced MRI
MR contrast uptake parameters using dynamic contrast–enhanced (DCE) MRI provide a means of pulmonary haemodynamic assessment. Tsuchiya et al. illustrated that pulmonary arterial flow was slower in a cohort of patients with ILD due to CTD or idiopathic cause, than in a group of volunteers without lung disease.300 However, pulmonary arterial flow as a single measure did not demonstrate correlation with disease severity. It may be that quantification of smaller vessel flow is required to increase the sensitivity of perfusion MRI to advancing vasculopathy associated with ILD.
For example, in study of patients with CPFE, mean transit time (MTT) through the lung was prolonged compared to healthy controls.301 MTT also correlated with pulmonary artery pressure and pulmonary vascular resistance, measured by right heart catheterisation. Example transit time images alongside representative anatomical CT slices in patients with IPF are shown in Figure 2.7. Metrics such as pulmonary blood volume variation during the cardiac cycle may provide early warning of pulmonary haemodynamic changes in ILD, or impending pulmonary hypertension.302
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[bookmark: _Toc3145312]Figure 2.722.7: Transit times measured by DCE-MRI
In patients with interstitial lung disease (ILD), transit time of intravenous contrast across the lungs is increased in anatomical regions of interstitial change. The rows (a – b and c – d) represent two patients with interstitial lung disease. The coronal reconstruction of their computed tomography scans demonstrates ILD, predominantly in both bases in a, and predominantly in the left lung periphery in c. Transit times within these voxels in the parametric maps derived from dynamic contrast-enhanced magnetic resonance imaging (b and d) demonstrate increases in transit time through these area, suggesting perfusion limitation. Unpublished locally acquired data.
Early and late contrast enhancement features may also help differentiate inflammation from fibrotic-predominant pathology. Yi and colleagues dichotomised biopsy specimens from 26 patients with UIP into inflammation or fibrosis-predominant, finding that early T1 enhancement was more likely to be associated with inflammation.303 The study design was somewhat pragmatic, given that registration pf biopsy sites to regions of interest on MR imaging is challenging and no reference was given to how MR correlated with CT features, such as GGO. However, Mirsadraee et al. also demonstrated the feasibility of pre and post-contrast T1 mapping of IPF.304 In 10 patients with IPF, contrast uptake was delayed compared to 10 healthy volunteers, including in regions with ‘normal’ pre-contrast T1 values, suggesting that early perfusion changes may be detectable prior to morphological changes.
Summary
Several MRI metrics from conventional, oxygen-enhanced, hyperpolarised gas and DCE-MRI are under exploration. A number of promising methods are available, however assessment of the reproducibility of derived metrics and longitudinal observation in human participants with ILD is required to assess their suitability as accurate markers of disease. Functional MRI metrics will also benefit from direct comparison with structural imaging approaches, through image registration techniques. Novel molecularly sensitive MR techniques such as collagen-targeted chelated MR agents,276 or acidoCEST MRI for extracellular pH estimation,305 may provide further opportunities for novel MR imaging of ILD in the coming years.
Positron Emission Tomography and Scintigraphy
Positron Emission Tomography
Positron emission tomography (PET) is rarely clinically utilised in ILD. Inflammatory predominant and thus metabolically active ILDs provide the most intuitive targets for the use of 18F-fluorodeoxyglucose (FDG) PET. For example, Tateishi et al. demonstrated that the standardised uptake value (SUV) of FDG correlated with lymphocyte activity in 22 patients with organising pneumonia (OP),306 while PET activity in active and persistent pulmonary sarcoidosis is associated with serological evidence of inflammation and loss of pulmonary function.307 A single case report claims that a fatal case of dermatomyositis ILD showed high FDG uptake before CT changes were demonstrated.308 
The role of PET in fibrotic-predominant ILD is less intuitive and one may expect inflammatory-predominant conditions to be more metabolically active. However, Jacqelin et al. identified 18 patients with cellular and fibrotic NSIP, finding that consolidations, ground-glass opacities, honeycombing and reticulations showed uptake in 90%, 89%, 85% and 76% of regions, respectively 309. Groves et al. evidenced that not only was SUV increased in IPF, but also that 18FDG metabolism appeared higher in regions of reticulation and honeycombing compared to ground glass regions,310 although regions were compared visually using the best matching slice rather than registration techniques. Interestingly, there is also evidence of increased FDG uptake in apparently normal lung tissue of patients with ILD identified by visual inspection and analysis of CT density, raising the question as to whether this is identifying subclinical disease.311 Exacerbations of fibrotic lung disease may also demonstrate increased FDG uptake.312
Other authors have explored the role of PET in fibrosis-predominant disease,313 and reproducibility in IPF.314 Umeda et al. demonstrated that delayed-phase 18FDG uptake may provide a marker of disease activity in IIP,315 and later also specifically in IPF.316 Increased late phase uptake was predictive of mortality on both univariate and multivariate analysis. Although the numbers in both studies were relatively small, the IPF cohort was prospectively followed up for a median of 29 months, with 25 deaths.316 Lee et al. report progressive findings from a pilot study of six patients, in addition, reporting that no similar change was appreciable in semi-quantitative CT scoring.317. Novel PET tracers and targets such as somatostatin receptor analogues,318 cathepsin protease (macrophage labelling),319 labelled leukocytes 320, and type I collagen 321 have shown early promise in ILD assessment and further reports are awaited.
The development and validation of new PET tracers is somewhat held back by relatively small markets versus the relatively high cost and degree of expertise. In addition, companies face intellectual property challenges, constraints to what targets may be radiolabelled, and adequate target concentrations for imaging.318 Clincial trials are required for validation, but there is a cost and logistical limit to the number of trials a company may perform. Nevertheless, novel PET tracers and targets such as somatostatin receptor analogues,319 cathepsin protease (macrophage labelling),320 labelled leukocytes 321, and type I collagen 322 have shown early promise in ILD assessment and further reports are awaited.
Scintigraphy
Early work in scintigraphy demonstrated that areas of fibrosis were ventilated (V) but relatively underperfused (Q), leading to V/Q mismatching and an increase in anatomical deadspace.323 This has been further observed in patients with UIP and NSIP patterns.324 In 16 patients with SSc, no symptoms of pulmonary disease, and normal chest radiograph, the clearance of inhaled 99mTc-diethylenetriaminepentaacetic acid (99mTc-DTPA) was increased.325 Subsequent HRCT findings were consistent with early ILD, providing biological plausibility that 99mTc-DTPA clearance may detect early disease, although of course V/Q mismatching is not specific to ILD. El-Chemaly et al. demonstrated that the presence and immunoreactivity of glucose transporter-1 on inflammatory and erythrocyte cell surface, obtained through brochoalveolar lavage, which may account for increased glucose uptake.326 
Summary
The high SUV seen in normal lung tissue in patients with ILD is intriguing. Dual-time-point studies would be useful to assess if these areas go on to develop appreciable fibrotic change on structural images, ideally using CT registration tools. Scintigraphy may provide insights into V/Q mismatching, but it is unclear what this offers clinically at present.
Conclusions
Quantitative analysis of multi-modal imaging techniques is likely to play an increasing role for combined pulmonary structure-function assessment in many pulmonary disorders in the coming years. Assessment of the pulmonary vasculature may prove to be an outright novel metric in ILD assessment. There is great promise that both supervised and unsupervised approaches applied to large well-characterized datasets may lead to discovery of additional meaningful features of ILD (radiomics or imaging biomarkers). Clustering techniques and machine learning may allow automated stratification of patients into disease categories and risk groups, provide decision support which may aid in the selection of optimal therapy and a means to assess efficacy.  MRI, PET and scintigraphy remain exploratory techniques in ILD, but may provide a link between functional and anatomical elements of disease, such as is demonstrated by regional gas exchange in 129Xe spectroscopy MR. Novel PET tracer agents may be utilised in early drug development programs.
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Proton MRI
Technological advances in thoracic radiology continue to create new frontiers in diagnostic, surveillance and therapeutic clinical practice in respiratory medicine. Ultrasound scanning has increased the safety of pleural procedures that were previously performed by ‘blind’ operators.327 Computed tomography is, among other strengths, exquisitely sensitive to sub-centimetre interstitial and nodular change, providing the basis for the diagnosis of several conditions. This includes the ability to define interstitial lung disease subtype without the need for biopsy or invasive procedures in many cases.8, 223 Positron electron tomography (PET) has proven invaluable in cancer staging and tissue biopsy or treatment planning, enabling accurate treatment planning and improving survival rates.328
However, magnetic resonance imaging (MRI) of the lung remains to a large extent a research tool and is uncommonly utilised in clinical practice, in spite of the availability of MR magnets in most hospitals in the UK. MRI is broadly based on the principle that when a group of protons are placed in a magnetic field (B0), each proton aligns in one of the two possible orientations, either parallel or antiparallel to the magnetic field.  The number of spins in the lower energy level (parallel) is slightly greater than the number of spins in the upper energy level (antiparallel), as demonstrated in Figure 2.8. This difference is small, in the region of 7 per 10 million protons.329 A magnetic field in the patient, longitudinal to the external field is the result.
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Protons outside of a magnetic field are unaligned (A). When exposed to a magnetic field (B0), they align in one of two energy states – either parallel or antiparallel to the field (B). The difference is too small to diagrammatically represent, but is approximately 7 in every 10 million protons.
The signal strength detected from different body tissues is reliant upon these small differences in energy state and therefore signal and image resolution is proportional to the proton density of that tissue. The inherent properties of lung tissue make structural MRI challenging.
T1
Application of a radiofrequency (RF) pulse with the same precession frequency of the aligned protons results in a decrease in longitudinal (i.e. parallel to B0) magnetisation and establishes a new transverse magnetisation. This is represented in figure 2.9. When the RF pulse is switched off, the protons energy is lost to the surrounding tissue (lattice) over time and thus the longitudinal magnetisation increases and grows back to the original value. This process is longitudinal, or spin-lattice relaxation. Plotting time against longitudinal magnetisation results in the T1 curve. The T1 curve is diagramatically represented in figure 2.10.
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[bookmark: _Toc3145314]Figure 2.92: Application of a radiofrequency pulse and longitudinal proton magnetisation
Each red arrow represents a single proton in precession. In the resting state, protons precess around the external magnetic field B0 (a). The RF pulse causes longitudinal magnetisation to derease (z-axis) and establishes a new transverse magnetisation (y-axis) (b). RF: radiofrequency.
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[bookmark: _Toc3145315]Figure 2.102: T1 relaxation curve
Following a radiofrequency pulse, longitudinal magnetisation is lost. The recovery is described by the T1 relaxation curve. Further details in the text.
T2
Application of the RF pulse also leads to phase coherence of the protons, providing transverse magnetisation signal. Due to inhomogeneities in the local magnetic environment, these protons radidly dephase and cause a loss of transverse signal, as represented in figure 2.11. Thus, if one plots transverse magnetisation against time after removal of the RF pulse, a decay in signal is demonstrated, known as the T2* (T2-star) curve, representing spin-spin relaxation.
If a further rephrasing 180 degree radiofrequency pulse is applied to the dephased protons, they precess in the opposite direction and transverse signal may be recovered. Further 180 degree RF pulses may be applied to rephrase and recover transverse signal. However, this only neutralises constant inhomogeneities of the external magnetic field. Inconsistent inhomogeneities cannot be reversed. Thus, signal continues to decay due to field T2 effects.
Curves of T2 and T2* are diagramatically represented in figure 2.12.
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[bookmark: _Toc3145316]Figure 2.112: Transverse magnetisation and echo pulse
(a) After the initial EF pulse, the proton precessions align and create transverse magnetisation. (b) due to magnetic field inhomogeneities, the protons spin out of phase and transverse magnetisation is lost within a short time. (c) application of a 180 degree pulse rephrases the protons, although due to inconsistencies in the magnetic field inhomogeneity, not all of the transverse magnetisation is recovered.
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[bookmark: _Toc3145317]Figure 2.122: T2 and T2* curves
T2 and T2* (T2 star) relaxation curves demonstrated, with each dotted line representing a 180O refocussing pulse.
k-Space

Raw data needs to be reconstructed before a final image can be seen. The k-space can be thought of as raw data space. When frequency- and phase-encoding matrices are set, this controls the matrix size of the image and also the size of k-space. For example, if 256 is chosen for frequency encoding, each MR echo will have 256 sample points, thus requiring 256 columns in the k-space matrix for temporary storage. When the phase-encoding matrix, this controls the number of echos to be acquired and thus the number of rows in k-space. Every digitilised sample point has its own unique location in k-space, which can be imagined as rows and columns waiting to be filled with a number.
However, pixels in real space and k-space do not correspond directlydue to the use of a Fourier transform in reconstruction processing. Indeed, data in the centre of k-space contains signal to noise information for the image and data around the outside contains information about image resolution. This information is used practically to design new pulse sequences or re-order data acquisition to avoid artefacts.
Why is MRI of the lungs not commonly performed clinically?
Firstly, lung parenchymal tissue (and therefore proton) density is predictably low due to large air-filled spaces. Lung tissue has a density of around 0.1 g cm-3, approximately 10 times lower than that of surrounding tissue and significantly lower than that of organs commonly imaged by MR modalities such as brain or liver.330 Secondly, a high volume of air–tissue surface area interfaces contribute to significant magnetic field inhomogeneity, resulting in short T2* (T2-star) relaxation times.331 Thirdly, continuous movement of the diaphragms and heart leads to signal artifactartefacts. These characteristics reduce the spatial resolution of conventional MRI of the lung parenchyma, in spite of more recent advances, such as ultrashort echo time (UTE).332 On the other hand, computed tomography is typically acquires has high subcentimetre1.25 – 5mm resolution of lung tissue and is the gold standard imaging modality for visualisation of the lung parenchyma.
MRI has the advantage of not requiring exposure to ionising radiation, although this is less of a concern in older individuals, given the risk of neoplasm is likely measured over several decades. Some trade off of image resolution for mitigating the risk may be a good reason for expanding the use of lung MRI in younger patients, or those who undergo repeated radiological examinations, but in a typical cohort of patients with IPF, this is generally not applicable.
Thus, if MRI is to find a niche in interstitial lung disease assessment, it must provide information beyond structure. Relatively novel modalities such as hyperpolarised gas MRI may provide novel insights into regional lung ventilation, microstructure and gas exchange efficiency, while dynamic contrast enhanced MRI provides outcome metrics of pulmonary perfusion. The expertise to employ these modalities are available in Sheffield and are available further explored herein.
[bookmark: _Toc364347277]Hyperpolarised Gas MRI
Technique
Helium and xenon belong to the noble gas group of elements. They are stable and inert atoms, which lend themselves well to safe processes of functional imaging. 3He and 129Xe are radio-stable isotopes of helium and xenon atoms, respectively. The odd number of nucleons within these isotopes provides spin properties that are sensitive to MR techniques, i.e. magnetic spin ½,. The MR signal which may be further dramatically enhanced by hyperpolarisation.
The hyperpolarisation technique utilised locally is spin exchange optical polarisation (SEOP). Polarised infrared laser photons can be used to excite electrons within an alkali metal. This excitation provides angular momentum, which is transferred to the noble gas nuclei through collisions. This process induces nuclear polarization (and so the proportional alignment of the nuclear spin to B0 is greater), which enhances MR signal. 
Discussion about the specifics these processes are outside of the scope of this thesis, but can be found in detail elsewhere.293 A summary diagram of the theoretical concept of SEOP is provided in Figure 2.139.
Spin exchange optical pumping is a technique for polarisation of nuclear spins of noble gas nuclei, which exploits atomic (hyperfine) interactions between the noble gas nucleus and an atom of an alkali metal in gaseous (vapour) phase. Alkali metals such as Rubidium, Sodium and Caesium have loosely bound valence electrons, which can be excited in to higher energy atomic orbital levels by optical laser light tuned to the transition wavelength. In SEOP this light is circularly polarised such that the electron spin population of the alkali metal vapour has a net magnetic moment – at a quantum level the electrons are spin polarised. This electron spin polarisation is then transferred to the noble gas nuclear spin during atomic collisions in the gas phase via the Fermi contact interaction. This results in polarisation of the nuclear spin ensemble. The reader is referred to the excellent review by Walker and Happer on SEOP physics.333
[image: Slide1]
[bookmark: _Toc364424666][bookmark: _Toc364425628][bookmark: _Toc364493351][bookmark: _Toc494795726][bookmark: _Toc3145318]Figure 2.1322.9 Spin exchange optical polarisation (SEOP)
Conceptual schematic of 3He (or 129Xe) method of spin-exchange optical pumping within a chamber. Firstly, Rubidium (Rb) valence electrons are optically polarised (OP) by pumping Rb vapour with circularly polarised light. Secondly, transfer of this electron polarisation to the nuclei of 3He or 129Xe atoms by spin-exchange (SE) collisions. OP occurs at a faster rate than SE, ensuring that electrons are always available for the SE part of the process. Black arrows show the polarisation of the Rb electron and 3He nuclear spin states. Dark green arrows represent the order of processes and does not indicate spatial movement in the chamber. Dashed lines represent the exchange of Rb electron to 3He nuclear polarisation. B0 denotes magnetic field direction in the chamber. The polarised 3He or 129Xe is then distilled and collected for later use.
In the context of in vivo MRI two primary spin ½ noble gas nuclei can be polarised by SEOP, 3He and 129Xe. 3He lung MRI applications took-off more rapidly in a clinical setting, largely because the 3He MR signal is inherently stronger due to the higher gyromagnetic ratio of 3He vs 129Xe. However, in the early 2000s, 3He supplies became scarce largely because the gas was finding a significant use in the field of neutron detection as a means of detecting fissile materials in the security sector.334 This has prompted 3He shortages and renewed interest in 129Xe as an alternative for lung MRI.
When inhaled, the noble gas flows down the bronchial tree and diffuses through into distal airways.  Diffusion within the lungs occurs passively don a gas concentration gradient. Active diffusion occurs due to thoracic cage expansion, generating negative pleural pressure and expansion of the lung tissue, creating a relative vacuum in the distal airspaces.335
Although examples of hyperpolarised gas MRI can be found in academic literature more than two decades ago,336 broad application to clinical studies in humans has been relatively slow. A purpose-built polariser as described above requires considerable expertise to construct and is not currently widely available commercially. The cost of gaseous material can also prove inhibitive.
In addition, helium-associated technologies are running into practical and commercial issues. 3-Helium (3He) has a low natural abundance and it mainly created as a by-product from the nuclear power industries. A law passed in the United States of America in the 1990s essentially determined helium too cheap to recycle, which would later exacerbate a reduction in storage. Added to this increasing demand, in particular due to use in neutron detection equipment, this has led to a lower availability and a higher world commercial price for helium.337
These issues have provided a drive to find other forms of polarisable gas for MRI technologies, with xenon proving to be a leading candidate due to its relatively higher natural availability. In spite of these limitations, significant discoveries have been made about the potential application of this technology in respiratory pathology, encouraging further study in this field.
[bookmark: _Toc320447405]Ventilation
When inhaled, hyperpolarised helium or xenon gas freely diffuses throughout the bronchial tree and into the distal airways. Early application of this technique in human volunteers more than 15 years ago demonstrated the ability to clearly identify hyperpolarised gas in fourth generation airways (although the anatomical structure of the airways themselves were not well defined).338 Woodhouse and colleagues later demonstrated the sensitivity of this technique to ventilation ‘defects’ as demonstrated by areas of reduced or absent gas signal in apparently healthy smokers 278.
Such experimental techniques grew towards providing clinically relatable data in patients with obstructive airways diseases. Tzeng and colleagues later demonstrated differences in gas ventilation heterogeneity in both asthmatics and healthy volunteers following methacholine inhalation.339 Mummy et al. reported in conference proceedings that from hyperpolarised helium MRI is a sensitive predictor of exacerbation and hospitalisation in a cohort of 91 patients with asthma, athough this is yet to be validated.340
Svenningsen et al. demonstrated in patients with poorly controlled severe asthma MRI, that (ventilation deficit percent – (VDP) but not lung clearance index (LCI), accepted as a measure of ventilation heterogeneity, was significantly worse in those with worse asthma questionnaire scores. The concept of ventilation heterogeneity is also gaining ground in hyperpolarised helium ventilation imaging. Marshall and colleagues report that ventilation heterogeneity, calculated by comparing each signal intensity in each voxel with a 9 by 9 grid of neighbouring voxels, was raised in subjects with mild cystic fibrosis in the absence of CT abnormalities and normal LCI.341
Such studies demonstrate an exciting shift of hyperpolarised gas imaging modalities from sequence and methodological development into discovering niches in clinical practice. In Sheffield, ventilation scans have been conducted following administration of bronchodilator agents in order to inform patient management, as demonstrated in Figure 2.140, and further explained by Horn et al.342
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[bookmark: _Toc364424667][bookmark: _Toc364425629][bookmark: _Toc364493352][bookmark: _Toc494795727][bookmark: _Toc3145319][bookmark: _Toc320447469]Figure 2.1422.10: 3He ventilation images from a patient with asthma (Sheffield, UK)
3He ventilation coronal slice images prior (i) and subsequent (ii) to administration of salbutamol, an inhaled drug with bronchodilator effects. A qualitative improvement in distal lung ventilation is readily appreciated following inhaler administration and areas of increased gas signal are represented in green in the treatment response map, while areas of signal decrease are demonstrated in red (iii).
[bookmark: _Toc320447406]Diffusion-weighted Imaging and Brownian Gas Diffusion
Both 3He and 129Xe gases pass into the distal airways and undergo free Brownian diffusion. Thus, by using diffusion weighted imaging (DW-MRI), it is possible to estimate gas diffusivity within distal airways, by observing regional signal decay over a short time period.343 From this, the apparent diffusion coefficient (ADC) is derived as a measurable parameter.344 Early applications of this technique demonstrated a mean 3He ADC value approximately 2.5 times higher in patients with emphysema, when compared to healthy volunteers.345 This is diagrammatically represented in Figure 2.115.
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[bookmark: _Toc364424668][bookmark: _Toc364425630][bookmark: _Toc364493353][bookmark: _Toc494795728][bookmark: _Toc3145320][bookmark: _Toc320447470]Figure 2.1522.11: Intra-acinar Brownian gas diffusion in health and emphysema.
Gas diffusion in acinar airways is relatively low due to the high surface area to volume ratio of healthy alveolar lung tissue. In diseases involving the acinar airways such as emphysema, elasticity of the alveolar unit is lost causing alveolar expansion, thus allowing gas to undergo a greater range of diffusion. 3He ADC can quantify this parameter. The 
Swift et al. demonstrated that 3He ADC values are increased in asymptomatic smokers compared to healthy non-smoking volunteers 346, while Fain et al. demonstrated a clinical correlation between 3He ADC and TLCO.347 Such findings demonstrate the sensitivity of highly diffusible HP gases to early emphysematous lung changes and are a promising example of the ability of HP gas MRI to assess lung microstructural alterations in lung tissue. Differences in intra-acinar diffusivity of helium and xenon gas do however lead to different outcomes. For example, Kirby et al. report that 3He ADC296, 297 demonstrated a significant difference in superior inferior ADC gradient in smokers vs. health volunteers, whereas 129Xe ADC did not.348
[bookmark: _Toc320447407]Xenon Spectroscopy: Tissue and Blood Diffusion
In addition to similar ventilation and Brownian motion properties of helium, 129Xe exhibits a further property of particular interest in lung imaging. 129Xe is soluble in the blood and interstitial tissue compartments and therefore measurement of 129Xe signal strength in these components has the potential to provide a functional imaging index of gas transfer.297
Once xenon arrives at the alveolar units, it is able to freely diffuse across the thin membrane into the pulmonary circulation.274 Due to the high polarisability of the xenon electron cloud, the nucleus exhibits chemical shifts in different chemical environments, detectable as peaks across the frequency spectrum. The resonance for 129Xe is expressed as a relative distance from the gas spectrum, taken as 0 parts per million. In aqueous dissolved tissue and plasma this is 197 parts per million (ppm), while xenon from red blood cells have a resonance around 217 ppm.349 This concept is illustrated in Figure 2.16, using schematics of the spectra2.
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[bookmark: _Toc364424669][bookmark: _Toc364425631][bookmark: _Toc364493354][bookmark: _Toc494795729][bookmark: _Toc3145321][bookmark: _Toc320447471]Figure 2.1622.12: Xenon diffusion from gas into aqueous and red cell environments
129Xe diffuses into distal acinar airways and freely into plasma across the alveolar tissue membrane and is taken up by red blood cells. Upon changing from the alveolar gaseous (G) environment to an aqueous tissue / plasma (T/P) environment, 129Xe undergoes a radiofrequency chemical shift. A further shift occurs where 129Xe is taken up by red blood cells (RBC). The diagrams represent a healthy person (A) and a person with a thickened alveolar tissue membrane (labelled T) due to severe lung fibrosis (B). RBCs are constantly replenished by the pulmonary circulation and so is a ‘sink’ in this system, i.e. the limiting factor is the tissue septal barrier. The associated spectra peak examples are not to scale. IPF: idiopathic pulmonary fibrosis; G: gas phase; T: tissue phase; P: plasma phase; RBC: red blood cell phase.
This property allows for xenon dissolved in blood and tissue to be differentiated from xenon present in the airways by means of measuring their respective electromagnetic signals following MR radiofrequency excitation, as is shown in bleomycin treated rat models.350 Models based upon the amplitude of these peaks provide an estimation of overall alveolar septal thickness. This provides exciting clinical possibilities for modelling regional gas transfer efficiency of lung diseases involving the pulmonary interstitium, such as idiopathic pulmonary fibrosis.
However, the best way of interpreting this information remains to be established. The chemical shift saturation recovery (CSSR) spectroscopy method monitors the time-dependent buildup of dissolved 129Xe magnetization in the T/P and RBC compartments following selective saturation.295 Applying 1-dimensional models of lung tissue characteristics to the CSSR data allows inferences to be made about the gas diffusion interface of the lung, including alveolar septal thickness (ST) and surface area-to-volume ratio (S/V).351, 352 This technique demonstrates substantial differences between small groups of healthy volunteers, patients with systemic sclerosis associated lung disease and IPF,295 while ST demonstrated intra-subject variability of a similar order to the variability of PFTs in a cohort of people with chronic obstructive pulmonary disease.353
Specifically in IPF, Kaushik et al. demonstrated how integration of the curves can be used to derive an RBC:TP ratio.354 The ratio correlated well with TLCO (DLCO) and demonstrated high intraparticipant reproducibility in the healthy volunteer cohort, although no evaluation has been undertaken in participants with IPF.
[bookmark: _Toc320447408][bookmark: _Toc364347278]Dynamic Contrast-Enhanced MRI
Overview
Dynamic contrast-enhanced (DCE) MRI involves peripheral intravenous administration of Gadolinium, commonly utilised for its property as a T1 shortening agent. Contrast injected into a peripheral vein is quickly delivered to the right heart chambers and through the pulmonary circulation during cardiac systole. This provides a means of pulmonary perfusion and haemodynamic assessment. Alongside cardiac MRI, this provides important information with respect to diagnosis, disease monitoring and treatment response in patients with pulmonary hypertension.355 
Qualitative assessment is possible by subtraction of baseline signal from peak enhancement, allowing assessment of perfusion defects and their location within the lung. Several methods have been developed for quantifying pulmonary haemodynamic changes, including time taken to peak T1 shortening in the lung tissue,355 and time differences between pulmonary arterial peaks.356 Such parameters may prove useful in assessing early pulmonary haemodynamic change in respiratory diseases known to be associated with the future development of pulmonary hypertension. However, research into using DCE-MRI to assess pulmonary haemodynamics is going beyond the study of patients with a known predisposition to the development of pulmonary hypertension. For example, patients with asthma also appear to demonstrate changes in pulmonary haemodynamic activity as measured by DCE MRI.357
Arterial Input Function
To generate quantitative metrics from perfusion imaging, an arterial input function (AIF) is measured in a large artery supplying the organ of interest. The main pulmonary artery, following right ventricular outflow is commonly chosen in lung perfusion imaging. An example peak perfusion image and associated pulmonary artery AIF is shown in Figure 2.173.
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[bookmark: _Toc364493356][bookmark: _Toc494795731][bookmark: _Toc3145322]Figure 2.1722.13: Generating a pulmonary artery input function
A: Peak enhancement images showing the pulmonary artery region of interest (ROI) marked with an asterisk (*) and the contiguous anterior slice showing the right ventricular outflow tract marked with an arrow. B: The generated arterial input function from selected ROI. Note an initial peak of contrast approximately 12 seconds after image acquisition begins and a second smaller peak around 29 seconds, indicating passage of contrast and through the bronchial circulation, which arises from the aorta. The temporal resolution is 0.5 seconds.
Pulmonary Blood Flow and Volume
Following establishment of an AIF, the signal time curve of each voxel can be analysed and converted to a time vs. concentration time course. Equations for calculating flow of blood within a voxel during first pass, corrected to the AIF signal (typically measured in mL.100mL-1.s-1) and volume (mL.100mL-1) are given below.

[bookmark: _Toc364424671][bookmark: _Toc3145572]Equation 2.1: Pulmonary blood flow
C: contrast; PBF: pulmonary blood flow; VOI: volume of interest; AIF: arterial input function; R(t): remaining contrast at time t.

[bookmark: _Toc364424672][bookmark: _Toc3145573]Equation 2.2: Pulmonary blood volume
C: contrast; PBV: pulmonary blood volume; VOI: volume of interest; AIF: arterial input function.
The flow and volume of blood passing through a voxel may be graphically represented by placing an ROI within the lung parenchyma and plotting signal intensity over time, assuming a linear relationship between contrast concentration and T1 tissue characteristics. An example of the flow signal characteristics through the lung parenchyma is given in Figure 2.184.
Paramagnetic contrast agents contain paramagnetic metal ions such as Gadolinium, whose atomic electrons are configured such that the atom has paramagnetism – i.e. the electron spins align parallel with an applied magnetic field and create a net magnetic moment around the metal ion inside the chelate. This electron spin moment can interact with the nuclear spin of proximal nuclei by dipolar interactions causing nuclear spin transitions and T1 relaxation. The relation between R1, the spin relaxation rate of blood (1/T1 s-1) and the concentration of paramagnetic contrast agents such as Gd-DTPA in the blood pool is linear for weak concentrations of agent. At higher concentrations typically used in diagnostic radiology the effect becomes non-linear, thus for quantitative lung perfusion DCE MR imaging weaker doses of Gadolinium contrast are typically used.358
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[bookmark: _Toc494795732][bookmark: _Toc3145323]Figure 2.1822.14: Example of signal change through a parenchymal region of interest
The full width at half maximum (FWHM) signal is often used as a standard threshold for integration. The integral of the curve between these time points of the curve represents pulmonary blood volume (PBV). Dividing this by the time between the half maximal points (a surrogate of pulmonary transit time) gives the pulmonary blood flow (PBF).
Quantitative maps of pulmonary blood flow (PBF) are sensitive to acute interruptions in the pulmonary arterial supply of discrete regions of parenchymal tissue, such as that seen in acute pulmonary embolism.359 COPD has undergone the most evaluation with DCE-MRI metrics, with several studies demonstrating changes in PBF and PBV in this condition, possibly due to the well-recognised physiological hypoxic induced vasoconstriction present in this disease. PBV and PBF have been correlated with CT score,360 FEV1/FVC ratio 360 and DLCO.361
Transit Time
By defining timepoint zero as passage of blood through the pulmonary artery, it is also possible to define the time required for contrast to reach each voxel by subtracting this from the timepoint at which peak signal is reached in the voxel, known as time to peak (TTP). Time taken for the flow of blood to reach the second full width at half maximum (FWHM), demonstrated in Figure 2.148, is described as the mean transit time. Evaluation of mean transit time (MTT) across the lung parenchyma has been shown to increase in patients with PAH 362, 363 and PH associated with CPFE,364 demonstrating good correlation with mPAP in both.362, 364

[bookmark: _Toc3145067]Novel Imaging in ILD: Summary
The recent uptake in IPF research activity is, driven by many factors including an increase in incidence 70, 73 and demonstration of the potential harm caused by previous treatment strategies.157 In spite of the licencing of two efficacious therapeutic interventions in the last decade,89, 90 progress in both clinically assessing disease progression and in identifying treatment response in trials involving participants with IPF are hampered by the insensitivity of current markers of disease.114, 116
The boundaries of radiology continue to be pushed and novel quantitative outcome metrics from established modalities, such as texture analysis from CT, or growing techniques such as hyperpolarised gas MRI may help to provide novel biomarkers that bridge the gap between structure and function.
The significant experience of, and expertise in, conducting hyperpolarised gas MRI in Sheffield, along with access to a tertiary referral centre for ILD makes Sheffield well placed to further explore its potential in IPF. To this end, the following chapter describes a study designed to assess novel MRI techniques in IPF.
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Assessing Lung Fibrosis with Magnetic Resonance Imaging: Methods, Demographics and Clinical Outcomes from a Longitudinal Study
[bookmark: _Toc320447450][bookmark: _Toc364347283][bookmark: _Toc364347359][bookmark: _Toc3145069]Assessing Lung Fibrosis with MRI: Overview and Aims of Study
This chapter covers an overview of the study, hypotheses, study design and measurements made. In addition, results from demographics, physiology tests, exercise testing and computed tomography are described.
[bookmark: _Toc320447451][bookmark: _Toc364347284]Study Overview
This pilot observational longitudinal study has been designed to assess the sensitivity of structural and functional MRI metrics to change over time in IPF. Participants were recruited to undergo MRI at the time of recruitment, then six months and 12 months thereafter. Physiological parameters were performed at each visit, along with demographic and phenotypic data.
The full title of this study is ‘Investigation into prognostic indicators of Idiopathic Pulmonary Fibrosis using structural-functional pulmonary MRI assessment’. Design and execution of this study forms the basis of this doctoral research thesis.
This study has been given ethical approval by the North West- Liverpool Central NHS Research Ethics Committee under reference 15/NW/0750 on 17 November 2015.
It is sponsored by Sheffield Teaching Hospitals Research and Development and is registered with the National Institute for Health Research (NIHR) Clinical Research Network Portfolio, with UKCRN ID 20468.
[bookmark: _Toc320447452][bookmark: _Toc364347285]Broad Study Aims and Hypotheses
Research questions
Below are the research questions identified for study and the hypotheses generated from them:
1. Can novel MRI techniques represent structural and physiological pathological changes present in IPF? [Primary hypothesis and exploratory qualitative image analysis]
2. Are these metrics derived from MRI reproducible? [Primary hypothesis]?
3. Do MRI outcomes relate to existing clinical measures of disease severity and progression? [Primary hypothesis]?
4. Is MRI additive to current tools in the assessment of IPF?
Primary Hypotheses
MRI outcomes at baseline can precict mortality or FVC decline >10% over the subsequent 12 month study period [Secondary hypothesis and exploratory qualitative image analysis]
Primary Secondary Hypotheses
It is expected that this study will generate a large volume of data for further exploratory analysis. Secondary hypotheses include:

1. MRI derived Metrics of lung structure and function correlate with currently accepted measures of disease severity, including carbon monoxide transfer factor (TLCO) and forced vital capacity (FVC) at baseline and over subsequent time points.
2. Mean and median intra-acinar diffusion derived from diffusion weighted MRI (DW-MRI) will increase after six and twelve-month follow-up.
3. 129Xe-measured gas exchange efficiency will decrease over six and twelve-month follow-up.
4. Of the ventilation metrics, percent ventilated volume (%VV) will decrease and coefficient of variation (CV) will increase and over six and twelve-month follow-up.
5. Perfusion imaging metrics including full width at half maximum (FWHM) and variation in pulmonary blood volume (PBV) and pulmonary blood flow (PBF) will increase over six and twelve-month follow-up
6. Each MRI metric involving will demonstrate high (same-day) reproducibility at baseline in patients with IPF. These metrics are:
· Ventilation
· Percent Ventilated volume (%Vv)
· Coefficient of variation (CV)
· DW-MRI
· Mean ADC
· Median ADC
· Skew of ADC histogram
· Kurtosis of ADC histogram
· 129Xe spectroscopy
· CSSR Septal thickness (ST), using Patz and MOXE modelling
· CSSR surface area to volume ratio (S/V), using Patz and MOXE modelling
· RBC:TP ratio
· Dynamic contrast-enhanced MRI
· FWHM
· PBV
· PBF
[bookmark: _Toc320447453]Secondary hypotheses
It is expected that this study will generate a large volume of data for further exploratory analysis. Secondary hypotheses include:
1. Changes in MRI metrics measured over time correlate changes in with lung function parameters over time, including FVC, TLCO, decline in shuttle walk distance and increase in ILD-GAP score 132.
2. Increase in 3He ADC and 129Xe-ST parameters are more likely to show statistically significant change over time than computed tomography (CT) fibrosis score.
Exploratory analyses
· Reconstructed ADC maps will be qualitatively assessed alongside best matching slice CT scans. If intra-acinar diffusion is raised, this is hypothesised to be highest in regions of honeycombing (distal and peripheral), or traction bronchiectasis (lower lobe following bronchial structure)
· ADC is commonly expressed as a mean of the whole lung. However, histogram metrics may be more sensitive to subtle change. Hence, median, skew and kurtosis will be assessed in addition to mean ADC in confirming or refuting the above hypotheses.
· Modelling of acinar airways allows mean linear intercept (LmD) to be calculated from DW-MRI. These metrics will be explored alongside ADC.
· Given the higher abundance and lower cost of xenon over helium gas isotopes, it would be beneficial to change to xenon where possible. Comparison between qualitative and quantitative outputs from each gas measurements will be performed in a subsection of participants with IPF, determined after study initiation.
· There are two broad methods for quantification of xenon gas diffusion in the literature. Both will initially be utilised and a comparison made based on clinical correlation and reproducibility of the baseline scans at the end of 2016.

[bookmark: _Toc364347286][bookmark: _Toc364347360][bookmark: _Toc3145070]Detailed Study Design
[bookmark: _Toc364347287]Recruitment and Activity
Recruitment
Patients from the Northern General Hospital (Sheffield) specialist interstitial lung disease clinic were approached. Patients are seen and their clinical history and radiology discussed at the multidisciplinary team meeting of physicians and radiologists to establish a diagnosis of IPF as per the international Joint Consensus IPF guidelines.8 Here, they are offered a participant information sheet about the study and screened for contraindications. Those who agree are invited to visit 1 (first visit).
Recruiting ‘new’ patients (i.e. newly diagnosed with IPF) avoids the bias of patients under long term follow up, who are more likely to have clinically stable disease and therefore be less representative of the ‘typical’ progression of disease. 
Activity
Study visits are conducted at baseline, six and 12 months thereafter and activities undertaken are detailed in Table 3.1
CT scans are conducted at baseline and following the final study visit as part of routine clinical practice. These will be accessed by the study team and assessed for fibrosis score, which is a predictor of mortality, although not independently of physiological parameters.230 These are performed as inspiratory isovolumetric scans, using a GE lightspeed scanner with 0.625mm slice thickness, using a tube kilovoltage 120 kVp, pitch 1.375, and 512x512 field of view. These were reconstructed to 10mm high resolution slices. Six representative expiratory slices were also obtained.
Echocardiography is performed for all patients presenting with IPF and will be accessed for the estimated sPAP, inferring presence or absence of pulmonary hypertension.

[bookmark: _Toc3145474]Table 3.133.1: Study visit activities undertaken
	Visit
	NHS ILD clinic
	1
	2
	3

	Activity
	Screening
	First visit
	6-month scan
	12-month scan

	HRCT
	X*
	
	
	

	Offer participant information sheet
	X
	
	
	

	MRI safety check review
	X
	X
	X
	X

	Inclusions / exclusions checked
	X
	X
	X
	X

	Take informed consent
	
	X
	
	

	Brief clinical review
	
	X
	X
	X

	Resting spO2 check
	
	X
	X
	X

	Cannula
	
	X
	X
	X

	MRI protocol
	
	X X
	X
	X

	Spirometry
	
	X
	X
	X

	Pulmonary function test
	
	X
	X
	X

	Incremental shuttle walk test
	
	X
	X
	X


* Dictated by routine practice – will be timed as close to MRI as possible; spO2: blood oxygen saturations
Inclusion Criteria
For eligibility into the study, subjects should meet all of the following criteria:
1. Have ‘probable’ or definite’ idiopathic pulmonary fibrosis (IPF) as determined by the ILD Service Multi-Disciplinary Team (MDT) on clinical, radiological and, where necessary, histopathological grounds, as defined by local MDT clinical practice and international guidelines.
2. Be able to attend the local facility for scans (Royal Hallamshire Hospital, Sheffield).
3. Have a resting oxygen saturation (SaO2) in room air > 90%.
4. Be aged between 18 and 80 years old.
Exclusion criteria
Patients who meet any of the following criteria will be excluded from the study. Further exclusions may be applied at the discretion of the principal investigators.
1. Significant doubt over the histological type of interstitial lung disease exists following MDT input (or non-ILD diagnosis). This includes:
a. Radiographic evidence of asbestos (e.g. pleural plaques) or other fibrogenic agents (e.g. silica dust) exposure.
b. Definite and temporal ingestion of drugs known to potentially cause interstitial lung disease (e.g. nitrofurantoin, methotrexate, amiodarone).
c. Clinical or serological evidence of hypersensitivity pneumonitis.
d. Clinical evidence of connective tissue disorders (e.g. scleroderma).
2. On immunosuppressive treatment (not including N-acetylcysteine or prednisolone at a dose of less than or equal to 20mg / day).
3. Pregnancy.
4. Stage 4 or 5 chronic kidney disease, defined by creatinine clearance less than 30ml/min as estimated by the Cockcroft-Gault equation (excluded from DCE-MRI due to gadolinium contrast use). Chronic kidney disease stage 3 is not an exclusion criteria.
5. Resting saO2 < 90% in room air.
6. Aged > 80 years old, or < 18 years old at the onset of study.
7. Inability to comfortably lie supine for more than 60 minutes.
8. Advanced malignancy, or malignancy with life expectancy less than one year.
9. Any significant co-morbidity likely to reduce life expectancy to less than one year.
10. Severe coronary artery disease or symptoms of angina not fully controlled by medication.
11. Significant congestive heart failure.
12. Any contraindication(s) to MRI scanning as per the MRI questionnaire used in clinical practice by the Unit of Academic Radiology, Royal Hallamshire Hospital.
13. Previous allergy to gadolinium contrast (excluded from DCE-MRI due to gadolinium contrast use).
[bookmark: _Toc364347288][bookmark: _Toc320447458]Statistics
Power calculation
This is a pilot study. One of the major MRI indices of interest in subjects with fibrotic lung disease will be alveolar septal thickness derived from xenon spectroscopy, given its previous application in interstitial lung disease cohorts 281, 295. There are no studies in the literature to date of the change in this parameter over time in IPF.
It is postulated that the expected magnitude of the change in septal thickness over time is of the same order as the intra-subject standard deviation in septal thickness that we have measured previously in subjects with lung disease 365 (i.e. the expected difference in mean septal thickness between IPF subject scans with progressive disease will be ~ 1 µm).
The following assumptions were made to calculate an approximate sample size required to measure this effect. The standard deviation of septal thickness between IPF subjects in the prospective study will be 1.1 - the same as that which we have measured previously.295 Thus, the “Cohen’s d” effect size, d = 1 / 1.1 = 0.909. Standard statistical Tables for sample size and power were used. A standard statistical power of 0.8, gives a required sample size of n = 12. If power = 0.95, the sample size would be n = 18.
As a compromise and to allow for up to 20% subject dropout rates over a longitudinal study, n = 15 was chosen as a minimum sample size. Ethical approval has been granted for up to n = 30, in case of a higher than expected study discontinuation rate among participants, or unanticipated problems with scan image quality.
[bookmark: _Toc320447459]Statistical analyses
Data analysis is broken down into the following areas:
1.	Proton T1 mapping for regional evaluation of fibrosis.
2.	Dissolved 129Xe spectroscopy for estimation of alveolar interstitial thickness.
3.	Ventilation imaging for assessment of lung ventilation volume.
4.	ADC imaging for assessment of alveolar dimensions.
5.	DCE perfusion imaging for evaluation of pulmonary blood flow.
Changes in these parameters were observed over the course of three scans and were correlated with changes in lung function parameters and CT severity estimation.
A non-Gaussian distribution is assumed given the small number of participants. Each of the statistical tests is based on this assumption.
To evaluate whether statistically significant differences in imaging and clinical biomarkers (PFTs and ISWTs) exist between baseline and follow-up scans, Wilcoxon Rank and analysis of variance (ANOVA) (Non-parametric variant - Kruskal-Wallis) with Dunn’s correction for multiple post hoc evaluation is used.
Given the GAP score is not a continuous variable, these tests will also evaluate difference in outcome metrics between scores (1, 2 and 3) and index (< and > median GAP index value in the population).
Intraclass correlation coefficient and Bland-Altman analysis is used to evaluate repeatability of baseline MRI scanning parameters. The variability of physiological breathing and walking parameters are well established and will not be formally evaluated in this study. Correlations between imaging endpoints and clinical measures of pulmonary function and exercise capacity are assessed using Spearman’s correlation coefficients and linear regression. Paired data is analysed for variance using Wilcoxon rank tests, while Friedman Tests with Dunn’s correction is used for matched data comparisons over more than two time points. Two-tailed p-values of <0.05 will be considered to be statistically significant. Subjects who miss either the second or final scans are included for analysis with the available data and their data during routine clinical follow up will be accessed only with their explicit consent.
[bookmark: _Toc364347289]Lung Physiology and Exercise Testing
Pulmonary Function Tests
In clinical practice, patients with IPF are assessed using single-breath carbon monoxide transfer and spirometry. Outcome measures are summarised below:
· Forced expiratory volume in one second (FEV1)
· Forced vital capacity, or vital capacity if unable to perform forced manoeuvre (FVC or VC)
· FEV1/FVC ratio (absolute and Z-score)
· Transfer factor and coefficient (TLCO and KCO)
Partway through the study, updated Global Lung Initiative GLI reference equations for demographically corrected percent predicted values were published for spirometry,117 and gas transfer coefficient of the lungs for carbon monoxide.366 These values were generated from the European Respiratory Society online Microsoft Office Excel spreadsheet converter, used in keeping with published recommendations.367 All figures quoted in this study are generated from GLI reference equations.
Previous reference equations, such as the European Coal and Steel Community (ECSC) equations, extrapolated data from Caucasian male industrial coal and steel workers aged 18-75 years to older adults and females.368 By comparison, GLI implemented a study to generate normal values from 74,000 healthy non-smoking individuals aged 3-95 years, across 41 countries and 5 continents. 117, 366 The GLI dataset is therefore better suited to defining the normal range in the population studied.
Exercise Capacity
Three main tests of physiological exercise capacity exist and have been discussed in chapter 1:
· Cardiopulmonary exercise testing (CPET / CPEX)
· 6-minute walk test (6MWT)
· Incremental shuttle walk test (ISWT)
Given that patients with IPF can have exacerbations of their disease, leading to a change in physiological status over a short period of time, it is important to ensure that radiological and physiological investigations are conducted in as short a timeframe as possible. CPEX availability is limited locally and technically difficult and arduous for participants with more advanced disease. 6MWT and ISWT are available in our radiology department, although 6MWT cannot be performed at our centre to ATS standard, due to corridor space,139 and so would need to be conducted on another visit to a separate hospital. ISWT is a test of exercise capacity, which is able to provide physiology to support a cardiovascular, respiratory or other reason for exercise limitation, albeit in much less detail than CPEX. It can also be practically conducted alongside the imaging investigations and so has been chosen as the physiological parameter of choice.
Parameters of interest from the ISWT include distance managed, baseline and peak heart rate, and baseline and nadir spO2. Distance achieved is expected to fall as disease progression occurs.
Outcomes:
· Nadir SpO2
· Walking distance
· Reason for stopping (open question)
[bookmark: _Toc364347290]MRI: Generic and Hyperpolarised MR Methodology
Magnet and coils
All MRI imaging took place on a 1.5 T whole-body system (HDx, GE Healthcare, Milwaukee, WI) at the Royal Hallamshire Hospital, Sheffield.
Helium and xenon coils are transmit-receive flexible quadrature duael Helmotz radiofrequency coils purchased from Clinical Magnetic Resonance Solutions (WI, USA). An 8-channel cardiac array coil, purchased from General Electrics (MA, USA), was used for dynamic contrast enhanced imaging.
Polarisation
For helium studies, isotopically enriched 3He flowed through a glass cell on a home-builtGE Healthcare spin-exchange optical pumping polarization system,369, 370 polarising gas to circa 25%. Helium was polarised overnight, the previous day in preparation for scans.
For xenon studies, a gas mixture of 3% isotopically enriched xenon, containing 86% 129Xe, 10% nitrogen and balance helium flowed through a glass cell on a home-built spin-exchange optical pumping polarization system,369, 370 polarising 129Xe gas to circa 30%. 129Xe was cryogenically separated from the remaining gas and collected in its frozen state if polarizing in advance. The polarisation of gas for a typical MR session was circa 15-20 minutes.
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[bookmark: _Toc3145325]Figure 3.133.1: Example of a gas polariser utilised in Sheffield
(A) Photo of 129Xe spin-exchange optical pumping polariser. The bag used to collect and deliver gas to the participant is shown on the bottom left of the picture. (B) Ceramic oven containing spin exchange optical polariser cell (uncovered). The pool of rubidium is visible at the cell gas entrance (bottom of photo). 
Gas delivery
Gas mixtures are were delivered to study participants in 1 Litre quantities in Tedlar bags. Prior to scanning, a 1 litre Tedlar bag of room air was inhaled from approximate functional residual capacity (FRC). FRC was achieved by asking the participant to inhale completely, then asking them to relax and breathe out slowly and comfortably, but not to force any additional air out. After practicing this outside of the scanner, the same instructions were given to the participant in the supine position inside the scanner and images were acquired during the breath hold manoeuver.
Sequences
Specifics of the MRI sequences and post processing analysis are detailed in chapters 4 through 7.
Safety Assessments
[bookmark: _Toc364347291][bookmark: _Toc364347361]Subjects are excluded if there are any concerns about the possible presence of MR incompatibility, as per the local safety questionnaire. This will bewas assessed using a locally designed safety questionnaire and in accordance with local protocol.
Minor side effects of xenon inhalation include transient euphoric symptoms, nausea and headache, lasting for few seconds. At the doses we plan to use theused the anticipated anaesthetic effect of xenon is estimated to be negligible, as demonstrated in both volunteers and patients.294, 371
Gadolinium Safety
Side effects of the contrast agent injection may include mild headache, nausea and localized cold sensation at the site of injection. Rarely low blood pressure and light-headedness occurs which can be treated immediately with a drip (intravenous fluid). Very rarely (less than one in one thousand), participants are allergic to the contrast agent. These effects are most commonly hives and itchy eyes, but more severe reactions have been reported, which result in shortness of breath 372. 
There have been several reports of patients developing nephrogenic systemic fibrosis (NSF), after intravascular MRI contrast agents containing gadolinium. 373 The pathogenesis of NSF begins with the displacement of gadolinium from its chelate by another metallic cation. Free gadolinium becomes deposited in tissues and becomes engulfed by macrophages, creating cytokine release and an inflammatory response. Circulating fibrocytes deposit in the tissue and proliferate, leading to fibrosis of multiple organs, including lungs, liver, muscles and heart.
. NSF is a very rare but potentially serious and life-threatening condition. However, no cases of NSF have been reported in patients with normal renal function and Gadovist (gadobutrol) is categorised as a “low risk agent”, unless there is severe renal impairment. Patients with renal dysfunction as stipulated in the exclusions to this study are screened out and therefore subjects at risk of NSF to the contrast agent are not be recruited.
Physiology Assessment
A baseline oxygen saturation is was recorded prior to the MRI to ensure the spO2 remains at 90% or greater at rest. Each participant’s heart rate and oxygen saturation is was monitored continuously during the MR studies using MR compatible monitoring equipment.
[bookmark: _Toc3145071]Recruitment, Demographic and Physiological Outcomes
Recruitment and Study Visits
Timing of Study Visits
Nineteen patients were recruited to the study prior to 28 February 2017, of whom 18 underwent at least one study visit. The study continues due to on-going interest from outcomes generated to date. The data in this thesis refers to the 18 patients recruited prior to the recruitment census date in February 2017.
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[bookmark: _Toc494795736][bookmark: _Toc3145326]Figure 3.233.2: Gantt chart of study visits

Completion and Withdrawal
· Of the 19 recruited participants, one participant died before the first visit.
· Four participants out of 18 did not complete the second or third visit. Three of these participants died and the fourth withdrew due to ill health.
· One participant of the remaining 14 died following the second and prior to the third visit.
· Thirteen participants completed every study visit as planned.
A flow chart summary is provided in Figure 3.3.
[bookmark: _Toc494795737][image: ]
[bookmark: _Toc3145327]Figure 3.333.3: Summary of participant numbers at each visit
Intraparticipant Visit Intervals
The true time intervals between each visit, planned six months apart are summarised in Table 3.2. The ideal time interval between visit 1 and 2, or 2 and 3 is 182.5 days and between visit 1 and 3 is 365 days.
[bookmark: _Toc3145475]Table 3.233.2: Time interval between study visits
	Time interval (Days)
	Mean
	SD
	Range

	Visit 1 to visit 2 (n=18)
	194.5
	24.2
	148 - 231

	Visit 2 to visit 3 (n=14)
	160.8
	31.8
	98 – 206

	Visit 1 to visit 3 (n=13)
	356.5
	32.9
	308 - 434


To 1 d.p.; SD: standard deviation
Time from First Computed Tomography
· High resolution CT was performed in all cases and occurred prior to the first study visit in all but two cases.
· Mean time between CT and study visit 1 was 61.9 days, standard deviation 65.0 days, range 0 – 178 days.
The large variation in time interval between the CT and MRI scans is due to several participants undergoing diagnostic scans some time before being referred to the interstitial lung disease clinic. In instances where the scan was sufficient diagnostic quality and there had been no significant interval change clinically, the scan was taken for the baseline assessment to avoid further imaging being required, which would otherwise be of considerable time cost to the participant.
Participant Demographics
Age and Gender
· Three of 18 scanned participants are female (16.7%).
· Mean age at first visit is 70.8 years, standard deviation 5.3 years, range 63-80 years.
Smoking Status and Additional Characteristics
· No study participants were smoking within a year of the first study visit. Thirteen (72.2%) were former smokers, 5 were never-smokers (27.8%).
· One participant was on the active waiting list for a single lung transplant, but did not receive a transplant during the study.
Spirometry Outcomes
Completion
All participants who attended the study visits completed all aspects of spirometry. There were no concerns about intra-participant reproducibility, as determined by international standards.100
Baseline
Spirometry outcomes at baseline are provided in Table 3.3.
[bookmark: _Toc3145476]Table 3.333.3: Visit 1 spirometry outcomes
	Parameter (units)
	Mean
	SD
	Range

	FEV1 (L)
	2.29
	0.47
	1.54 – 3.27

	FEV1 (% predicted)
	79.0
	13.4
	59.9 – 107.9

	FVC (L)
	3.09
	0.84
	1.87 – 5.22

	FVC (% predicted)
	80.3
	17.4
	59.5 – 116.0

	FEV1/FVC (%)
	75.8
	8.7
	59.0 – 89.7

	FEV1/FVC (z-score)
	-0.04
	1.13
	-2.09 – 1.79


SD: standard deviation
One participant had an FEV1/FVC z-score < -1.64, indicating possible obstructive lung disease. His flow-volume curve is shown in Figure 3.4.
[image: flow volume]
[bookmark: _Toc494795738][bookmark: _Toc3145328]Figure 3.433.4: Flow volume Curve
The flow volume curve shows inspiratory effect as negative flow from the spirometer below the x-axis and shows expiratory effect as positive flow from the spirometer above the x-axis, represented by the blue solid line. An ideal expiratory effort should demonstrate rapid ascent to peak flow (labelled), followed by a near linear decline in flow to FVC (labelled). The true effort demonstrates concavity in the expiratory decline in flow rate and a gradual tailing off to FVC, suggestive of small airways obstruction.
Visit 2
Spirometry outcomes from visit 2 (6 months) are provided in Table 3.4. Changes in FVC, statistically assessed by Wilcoxon Rank tests, and are shown in Figure 3.5.
[bookmark: _Toc3145477]Table 3.433.4: Visit 2 spirometry results summary
	Parameter (units)
	Mean
	SD
	Range

	FVC (L)
Visit 1 – visit 2 change (L)
Visit 1 – visit 2 change (Rel)
	3.02
-0.16
-5.2%
	0.96
0.19
6.13%
	1.77 – 5.26
-0.48 – 0.25
-13.2 – 9.0%

	FVC (% predicted)
Visit 1 – visit 2 change (Abs)
Visit 1 – visit 2 change (Rel)
	79.2
-4.1
-4.9%
	18.5
4.7
5.6%
	61.2 – 116.7
-11.6 – 3.1
-13.4 – 5.2%


SD: standard deviation; Abs: absolute change; Rel: relative change (%)
[image: FVC two visits]
[bookmark: _Toc494795739][bookmark: _Toc3145329]Figure 3.533.5: Change in FVC over first six months
Statistical significance determined by Wilcoxon rank tests. Two-tailed p-values < 0.05 are denoted by *. FVC: forced vital capacity.
Visit 3
Spirometry outcomes from visit 3 (12 months) are provided in Table 3.5. Changes in FVC, statistically assessed by Friedman Tests are shown in Figure 3.6.
[bookmark: _Toc3145478]Table 3.533.5: Visit 3 spirometry results summary
	Parameter (units)
	Mean
	SD
	Range

	FVC (L)
Visit 2 – visit 3 change (Abs)
Visit 2 – visit 3 change (Reel)
Visit 1 – visit 3 change (Abs)
Visit 1 – visit 3 change (Rel)
	2.97
-0.07
-6.2
-0.21
-6.6
	0.96
0.18
7.7
0.26
7.5
	1.73 – 5.35
-0.32 – 0.12
-19.8 – 2.5
-0.72 – 0.13
-19.8 – 4.7

	FVC (% predicted)
Visit 2 – visit 3 change (Abs)
Visit 2 – visit 3 change (Rel)
Visit 1 – visit 3 change (Abs)
Visit 1 – visit 3 change (Rel)
	79.9
-0.2
-0.4
-4.0
-4.8
	19.5
5.5
6.4
6.3
7.5
	55.1 – 117.1
-7.6 – 12.5
-12.1 – 14.5
-16.9 – 4.6
-19.1 – 6.7


VC: forced vital capacity; SD: standard deviation; Abs: absolute change; Rel: relative change in %. L to 3sf, % to 1dp.
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[bookmark: _Toc3145330]Figure 3.633.6 Change in FVC over twelve months
Statistical significance determined by Friedman tests. Two-tailed p-values < 0.05 are denoted by *. FVC: forced vital capacity
Carbon Monoxide Gas Transfer Outcomes
Completion
All participants who attended the study visits completed all aspects of the single-breath carbon monoxide gas transfer technique during the first two visits. One participant was unable to perform the technique during their third visit. There were no concerns about intra-participant reproducibility, as determined by international standards.125
Baseline
[bookmark: _Toc3145479]Table 3.633.6: Visit 1 carbon monoxide gas transfer outcomes
	Parameter (units)
	Mean
	SD
	Range

	TLCO (mmol.min-1.kPa-1)
	3.92
	1.63
	1.98 – 7.87

	TLCO (% predicted)
	49.3
	20.0
	24.3 – 95.8

	KCO (mmol.min-1.kPa-1L-1)
	0.94
	0.27
	0.40 – 1.49

	KCO (% predicted)
	68.6
	19.7
	43.4 – 109.6


SD: standard deviation TLCO: transfer factor of the lungs for carbon monoxide; KCO: transfer coefficient of the lungs for carbon monoxide
Visit 2
[bookmark: _Toc3145480]Table 3.733.7: Visit 2 carbon monoxide gas transfer factor results summary
	Parameter (units)
	Mean
	SD
	Range

	TLCO (mmol.min-1.kPa-1)
Visit 1 – visit 2 change (Abs)
Visit 1 – visit 2 change (Rel)
	4.32
-0.10
-2.5%
	1.59
0.35
8.5%
	2.79 – 7.93
-0.70 – 0.55
-12.8 – 15.2%

	TLCO (% predicted)
Visit 1 – visit 2 change (Abs)
Visit 1 – visit 2 change (Rel)
	54.9
-0.9
-2.2
	19.5
4.7
8.5
	37.1 – 96.8
-8.2 – 9.7
-12.5 – 15.4


SD: standard deviation; Abs: absolute change; Rel: relative change (%); TLCO: transfer factor of the lungs for carbon monoxide
[bookmark: _Toc3145481]Table 3.833.8 Visit 2 carbon monoxide gas coefficient results summary
	Parameter (units)
	Mean
	SD
	Range

	KCO (mmol.min-1.kPa-1L-1)
Visit 1 – visit 2 change (Abs)
Visit 1 – visit 2 change (Rel)
	1.02
-0.03
-2.3%
	0.20
0.05
4.8%
	0.81 – 1.40
-0.10 – 0.04
-10.4 – 5.2%

	KCO (% predicted)
Visit 1 – visit 2 change (Abs)
Visit 1 – visit 2 change (Rel)
	74.0
-1.7
-2.1
	14.9
3.5
4.8
	59.3 – 103.2
-6.9 – 2.2
-10.2 – 5.4


SD: standard deviation; Abs: absolute change; Rel: relative change (%); KCO: transfer coefficient of the lungs for carbon monoxide.
Visit 3
[bookmark: _Toc3145482]Table 3.933.9: Visit 3 carbon monoxide gas transfer factor results summary
	Parameter (units)
	Mean
	SD
	Range

	TLCO (mmol.min-1.kPa-1)
Visit 2 – visit 3 change (Abs)
Visit 2 – visit 3 change (Rel)
Visit 1 – visit 3 change (Abs)
Visit 1 – visit 3 change (Rel)
	4.50
0.02
0.4
-0.05
-1.3
	1.71
0.41
8.1
0.59
13.1
	2.69 – 8.59
-0.86 – 0.66
-12.2 – 16.1
-1.02 – 0.75
-18.7 – 20.7

	TLCO (% predicted)
Visit 2 – visit 3 change (Abs)
Visit 2 – visit 3 change (Rel)
Visit 1 – visit 3 change (Abs)
Visit 1 – visit 3 change (Rel)
	58.2
0.4
0.6
-0.1
-0.7
	20.6
5.2
8.2
7.8
13.2
	31.0 – 105.2
-10.5 – 8.4
-11.8 – 16.4
-11.9 – 13.4
-18.2 – 21.1


SD: standard deviation; Abs: absolute change; Rel: relative change (%); TLCO: transfer factor of the lungs for carbon monoxide. *one participant unable to perform gas transfer not included.
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[bookmark: _Toc3145331]Figure 3.733.7: Change in carbon monoxide gas transfer factor over twelve months
Statistical significance determined by Friedman rank tests. TLCO: transfer factor of the lungs for carbon monoxide. N.B. One participant unable to perform TLCO not displayed here.

[bookmark: _Toc3145483]Table 3.1033.10: Visit 3 carbon monoxide gas transfer coefficient results summary
	Parameter (units)
	Mean
	SD
	Range

	KCO (mmol.min-1.kPa-1L-1)
Visit 2 – visit 3 change (Abs)
Visit 2 – visit 3 change (Rel)
Visit 1 – visit 3 change (Abs)
Visit 1 – visit 3 change (Rel)
	1.04
0.00
-0.0
-0.02
-1.2
	0.22
0.08
7.4
0.12
10.5
	0.75 – 1.41
-0.17 – 0.11
-12.8 – 9.2
-0.26 – 0.10
-21.9 – 8.1

	KCO (% predicted)
Visit 2 – visit 3 change (Abs)
Visit 2 – visit 3 change (Rel)
Visit 1 – visit 3 change (Abs)
Visit 1 – visit 3 change (Rel)
	75.4
0.1
0.1
-0.9
-0.8
	16.6
5.8
7.4
8.5
10.5
	53.4 – 103.7
-12.3 – 8.3
-12.6 – 8.7
-18.4 – 7.2
-21.5 – 8.3


SD: standard deviation; Abs: absolute change; Rel: relative change (%); KCO: transfer coefficient of the lungs for carbon monoxide *one participant unable to perform gas transfer not included.
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[bookmark: _Toc3145332]Figure 3.833.8: Change in carbon monoxide gas transfer factor over twelve months
Statistical significance determined by Friedman rank tests. KCO: transfer coefficient of the lungs for carbon monoxide. N.B. One participant unable to perform KCO not displayed here.
Prospectively Defined Pulmonary Function Test Endpoints
Six-months
The number of endpoints reached as defined by FVC decline of ≥ 10% or TLCO decline ≥ 15% between the two visits depends upon on whether volumes or predicted values are used and whether absolute or relative changes are used:
· Five participants had a reduction in volumes (L) of ≥ 10%
· Two participants had a reduction in absolute % predicted change of ≥ 10%, whereas four participants had a reduction in relative % predicted change of ≥ 10%
· Irrespective of the definition of absolute or relative decline, no participant had a decline in absolute or % predicted TLCO ≥ 15% from their baseline values
Twelve Months
· Of the participants demonstrating a significant decline in FVC at six months, one improved back to better than baseline (+1.7%), one improved to less than baseline (-6.2% overall), two demonstrated further declines in FVC (-19.8% and -17.0% from baseline) and one participant died before further follow up.
· One participant not demonstrating a decline over six months had an 11.8% decline in FVC over the second six-month period and his FVC changed by -17.0% overall.
· Two participants experienced a decline in TLCO ≥ 15%, although one already had a sustained decline in FVC ≥ 10% at six months.
· The participant lost to follow up after visit one remained alive at the end of the study and without a decline in FVC / TLCO at clinical visits. He was therefore included in the primary endpoint not met group.
Overall, 10 out of 18 participants undergoing at least one scan session (55.6%) met the primary surrogate composite outcome of death, ≥ 10% decline in FVC or and ≥ 15% decline in TLCO, as summarised in Figure 3.9.
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[bookmark: _Toc3145333]Figure 3.933.9: Primary endpoint summary
Graphs of first outcome (A) and all outcomes (B). FVC: forced vital capacity; TLCO transfer factor of the lungs for carbon monoxide.
Participants were heterogeneous in their progression. The spaghetti plots in Figure 3.10 demonstrate that change over the first six months did not necessarily predict change over the second six months, in keeping with larger data analyses.114
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[bookmark: _Toc3145334]Figure 3.1033.10: Spaghetti plot of FVC and TLCO endpoints.
Dotted lines represent primary endpoint analysis values of -10% FVC and -15% TLCO. Red point with x represents participant who died after 6-month visit. Note they had a significant fall in FVC, but so did others who remained stable. They did not demonstrate a similar fall in TLCO.
Incremental Shuttle Walk Test Outcomes
Completion
One participant was unable to perform the ISWT due to back pain. Tests were successfully completed for all visits in the remaining 17 participants.
Sixteen participants reported that they could not walk further due to breathlessness, while one reported back and leg discomfort as the main reason for stopping. All demonstrated an increase in breathlessness to at least ‘moderate’, as measured by point 3 on the modified Borg scale.374
Baseline
[bookmark: _Toc3145484]Table 3.1133.11: Visit 1 incremental shuttle walk test outcome summary
	Parameter (units)
	Mean
	SD
	Range

	ISWT distance (m)
	351
	203
	100 - 760

	Baseline spO2 (%)
	93.8
	2.2
	90 - 96

	Nadir spO2 (%)
	81.5
	7.1
	68 - 91

	SpO2 Desaturation (%)
	12.3
	6.3
	3 - 24


SD: standard deviation
All study participants demonstrated at least 3% decline (desaturation) from baseline to nadir spO2 during exercise, as is summarised in Figure 3.4.
One would not expect a decline in oxygen saturations on exercise in a healthy population.
[image: Pre and post exercise SpO2]
[bookmark: _Toc494795741][bookmark: _Toc3145335]Figure 3.1133.11: Pre-exercise (baseline) and nadir spO2 recorded during exercise
Visit 1 data. Statistical significance determined by Wilcoxon rank tests.
Visit 2
[bookmark: _Toc3145485]Table 3.1233.12: Visit 2 incremental shuttle walk test outcome summary
	Parameter (units)
	Mean
	SD
	Range

	ISWT distance (m)
Visit 1 – visit 2 change (Abs)
Visit 1 – visit 2 change (Rel)
	411
1.5
4.8%
	187
55.2
20.0%
	180 – 770
-110 – 80
-28.2 – 40.0%


SD: standard deviation; Abs: absolute change; Rel: relative change (%)
[image: ISWTd two visits]
[bookmark: _Toc494795742][bookmark: _Toc3145336]Figure 3.1233.12: Change in incremental shuttle walk test distance over six months
Statistical significance determined by Wilcoxon rank tests.
Visit 3
[bookmark: _Toc3145486]Table 3.1333.13: : Visit 3 incremental shuttle walk test outcome summary
	Parameter (units)
	Mean
	SD
	Range

	ISWT distance (m)
Visit 2 – visit 3 change (m)
Visit 1 – visit 3 change (m)
	457
34
3
	254
88
109
	260 – 1020 (max)
-120 - 250
-110 - 260


SD: standard deviation; ISWT: incremental shuttle walk test.
[image: ]
[bookmark: _Toc3145337]Figure 3.1333.13: 12 month changes in ISWT
Statistical significance determined by Friedman rank tests.  ISWT: incremental shuttle walk test.
Correlations Between Pulmonary Function and Exercise Metrics
Statistically significant correlations exist between pulmonary function test and incremental shuttle walk test metrics. The data is summarised in Table 3.14. Non-parametric data has been assumed (Spearman’s coefficient).
[bookmark: _Toc3145487]Table 3.1433.14: Summary of pulmonary function and exercise data correlations
	Parameter
	ISWT distance
	SpO2 nadir

	FVC (mL)
	0.56*
	0.13

	FVC (% predicted)
	0.48
	-0.44

	TLCO (mmol.min-1.kPa-1)
	0.81**
	-0.11

	TLCO (% predicted)
	0.69**
	-0.39

	KCO (mmol.min-1.kPa-1L-1)
	0.48
	-0.16


* p < 0.05; ** p < 0.01. FVC: forced vital capacity; TLCO: transfer factor of the lungs for carbon monoxide; KCO: transfer coefficient of the lungs for carbon monoxide; ISWT: incremental shuttle walk test; spO2: oxygen saturation percentage.
Baseline GAP Score Data
Mean and standard deviation of the baseline GAP score comprised from demographic and PFT data as previously described was 4.06 and 1.35, respectively.132
[image: Histogram of GAP]
[bookmark: _Toc494795743][bookmark: _Toc3145338]Figure 3.1433.14: Baseline GAP score histogram
Range of integer values from 0 to 8.
[bookmark: _Toc3145072]Computed Tomography
When performed at the local centre, HRCT images were acquired on a 64-slice MDCT (Light-Speed General Electric MedicalHeathcare) during a single breath-hold. Typical acquisition parameters were: 100 mA with automated dose reduction, 120 kV, pitch of 1, rotation time 0.5 s and 0.625-mm collimation, field of view = 400×400 mm, acquisition matrix 512× 512. Reconstructions with a minimum of 1.25mm thick slices were used for diagnostic and analytical purposes.
Method of Analysis
Qualitative
All scans were discussed at multidisciplinary team meetings with two experienced thoracic radiologists. Their report was used to describe the presence of ILD abnormalities on the images and distinguish radiological interstitial pathology for qualitative analysis.
Quantitative
Baseline images were sent to clinical researcher contacts at the Mayo Clinic (Rochester, MN, USA) for analysis with the Computer-aided lung informatics for pathology evaluation and rating (CALIPER) quantitative CT algorithm.255 As previously outlined in chapter 2, CALIPER has been shown to quantitatively assess CT imaging features of ILD and provides an estimate of amount of lung affected by ILD features.259, 375, 376 These features include low attenuation area (LAA), defined by Hounsfield unit value <-950 indicative of emphysema, ground glass opacity, honeycomb cysts, reticulation, vessel volume and normal lung tissue. An example output is provided in Figure 3.15.
[image: ]
[bookmark: _Toc3145339]Figure 3.1533.15: Example CALIPER output
This quantitative output from this participant demonstrates a full range of pathological features assessed by the CALIPER software, including the typical basal predominant interstitial features on ground glass, reticulation and honeycombing, as well as small volumes of low attenuation area (LAA) in the upper lobes suggestive of co-existent emphysema.
Results
Data Quality
Previous data derived from CALIPER has included only non-contrast scans. Thus, the three scans in this series conducted with contrast enhancement were prospectively excluded from the analysis, leaving 15 out of 18 scans eligible for quantitative analysis. All of these 15 scans were prospectively evaluated by third party collaborators and deemed eligible for inclusion in the analysis.
Parenchymal Outcomes
Table 3.15 provides summary statistics of the imaging features defined by CALIPER, expressed as a percentage of total lung volume.
[bookmark: _Toc3145488]Table 3.1533.15: Summary Quantitative CT parenchyma metrics
	Metric (% of TLV)
	Median
	IQR
	Min
	Max

	Normal
	80.0
	66.1 – 88.2
	43.1
	94.9

	Low attenuation area 
	1.3
	0.7 – 4.2
	0.0
	20.1

	Ground glass opacification
	11.2
	4.3 – 17.4
	0.6
	36.4

	Honeycombing
	0.1
	0.0 – 0.3
	0.0
	2.8

	Reticulation
	3.3
	1.4 – 4.6
	0.3
	17.3


Values in percent of total lung area. IQR: interquartile range; TLV: total lung volume.
Vessel Outcomes
The pulmonary vessel volume (PVV) score quantified the volumes of pulmonary arteries and veins excluding hilar vessels as a percentage of lung volume. Vessels were also subdivided into size. All vessels on a single CT image that had a cross-sectional area <5 mm2 (PVV5) or < 10 mm2 but ≥ 5mm (PVV10) were summed, and expressed as a percentage of total vessel volume. The rationale for 5 mm2 and 10 mm2 thresholds are previously described in patients with chronic obstructive pulmonary disease 377 and IPF,376 in view of their prognostic potential. Summary statistics are provided in Table 3.16
[bookmark: _Toc3145489]Table 3.1633.16: Summary Quantitative CT vessel metrics
	Metric 
	Median
	IQR
	Min
	Max

	Total PVV (% of TLV)
	4.0
	2.9 – 6.0
	1.4
	10.2

	PVV<5 (% of TVV)
	12.3
	10.5 – 14.2
	8.0
	21.0

	PVV<10 (% of TVV)
	10.7
	10.1 – 12.7
	7.4
	15.2


Values in percent of total lung area. IQR: interquartile range; TLV: total lung volume; TVV: total vascular volume; PVV: pulmonary vascular volume; PVV<5: pulmonary vascular volume of vessels < 5mm in diameter; PVV<10: pulmonary vascular volume of vessels < 10mm, but ≥ 5mm in diameter.

Correlation with Lung Function
Correlations between quantitative CT metrics and PFTs are given in Tables 3.17 (parenchymal metrics) and 3.18 (vessel metrics).
[bookmark: _Toc3145490]Table 3.1733.17: Spearman’s Coefficient correlations with quantitative parenchymal CT metrics and PFTs
	Physiology Metrics
	CT Metrics (% of whole lung volume)

	
	Normal
	LAA
	GGO
	HC
	Retic

	FEV1 (mL)
	0.30
	0.50
	-0.45
	-0.01
	-0.25

	FEV1 (% predicted)
	0.41
	0.64*
	-0.53*
	-0.13
	-0.38

	FVC (mL)
	0.45
	0.67*
	-0.60*
	0.02
	-0.44

	FVC (% predicted)
	0.74**
	0.73**
	-0.84**
	-0.18
	-0.75**

	FEV1/FVC (ratio)
	-0.68**
	-0.49
	0.71**
	0.19
	0.73**

	FEV1/FVC (z-score)
	-0.70**
	-0.52*
	0.74**
	0.19
	0.73**

	TLCO (mmol.min-1.kPa-1)
	0.66**
	0.28
	-0.69**
	-0.28
	0.60*

	TLCO (% predicted)
	0.70**
	0.22
	-0.72**
	-0.37
	0.19

	KCO (mmol.min-1.kPa-1.L-1)
	0.22
	-0.38
	-0.17
	-0.20
	-0.11

	KCO (% predicted)
	0.16
	-0.38
	-0.14
	-0.25
	-0.04

	GAP score (index)
	-0.61*
	-0.40
	0.65**
	0.06
	0.57*

	CPI (index)
	-0.75**
	-0.36
	0.80**
	0.26
	0.68**

	ISWTd (m)
	0.46
	0.33
	-0.56*
	-0.32
	-0.37


* p < 0.05; ** p < 0.01; CT: computed tomography; LAA: Low attenuation area; GGO: ground glass opacification; HC: honeycombing; Ret: reticulation; FEV1: forced expiratory volume in one second; FVC: forced vital capacity; TLCO: Carbon monoxide gas transfer; KCO: Carbon monoxide gas coefficient; GAP: gender, age, physiology; CPI: composite physiology index; ISWTd: incremental shuttle walk test distance;
[bookmark: _Toc3145491]Table 3.1833.18: Spearman’s Coefficient correlations with quantitative vessel CT metrics and PFTs
	Physiology Metrics
	CT Metrics (% of whole lung volume)

	
	Total PVV
(% of TLV)
	PVV<5
(% of TVV)
	PVV<10
(% of TVV)

	FEV1 (mL)
	-0.38
	0.01
	0.17

	FEV1 (% predicted)
	-0.48
	0.30
	0.53*

	FVC (mL)
	0.52*
	0.19
	0.34

	FVC (% predicted)
	-0.80**
	0.34
	0.69**

	FEV1/FVC (ratio)
	0.70**
	-0.19
	-0.42

	FEV1/FVC (z-score)
	0.73**
	-0.24
	-0.46

	TLCO (mmol.min-1.kPa-1)
	-0.65**
	0.00
	0.12

	TLCO (% predicted)
	-0.72**
	0.11
	0.24

	KCO (mmol.min-1.kPa-1.L-1)
	-0.19
	-0.31
	-0.30

	KCO (% predicted)
	-0.17
	-0.30
	-0.32

	GAP score (index)
	-0.61*
	-0.21
	-0.43

	CPI (index)
	0.79**
	-0.20
	-0.37

	ISWTd (m)
	-0.57*
	-0.02
	0.21


* p < 0.05; ** p < 0.01; CT: computed tomography; TLV: total lung volume; TVV: total vascular volume; PVV: pulmonary vascular volume; PVV<5: pulmonary vascular volume of vessels < 5mm in diameter; PVV<10: pulmonary vascular volume of vessels < 10mm, but ≥ 5mm in diameter; FEV1: forced expiratory volume in one second; FVC: forced vital capacity; TLCO: Carbon monoxide gas transfer; KCO: Carbon monoxide gas coefficient; GAP: gender, age, physiology; CPI: composite physiology index; ISWTd: incremental shuttle walk test distance;
Comment on CT Metrics
The abnormal lung tissue demonstrates a significant variation in this dataset, ranging from 5.1% to 56.9% abnormal parenchyma. However, the abnormality identified by the CALIPER software shows a surprisingly high proportion of ground glass change, compared to reticulation and honeycombing, which are features more in keeping with IPF. The very low amount of honeycombing identified is particularly notable, given this represents a population of patients with ‘probable IPF’ identified by expert chest radiologists and ILD physicians. However, this ratio between ground glass change and other ILD features are congruous with previous CALIPER data in IPF from Jacob et al.376
There is some discrepancy between our qualitative (radiologist) assessment and the quantitative output, demonstrated in Figure 3.16. Nevertheless, there is broad agreement on the qualitative and quantitative presence of abnormal lung parenchyma. Thus, correlations are perhaps most likely to be found between the ‘normal’ outcome metric and MRI metrics, given the narrow range of honeycombing and reticulation abnormalities.
[image: ]
[bookmark: _Toc3145340]Figure 3.1633.16: Discordant quantitative and qualitative findings
In this example, severe diffuse disease is present. This is identified quantitatively and is visually apparent in the original image. However, the abnormality is predominantly identified as ground glass by the CALIPER 3-dimensional rendering, whereas local radiologist agree that the most predominant finding is honeycombing and reticulation. There is agreement on the extent of disease, but not the characterisation of the abnormality. LAA: low attenuation area.
Statistically significant correlations between PFTs and CT metrics suggest that greater proportion of abnormal lung tissue confers poorer lung function. Correlations were strongest with FVC, TLCO and CPI (a composite of spirometry and TLCO), but notably absent with KCO. This may suggest that the correlation with TLCO is driven more heavily by alveolar volume (VA) and the relationship between PFTs and quantitative CT imaging has a greater relationship with volume loss and structural distortion, rather than gas exchange.
The correlation between total PVV, PVV<10 and FVC is scientifically plausible. It suggests that a lower lung volume and thus lungs more heavily afflicted with fibrotic change have acquired vasculopathy, reflecting higher vascular resistance and dilation, and that these smaller vessels are lost as they become dilated. The reason for an opposite (positive correlation between PVV and FEV1/FVC is less clear, and may simply be coincidental due to the low range of values. It may also reflect vascular destruction due to emphysema in those who have coincident emphysema, as reflected by the correlation between LAA and FEV1/FVC z-score, possibly suggesting a higher sensitivity of LAA for identifying mild emphysematous changes.
[bookmark: _Toc3145073]Summary
In general, the study recruited well in spite of challenges including scanner availability and delays in obtaining ethical approval. Studies in this field are often of small participant numbers and rarely longitudinal. At the time of writing, this is the first dataset of longitudinal hyperpolarised gas and perfusion MRI in publication.
Recruitment was successful. The final numbers met the prospective target and allowed for all planned analysies to take place.
The range of GAP scores demonstrates heterogeneity in disease severity at baseline. No participants had the highest scores of 7 or 8, although it is unlikely that a novel marker of prognosis of disease severity would add much value to the clinical picture.
No participants were in the lowest categories (0 or 1). Although there is no data from the derivation or validation cohort regarding the proportion of ‘low risk’ patients in the article which introduced GAP scoring,132 a score of 0 requires the patient to be female, 60 years of age or fewer, with an FVC > 75% and TLCO > 55% of predicted value. In practice, this demographic is rarely seen, even in a tertiary centre.
In our cohort, the mean values for FVC and TLCO score 0 (out of 2) and 1 (out of 3) respectively, reflecting that these are patients newly referred into the service and thus closely reflecting the patient cohort seen in clinical practice. The average change in FVC in those who completed follow up over 52 weeks was -211mL, which is in keeping with previous study data, as demonstrated in Figure 3.17.44, 46, 89, 102-108 The heterogeneity demonstrated in outcomes is striking, with no clear linear pattern of decline. This is also consistent with previous data from the follow-on CAPACITY and ASCEND pirfenidone open label study.114 In general, this population of participants with IPF behaves similarly to patients in previous trials, in terms of lung function decline.
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[bookmark: _Toc3145341]Figure 3.1733.17: Forced vital capacity decline in IPF trial placebo groups and in this study
This study is highlighted in red. Placebo groups from studies included in this summary are as follows: 1. King et al. (Bosentan - BUILD-1),102 2. King et al. (Bosentan – BUILD-3),103 3. Raghu et al. (Interferon gamma),104 4. Raghu et al. (Ertanacept),44 5. Azuma et al. (Pirfenidone - phase II),105 6. Demedts et al. (NAC),106 7. Daniels et al. (Imatinib),46 8. Taniguchi et al. (Pirfenidone – phase III),107 9. Richeldi et al. (Nintedanib - INPULSIS),89 10. King et al. (Pirfenidone - ASCEND).108
Incremental shuttle walk test was somewhat anomalous. Mean distance walked in 12 subjects who completed the ISWT on all three occasions went up by 2m over the first six months and 34m over the next 12 months. One possible explanation for this may be that many of these participants new to a tertiary centre were referred subsequently for pulmonary rehabilitation as per NICE guidelines.72 Rehabilitation in patients with IPF improves exercise parameters including walk test distance and these changes return to baseline after 11 months, compared to an overall decrease in control subjects with IPF.378 Given this information is not recorded, it may be that a significant number underwent pulmonary rehabilitation in the middle of the scan processduring the 12-month follow-up period. This should be factored in to future studies.
Interestingly, ISWT distance was lower in participants who suffered a primary endpoint in the subsequent six months, but this did not reach statistical significance (270m vs. 390m; p=0.554).  Since this study was conducted, further detail has been elucidated on the validity, responsiveness and minimum clinically important difference in the ISWT in IPF (31 – 46m).379 Tellingly, only three participants experienced a decline of this magnitude over the full 12 month follow-up.
All participants who continued in the study underwent second and third visits within the specified time frame. The repeat visits were as close to six months apart as practically possible, reflected by the values given in Table 3.2. The standard deviation for visit 1 to 2 and 2 to 3 is less than four weeks, indicating excellent adherence to the time frame and ensuring the accuracy of describing them as ‘six-month’ and ‘12-month’ visits, respectively.
The HRCT in some cases was performed at a referring centre, extending the time from CT to first MRI visit. Nevertheless, this was performed within two months in most cases. However, the protracted gap between CT and MRI imaging in some cases limits the analysis. This is particularly the case when describing regions of the CT that were ‘normal’ at the point of the CT scan may have changed to demonstrate disease, were the CT performed on the same day as the MRI.
However, assessment of registered CT and MRI images should allow qualitative visual and quantitative correlation of functional and structural abnormalities and histogram metrics can be correlated with MR outcomes, allowing for this limitation.
In general, the pulmonary function, imaging and demographic elements of the study provide good data with which to compare the MR metrics of interest in the following chapters. Caution should be taken in comparing these to ISWT outcomes, which may have been affected by professionally assisted conditioning, external to this study.
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Ventilation Imaging
[bookmark: _Toc364347293][bookmark: _Toc364347363][bookmark: _Toc3145075]Methods of analysis
Data Acquisition
Sequences
The sequences included prospective acquisition of a 1H three-dimensional spoiled gradient recalled acquisition in steady state (3D-SPGR), detailed below. A 3D acquisition with Cartesian sampling was used. 2D sequences use a slice select gradient in the z direction with multiple slices excited sequentially whilst 3D sequences employ phase encoding in the z direction.
· Lung inflation FRC + 1L
· Matrix: 100x100
· Field of view (FOV): 40cm
· Slice thickness: 5mm (full lung coverage)
· Bandwidth (BW): +83.3kHz
· Echo time (TE) / repetition time (TR): 0.6 / 1.9ms
· Flip angle (FA): 60o
· 100% slice resolution
3He was polarised as previously detailed and delivered to the participant as 150mL of hyperpolarised 3He and 850mL of medical grade N2 in a 1L Tedlar® bag. Images were acquired with a 3-dimensional steady state free procession sequence (SSFP) with the coil tuned to the 3He Larmor frequency, determined by prior calibration.
· Lung inflation FRC + 1L
· Matrix: 100x100
· FOV: 40cm
· Slice thickness: 5mm (full lung coverage)
· BW: +83.3kHz
· TE / TR: 0.6 / 1.9ms
· FA = 20o
· 70% slice resolution
During the same breath holding attempt, a 3D-SPGR sequence identical to that previously described was performed in order to acquire ventilation and anatomical imaging at the same lung inflation state. Complete scan time for combined back-to-back SSFP ventilation and SPGR sequences was approximately 14 seconds. Please see the representative pulse sequence diagram in figure 4.1.
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[bookmark: _Toc3145343]Figure 4.1: Ventilation imaging pulse sequence diagram
Spoiled GRE sequence (A) and fully refocussed steady state sequence (B). Imaging sequence diagrams for gradient echo imaging included the a: spoiled gradient echo sequence and b: balanced steady-state free precession sequence.
In later studies, 129Xe was polarised as previously detailed and delivered to the participant as 500mL of hyperpolarised 129Xe and 500mL of medical grade N2 in a 1L Tedlar® bag. Sequence parameters were as follows.
· Lung inflation FRC + 1L
· matrix=100x100
· FOV=40cm,
· Slice thickness 10mm (full lung coverage)
· BW=+8kHz
· TE/TR = 2.2/6.7ms
· FA = 20⁰
· 70% slice resolution
Data quality
Ventilation imaging was acquired at all visits, with exceptions detailed in Figure 4.21. Due to the lack of clinical correlations and the need to replace rare helium gas with xenon where possible, later experiments were conducted with xenon to allow pilot comparison data to be generated for other studies.
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[bookmark: _Toc494795744][bookmark: _Toc3145344]Figure 4.244.1: Ventilation participant visit flow chart
Post Processing Methods
Overview
Outcome metrics from ventilation imaging includes:
1. Proportion of lung ventilated (percent ventilated volume (%VV))
2. Heterogeneity of lung ventilation (coefficient of variation (CV))
Each of these metrics is derived from semi-automated post processing performed on a graphical user interface (GUI), recently demonstrated to be more reproducible than wholly manual methods of ventilation image analysis.380 The interface is coded in Matlab R2016b (MathWorks, Inc., MA, USA) and is demonstrated in Figure 4.32. This uses code originally constructed by Paul Hughes.
[image: GUI]
[bookmark: _Toc494795745][bookmark: _Toc3145345]Figure 4.344.2: Ventilation analysis graphical user interface
The DICOM files are loaded into the interface for analysis. Further details of the steps involved are detailed in the main text.
Upload and Initial Segmentation
Once the anatomical SPGR and ventilation SSFP images are uploaded into the GUI, an initial automated segmentation process filters out background noise from the ventilation image and enables overlap of 3He image signal onto the anatomical image. This enables evaluation of the consistency of lung inflation state between the two back-to-back sequences, as is demonstrated in Figure 4.43.
[image: breath hold check]
[bookmark: _Toc494795746][bookmark: _Toc3145346]Figure 4.444.3: Breath hold check
Matching coronal slice images from the same participant, with anatomical image (A), 3He ventilation image (B) and overlapped 3He signal onto the anatomical image (C) demonstrated here. The lower medial part of left thoracic cavity contains no gas signal (asterisk), explained by the presence of the heart chambers and pericardial fat pad seen in the anatomical image. Here, the right diaphragm is inferred by an appearance of signal above the liver (white arrows) and corresponds well to the border of the ventilation image (black arrows). The pleural surface also appears to correspond to the edge of the ventilation signal, inferring the lung inflation state was similar between the anatomical and ventilation image.
The first SPGR sequence is able to act as a backup in case the lung inflation states are dissimilar. Where this is the case, the most likely cause is a release of the breath hold prior to the end of the sequence.
Filtering and segmentation
The anatomical and ventilation images are filtered to apply smooth borders, before undergoing segmentation using a spatial fuzzy c-means (SFCM) clustering method.381, 382 Both processed are automated through the GUI. Example outputs of these stages are demonstrated in Figure 4.54.
[image: filtering and segmentation ]
[bookmark: _Toc494795747][bookmark: _Toc3145347]Figure 4.544.4: Filtration and segmentation
When image (A) is filtered (B), the subtle differences between anatomical structures is lost in order to allow a lung border to be defined, through the segmentation process (C). The code then dichotomises the image into left and right lung and areas outside the lung to generate an anatomical lung ‘mask’ (D). The ventilation image undergoes the same process.
Once dichotomised ‘masks’ of the lung are created from the anatomical and ventilation images, these are edited before completing the final analysis. The discrepancy between B,C and D in the right medial lower lung field is due to a part of the myocardium being identified as lung tissue and highihgts the need for manual checking and editing.
Mask Editing
Editing of the anatomical and ventilation image masks takes place in ITK-SNAP v3.6 (University of Pennsylvania, PA, USA). During this process, areas of error are manually removed from the mask. The first and second generation of airways are also removed (i.e.: trachea, left and right main bronchi and bronchus intermedius), in keeping with previous published methodology.383 An example of mask editing is provided in Figure 4.65.
[image: mask editing]
[bookmark: _Toc494795748][bookmark: _Toc3145348]Figure 4.644.5: Ventilation mask editing
Example coronal slice 3He ventilation image (A), with overlying automated ventilation mask in red (B), and with overlying edited ventilation mask (C). Peripheral areas of very low or absent 3He signal are described as ventilation defects in bilateral mid-zones (arrows). The mask is edited to remove the trachea (asterisk) and signal artefact present from cardiac motion (circled).
Outcome Metrics
Percent ventilated volume and Ventilated Defect Percent
Once masks have been created for both the anatomical and ventilation images, the proportion of anatomical lung space containing hyperpolarised gas signal is calculated. This is either expressed as the amount of lung ventilated, i.e. the percentage ventilated volume (%VV)342, 380, or ventilation defect percent (VDP), expressed as VDP = (100% - %VV).384 Herein, this metric is referred to as %VV.
Coefficient of Variation
Heterogeneity of signal can be assessed by comparing the signal intensity of each voxel to the signal intensity of each neighbouring voxel in a 9x9 grid. The mean signal intensity of the voxels in each region is divided by the standard deviation of signal intensity to produce a coefficient of variation (CV) for that region. Each available series of 9x9 pixels is assessed. The mean of all CVs from every available 9x9 voxel grid is then used to provide a whole lung summary metric of ventilation heterogeneity: mean CV. Examples of images containing high ventilation heterogeneity (high CV) and low ventilation heterogeneity (low CV) is shown in Figure 4.76.
CV was analysed in 2D in this study. Recent data from our group has looked at whether a more appropriate way might be to use a 3D kernel, although this was unavailable at the time of analysis [unpublished].
[image: CV example]
[bookmark: _Toc494795749][bookmark: _Toc3145349]Figure 4.744.6: Coefficient of variation calculation
Healthy volunteer (A) demonstrates a homogeneous distribution of ventilation. A fairly smooth appearance to greyscale, is demonstrated in the example 9x9 voxel grid (right), representing local signal intensity. In contrast, a local study participant with cystic fibrosis (B) demonstrates patchy signal intensity, in addition to apparent defects peripherally. The representative 9x9 grid demonstrates high variation in local signal intensity and will generate a high CV. Adapted from local presentation, with thanks to Laurie Smith.
[bookmark: _Toc3145076]Ventilation Images
Ventilation Defects
Generally, the lungs of participants with IPF in this study do not demonstrate significant ventilation defects. Signal in the majority of participants is relatively homogeneous, although perhaps less so than locally scanned healthy volunteer cohorts. The Figures below outline the general qualitative findings in more detail.

[image: Slide2]
[bookmark: _Toc494795750][bookmark: _Toc3145350]Figure 4.844.7: Preservation of ventilation in IPF
Ventilation in this participant in IPF is generally well-preserved, as is representative of the cohort. A, B and C represent baseline, 6-month and 12-month visits respectively. In this example, there is an apparent deficit in the right lower lobe basally and laterally (arrow), which is persistent though the visits. Although this may be representative of basal atelectasis, this is not apparent on the corresponding CT slice (D), nor does not it correspond to features of ILD. The percent ventilated volume (%VV) of this participant at each visit was 91.9%, 92.9% and 95.2%, respectively.
[image: Slide3]
[bookmark: _Toc494795751][bookmark: _Toc3145351]Figure 4.944.8: Prominent ventilation defects are more likely due to co-existing airways disease and emphysema
Where specific defects in ventilation exist, these appear to be more anatomically related to co-existent emphysema, rather than idiopathic pulmonary fibrosis (IPF) changes. In this example, the areas circles contain well ventilated lung (A) and correspond to honeycombing at the bases in the accompanying computed tomography (CT) (B). On the other hand, regions of emphysematous bullae (arrows) demonstrate low or absent 3He signal.
[image: IPF01 vent images]
[bookmark: _Toc494795752][bookmark: _Toc3145352]Figure 4.1044.9: Ventilation defects tend to persist over time
Where defects in ventilation are present, these are usually persistent over longitudinal study visits (A, B and C). Here, the left upper lobe and right peripheral defects change somewhat in magnitude but persist over time. Again, they do not seem to be related to any gross pathological changes associated with idiopathic pulmonary fibrosis (IPF) in the accompanying computed tomography (CT) section (D)
Tracheomegaly
A common notable feature in IPF is the presence of bright central airways and wide trachea. This infers the presence of a high concentration of 3He in the central airways. As expected, the lung volumes appear small. Examples are given in Figure 4.110.
[image: trachea]
[bookmark: _Toc494795753][bookmark: _Toc3145353]Figure 4.1144.10: Tracheomegaly and bright airways
Two study participants. Note the high intensity signal present in the trachea and main bronchi. The appearance of tracheal displacement may be due to longitudinal expansion, with the displacement occurring to the right due to the anatomical position of the aortic arch on the left of the trachea. The relevance of this finding is discussed later in the chapter.
Traction Bronchiectasis
A subsection of participants exhibit linear regions of high signal intensity, originating centrally and continuing into the peripheral region of the lower third of the lungs. On coronal reconstructions of the associated CT, this appears to be congruous with regions of traction bronchiectasis. Examples are given in Figure 4.121.
[image: Traction bronchiectasis final]
[bookmark: _Toc494795754][bookmark: _Toc3145354]Figure 4.1244.11: Traction bronchiectasis
Evidence of high signal intensity in lower lobe airways, bilaterally in A and within the right lower lobe in B. These findings relate to regions of traction bronchiectasis on associated computed tomography.
[bookmark: _Toc3145077]Quantitative Ventilation Results
Primary Endpoint Analysis
Differences in baseline ventilation metrics between participants reaching a pre-defined composite clinical endpoint of FVC decline ≥10%, TLCO decline ≥ 15%, or death (n = 10) were compared with participants not reaching this endpoint (n=8) using Mann-Whitney U tests. The results are summarised in Table 4.1.
[bookmark: _Toc3145493]Table 4.14: Primary outcome analysis for baseline ventilation metrics
	3He Ventilation Metrics
	Mean Value Event
	Mean value no event
	Mann- Whitney U test p-value

	%Ventilated volume
	91.5
	95.8
	0.122

	Ventilation CV
	12.11
	11.6
	0.408


CV: coefficient of variation

Summary Ventilation Outcome Metrics
Primary Ventilation Outcomes
The summary outcome metrics of %VV and CV for each visit are given in Table 4.12. 
[bookmark: _Toc3145494]Table 4.244.1: Summary ventilation metrics
	Visit
	Metric
	Median
	IQR
	Min
	Max

	Visit 1
(n=18)
	%VV
	92.4
	88.2 - 95.7
	76.9
	99.5

	
	CV
	11.8
	10.2 – 12.8
	8.4
	15.4

	Visit 2
(n=14)
	%VV
	96.4
	91.7 – 96.9
	75.4
	99.6

	
	CV
	10.4
	9.4 – 12.1
	7.8
	14.7

	Visit 3
(n = 9)
	%VV
	95.2
	91.1 – 98.5
	82.6
	99.3

	
	CV
	11.2
	9.3 – 19.3
	8.1
	19.3


IQR: interquartile range; min: minimum value; max: maximum value; %VV: percent ventilated volume; CV: coefficient of variation. N.B: Where participants underwent repeat imaging at visit 1, outcomes quoted represent the first scan obtained.
Reproducibility
The reproducibility of %VV and CV was assessed in eight volunteers with analysable ventilation scans obtained during the same visit by intraclass correlation coefficient (ICC) (two-way mixed, absolute agreement method). The summary outcomes are summarised in Table 4.32 and graphed in Figure 4.132, with ICC values quoted in the prose text below. Bland Altman plots for each metric are given in Figure 4.13.
[bookmark: _Toc3145495]Table 4.344.2: Same-day repeat ventilation imaging summary outcomes
	Metric
	Visit
	Median
	IQR
	Min
	Max

	%VV
(n=8)
	Scan A
	93.2
	84.1 – 97.4
	76.3
	97.8

	
	Scan B
	91.7
	89.3 – 96.2
	83.6
	99.5

	CV
(n=8)
	Scan A
	10.1
	9.2 – 13.9
	8.4
	15.8

	
	Scan B
	10.1
	9.0 – 12.0
	8.4
	12.7


%VV: percent ventilated volume; CV: coefficient of variation.
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[bookmark: _Toc494795755][bookmark: _Toc3145355]Figure 4.1344.12: Box and whisker plot of repeatability scan outcome metrics
%VV: ventilated volume; CV: coefficient of variation.
Intraclass correlation coefficients:
· %VV ICC: 0.698 (p = 0.020)
· CV ICC: 0.498 (p = 0.086)
[image: ]
[bookmark: _Toc494795756][bookmark: _Toc3145356]Figure 4.1444.13: Bland Altman plots for ventilation metrics
Dashed and dotted lines represent bias; 95% confidence intervals respectively. A and B show relative (percentage) difference between the two scans on the Y-axis, C and D show absolute difference between the two scans on the Y-axis. %VV: percent ventilated volume; CV: coefficient of variation. The outlying value is discussed in section 4.4.1.
Correlation with Clinical Outcomes
Baseline correlations
Correlations of baseline ventilation imaging metrics %VV and CV with all baseline physiological data are provided in Table 4.43. Spearman’s coefficient of rank correlation (r) is quoted, with p < 0.05 highlighted.
In addition, %VV correlated negatively with CV (r = -0.60, p = 0.009).
[bookmark: _Toc3145496]Table 4.444.3: Baseline ventilation metric correlations
	Physiology metric
	%VV
	CV

	
	r
	p
	r
	p

	FEV1 (mL)
	-0.11
	0.677
	-0.09
	0.723

	FEV1 (% predicted)
	-0.08
	0.754
	-0.393
	0.11

	FVC (mL)
	-0.19
	0.458
	-0.01
	0.968

	FVC (% predicted)
	-0.02
	0.924
	-0.35
	0.15

	FEV1/FVC (ratio)
	0.08
	0.742
	-0.00
	0.990

	FEV1/FVC (z-score)
	0.03
	0.900
	0.08
	0.757

	TLCO (mmol.min-1.kPa-1)
	0.27
	0.284
	-0.36
	0.140

	TLCO (% predicted)
	0.34
	0.174
	-0.52
	0.028

	KCO (mmol.min-1.kPa-1.L-1)
	0.47
	0.050
	-0.42
	0.082

	KCO (% predicted)
	0.42
	0.086
	-0.40
	0.104

	GAP (index)
	-0.24
	0.342
	0.506
	0.032

	CPI (index)
	-0.17
	0.510
	0.399
	0.101

	ISWTd (m)
	0.28
	0.279
	-0.547
	0.023


Greyed boxes indicate a two-tailed p-value < 0.05. FEV1 – forced expiratory volume in one second; FVC – forced vital capacity; TLCO – Carbon monoxide gas transfer; KCO – Carbon monoxide gas coefficient; GAP – gender, age, physiology; CPI – composite physiology index; ISWTd – incremental shuttle walk test distance; %VV: percent ventilated volume; CV: coefficient of variation.
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[bookmark: _Toc494795757][bookmark: _Toc3145357]Figure 4.1544.14: Scatter plots of baseline ventilation metrics and physiology
Correlations where p < 0.05. TLCO – carbon monoxide gas transfer; ISWTd – incremental shuttle walk test distance; CV – coefficient of variance.
Given that the GAP score is not truly a continuous variable, the group was split by median into ‘lower risk’ (index ≤ 4) or ‘higher risk’ (index > 4).132 Numbers in each group were n = 10 and n = 8, respectively. Median difference in CV between the groups was 1.53 (95.7% confidence interval in pseudomedian -0.53 – 3.33) and Mann-Whitney U test did not demonstrate a significant difference between the groups (p = 0.122). GAP score (1-3 scale) was also used to stratify groups, but ANOVA (Kruskal-Wallis) did not produce a statistically significant difference as shown in Figure 4.165.
[image: ]
[bookmark: _Toc494795758][bookmark: _Toc3145358]Figure 4.1644.15: CV stratified by GAP index median and score
CV – coefficient of variation. See text for further details.
Six-month Data
Physiological correlations were reassessed at six months (visit 2). There were no new correlations reaching statistical significance. Correlations that were determined to be statistically significant from the first visit were reanalysed and are summarised in Table 4.54.
[bookmark: _Toc3145497]Table 4.544.4: Six-month ventilation correlations
	Physiology metric
	%VV
	CV

	
	r
	p
	r
	p

	TLCO (% predicted)
	-0.13
	0.659
	-0.06
	0.829

	GAP (index)
	0.33
	0.255
	0.28
	0.334

	ISWTd (m)
	0.11
	0.713
	-0.452
	0.121


TLCO: Transfer factor of the lungs for carbon monoxide; GAP: gender, age, physiology; ISWTd: incremental shuttle walk test distance.
12-month Data
Physiological correlations were reassessed at 12 months (visit 3). There were no new correlations reaching statistical significance. Correlations that were determined to be statistically significant from the first or second visit are summarised in Table 4.56.
[bookmark: _Toc3145498]Table 4.644.5: Six-month ventilation correlations
	Physiology metric
	%VV
	CV

	
	r
	p
	r
	p

	TLCO (% predicted)
	-0.10
	0.823
	-0.43
	0.289

	GAP score (index)
	0.41
	0.268
	0.45
	0.226

	ISWTd (m)
	0.25
	0.515
	-0.71
	0.032


TLCO: Transfer factor of the lungs for carbon monoxide; GAP: gender, age, physiology; ISWTd: incremental shuttle walk test distance.
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[bookmark: _Toc3145359]Figure 4.1744.16: Twelve-month ventilation metric correlation with ISWTd
CV: coefficient of variation; ISWTd: incremental shuttle walk test distance
Paired comparisons of ventilation metrics across timepoints were made using ANOVA with Tukey post hoc comparison. The p-values are provided in the box and whisker plots in Figure 4.187.
[image: ]
[bookmark: _Toc3145360]Figure 4.1844.17: ANOVA of ventilation metric changes across all timepoints
ANOVA: Analysis of variance; %VV: percent ventilated volume; CV: coefficient of variation.



	
	
	
	

	
	
	
	

	
	
	
	


CV: coefficient of variation
Ventilation Metrics and Quantitative CT
Parenchyma
Spearman’s coefficient of rank correlations between quantitative CT parenchyma metric and ventilation metrics are summarised in Tables 4.7. None were statistically significant.
[bookmark: _Toc3145499]Table 4.744.7: Baseline ventilation and quantitative CT parenchyma correlations
	MRI metric
	%VV
	CV

	CT Metric (% of whole lung volume)
	r
	p
	r
	p

	Normal Lung
	0.06
	0.840
	-0.25
	0.369

	Low Attenuation area
	-0.14
	0.630
	-0.17
	0.550

	Ground glass
	0.04
	0.879
	0.32
	0.248

	Honeycomb
	-0.16
	0.582
	0.40
	0.141

	Reticulation
	-0.06
	0.825
	0.03
	0.929


%VV: percent ventilated volume; CV: coefficient of variation
Vessel
Spearman’s coefficient of rank correlations between quantitative CT vessel and ventilation metrics are summarised in Tables 4.8. None were statistically significant.
[bookmark: _Toc3145500]Table 4.844.8: Baseline ventilation and quantitative CT vessel correlations
	MRI metric
	%VV
	CV

	CT metric
	r
	p
	r
	p

	Total PVV (% of TLV)
	0.02
	0.940
	0.35
	0.196

	PVV<5 (% of TVV)
	0.07
	0.810
	-0.20
	0.470

	PVV<10 (% of TVV)
	0.03
	0.919
	-0.27
	0.331


%VV: percent ventilated volume; CV: coefficient of variation; TLV: total lung volume; TVV: total vascular volume; PVV: pulmonary vascular volume; PVV<5: pulmonary vascular volume of vessels < 5mm in diameter; PVV<10: pulmonary vascular volume of vessels < 10mm, but ≥ 5mm in diameter.
Post-hoc Exploratory Analyses
Effect of Smoking
Ex-smokers (n=13) and never-smokers (n=5) were analysed for differences in %VV and CV by the Mann-Whitney U test. Although former smokers tended to exhibit lower median ventilation volumes (92.1% vs. 94.6%) and higher median CV (11.8% vs. 10.4%), neither were statistically significant (both p = 0.503). Box and whisker diagrams of both are shown in Figure 4.19.8
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[bookmark: _Toc494795760][bookmark: _Toc3145361]Figure 4.1944.18: Effect of smoking on ventilation outcomes
%VV – percentage ventilated volume; CV – coefficient of variation.
Effect of Age
Given the correlation of ventilation metrics with GAP, but not with spirometry outcomes, an analysis of the effect of age was performed, given its appearance as a demographic variable in the GAP staging index. Older participants at baseline were more likely to have a lower %VV (r = -0.45; p = 0.060) and higher CV (r = 0.46; p = 0.055), although neither correlation reached statistical significance. Scatter plots of both are shown in figure 4.20.19
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[bookmark: _Toc494795761][bookmark: _Toc3145362]Figure 4.2044.19: Correlation between ventilation metrics and age
Age expressed in years. %VV – percentage ventilated volume; CV – coefficient of variation.
Low FEV1/FVC z-score
The participant previously described with an obstructive pattern on spirometry (FEV1/FVC z-score = -2.09) was qualitatively analysed. Although initially at the lower end of the spectrum of %VV (83.6%), the %VV increased over subsequent visits (94.3% and 92.2%), although the FEV1/FVC ratio remained low at 59.0%, 58.5% and 60.4%, over sequential study visits. Images from the initial two visits are given in Figure 4.210.
[image: Low FEVFVC z score images]
[bookmark: _Toc494795762][bookmark: _Toc3145363]Figure 4.2144.20: Ventilation images in the presence of obstructive spirometry
Baseline (left) and six-month follow up (right) images. At follow-up, the circled defects appeared to partially fill in. No specific intervention for obstructive airways disease took place between the scans. Differing lung inflation levels may be partially responsible for the appearances.
Helium and Xenon Comparison
Given the relatively low abundance of helium resources, participants undergoing their final study visit towards the end of the study underwent ventilation imaging with an identical sequence using xenon, in addition to helium to assess the differences in qualitative images and quantitative outcomes in both.
In general, xenon tends to emphasise subtler regions of ventilation defects seen on helium images and may also demonstrate increased ventilation heterogeneity. Such qualitative findings are demonstrated in Figure 4.221.
[image: He Xe comparison]
[bookmark: _Toc494795763][bookmark: _Toc3145364]Figure 4.2244.21: Helium and xenon ventilation comparison
Participant IPF 07 appears to have a small, peripheral defect in the upper lobe of the right lung on helium imaging, marked with an arrow (A). The left lung also appears more heterogeneously ventilated than the right. On xenon imaging (B), both features appear more marked, with discrete areas of new defects appearing. Participant IPF 17 also has a peripheral defect in the right lung on helium imaging (C). This becomes larger and more apparent on the xenon image (D), with the heterogeneous region on the left now demonstrating overt defects.
Bland-Altman plots comparing helium and xenon ventilation outcome metrics are shown in Figure 4.232. A trend is seen towards lower %VV values in the xenon scans, whereas a significantly higher CV is seen in the xenon scans, in spite of the small numbers (n = 6).
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[bookmark: _Toc3145365]Figure 4.2344.22: Helium and xenon ventilation metric comparisons.
Dashed and dotted lines represent bias; 95% confidence intervals respectively. %VV: percent ventilated volume; CV: coefficient of variation.
[bookmark: _Toc3145078]Discussion
Reproducibility
Although the scans were qualitatively reproducible, with most ventilation defects persisting during follow-up scans, the baseline reproducibility ICC value for CV was low. Indeed, the largest difference in CV performed in duplicate baseline scans was 5.3%, which is close to the full range of CV values in the baseline cohort (7.0%). %VV appears to be more reproducible, with one notable outlier. Their baseline scans are shown below. The %VV in this participant in both baseline scans were 76.3% and 89.0%. This likely demonstrates the effect of different lung inflation states on ventilation metrics; the total lung volumes estimated by ventilation MRI in this example were 3.68L and 4.09L. Preliminary data from our centre in cystic fibrosis corroborates the potential for %VV changes at different lung inflation states [unpublished].
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[bookmark: _Toc3145366]Figure 4.2444.23:Intraparticipant ventilation image reproducibility
Both images are taken from the same participant at baseline visit, with total lung volume estimated at 4.09L (left) and 3.68 (right). Although small defects are visible in the higher lung volume scan (left), these are significantly larger in the lower lung volume scan (right). 
As demonstrated by the overall population decline in FVC, patients with IPF have low lung volumes and thus it may be that a small change in lung inflation state produces a large effect in apparent ventilation heterogeneity. This may be particularly the case in a cohort where the range of CV is relatively low, compared to, for example a local population of patients with cystic fibrosis (CF) and early stage lung disease.341 Indeed, the baseline CV in our IPF cohort (11.8%) is more comparable to the control population in this study (12%) than the mild CF population (14%).341 The mean CV is non-significantly higher in the first baseline session in participants undergoing a second baseline scan and there may be a degree of learned effect in breath-holding manoeuvre, given that 3He ventilation imaging is the first hyperpolarised MRI scan these participants encounter.
129Xe gas has a lower diffusivity than 3He in air, hence if an equivalent ventilation imaging experiment were to be performed with inhaled mixtures of the two gases under otherwise identical conditions we might expect 129Xe to penetrate obstructed or partially obstructed lung airways than 3He and this would give us a different measure of image heterogeneity (CV). This has been observed with the simpler metric VV where our group and others have seen systematic differences in this quantitative metric between the two gases with some limitations posed by non-identical acquisition protocols.385, 386
Qualitative
Although IPF is thought of as a disease of lung parenchyma rather than of airways, interesting qualitative changes were observed. Dilation of the trachea and bronchi was observed in several participants, containing high gas signal. Increased tracheobronchial tree diameter on CT imaging has been quantitatively associated with increased GAP score in proceedings from the  Chest Annual Meeting 2017.387 However, it is unclear if this finding has independent prognostic implications.
Areas of high signal intensity, branching from the hila to the distal lung, particularly in the lower lobes are likely to be representative of traction bronchiectasis, as demonstrated by associated anatomical imaging. Recent expert correspondence has postulated that traction bronchiectasis in IPF is not simply explained by a mechanical traction of proximal airways due to volume loss.388 Rather, proliferation of bronchiolar cells and a lack of alveolar cell regeneration in areas afflicted with fibrosis leads to ‘bronchiolisation’ of the terminal airways. Staats et al. demonstrated in explanted lungs that honeycombing on CT correlated with bronchiolectasis on histological specimens, supporting the theory that honeycombing and traction bronchiectasis represent a continuum of airway dysplasia.389
Furthermore, extent of traction bronchiectasis on CT, corrected semi-quantitatively for parenchymal abnormality, was predictive of poor prognosis in a bivariate Cox proportional hazards model in 160 patients with various forms of idiopathic interstitial pneumonias.390 It would therefore be interesting to see if the visualisation of this on MR ventilation imaging was representative of ‘severe’ disease and thus a prognostic indicator. However, the numbers are currently too small for a formal analysis.
On MRI, these airways do not lead to regions of increased nor loss of signal peripherally. Evidence from this study would suggest that the fibrotic process has minimal influence on ventilation to regions of fibrosed lung tissue. The continued ventilation of tissue which does not contribute significantly to gas transfer is likely to partially explain the significant deteriorations seen in carbon monoxide gas transfer in IPF, even in apparently mild disease given that ventilation and perfusion is greatest in the lung bases. One possible extension to this study would be to observe ventilation changes immediately post exercise, as an increase in gas delivery to these non-functional regions during exertion would surely contribute to the respiratory limitation and hypoxaemia demonstrable in our cohort on ISWT.
Populations of patients with changes on 3He MRI tend to exhibit either wedge-shaped ‘defects’, indicating obstruction of larger airways, or smaller peripheral defects, thought to be related to disease of the smaller airways. Some defects were seen in this cohort and these defects appeared to persist across timepoints, comparable to recent data on asthma rather than temporally variable in location.340 It seems likely that given the location of these defects is qualitatively not associated with features of traction bronchiectasis and honeycombing, that they represent co-existent small airways disease rather than being phenotypic of IPF. However, given the lack of normative data in elderly patients, it is difficult to attribute this to pathological changes, rather than physiological changes related to ageing, as is explored further below.
Quantitative
The lack of a %VV correlation with spirometry metrics is likely due to the absence of clinically detectable small airways disease in our cohort, with only one participant exhibiting a FEV1/FVC standardised residual value outside of the normal range.
Although a statistically significant negative correlation was seen between a measure of ventilation heterogeneity (CV) and TLCO, the reason for this is unclear. It may be a genuine association with a physiological metric of disease severity and reflect ventilation heterogeneity in later stage disease. However, a more straightforward explanation may be that patients with a lower TLCO are less able to inhale the bag of hyperpolarised gas completely and hold their breath, leading to lower gas signal in the peripheral airways. Indeed, an inability to hold one’s breath during the carbon monoxide gas transfer test is in itself a negative prognostic indicator on the GAP score.132
Although this explanation is somewhat speculative, previous studies looking at lung inflation levels demonstrate significant changes of ventilation metrics with lung inflation state.391, 392 Furthermore, the correlation between CV and TLCO was no longer significant at 6 or 12-month follow up, in spite of relatively static %VV and CV values.
Pike et al. reported that 70% of 60 elderly smokers with normal spirometry exhibited a ventilation defect percentage (VDP)393 (where VDP = 100% - &VV) outside of their previously defined reference range.394 This is congruous with ventilation changes seen in healthy smokers in our own centre.278 The average VDP was 6% across the cohort, corresponding to a %VV of 94%,393 slightly higher than our average (92.4%). Indeed, 72% of the population in this study are ex-smokers and it would not be surprising if a degree of subclinical small airways disease were apparent. We see a trend towards lower %VV and higher CV in our smokers, although this does not reach statistical significance. Against this is a lack of correlation with LLA on quantitative CT, however, extent of emphysema does not necessarily correlate with extent of small airways disease.
Perhaps more surprising is the negative correlation between CV and ISWTd. This infers that patients with a higher degree of ventilation heterogeneity are less able to physically exert themselves.  At face value, changes in ventilation distribution may contribute to the respiratory limitation seen in this cohort of participants with IPF.
However, there is a relatively small range of CV in our cohort, as previously described. In addition, the participant’s age is closely related to walk distance (r = 0.51; p = 0.023). %VV decreases with participant age and CV increases with age, with p-values just > 0.05. It may be in a population with a wider age rage, this trend would reach statistical significance. Therefore, the %VV and CV trends we see may be in some part explained by a combination of age and smoking status, conferring subclinical small airways disease. Furthermore, there is no correlation between %VV or CV with the IPF composite physiologic index, a tool designed to account for co-existent emphysema, and may be more reflective of the influence of fibrotic change on lung function.  In addition to this, and as was mentioned in chapter 3, ISWT did not decrease as expected in the population.
In spite of these caveats, He et al. report that changes in signal distribution are detectable in later stage IPF disease.395 They used a binning  process to define high and low signal intensity regions from hyperpolarised xenon ventilation MRI in 10 participants with IPF.395 High intensity regions were reduced in later stage IPF as defined by the GAP index.395 Similar to the qualitative finding of increased signal in the trachea and main bronchi, this likely represents a reduction in lung compliance and reduction in alveolar filling. The use of xenon over helium may accentuate this difference, given xenon is a heavier and thus less diffusive gas, although this remains to be proven.
Proceedings from the European Respiratory Society Congress 2017 are supportive of increases in ventilation heterogeneity in IPF, demonstrated by increasing nitrogen gas lung clearance index vs. healthy control subjects and also increasing with increasing GAP score.396 A trend towards higher CV is seen in our data, but did not reach statistical significance and contains small numbers in each GAP score group.
In our experience with xenon, there appears to be relative underestimate of %VV with xenon vs. helium, particularly where %VV is lower at baseline. The most striking difference between xenon and helium is a substantial increase in CV in xenon acquired images. As previously mentioned, xenon may accentuate ventilation heterogeneity and partial airways obstruction due to its lower diffusivity. Indeed, this observation is in keeping with a previous study on helium and xenon ventilation imaging in chronic obstructive pulmonary disease (COPD).397 If xenon accentuates differences in ventilation heterogeneity over helium, it may be that a difference across the disease severity spectrum would be seen in a smaller number of participants, or it may be that subtle changes are less apparent.
Summary
Hyperpolarised gas reaches regions of lung tissue afflicted with IPF. This allows us to measure other aspects of disease pathology, including intra-acinar Brownian motion and in the case of xenon, diffusion across the alveolar membrane.
Although none of our cohort exhibit significant emphysematous changes on CT, emphysema coexistent with fibrosis is prevalent, with an estimated incidence up to 35% in IPF.398 Thus, devolving changes in ventilation heterogeneity due to reduced lung compliance or another pathological feature of IPF from co-existent airways disease is extremely challenging. While hyperpolarised gas ventilation MRI is unlikely to unlock a key physiological mechanism in parenchymal lung disease, there are trends to suggest that heterogeneity may increase with clinical parameters of disease severity, which may be worthy of further exploration.
Possible future areas of interest include standardisation of gas dosage inhaled to lung volumes, to ensure both standardisation of inflation status and participant comfort. Xenon demonstrates a wider range of CV in this group and may, though xenon-based ventilation metrics have not been explicitly examined for reproducibility in this disease. As a sensitive means of measuring ventilation, subtle changes in ventilation and perfusion matching may be further examined, for example to explore reasons for seemingly disproportionate hypoxaemia.
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Diffusion-Weighted MRI
[bookmark: _Toc364347295][bookmark: _Toc364347365][bookmark: _Toc3145082]Methods of analysis
Data Acquisition
Diffusion-Weighted Sequence
The concept of DW-MRI is discussed in chapter 2. 3He was polarised as previously detailed and delivered to the patient as 250mL of hyperpolarised 3He and 750mL of medical grade N2 in a 1L Tedlar® bag. Images were acquired with a 3-dimensional, multiple b-value diffusion weighted sequence, as described by Chan et al.399
The sequence excites the whole 3D volume and is phase encoded in the y and z-axes and frequency encoded in the x-axis. A representative pulse sequence diagram is given in figure 5.1.
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[bookmark: _Toc3145368]Figure 5.15: Representative 3D DW-MRI sequence
A typical hyperpolarised gas diffusion-weighted pulse sequence, with phase encoding on y-(Gy) and z-(Gz) axes and two bipolar diffusion gradient waveforms on the z-axis.
· Lung inflation FRC + 1L
· Matrix: 96x96
· FOV: 40cm
· Slice thickness: 12mm (full lung coverage)
· BW: +31.25kHz
· TE / TR: 4.2 / 6.0ms
· FA = 60o
· Diffusion time 1.6ms
· Interleaves = 4 (b-values 0, 1.6, 4.2 and 7.2 s.cm2c)
Selected participants at later visits underwent DW-MRI with 129Xe. 129Xe was polarised as previously detailed and delivered to the patient as 550mL of hyperpolarised 129Xe and 450mL of medical grade N2 in a 1L Tedlar® bag. Sequence parameters are defined below.
· Lung inflation FRC + 1L
· Matrix=64x64
· FOV=40cm,
· 15mm slices (full lung coverage)
· BW=+6.97kHz
· TE/TR = 14.0/17.4ms
· FA = 60⁰
· diffusion time = 8.5ms
· Interleaves = 4, (b=0, 12, 20, 30 s.cm2).
The 3D 3He and 129Xe diffusion-weighted sequences are described in full in Chan et al. 2017 and 2018, respectively.400, 401
B-values
The b-values represent all magnetic field gradients that contribute to diffusion weighted attenuation.
The chosen b-values are relative to the gyromagnetic ratio and diffusivity of the respective hyperpoarised gases. The values of 1.6 for 3He, 348 and 12 for 129Xe 348, 402 are commonly quoted in previous literature. Multiple b values are chosen due to the requirement for subsequent modelling. The choice is a balance between sampling as much signal decay as possible, against the time limitations of the scan, usually determined by participant breath-holding ability.399344
Data Quality
Diffusion-weighted imaging was acquired at all visits for participants attending follow up, as outlined in the flow chart (Figure 5.21). Xenon DW-MRI was performed in later cases.
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[bookmark: _Toc494795764][bookmark: _Toc3145369]Figure 5.255.1: Diffusion-weighted imaging participant flow chart
Post Processing Methods
Image reconstruction
Magnitude images were reconstructed in Matlab R2016b (MathWorks, Inc., MA, USA), using code constructed locally by Ho-Fung Chan. Initially this was performed at the point of imaging to ensure data collection had been successful. These images were then segmented and analysed as described below. 
Segmentation
Given the relatively low SNR (for example compared to ventilation images), regions of interest (ROIs) need to be defined in both lung fields prior to further analysis. Using an extension of the aforementioned code, a ROI is manually placed in an area of noise. Drawing ROIs around both lungs segments each coronal slice for analysis of diffusion within those regions. The trachea and first-generation airways are easily identified and excluded from the ROI. This process is demonstrated in Figure 5.3.
[image: ROIs]
[bookmark: _Toc494795766][bookmark: _Toc3145370]Figure 5.355.2: Regions of interest
ROIs defined in area of noise (A), right lung for each coronal slice (B), and left lung for each coronal slice (C).
As can be appreciated in figure 5.3, the signal to noise ratio is significantly lower than the equivalent ventilation images in chapter 4. This is predominantly due to longer echo times, which is necessary to accommodate for diffusion gradients, but results in an increase in T2* decay.
Outcome Metrics
Apparent Diffusion Coefficient
From within these diffusion-weighted images, the apparent diffusion coefficient (ADC) of each voxel was calculated. Once in the acinar airways, helium gas diffusion is restricted by the boundaries of the airways. T, such the gas diffusion is 0.88 cm2.s-1 at normal atmospheric pressure, but reduces to 0.1–0.2 cm2.s-1 in healthy alveoli.403
Diffusion times are dependent upon freedom of Brownian movement within the environment and the time interval (b-value) over which signal changes are measured. Under the assumption of a Gaussian phase distribution, ADC is given as:

[bookmark: _Toc3145574]Equation 5.1: Apparent diffusion coefficient
Where S0 is signal at timepoint 0,with no diffusion weighting (i.e. b=0). S(b) is signal at timepoint b, and b is the b-value in secondss.cm2.
In addition to qualitative evaluation of the resultant ADC heat map images, an ADC histogram of all lung voxels was produced for each scan and summary metrics include the mean, median, skewness and kurtosis.
Stretched Exponential Modelling
ADC has been demonstrated to be reliant upon diffusion time, gradient strength and b-values.404 ADC is also affected by other exogenous factors such as airway branching,405 and localised diffusion gradients.,406 and thus ADC does not necessarily correspond to lung microstructural metrics.
As such, theoretical models of gas diffusion behaviour within an acini have been developed, with the aim of deriving alveolar length scales, congruent with metrics described in histopathological specimen assessments.403, 407-409 The stretched exponential, described in detail by Parra-Robles et al.,410 does not require assumptions to be made about lung microstructural geometry in order to derive estimates of alveolar measurements. The outcome metric LmD, supposedly matches the distribution of mean linear intercept length derived from histology.411 The concept of mean linear intercept on histological tissue samples is outlined in Figure 5.3. LmD has been tested in healthy volunteers and a cohort of participants with chronic obstructive pulmonary disease (COPD) at our centre.399
LmD is a measurement of diffusive length scale transformation from diffusion. It is designed to reflect mean linear intercept histologically, where a distribution of lengths is also recorded.
The stretched exponential function is defined in equation 5.2

[bookmark: _Toc3145575]Equation 5.2: Stretched Exponential Function
DDC: Distributed diffusion coefficient; α: heterogeneity index, a description of deviation from monoexponential decay
The probability of D can be estimated from stretched exponential function parameters, the approach for which is discussed previously by Berberan-Santos  et al.412 A probability distribution in each voxel is derived and transformed into a distribution of length scale using the following equation.

[bookmark: _Toc3145576]Equation 5.3: Transformation of probability into length scale
x: distance; D: diffusion coefficient; Δ: diffusion time
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Figure 5.3: Mean linear intercept on a histological alveoli sample
A modified test system for direct estimation of mean linear intercept (chord) length (Lm) based on intercept distribution: test line segments are localized at left, followed by a dashed line toward the right. This dashed line represents the guard line. Each time the test line intersects the alveolar wall, the distance (chord length) to the next wall is measured. Boundaries of measurements within alveolar air space (A) or alveolar and ductal air space together (D) are marked by arrows. * Denotes a blood vessel. Scale bar = 50 μm. In practical application, a single test line is applied in each microscope field obtained by systematic sampling. Reproduced from Knudsen et al. (permission not required from the American Physiological Society).404
In addition to qualitative evaluation of the resultant LmD heat map images, an LmD histogram of all lung voxels was produced for each scan and summary metrics include the mean, median, skewness and kurtosis.
Images
Images in this chapter were created using b values of 1.6 and 12 for 3He and 129Xe, respectively. ADC maps would differ for other b-values sue to the non-Gaussian distribution. ADC is calculated on a voxel by voxel basis, with equation 5.1 applied to each voxel. The resulting ADC maps are colour-coded and an ADC map is generated.
[bookmark: _Toc3145083]Diffusion-Weighted Images
Pattern of Diffusion

Distribution on Apparent Diffusion Coefficient Maps
All participants demonstrated heterogeneity in the ADC value of voxels. Higher voxels appear to be spatially located in the peripheral and basal areas of lung tissue, with lower values apically and centrally. Areas of absent signal were present in some, likely representative of ventilation defects. Examples of these features are given in Figures 5.4, 5.5 and 5.6.
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[bookmark: _Toc3145371]Figure 5.455.4: Apparent diffusion coefficient maps (1)
From left to right, the coronal sections run in 12mm slices posterior to anterior sections. Colour bar apparent diffusion coefficient (ADC) measured in cm2.s-1. Note the increased ADC at both lung bases and in the posterior slices, with some increase evidence in the anterior aspect of the left lung.
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[bookmark: _Toc3145372]Figure 5.555.5: Apparent diffusion coefficient maps (2)
From left to right, the coronal sections run in 12mm slices posterior to anterior sections. Colour bar apparent diffusion coefficient (ADC) measured in cm2.s-1. As in Figure 5.4, the areas of increased 3He Brownian motion are present in peripheral and basal lung regions. The white arrows in this Figure indicate a region of absent 3He signal (likely due to airways obstruction), where ADC cannot be measured.
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[bookmark: _Toc3145373]Figure 5.655.6: Absent diffusion signal
The region highlighted with absence of signal in Figure 5.5 corresponds to a defect in the corresponding participant’s ventilation scan during the same study visit.
Distribution on Mean Linear Intercept Maps
A similar pattern of increased basal and peripheral LmD is also seen, as demonstrated in Figure 5.7.
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[bookmark: _Toc3145374]Figure 5.755.7: Mean linear intercept maps (1)
From left to right, the coronal sections run in 12mm slices posterior to anterior sections. Colour bar measured in µm. Increased LmD values are demonstrable in peripheral and basally distributed regions, similar to the ADC maps. LmD: mean diffusion length scale
Anatomical Correlates
As judged by best matching slice on CT, Regions of high ADC and LmD appear to be spatially related to areas of honeycombing. In some cases, more proximal (central) regions of high ADC are visualised. This appears to be related to areas of traction bronchiectasis on CT. Figures 5.8 and 5.9 demonstrate examples of these features.
[image: ]
[bookmark: _Toc3145375]Figure 5.855.8: High ADC in regions of honeycombing
High regions of Brownian gas diffusivity exist in spatially associated areas of honeycomb cyst formation. As previously described, in this posterior slice, the regions of high ADC are predominantly basal and peripheral. ADC colourbar measured in cm2.sec-1.
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[bookmark: _Toc3145376]Figure 5.955.9: High ADC in regions of traction bronchiectasis
Ion additions to peripheral regions of honeycomb cysts, ADC is raised in more proximal locations in this participant. This is spatially associated on the CT with dilated airways, known as traction bronchiectasis. ADC colourbar measured in cm2.sec-1.
Cyst size
Qualitatively, the degree of increase in ADC appears to be related to the size of the cyst, as demonstrated by two extreme cases in Figure 5.10.
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[bookmark: _Toc3145377]Figure 5.1055.10: Anatomical cyst size and Brownian motion
In panel A, longstanding cysts have coalesced forming large bilateral posterior interconnected cysts. These are associated with a high ADC value close to the free diffusion of 3He in air at normal atmospheric pressure (0.88cm2s-1), represented on the far right of the ADC colourbar, which are commonly seen in emphysema. Panel B demonstrates smaller honeycomb cysts, with higher intra-acinar Brownian motion than the surrounding lung, but lower than the cysts demonstrated in panel A. Note that the periphery of the right lung in this participant also demonstrates reticular change, associated with a far less appreciable increase in ADC. ADC colourbar measured in cm2.sec-1.
Intraparticipant Changes in Diffusion Maps
Reproducibility
Where regions of high ADC were demonstrated on maps generated in the 10 participants undergoing DW-MRI twice at baseline, these appeared to be reproducible on the second scan, as demonstrated in Figure 5.11.
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[bookmark: _Toc3145378]Figure 5.1155.11: Visual reproducibility in ADC maps
Both image sets are from the same subject and were acquired on the same day on visits A and B. ADC colourbar measured in cm2.sec-1.
Progression
Inn several circumstances, the ADC maps after six months reproduced the same regions of higher values as those at baseline, but did not show any qualitatively significant changes. A minority of participants demonstrated changes over 6 months, or 12 months. These appeared to be extensions of areas which previously showed high ADC values, rather than appearing in de novo regions. Examples are provided in Figure 5.12.
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[bookmark: _Toc3145379]Figure 5.1255.12: Qualitative change in ADC with time
Many participants had no demonstrable change in ADC maps over time, as shown in panel A. These images were taken 12 months apart. There is perhaps mildly increased changes in ADC at the left lung base. However, some participants exhibited definite change over 6 months follow up, as demonstrated in panel B. ADC colourbar measured in cm2.sec-1.
As can be seen in figure 5.12, there is a difference in ventilated voxels between acquisitions at serial timepoints. This may be explained by small differences in lung inflation state, leading to areas with subtle small airways disease being underrepresented on ADC maps and should be taken into account when identifying intraparticipant change over time.
Histogram Appearances
ADC Histogram
In the following section, skew and kurtosis are described. Skew is a measure of the asymmetry of the probability distribution about its mean. Kurtosis is a measure of the ‘tailedness’ of the probability distribution. This allows a greater description of the distributin of ADC / LmD across all voxels. Schematics of various probability distributions and their associated skew or kurtosis are given in figure 5.13. Descriptions influenced by Sheskin (2011).413
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[bookmark: _Toc3145380]Figure 5.135: Schematics of probability distributions with associated skew and kurtosis
Aegatively skewed distribution has skewness < 0 (a). A normal distribution is symmetrical and has skewness = 0 (b). A positively skewed distribution has skewness > 0 (c).   The Platykurtic distribution has thinner tails and a kurtosis < 0 (d). A normal distribution is mesokurtic and has kurtosis = 0. A leptokurtic distribution has fatter tails and a kurtosis > 0.
The ADC histogram is positively skewed in all cases, with a peak sharper than a Gaussian distribution in most cases. In participants with a higher mean ADC, the skew and kurtosis both decrease, i.e. the positive skew becomes less pronounced due to a right-shift of the peak and the peak deceases and flattens in size. Table 5.1 provides a summary of the baseline correlations between ADC mean, and ADC histogram skew and kurtosis. Figure 5.134 demonstrates two participants, anonymised to participant A and B, with mean ADC values below and above the interquartile range of the complete baseline dataset values, respectively.

[bookmark: _Toc3145502]Table 5.155.1: Correlations of ADC histogram metrics with mean ADC
	Histogram Metric
	r
	p

	Skew
	-0.81
	<0.001

	Kurtosis
	-0.95
	<0.001


Spearman’s coefficient of rank correlation quoted. ADC: apparent diffusion coefficient
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[bookmark: _Toc3145381]Figure 5.1455.13: Example baseline ADC histograms
Participant A has mean ADC 0.232cm2s-1, skew 1.42 and kurtosis 5.71. Participant B has mean ADC 0.456 cm2s-1, skew 0.68 and kurtosis -0.21. ADC: apparent diffusion coefficient.
 The data in figure 5.13 has been fitted to a Lorenzian curve, simply to allow easier visualisation of the pattern of change as ADC increases. ADC: apparent diffusion coefficient However, the data was analysed in the original unedited format..
LmD Histogram
The LmD histogram is approximately normally distributed, but undergoes an increase in negative skew as LmD increases. The sharpness of the LmD peak is less consistently affected and does not correlate with mean LmD, as shown in Table 5.2. Figure 5.154 demonstrates two participants, anonymised to participant A and B, with mean LmD values below and above the interquartile range of the complete baseline dataset values, respectively.
[bookmark: _Toc3145503]Table 5.255.2: Coefficient correlations of LmD histogram metrics with mean LmD
	Histogram Metric
	r
	p

	Skew
	0.77
	<0.001

	Kurtosis
	-0.04
	0.861


Spearman’s coefficient of rank correlation quoted. LmD: mean diffusion length scale
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[bookmark: _Toc3145382]Figure 5.1555.14: Example baseline LmD histograms
Participant A has mean LmD 238µm, skew 1.42 and kurtosis 5.71. Participant B has mean LmD 309µm, skew 0.53 and kurtosis 1.17. The data has been fitted to a Lorenzian curve, simply to allow easier visualisation of the pattern of change as ADC increases. LmD: mean diffusion length scale
[bookmark: _Toc3145084]Quantitative Diffusion-Weighted Imaging Results
Primary Outcome Prediction
Differences in baseline DW-MRI between participants reaching a pre-defined composite clinical endpoint of FVC decline ≥10%, TLCO decline ≥ 15%, or death (n = 10) were compared with participants not reaching this endpoint (n=8) using multiple Mann-Whitney U tests. The analysis is summarised in Table 5.3 and Figure 5.16.
[bookmark: _Toc3145504]Table 5.35: Primary outcome analysis for baseline DW-MRI metrics
	DW-MRI Metric
	Mean Value Event
	Mean value no event
	Mann- Whitney U test p-value

	ADC mean (cm2s-1)
	0.335
	0.281
	0.274

	ADC skew
	0.91
	1.17
	0.315

	ADC kurtosis
	2.42
	3.88
	0.203

	LmD mean (µm)
	270
	255
	0.315

	LmD skew
	0.04
	-0.31
	0.146

	LmD kurtosis
	0.84
	1.23
	0.027


Statistically significant (p < 0.05) tests highlighted in grey. DW-MRI: diffusion-weighted magnetic resonance imaging; ADC: apparent diffusion coefficient; LmD: mean linear intercept.
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[bookmark: _Toc3145383]Figure 5.165: Primary outcome – differences in DW-MRI metrics at baseline
ADC: apparent diffusion coefficient; LmD: mean linear intercept.

Summary of Diffusion-Weighted Outcome Metrics
Summary ADC Statistics at Baseline
ADC metrics for all participants during each of the three visits are provided in Table 5.43.
[bookmark: _Toc3145505]Table 5.455.3: Summary ADC metrics
	Visit
	Metric *
	Median
	IQR
	Min
	Max

	Visit 1
(n=18)
	Mean ADC
Skew
Kurtosis
	0.312
0.97
2.469
	0.271 – 0.382
0.81 – 1.26
0.81 – 3.81
	0.231
0.47
-0.44
	0.481
1.59
6.26

	Visit 2
(n=14)
	Mean ADC
Skew
Kurtosis
	0.315
1.11
3.22
	0.273 – 0.366
0.91 – 1.42
1.51 – 4.62
	0.231
0.56
0.66
	0.416
1.47
6.58

	Visit 3
(n=13)
	Mean ADC
Skew
Kurtosis
	0.315
0.99
2.72
	0.260 – 0.390
0.81 – 1.25
1.13 – 4.60
	0.232
0.68
-0.21
	0.456
1.46
6.21


*Mean and median ADC values in cm2s-1. IQR: interquartile range; Min: minimum value; Max: maximum value
Summary LmD Statistics at Baseline
LmD metrics for all participants during each of the three study visits are provided in Table 5.54.
[bookmark: _Toc3145506]Table 5.555.4: Summary LmD metrics
	Visit
	Metric *
	Median
	IQR
	Min
	Max

	Visit 1
(n=18)
	Mean 
Skew
Kurtosis
	265
-0.05
1.01
	250 – 288
0.28 – 0.44
0.57 – 1.22
	238
-0.61
0.11
	310
0.78
2.45

	Visit 2
(n=14)
	Mean 
Skew
Kurtosis
	271
-0.10
1.18
	253 - 288
0.29 – 0.27
0.70 – 1.86
	239
-1.31
0.30
	299
0.81
13.47

	Visit 3
(n=13)
	Mean 
Skew
Kurtosis
	273
-0.06
1.04
	250 – 293
-0.52 – 0.39
0.94 – 1.71
	242
-0.78
0.42
	309
0.65
1.71


*Mean and median LmD values in µm. IQR: interquartile range; Min: minimum value; Max: maximum value
Reproducibility of Diffusion-Weighted Imaging Metrics
Inter-Observer Reproducibility
Each first diffusion-weighted baseline scan was analysed as previously outlined in this chapter by two independent observers, N Weatherley and F Chan, blinded to the others’ analysis. An intraclass correlation coefficient (ICC) for each of the metrics is given in Table 5.56, with associated Bland-Altman plots in Figures 5.157 and 5.186.
[bookmark: _Toc3145507]Table 5.655.5: Inter-observer intraclass correlation coefficients of baseline diffusion-weighted metrics
	Metric
	ADC
	LmD

	Mean
	0.998
	0.989

	Skew
	0.873
	0.960

	Kurtosis
	0.972
	0.921


Single measures, two-way absolute agreement model utilised. All p-values < 0.001. ADC: apparent diffusion coefficient; LmD: mean diffusion length scale.
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[bookmark: _Toc3145384]Figure 5.1755.15: ADC inter-observer Bland Altman plots
Dashed lines represent bias, dotted lines represent 95% confidence interval. ADC: apparent diffusion coefficient.
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[bookmark: _Toc3145385]Figure 5.1855.16: LmD inter-observer Bland Altman plots
Dashed lines represent bias, dotted lines represent 95% confidence interval. LmD: mean diffusion length scale.
Inter-scan Reproducibility 
As previously described, 10 participants underwent repeated baseline DW imaging on the same day. An intraclass correlation coefficient (ICC) for each of the metrics is given in Table 5.76, with associated Bland-Altman plots in Figures 5.179 and 5.18.20
[bookmark: _Toc3145508]Table 5.755.6: Intra-scan intraclass correlation coefficients of baseline diffusion-weighted metrics
	Metric
	ADC
	LmD

	Mean
	0.962
	0.886

	Skew
	0.863
	0.914

	Kurtosis
	0.948
	0.851


Single measures, two-way absolute agreement model utilised. All p-values < 0.001. ADC: apparent diffusion coefficient; LmD: mean diffusion length scale.
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[bookmark: _Toc3145386]Figure 5.1955.17: ADC inter-scan Bland Altman plots
Dashed lines represent bias, dotted lines represent 95% confidence interval. ADC: apparent diffusion coefficient.
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[bookmark: _Toc3145387]Figure 5.2055.18: LmD inter-scan Bland Altman plots
Dashed lines represent bias, dotted lines represent 95% confidence interval. LmD: mean diffusion length scale.
Correlation of DWI with Clinical and Physiology Metrics
Baseline ADC
ADC baseline correlations with physiology metrics are given in Table 5.87. Scatter plots of the statistically significant correlations are shown in Figures 5.2119 through 5.231.
[bookmark: _Toc3145509]Table 5.855.7: Baseline ADC metric correlations
	Physiology metric
	ADC mean
	Skew
	Kurtosis

	
	r
	p
	r
	p
	r
	p

	FEV1 (mL)
	0.36
	0.148
	-0.38
	0.129
	-0.33
	0.182

	FEV1 (% predicted)
	0.04
	0.868
	-0.28
	0.261
	-0.06
	0.804

	FVC (mL)
	0.25
	0.309
	-0.39
	0.105
	-0.29
	0.246

	FVC (% predicted)
	-0.14
	0.576
	-0.20
	0.423
	0.07
	0.779

	FEV1/FVC (ratio)
	0.28
	0.257
	0.02
	0.932
	-0.16
	0.515

	FEV1/FVC (z-score)
	0.27
	0.287
	0.02
	0.951
	-0.16
	0.515

	TLCO (mmol.min-1.kPa-1)
	-0.36
	0.140
	0.28
	0.268
	0.32
	0.197

	TLCO (% predicted)
	-0.56
	0.016
	0.39
	0.111
	0.52
	0.027

	KCO (mmol.min-1.kPa-1.L-1)
	-0.58
	0.013
	0.67
	0.002
	0.57
	0.013

	KCO (% predicted)
	-0.57
	0.013
	0.64
	0.004
	0.55
	0.017

	GAP score (index)
	0.31
	0.205
	-0.20
	0.425
	-0.31
	0.204

	CPI (index)
	0.47
	0.048
	-0.24
	0.341
	-0.39
	0.106

	ISWTd (m)
	-0.11
	0.687
	0.14
	0.606
	0.18
	0.483


Greyed boxes indicate a two-tailed p-value < 0.05. FEV1: forced expiratory volume in one second; FVC: forced vital capacity; TLCO: Carbon monoxide gas transfer; KCO: Carbon monoxide gas coefficient; GAP: gender, age, physiology; CPI: composite physiology index; ISWTd: incremental shuttle walk test distance; ADC: apparent diffusion coefficient.
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[bookmark: _Toc3145388]Figure 5.2155.19: Correlations of baseline mean ADC with PFTs
ADC: apparent diffusion coefficient; PFT: pulmonary function test; KCO: transfer coefficient; CPI: composite physiology index.
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[bookmark: _Toc3145389]Figure 5.2255.20: Correlations of baseline ADC skew with PFTs
ADC: apparent diffusion coefficient; PFT: pulmonary function test; KCO: transfer coefficient.
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[bookmark: _Toc3145390]Figure 5.2355.21: Correlations of baseline ADC kurtosis metrics with PFTs
ADC: apparent diffusion coefficient; PFT: pulmonary function test; KCO: transfer coefficient; CPI: composite physiology index.
Differences in ADC stratified by GAP score and index (greater and less than median value) were evaluated with Mann-Whitney U and Kruskall-Wallis with Dunn’s correction tests, respectively, as visualised in Figure 5.242.
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[bookmark: _Toc3145391]Figure 5.2455.22: Baseline ADC and GAP
ADC: apparent diffusion coefficient; GAP: gender, age, physiology
Baseline LmD
LmD baseline correlations with physiology metrics are given in Table 5.98. Scatter plots of the statistically significant correlations are shown in Figures 5.253 and 5.264.
[bookmark: _Toc3145510]Table 5.955.8: Baseline LmD metric correlations
	Physiology metric
	LmD mean
	Skew
	Kurtosis

	
	r
	p
	r
	p
	r
	p

	FEV1 (mL)
	0.42
	0.086
	0.15
	0.545
	-0.19
	0.445

	FEV1 (% predicted)
	0.16
	0.521
	-0.28
	0.261
	-0.12
	0.651

	FVC (mL)
	0.33
	0.188
	0.06
	0.823
	-0.29
	0.236

	FVC (% predicted)
	0.02
	0.945
	-0.44
	0.066
	-0.25
	0.320

	FEV1/FVC (ratio)
	0.20
	0.423
	0.35
	0.155
	0.38
	0.117

	FEV1/FVC (z-score)
	0.19
	0.440
	0.35
	0.153
	0.34
	0.172

	TLCO (mmol.min-1.kPa-1)
	-0.30
	0.229
	-0.47
	0.052
	-0.23
	0.354

	TLCO (% predicted)
	-0.47
	0.050
	-0.69
	0.002
	-0.14
	0.593

	KCO (mmol.min-1.kPa-1.L-1)
	-0.58
	0.011
	-0.46
	0.054
	0.03
	0.922

	KCO (% predicted)
	-0.58
	0.013
	-0.46
	0.053
	-0.01
	0.984

	GAP score (index)
	0.28
	0.264
	0.56
	0.016
	0.11
	0.677

	CPI (index)
	0.39
	0.108
	0.64
	0.004
	0.25
	0.320

	ISWTd (m)
	-0.04
	0.892
	-0.22
	0.405
	-0.10
	0.711


Greyed boxes indicate a two-tailed p-value < 0.05. FEV1: forced expiratory volume in one second; FVC: forced vital capacity; TLCO: Carbon monoxide gas transfer; KCO: Carbon monoxide gas coefficient; GAP: gender, age, physiology; CPI: composite physiology index; ISWTd: incremental shuttle walk test distance; LmD: mean linear intercept distance.
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[bookmark: _Toc3145392]Figure 5.2555.23: Correlations of baseline mean LmD with PFTs
PFT: pulmonary function test.; KCO: Carbon monoxide gas coefficient; LmD: mean linear intercept distance.
[image: ]
[bookmark: _Toc3145393]Figure 5.2655.24: Correlations of baseline LmD histogram skew with PFTs
PFT: pulmonary function test.; TLCO: Transfer factor of the lung for carbon monoxide; LmD: mean linear intercept distance; CPI: composite physiology index.
Differences in LmD stratified by GAP score and index (greater and less than median value) were evaluated with Mann-Whitney U and Kruskall-Wallis with Dunn’s correction tests, respectively. Given the positive correlation, LmD skew was also evaluated.
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[bookmark: _Toc3145394]Figure 5.2755.25: Baseline LmD and GAP
LmD: mean linear intercept; GAP: gender, age, physiology
Six-months ADC Outcomes
Physiological correlations were reassessed at six months (visit 2). There were no new correlations reaching statistical significance. Correlations that were determined to be statistically significant from the first visit are summarised in Table 5.910. The statistically significant correlations from visit 2 are represented in scatterplots in Figure 5.286.
[bookmark: _Toc3145511]Table 5.1055.9: Visit 2 ADC metric correlations
	Physiology metric
	ADC mean
	Skew
	Kurtosis

	
	r
	p
	r
	p
	r
	p

	TLCO (% predicted)
	-0.45
	0.106
	0.01
	0.982
	0.42
	0.131

	KCO (mmol.min-1.kPa-1.L-1)
	-0.52
	0.053
	0.48
	0.081
	0.63
	0.017

	KCO (% predicted)
	-0.59
	0.027
	0.50
	0.067
	0.66
	0.010

	CPI (index)
	0.57
	0.112
	0.12
	0.765
	-0.38
	0.308


Greyed boxes indicate a two-tailed p-value < 0.05. TLCO: Carbon monoxide gas transfer; KCO: Carbon monoxide gas coefficient; CPI: composite physiology index; ADC: apparent diffusion coefficient.
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[bookmark: _Toc3145395]Figure 5.2855.26: Correlation between visit 2 ADC metrics and KCO
ADC: apparent diffusion coefficient; KCO: Carbon monoxide gas coefficient.
Changes over six months in ADC metrics were assessed by Wilcoxon Rank and are summarised in Figure 5.259. Median (95% confidence interval) of these metrics are mean ADC: -0.001cm2s-1 (-0.007 – 0.021), skew: 0.05 (-0.15 – 0.17), kurtosis: 0.26 (-0.26 – 0.88).
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[bookmark: _Toc3145396]Figure 5.2955.27: ADC histogram metric changes over six-month follow-up.
P-values derived from Wilcoxon Rank test. ADC: apparent diffusion coefficient.
Six-month change in clinically utilised PFT values (FVC, TLCO, KCO and ISWT distance) was assessed for correlation with six-month change in ADC histogram metrics. Correlations between changes in absolute values and relative (percentage) values are provided in Tables 5.110 and 5.121, respectively.
[bookmark: _Toc3145512]Table 5.1155.10: Correlations between absolute six-month changes in ADC metrics and PFTs
	Change in Physiology metric
	ADC mean   (cm2s-1)
	Skew
	Kurtosis

	
	r
	p
	r
	p
	r
	p

	FVC (L)
	-0.30
	0.292
	-0.12
	0.678
	-0.28
	0.334

	TLCO (mmol.min-1.kPa-1)
	0.17
	0.554
	0.17
	0.549
	0.37
	0.187

	KCO (mmol.min-1.kPa-1.L-1)
	0.12
	0.681
	-0.01
	0.985
	0.07
	0.814

	ISWT distance (m)
	0.53
	0.063
	-0.43
	0.146
	-0.27
	0.375


PFT: pulmonary function test; FVC: forced vital capacity; TLCO: Carbon monoxide gas transfer; KCO: Carbon monoxide gas coefficient; ISWTd: incremental shuttle walk test distance; ADC: apparent diffusion coefficient.
[bookmark: _Toc3145513]Table 5.1255.11: Correlations between relative six-month changes in ADC metrics and PFTs
	Change in Physiology metric
	ADC mean (%)
	Skew
	Kurtosis

	
	r
	p
	r
	p
	r
	p

	FVC (%)
	0.05
	0.868
	-0.50
	0.072
	-0.53
	0.052

	TLCO (%)
	0.06
	0.856
	0.19
	0.522
	0.23
	0.436

	KCO (%)
	0.04
	0.892
	-0.04
	0.892
	0.06
	0.844

	ISWT distance (%)
	0.56
	0.053
	-0.34
	0.255
	-0.23
	0.459


PFT: pulmonary function test; FVC: forced vital capacity; TLCO: Carbon monoxide gas transfer; KCO: Carbon monoxide gas coefficient; ISWTd: incremental shuttle walk test distance; ADC: apparent diffusion coefficient.

Six-month LmD Outcomes
All correlations between LmD metrics and PFTs were reanalysed at six months (visit 2). Correlations that were determined to be statistically significant from the first visit are summarised in Table 5.132. In addition, the absolute TLCO value demonstrated a statistically significant correlation and is included in the Table. The statistically significant correlations from visit 2 are represented in scatterplots in Figures 5.3028 and 5.3129.
[bookmark: _Toc3145514]Table 5.1355.12: Visit 2 LmD metric correlations
	Physiology metric
	LmD mean
	Skew
	Kurtosis

	
	r
	p
	r
	p
	r
	p

	FVC (% predicted)
	-0.15
	0.610
	-0.57
	0.035
	-0.26
	0.366

	TLCO (mmol.min-1.kPa-1)
	-0.28
	0.337
	-0.62
	0.019
	-0.43
	0.122

	TLCO (% predicted)
	-0.46
	0.10
	-0.68
	0.008
	-0.34
	0.233

	KCO (mmol.min-1.kPa-1.L-1)
	-0.51
	0.060
	-0.39
	0.166
	-0.19
	0.507

	KCO (% predicted)
	-0.57
	0.033
	-0.42
	0.140
	-0.28
	0.326

	GAP score (index)
	0.05
	0.867
	0.47
	0.092
	-0.03
	0.930

	CPI (index)
	0.50
	0.081
	0.74
	0.004
	0.24
	0.431


Greyed boxes indicate a two-tailed p-value < 0.05. FEV1: forced expiratory volume in one second; FVC: forced vital capacity; TLCO: Carbon monoxide gas transfer; KCO: Carbon monoxide gas coefficient; GAP: gender, age, physiology; CPI: composite physiology index; ISWTd: incremental shuttle walk test distance; LmD: mean linear intercept distance.
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[bookmark: _Toc3145397]Figure 5.3055.28: Visit 2 correlation with LmD mean
LmD: mean linear intercept distance; KCO: transfer coefficient of the lungs for carbon monoxide
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[bookmark: _Toc3145398]Figure 5.3155.29: Correlation between visit 2 LmD skew and PFTs
PFT: pulmonary function test; LmD: mean linear intercept distance; TLCO: transfer factor of the lungs for carbon monoxide; FVC: forced vital capacity; CPI: composite physiology index.
Changes over six months in LmD metrics were assessed by Wilcoxon Rank and are summarised in Figure 5.3227. Median (98.7% median confidence interval) of these metrics are mean LmD: 4µm (-2 - 12), skew: -0.01 (-0.19 – 0.22) kurtosis: 0.16 (-0.14 – 0.60).
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[bookmark: _Toc3145399]Figure 5.3255.30: LmD histogram metric changes over six-month follow-up.
P-values derived from Wilcoxon Rank test. LmD: mean linear intercept distance
Six-month change in clinically utilised PFT values (FVC, TLCO, KCO and ISWT distance) was assessed for correlation with six-month change in LmD histogram metrics. Correlations between changes in absolute values and relative (percentage) values are provided in Tables 5.143 and 5.154, respectively.
[bookmark: _Toc3145515]Table 5.1455.13: Correlations between absolute six-month changes in LmD metrics and PFTs
	Change in Physiology metric
	LmD mean (µm)
	Skew
	Kurtosis

	
	r
	p
	r
	p
	r
	p

	FVC (L)
	-0.28
	0.338
	0.19
	0.507
	0.34
	0.236

	TLCO (mmol.min-1.kPa-1)
	0.26
	0.367
	0.23
	0.428
	0.21
	0.474

	KCO (mmol.min-1.kPa-1.L-1)
	0.08
	0.791
	0.06
	0.852
	0.08
	0.795

	ISWT distance (m)
	0.61
	0.031
	0.63
	0.025
	0.22
	0.473


PFT: pulmonary function test; FVC: forced vital capacity; TLCO: Carbon monoxide gas transfer; KCO: Carbon monoxide gas coefficient; ISWTd: incremental shuttle walk test distance; LmD: mean linear intercept.
[bookmark: _Toc3145516]Table 5.1555.14: Correlations between relative six-month changes in LmD metrics and PFTs
	Change in Physiology metric
	LmD mean (%)
	Skew
	Kurtosis

	
	r
	p
	r
	p
	r
	p

	FVC (%)
	-0.07
	0.808
	0.49
	0.075
	-0.01
	0.985

	TLCO (%)
	0.15
	0.594
	0.14
	0.640
	0.17
	0.565

	KCO (%)
	-0.01
	0.976
	-0.02
	0.955
	0.04
	0.907

	ISWT distance (%)
	0.60
	0.032
	0.64
	0.022
	0.17
	0.581


PFT: pulmonary function test; FVC: forced vital capacity; TLCO: Carbon monoxide gas transfer; KCO: Carbon monoxide gas coefficient; ISWTd: incremental shuttle walk test distance; LmD: mean linear intercept.
Scatter plots of significant correlations are provided in Figure 5.3328.
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[bookmark: _Toc3145400]Figure 5.3355.31: Six-month changes in ISWT distance and LmD metrics
ISWT: incremental shuttle walk test. LmD: mean linear intercept
Twelve-months ADC outcomes
Physiological correlations were reassessed at 12 months (visit 3). Correlations that were determined to be statistically significant from the first or second visit are summarised in Table 5.165, in addition to a new correlation with FVC. The statistically significant correlations from visit 3 are represented by scatterplots in Figure 5.324 and 5.353.
[bookmark: _Toc3145517]Table 5.1655.15: Visit 2 ADC metric correlations
	Physiology metric
	ADC mean
	Skew
	Kurtosis

	
	r
	p
	r
	p
	r
	p

	FVC (mL)
	0.17
	0.583
	-0.56
	0.048
	-0.22
	0.481

	TLCO (% predicted)
	-0.61
	0.036
	0.11
	0.746
	0.58
	0.048

	KCO (mmol.min-1.kPa-1.L-1)
	-0.60
	0.041
	0.36
	0.249
	0.48
	0.114

	KCO (% predicted)
	-0.67
	0.017
	0.43
	0.159
	0.54
	0.071

	CPI (index)
	0.47
	0.124
	0.07
	0.829
	-0.44
	0.152


Greyed boxes indicate a two-tailed p-value < 0.05. FVC: forced vital capacity; TLCO: Carbon monoxide gas transfer; KCO: Carbon monoxide gas coefficient; CPI: composite physiology index; ADC: apparent diffusion coefficient.
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[bookmark: _Toc3145401]Figure 5.3455.32: Correlations between visit 3 ADC mean and PFTs
ADC: apparent diffusion coefficient; TLCO: Carbon monoxide gas transfer; KCO: Carbon monoxide gas coefficient.
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[bookmark: _Toc3145402]Figure 5.3555.33: 12-month ADC skew and kurtosis correlations
ADC: apparent diffusion coefficient; TLCO: Carbon monoxide gas transfer; KCO: Carbon monoxide gas coefficient; FVC: forced vital capacity.
Changes over 12-month ADC metrics were assessed by Friedman tests and are summarised in Figure 5.364. Mean baseline, 6-month and 12-month values are provided for ADC mean (0.314, 0.321 and 0.326), skew (1.09, 1.12 and 1.03) and kurtosis (3.04, 3.20 and 2.89) had non-significant ANOVA p-values of p = 0.423, p = 0.092 and p = 0.232, respectively.
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[bookmark: _Toc3145403]Figure 5.3655.34: Twelve month changes in ADC metrics
P-values derived from Friedman test. ANOVA p-values between all groups given in the main text. ADC: apparent diffusion coefficient.
Twelve-month change in clinically utilised PFT values (FVC, TLCO, KCO and ISWT distance) was assessed for correlation with twelve-month change in ADC histogram metrics. Correlations between changes in absolute values and relative (percentage) values are provided in Tables 5.176 and 5.187, respectively.
[bookmark: _Toc3145518]Table 5.1755.16: Correlations between absolute 12-month changes in ADC metrics and PFTs
	Change in Physiology metric
	ADC mean (cm2s-1)
	Skew
	Kurtosis

	
	r
	p
	r
	p
	r
	p

	FVC (L)
	-0.01
	0.982
	-0.18
	0.567
	0.07
	0.821

	TLCO (mmol.min-1.kPa-1)
	-0.18
	0.646
	0.36
	0.246
	0.23
	0.471

	KCO (mmol.min-1.kPa-1.L-1)
	-0.39
	0.213
	0.47
	0.128
	0.19
	0.560

	ISWT distance (m)
	0.20
	0.528
	-0.17
	0.606
	0.19
	0.553


PFT: pulmonary function test; FVC: forced vital capacity; TLCO: Carbon monoxide gas transfer; KCO: Carbon monoxide gas coefficient; ISWTd: incremental shuttle walk test distance; ADC: apparent diffusion coefficient.
[bookmark: _Toc3145519]Table 5.1855.17: Correlations between relative 12-month changes in ADC metrics and PFTs
	Change in Physiology metric
	ADC mean (cm2s-1)
	Skew
	Kurtosis

	
	r
	p
	r
	p
	r
	p

	FVC (%)
	0.11
	0.719
	-0.23
	0.448
	0.07
	0.821

	TLCO (%)
	-0.26
	0.420
	0.17
	0.700
	0.15
	0.635

	KCO (%)
	-0.38
	0.220
	0.48
	0.115
	0.26
	0.417

	ISWT distance (%)
	0.28
	0.381
	-0.13
	0.683
	0.08
	0.817


PFT: pulmonary function test; FVC: forced vital capacity; TLCO: Carbon monoxide gas transfer; KCO: Carbon monoxide gas coefficient; ISWTd: incremental shuttle walk test distance; ADC: apparent diffusion coefficient.
Twelve-months LmD Outcomes
Physiological correlations were reassessed at 12 months (visit 3). Correlations that were determined to be statistically significant from the first or second visit are summarised in Table 5.198. The statistically significant correlations from visit 3 are represented by scatterplots in Figure 5.375.
[bookmark: _Toc3145520]Table 5.1955.18: Visit 3 LmD metric correlations
	Physiology metric
	LmD mean
	Skew
	Kurtosis

	
	r
	p
	r
	p
	r
	p

	FVC (% predicted)
	-0.25
	0.415
	-0.47
	0.103
	-0.24
	0.431

	TLCO (mmol.min-1.kPa-1)
	-0.34
	0.276
	-0.48
	0.112
	-0.06
	0.863

	TLCO (% predicted)
	-0.57
	0.055
	-0.69
	0.014
	-0.07
	0.837

	KCO (mmol.min-1.kPa-1.L-1)
	-0.43
	0.158
	-0.41
	0.186
	0.24
	0.448

	KCO (% predicted)
	-0.53
	0.075
	-0.43
	0.159
	-0.17
	0.609

	GAP score (index)
	0.35
	0.242
	0.53
	0.051
	0.048
	0.875

	CPI (index)
	0.441
	0.150
	0.62
	0.033
	-0.03
	0.940


Greyed boxes indicate a two-tailed p-value < 0.05. FVC: forced vital capacity; TLCO: Carbon monoxide gas transfer; KCO: Carbon monoxide gas coefficient; CPI: composite physiology index; LmD: mean linear intercept.
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[bookmark: _Toc3145404]Figure 5.3755.35: Correlations between visit 3 LmD values and PFTs
TLCO: transfer factor of the lungs for carbon monoxide; CPI: composite physiology index; LmD: mean linear intercept.
Changes over 12-month LmD metrics were assessed by Friedman tests and are summarised in Figure 5.386. A statistically significant change is seen in mean LmD over 12 months. Mean baseline, 6-month and 12-month values are provided for LmD mean (265µm, 270 µm and 273 µm), skew (-0.073, -0.033 and -0.069) and kurtosis (1.04, 1.25 and 1.28) had ANOVA p-values of 0.030, 0.584 and 0.116, respectively.
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[bookmark: _Toc3145405]Figure 5.3855.36: Twelve month changes in LmD metrics
P-values derived from Friedman test. *Denotes p<0.05. LmD: mean linear intercept. 
Twelve-month change in clinically utilised PFT values (FVC, TLCO, KCO and ISWT distance) was assessed for correlation with twelve-month change in LmD histogram metrics. Correlations between changes in absolute values and relative (percentage) values are provided in Tables 5.2019 and 5.210, respectively.
[bookmark: _Toc3145521]Table 5.2055.19: Correlations between absolute 12-month changes in LmD metrics and PFTs
	Change in Physiology metric
	LmD mean (µm)
	Skew
	Kurtosis

	
	r
	p
	r
	p
	r
	p

	FVC (L)
	0.08
	0.795
	0.23
	0.455
	0.34
	0252

	TLCO (mmol.min-1.kPa-1)
	-0.13
	0.678
	0.23
	0.466
	0.04
	0.899

	KCO (mmol.min-1.kPa-1.L-1)
	-0.35
	0.267
	0.00
	0.994
	-0.16
	0.615

	ISWT distance (m)
	0.47
	0.124
	0.29
	0.356
	0.45
	0.146


PFT: pulmonary function test; FVC: forced vital capacity; TLCO: Carbon monoxide gas transfer; KCO: Carbon monoxide gas coefficient; ISWTd: incremental shuttle walk test distance; LmD: mean linear intercept.
[bookmark: _Toc3145522]Table 5.2155.20: Correlations between relative 12-month changes in LmD metrics and PFTs
	Change in Physiology metric
	LmD mean (µm)
	Skew
	Kurtosis

	
	r
	p
	r
	p
	r
	p

	FVC (%)
	-0.03
	0.924
	0.135
	0.659
	0.495
	0.087

	TLCO (%)
	-0.25
	0.433
	0.14
	0.671
	0.08
	0.805

	KCO (%)
	-0.34
	0.273
	-0.05
	0.873
	-0.09
	0.778

	ISWT distance (%)
	0.53
	0.079
	0.42
	0.170
	0.49
	0.105


PFT: pulmonary function test; FVC: forced vital capacity; TLCO: Carbon monoxide gas transfer; KCO: Carbon monoxide gas coefficient; ISWTd: incremental shuttle walk test distance; LmD: mean linear intercept.
Primary Outcome Prediction
Differences in baseline DW-MRI between participants reaching a pre-defined composite clinical endpoint of FVC decline ≥10%, TLCO decline ≥ 15%, or death (n = 10) were compared with participants not reaching this endpoint (n=8) using multiple Mann-Whitney U tests. The analysis is summarised in Table 5.21 and Figure 5.37.
Table 5.21: Primary outcome analysis for baseline DW-MRI metrics
	DW-MRI Metric
	Mean Value Event
	Mean value no event
	Mann- Whitney U test p-value

	ADC mean (cm2s-1)
	0.335
	0.281
	0.274

	ADC skew
	0.91
	1.17
	0.315

	ADC kurtosis
	2.42
	3.88
	0.203

	LmD mean (µm)
	270
	255
	0.315

	LmD skew
	0.04
	-0.31
	0.146

	LmD kurtosis
	0.84
	1.23
	0.027


Statistically significant (p < 0.05) tests highlighted in grey. DW-MRI: diffusion-weighted magnetic resonance imaging; ADC: apparent diffusion coefficient; LmD: mean linear intercept.
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Figure 5.37: Primary outcome – differences in DW-MRI metrics at baseline
ADC: apparent diffusion coefficient; LmD: mean linear intercept.
Diffusion-weighted Metrics and Quantitative CT
CT parenchymal Metrics and ADC
Spearman’s coefficient of rank correlations between quantitative CT parenchymal metrics derived from CALIPER analysis and ADC metrics are summarised in Table 5.22. Statistically significant correlations are shown as scatterplots in Figure 5.398.
[bookmark: _Toc3145523]Table 5.2255.22: Baseline ADC and quantitative CT parenchyma correlations
	MRI metric
	ADC mean
	ADC skew
	ADC kurtosis

	CT Metric (% of whole lung volume)
	r
	p
	r
	p
	r
	p

	Normal Lung
	-0.55
	0.032
	0.17
	0.550
	0.48
	0.071

	Low Attenuation area
	0.29
	0.296
	-0.55
	0.034
	-0.31
	0.265

	Ground glass
	0.44
	0.101
	-0.03
	0.930
	-0.36
	0.182

	Honeycomb
	0.76
	0.001
	-0.43
	0.106
	-0.71
	0.003

	Reticulation
	0.40
	0.145
	-0.03
	0.904
	-0.32
	0.253


ADC: Apparent diffusion coefficient; CT: computed tomography.
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[bookmark: _Toc3145406]Figure 5.3955.38: Scatterplots of CT parenchyma and ADC metrics
ADC: Apparent diffusion coefficient
CT Vessel Metrics and ADC
Spearman’s coefficient of rank correlations between quantitative CT vessel metrics and ADC metrics are summarised in Table 5.23. The statistically significant correlation is shown as a scatterplot in Figure 5.4039.
[bookmark: _Toc3145524]Table 5.2355.23: Baseline ADC and quantitative CT vessel correlations
	MRI metric
	ADC mean
	ADC skew
	ADC kurtosis

	CT Metric
	r
	p
	r
	p
	r
	p

	Total PVV (% of TLV)
	0.55
	0.035
	-0.13
	0.657
	-0.47
	0.079

	PVV<5 (% of TVV)
	0.16
	0.576
	-0.25
	0.361
	-0.10
	0.713

	PVV<10 (% of TVV)
	0.05
	0.869
	-0.25
	0.372
	0.03
	0.924


ADC: Apparent diffusion coefficient; TLV: total lung volume; TVV: total vascular volume; PVV: pulmonary vascular volume; PVV<5: pulmonary vascular volume of vessels < 5mm in diameter; PVV<10: pulmonary vascular volume of vessels < 10mm, but ≥ 5mm in diameter.
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[bookmark: _Toc3145407]Figure 5.4055.39 Scatterplot of CT parenchyma and ADC metric
ADC: Apparent diffusion coefficient
CT Parenchymal Metrics and LmD
Spearman’s coefficient of rank correlations between quantitative CT parenchymal metrics and LmD metrics are summarised in Table 5.24. Statistically significant correlations are shown as scatterplots in Figure 5.401.
[bookmark: _Toc3145525]Table 5.2455.24: Baseline LmD and quantitative CT parenchyma correlations
	MRI metric
	LmD mean
	LmD skew
	LmD kurtosis

	CT Metric (% of whole lung volume)
	r
	p
	r
	p
	r
	p

	Normal Lung
	-0.35
	0.201
	-0.69
	0.004
	-0.38
	0.160

	Low Attenuation area
	0.40
	0.140
	0.01
	0.980
	-0.193
	0.491

	Ground glass
	0.23
	0.420
	0.62
	0.014
	0.43
	0.108

	Honeycomb
	0.62
	0.014
	0.77
	0.001
	0.28
	0.310

	Reticulation
	0.21
	0.458
	0.55
	0.033
	0.179
	0.524


LmD: Mean linear intercept
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[bookmark: _Toc3145408]Figure 5.4155.40: Scatterplots of CT parenchyma and ADC metrics
LmD: Mean linear intercept
CT Vessel Metrics and LmD
Spearman’s coefficient of rank correlations between quantitative CT vessel metrics and LmD metrics are summarised in Table 5.25. The statistically significant correlation is shown as a scatterplot in Figure 5.412.
[bookmark: _Toc3145526]Table 5.2555.25: Baseline LmD and quantitative CT vessel correlations
	MRI metric
	LmD mean
	LmD skew
	LmD kurtosis

	CT Metric
	r
	p
	r
	p
	r
	p

	Total PVV (% of TLV)
	0.33
	0.232
	0.68
	0.005
	0.38
	0.168

	PVV<5 (% of TVV)
	0.20
	0.478
	-0.06
	0.835
	0.245
	0.379

	PVV<10 (% of TVV)
	0.27
	0.327
	-0.16
	0.558
	-0.03
	0.924


LmD: Mean linear intercept; TLV: total lung volume; TVV: total vascular volume; PVV: pulmonary vascular volume; PVV<5: pulmonary vascular volume of vessels < 5mm in diameter; PVV<10: pulmonary vascular volume of vessels < 10mm, but ≥ 5mm in diameter.
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[bookmark: _Toc3145409]Figure 5.4255.41 Scatterplot of CT parenchyma and LmD skew
LmD: Mean linear intercept; PVV: pulmonary vascular volume

Post-hoc Exploratory Analysis
Age
Given previous work suggesting that mean ADC increases with advancing age,348, 414 correlations were assessed between diffusion-weighted imaging metrics and age in our cohort. These are summarised in Table 5.26.
[bookmark: _Toc3145527]Table 5.2655.26: Correlations between DW-MRI metrics and age
	DW-MRI Metric
	r
	p

	ADC

	Mean
	0.06
	0.817

	Skew
	-0.31
	0.216

	Kurtosis
	-0.23
	0.354

	LmD

	Mean
	0.09
	0.729

	Skew
	0.16
	0.521

	Kurtosis
	-0.13
	0.604


DW-MRI: diffusion-weighted magnetic resonance imaging; ADC: apparent diffusion
coefficient; LmD: mean linear intercept.
Smoking
Using Mann-Whitney-U tests, no significant differences were seen between non-smokers (n=5) and smokers (n=13) for mean ADC (0.306cm2s-1 vs. 0.317cm2s-1; p > 0.999), nor mean LmD (263µm vs. 266µm; p = 0.924), as shown in Figure 5.432.
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[bookmark: _Toc3145410]Figure 5.4355.42: Smoking and DW-MRI summary metrics
DW-MRI: diffusion-weighted magnetic resonance imaging; ADC: apparent diffusion coefficient; LmD: mean linear intercept
Xenon comparison data
Due to the reducing availability and increasing cost of helium, seven participants at eight separate visits towards the latter stage of the study underwent parallel DW-MRI with hyperpolarized xenon. A scatterplot of the correlation between for 3He and 129Xe along with Spearman’s coefficient of rank correlation is shown in Figure 5.443 (ADC) and Figure 5.454 (LmD). Given the stretched exponential modelling creates comparable outcome metrics between helium and xenon scans, Figure 5.454 also incorporates Bland Altman plots to identify agreement and bias between LmD values derived from 3He and 129Xe DW-MRI.  A representative comparison between parametric maps derived from 3He and 129Xe DW-MRI are given in Figures 5.465 and 5.476.
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[bookmark: _Toc3145411]Figure 5.4455.43: Mean ADC from 3He and 129Xe
ADC: apparent diffusion coefficient.
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[bookmark: _Toc3145412]Figure 5.4555.44: Mean LmD from 3He and 129Xe
Although a trend to correlation between LmD values derived from 3He and 129Xe diffusion imaging are seen, agreement is only moderate with in intraclass coefficient of 0.596 (p = 0.011). There is a clear bias towards lower 129Xe values of 7.219.3µm, or 19.37.2%. Dashed line represents unity line. LmD: mean linear intercept.
The differences in LmD between the different gases are likely because LmD is diffusion time dependent. This data is congruous with that published by Chan et al., who demonstated a 2.1% difference in LmD derived from 3He and 129Xe across a range of healthy volunteers, smokers and patients with chronic obstructive pulmonary disease.399
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[bookmark: _Toc3145413]Figure 5.4655.45: Comparison of helium and xenon ADC maps - high ADC values
Parametric maps of apparent diffusion coefficient of 3He (A) and 129Xe (B) from a participant with relatively high ADC values. Regions of higher ADC appear qualitatively similar in both image sets. ADC: apparent diffusion coefficient.
[image: ]
[bookmark: _Toc3145414]Figure 5.4755.46: Comparison of helium and xenon ADC maps - low ADC values
Parametric maps of apparent diffusion coefficient of 3He (A) and 129Xe (B) from a participant with relatively low ADC values. The increase in slice thickness leads to a loss of definition in the xenon images. A subtle, but likely pathological increase in ADC at the right lung base (arrows) is not as easily appreciable in the xenon images. This is congruous with LmD images. ADC: apparent diffusion coefficient; LmD: mean linear intercept.
Diffusion and ventilation
Baseline DW-MRI and ventilation metrics (helium) were compared for correlation. A summary of Spearman’s coefficient of rank correlation values is given in Table 5.27. No correlation values were statistically significant.
[bookmark: _Toc3145528]Table 5.2755.27: Diffusion-weighted correlations with ventilation metrics
	DW-MRI metric
Ventilation metric
	ADC mean
	LmD mean

	
	r
	p
	r
	p

	%VV
	-0.39
	0.115
	-0.33
	0.188

	CV
	0.38
	0.119
	0.32
	0.191


ADC: Apparent diffusion coefficient; LmD: Mean linear intercept; %VV: percent ventilated volume; CV: coefficient of variation.
[bookmark: _Toc3145085]Discussion
Reproducibility
Both the visual and outcome metrics from the dual baseline DW-MRI scans were extremely reproducible, in keeping with previous data in patients with emphysema.346 Interobserver analysis of the same scan was also highly reproducible and the 95% confidence intervals suggest that an intraparticipant ADC change circa 0.005cm2s-1, or LmD change circa 16µm is statistically (if not necessarily clinically) significant. Given recent locally acquired data demonstrating that alveolar ADC and LmD values increases in higher lung inflation states in healthy volunteers,415 one may expect a degree of variability in this cohort, particularly as doses of hyperpolarised gas were not scaled to lung volumes.
This suggests that either the functional residual capacity (FRC) + 1 litre approach is sufficiently similar in participants with different lung volumes, or that the acinar diameter of these regions is fixed and thus does not change to a detectable degree with further lung inflation. Pragmatically, this supports our approach, but no data is available to support either theory.
As interest exists in switching from the use of hyperpolarised helium to xenon, a small number of participants underwent imaging with both gases. These gases have different free diffusion coefficients due to different molecular weights and so the derived ADC values are not directly comparable. However, LmD values measured with helium and xenon both should be congruous if their sensitivity to increasing alveolar size is equally detectable with both gases. Although a good correlation exists between the two, there is a bias towards lower LmD values when measured using 129Xe gas.
Although some of this difference may be due to tuning, Figure 5.467 demonstrates an example where increased slice thickness associated with xenon imaging confers a lower spatial resolution, potentially resulting in a lower sensitivity for subtler disease, which may be problematic if xenon is the preferred gas for DW-MRI of the lungs in IPF in future studies.
Function and Structure
IPF is a disease of pathological fibroblastic activity, causing destruction of alveolar tissue. Cardinal features include honeycombing – pathological cyst formation due to destruction of the terminal airways.34 Cysts are also seen on computed tomography imaging at a macroscopic level.8 The terminal airways in IPF express transcription factor SOX2 and protein MUC5B, phenotypic of conducting airway epithelium, rather than terminal bronchi and alveoli.416 This suggests the peripheral airways are undergoing ‘bronchiolisation’; i.e. the terminal airspaces begin to look phenotypically more like conducting bronchioles.
In our cohort, there appears to be a striking anatomical resemblance between regions of high gas intra-acinar diffusion and fibrotic regions of parenchyma on CT. Predominant distributions of high ADC / in peripheral and basal lung tissue suggest that alveolar destruction and subsequent honeycombing may be responsible for this, but this inference is made using qualitative CT findings and best matching slice images. This is supported by the correlation between DW-MRI metrics and CALIPER-derived quantitative CT metrics of disease, including reticulation, percent of normal lung tissue and honeycombing, and also by the positive correlation with CPI, a tool which is designed to reduce the impact of emphysema on lung function tests.138
However, CALIPER detected relatively few honeycombing areas in the population and on evaluation of the scatterplot, the correlation relies on one or two outlying values. There are also a range of mean ADC values (0.22 – 0.41cm2s-1) and LmD values (238 – 300µm) even where honeycombing makes up < 0.5% of the lung volume according to CALIPER. It may be that DWMRI is able to pick up honeycomb change at the microstructural level, or that the elevated values are suggestive of other fibrotic changes, such as dilated distal bronchioles. Although a correlation exists between ADC skew and low attenuation area (LAA), this is the only correlation between a metric of emphysema and DW-MRI outcomes and the distribution of disease is less in keeping with (typically upper lobe predominant) emphysematous bullae.  In addition, the median low attenuation area in the cohort is just 1.3% and only one participant has an FEV1/FVC ratio z-score of <1.64.
Statistically significant correlations are demonstrated with carbon monoxide gas transfer metrics, but perhaps surprisingly, not with FVC. These correlations persist across study visits. This infers that the increase in distal airway size demonstrated is more physiologically matched with a decrease in functional ability of the alveolar unit to conduct gas, rather than a decrease in lung volume. However, when the quantitative CT tool CALIPER was evaluated in IPF, honeycombing correlated best with total lung volume.417
One hypothesis is that the DWI measurement of intra-acinar diffusion is more sensitive to subtle architectural distortion, and that DW-MRI-based metrics demonstrate change in the presence of local disease, even where lung volume is preserved. There appears to be a non-linear correlation between ADC / LmD mean values and CALIPER-measured honeycombing in our population, inferring that a rise in ADC / LmD occurs before honeycombing is visualised on the CT. However, a caveat to this interpretation is that CALIPER may underestimate honeycombing in our population, as has been previously described.
No published data yet exists on DW-MRI in humans with interstitial lung diseases. However, the findings from the data presented here contradict findings in rats administered bleomycin to induce lung fibrosis.277 Stephen et al. reported a decline in 3He ADC three weeks after drug administration.277 It is likely that these differences in results are due to differences between the bleomycin rat model and IPF disease in humans. The histological slides shown in the article supplementary material demonstrate narrowing of the alveolar airspaces with confluent inflammation and fibrotic change, without the significant bronchiolar or honeycomb features believed to be responsible for ADC increases in the study population. The ADC decrease in bleomycin afflicted rats may be explained by a predominant reduction in lung compliance and thus alveolar expansion, which may also explain the lower ventilation values demonstrated in their population.
No correlations were demonstrable between DW-MRI outcome metrics and age in spite of previous data suggesting an increase in ADC in older populations.414, 418 However, the age range in this study was narrow (63 – 80 years) and the sample size small. Unlike the findings from Waters et al.,418 ADC was not significantly different between smokers and non-smokers. The small but significant increase in smokers shown by Waters et al. may be driven by subclinical emphysematous change, a signal which may have been lost due to IPF being the predominant pathological mechanism driving ADC and LmD increases in this study.
Sensitivity to Disease Progression
Mean ADC and LmD increase in the population over a 6 and 12-month follow-up period. The LmD change over 12 months reaches statistical significance. Given this is accompanied by decrease in skew, it is likely due to the formation of more areas of cystic change, rather than the enlargement of existing cysts. This theory of spreading pathology is supported by the changes in qualitative ADC maps over time, which show areas of high ADC spreading from basal and peripheral regions to more apical and central regions, rather than an increase in ADC in existing regions of presumed disease.
These increases over 12 months are small across the population (ADC increase of 0.012cm2s-1, LmD increase 8µm). However, if increases are seen on a global metric, it is likely that further refinement of regional analysis will be more sensitive to subtle change. Although neither mean ADC, nor mean LmD were statistically different between those participants reaching the composite primary endpoint and those who did not, there was a trend towards an increase in both in those experiencing an event. This is in keeping with the known association of increasing honeycomb change on CT with a worse prognosis.129
It is of interest that a statistically significant change is seen in LmD, but not ADC, given that both are derived from the same kind of data. ADC is relatively limited, as it represents a relative measure that does not directly represent a quantitative structural dimension. Measuring ADC on different scanners with differing timing characteristics often yields different values.419 Recent efforts attempt to relate diffusion metrics to histological features such as mean length and surface area to volume, as was first described in ex-vivo lung tissue by Weibel et al.420 The relationship of LmD to an acinar model may be one reason why LmD ADC demonstrates statistically significant change over time and higher correlation with CT metrics than ADC.
However, it is important to note that as previously described, LmD is a calculated value and discrepancy exists in this study and previously between LmD measured with 3He and 129Xe.399 Perhaps most importantly, LmD has not been evaluated against known ex-vivo histological samples, although work is ongoing in this area.
Summary
The 3-dimensional multiple b-value methodology is likely to have been key in demonstrating subtler details, and changes in acinar scale length are clearly demonstrable in regional areas. Limitations of the technique we have used include a need for manual segmentation of the lungs using only the magnitude images as guidance. The trachea, carina and first generation bronchi are readily identifiable, but second generation airways are likely to be included, while some para-bronchial parenchymal regions may not be identified in the mask. If the trachea hmmas dilated in IPF, as demonstrated in the ventilation images, it is likely that higher generation airways also undergo a degree of dilation and their inclusion or partial inclusion will lead to higher ADC values.
While it seems likely that the DW-MRI metric changes seen in IPF are resultant of the bronchiolisation of alveoli and possibly honeycombing, it is difficult to prove this definitively. Given the significant overlap in features of early usual interstitial pneumonia (UIP) and fibrotic non-specific interstitial pneumonia (NSIP), it would be interesting to see if ADC or LmD is raised in regions of reticulation and if so, whether these regions go on to exhibit honeycomb change at a later date. Distinguishing between these phenotypes holds prognostic value.129
Registration of DW-MRI maps and high resolution structural imaging, probably from HRCT would be beneficial in validating this hypothesis. A future study in patients with reticular change suggestive of NSIP or UIP, but without honeycombing may also allow this evaluation and generate data on prognostication of these metrics.
Experiments have been performed with 3He, but it is likely that 129Xe will become the gas of choice for hyperpolarised DW-MRI due to availability. Qualitative pilot data from this chapter suggests that xenon is likely to be less sensitive in subtle disease, given the lower diffusivity and the current need for increased slice thickness, due to generally lower image SNR. These factors should be considered in any follow-on studies.
Ultimately, the sensitivity of this test is likely to lie in defining changes on a regional level, and registration with CT may also pave the way for lobar or sublobar analysis, which is likely to further improve pickup of subtle changes.
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Xenon Chemical Shift Saturation Recovery and Spectroscopy
[bookmark: _Toc364347297][bookmark: _Toc364347367][bookmark: _Toc3145087]Methods of analysis
Data Acquisition
Sequences
Initially, all participants underwent a chemical shift saturation recovery (CSSR) and high-resolution dissolved 129Xe whole lungs spectroscopy sequence. Following interim analysis of baseline visits, it was decided to stop performing the CSSR sequence subsequently. Reasons for this are explored in the following chapter.
Chemical Shift Saturation Recovery Spectroscopy
Chemical shift saturation recovery (CSSR) is a series of radiofrequency (RF) pulses with a varying delay time. In the implementation described, the repetition time (TR) sequentially increases from 20 ms to 1000ms. A complete sweep of the TR was repeated three times and the result was averaged.
The RF pulse excites the dissolved phase 129Xe using a 90 degree pulse and the spectral signal is immediately acquired following the pulse. However, the 129Xe excited is depolarised and thus longitudinal magnetisation does not recover. Thus, during the wait period before the next RF pulse, the only way that the dissolved phase signal can increase is by diffusional exchange of gaseous hyper polarized Xe from the airspaces into the dissolved phase. This is represented by a pulse sequence diagram in figure 6.1.
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[bookmark: _Toc3145416]Figure 6.16: CSSR pulse sequence
See text for details. RF: radiofrequency pulse; Z: z-gradient (spoiler gradient); Acq: data acquisition.
129Xe was polarised as previously detailed and following calibration for the flip angle, 129Xe delivered to the patient as 450mL of hyperpolarised 129Xe and 550mL of medical grade N2 in a 1L Tedlar® bag. Participants held their breath at this lung inflation state for 15s during spectroscopy acquisition.
· Rf1 and cf returned by calibration script
· Lung inflation FRC + 1L
· ia_rf1 is returned by a calibration script
· R1=10
· R2=max
· TG=175
The ia_rf1 is GE parameter for controlling the strength of the RF pulse. R1, R2 are the two receiver gain settings - they control the amplification of the received MRI signal. R1 and R2 are two different levels of receiver gain. In practice in Sheffield, R2 is always fixed and receiver gain is entirely controlled by R1. TG is the transmit gain, and also controls the strength of the RF pulse. Together ia_rf1 and TG define the effective Flip Angle (90o)
High-resolution spectroscopy
129Xe was polarised as previously detailed and following calibration for the flip angle, 129Xe delivered to the patient as 700mL of hyperpolarised 129Xe and 300mL of medical grade N2 in a 1L Tedlar® bag. Participants held their breath at this lung inflation state for 15s during spectroscopy acquisition.
· Rf1 and cf returned by calibration script
· Lung inflation FRC + 1L
· FA 90O
· R1=10
· R2=max
· TG=175
See above for explanations of the relevant terms.
Post Processing
Spectroscopy of dissolved-phase 129Xe in the lungs to evaluate the ratio of signal intensities of the two principal dissolved-phase 129Xe compartments  - red blood cells (RBC) and tissue/plasma (TP).281 The RBC signal arises only from 129Xe nuclei that have entered the blood stream, whilst the TP signal contains a mix of tissue- and blood-dissolved 129Xe.
CSSR
By calibrating (normalising) the dissolved phase signal by the gas phase signal, a dissolved phase signal is generated that only depends only on TR and the diffusional parameters defined below (ST and S/V) and therefore, by fitting the resulting data, we can estimate those parameters.
The CSSR method directly measures the time-resolved increase of the dissolved xenon signal (relative to the gas signal) in tissue/plasma (T/P) and red blood cells (RBCs), as xenon diffuses across the alveolar capillary barrier. The sequence acquires spectra from the lungs at different delay times after selective saturation of the 129Xe magnetisation. Code run on MATLAB R2016b (MathWorks, Inc., MA, USA) analysed data from CSSR. Through one-dimensional modeling of gas diffusion across the alveolar-capillary wall, parameters including alveolar septal thickness (ST) and surface-area-to-volume ratio (S/V) can be estimated.351, 352 These models are named Patz351 (after the article’s first author) and MOXE352 (Model of Xenon Exchange), respectively.
Both models consider solving the diffusion equation with 1-dimensional boundary conditions, created by identical airspaces either side of the septum, as depicted in Figure 6.12. In brief, the Patz model does not distinguish between T/P and RBC compartments, whereas MOXE includes a barrier term, permitting T/P and RBC separation. A more detailed comparison between these models is provided by Stewart et al.295

These models estimate the barrier thickness (ST) and lung S/V by solving the time resolved uptake of the CSSR signal across the alveolar – capillary membrane from the 1D- diffusion equation of xenon. The Patz model lumps the barrier and RBC signal together in this analysis because it was developed for low field MRS applications where the T/P and RBC peaks are hard to separate. The MOXE model (which is suited for higher field data where the peaks become spectrally distinct) solves for the two dissolved peaks separately using the boundary conditions of xenon diffusion at the two interfaces – alveolar – tissue and tissue - capillary.
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[bookmark: _Toc3145417]Figure 6.266.1: Patz and MOXE models of xenon diffusion
The Patz mode (A) does not distinguish between T/P and RBC compartments, whereas MOXE (B) includes a tissue barrier term (d) permitting separation of the T/P and RBC compartments. In both models, blood flow is assumed to be orthogonal to and independent of diffusional gas-exchange. T/P: tissue/plasma; RBC: red blood cell. Adapted from Stewart et al.295
The code then automatically generates outputs based upon the aforementioned modelling equations.351, 352 For each CSSR scan, S/V and ST outputs are reported. 
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[bookmark: _Toc3145418]Figure 6.366.2: CSSR code outputs
Signal from the red blood cell (RBC), tissue / plasma (TP) and gas (G) phase peaks diminish over several repetition times (TR) as shown by multi-coloured lines (A). The RBC and TP signals over the repetition times are cumulatively plotted (B) and curves for RBC (red bars) and TP (green bars) are fitted.
HR Spectroscopy
Data was acquired at two repetition times (TR) during the scan – 0.16s and 1s. Longer-TR acquisitions offer additional signal-to-noise due to the relatively increased dissolved-phase 129Xe signal uptake due to diffusive saturation when compared with shorter-TR acquisitions, the signal comprises 129Xe in the capillary bed as well as 129Xe downstream in the pulmonary veins, because the RBC capillary transit time is ~1 s.351 Acquisition at both TRs permitted comparison of the effect of TR on the RBC:TP ratio and assessed the clinical interpretation of TR variation.
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[bookmark: _Toc3145419]Figure 6.466.3: Effect of repetition time values on spectroscopy outcomes
Diagrams representing relatively short (A) and long (B) repetition time (TR) values. At each TR, xenon magnetisation is destroyed. Thus a longer TR is likely to pick up new signal from xenon in red blood cells (RBCs) carried by pulmonary flow further downstream towards the pulmonary vein. The spectra generated from the interstitium should be relatively similar, due to a constant influx of polarised xenon from the alveolar (gas) compartment. Thus, as demonstrated, RBC:TP increases with increasing TR.
RBC:TP was derived through local code run on MATLAB R2016b (MathWorks, Inc., MA, USA). Firstly, the real spectrum was phased using data obtained from any of the two iterations of the spectroscopy sequence. Once both RBC and TP peaks were phased, points were manually selected where the spectra crossed y=0, and each spectral curve was integrated. The RBC area is divided by the TP area to give the RBC TP ratio. This method is visually explained in Figure 6.54.
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[bookmark: _Toc3145420]Figure 6.566.4: Xenon high-resolution spectroscopy analysis
A: Spectra for xenon signal acquired from the red blood cell (RBC) environment and tissue / plasma (TP) environments are acquired out of phase for both long (red) and short (green) repetition times (TR). B: Isolated short (0.16s) TR spectra isolated. C: Through iterative processing, the RBC and TP spectra are phased. D: Points are chosen between which to integrate the RBC and TP curves.
For each scan, RBC:TP is reported. For baseline scans, this is quoted at both 1s and 0.16s TR values. The ratio of these signals provides a direct, semi-quantitative measurement of the fraction of each dissolved 129Xe compartment and hence a metric of pulmonary gas-exchange.
[bookmark: _Toc3145088]Chemical Shift Saturation Recovery
Data Quality
Participant Visits
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[bookmark: _Toc3145421]Figure 6.666.5: Flow chart of participant study visits and CSSR sequences acquired.
SNR: signal to noise ratio; CSSR: chemical shift saturation recovery.
Signal to Noise
The signal to noise ratio of CSSR was variable, with several datasets excluded due to low SNR. Examples are given in Figure 6.76.
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[bookmark: _Toc3145422]Figure 6.766.6: Examples of signal to noise ratio from CSSR acquisitions
For participant 1, the signal from the first CSSR sweep (A) demonstrates good signal to noise (SNR) and three peaks are clearly defined. The corresponding plot of repetition time and signal intensity (B) demonstrates narrow error bars and thus a high degree of certainty regarding the signal acquired from the tissue plasma (TP) and red blood cell (RBC) environments. Contrast this to participant 2, where the true RBC peak is difficult to define, due to low SNR (C) and the error bars are large (D). This output was not included for analysis. Dashed and solid lines are fits of the models (i.e. Patz, MOXE) to the data. Solid lines are conventional least square fits. Dashed lines are fits of the same model, but with weighting applied to the CSSR datapoints at short TR - in principle this weighting forces the fit to try to adhere more strictly to the short TR datapoints, at the expense of potentially poor fit quality for long TR. The idea behind the weighting was to provide better estimates of ST - the ST is highly dependent on the short TR data, so if we weight the fit to the short TR data, the ST estimate may be more accurate. In practice, only the data from the solid lines, or an average of the model parameters derived from solid and dashed lines were used in my thesis work.
Primary CSSR Outcomes
Patz Model
[bookmark: _Toc3145530]Table 6.166.1: Summary statistics for baseline CSSR metrics (Patz)
	Visit
	Metric
	Median
	IQR
	Min
	Max

	Visit 1
(n=18)
	ST
S/V
	13.9
167
	12.8 – 15.4
139 – 236
	12.1
98
	16.5
299

	Visit 2
(n=10)
	ST
S/V
	13.6
149
	12.2 – 14.2
158 – 286
	11.0
149
	14.7
316


ST: septal thickness; S/V: surface area to volume ratio; IQR: interquartile range.
MOXE Model
[bookmark: _Toc3145531]Table 6.266.2: Summary statistics for baseline CSSR metrics (MOXE)
	Visit
	Metric
	Median
	IQR
	Min
	Max

	Visit 1
(n=18)
	ST
S/V
	14.8
191
	13.6 – 16.1
143 – 249
	12.6
98
	17.6
391

	Visit 2
(n=11)
	ST
S/V
	14.6
216
	13.4 – 17.6
164 – 290
	11.7
148
	21.1
359


ST: septal thickness; S/V: surface area to volume ratio; IQR: interquartile range.
Reproducibility
Patz model
Using the 1-dimensional Patz model of data fitting,351 the interscan, intraclass correlation coefficient (ICC) for n=10 repeat baseline scans was 0.188 and 0.821 for ST and S/V respectively. Bland-Altman plots of both are shown in Figure 6.78.
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[bookmark: _Toc3145423]Figure 6.866.7: Bland Altman plots of CSSR metrics (Patz model)
Dashed lines represent mean bias, dotted lines 95% confidence interval. ST: septal thickness; S/V: surface area to volume ratio.
MOXE Model
Using the 1-dimensional MOXE model of data fitting,352 the interscan, intraclass correlation coefficient (ICC) for n=10 repeat baseline scans was 0.200 and 0.816 for ST and S/V respectively. Bland-Altman plots of both are shown in Figure 6.98.
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[bookmark: _Toc3145424]Figure 6.966.8: Bland Altman plots of CSSR metrics (MOXE model)
Dashed lines represent mean bias, dotted lines 95% confidence interval. ST: septal thickness; S/V: surface area to volume ratio.
Model comparison
The Patz and MOXE models of both ST and S/V demonstrate a very high degree of correlation, as shown by the scatterplots and associated Spearman’s Rank coefficient values in Figure 6.109. This is unsurprising, as the only difference between Patz and MOXE models is that the Patz model treats the dissolved phase as one unit (all tissue, plasma, RBC signal is lumped together) whilst MOXE considers the TP and RBC compartments separately.
[image: ][image: ]
[bookmark: _Toc3145425]Figure 6.1066.9: CSSR model comparison
Regression equations shown and best fit line in bold. Unity line dashed. ST: septal thickness; S/V: surface area to volume ratio. 
Clinical Correlations
Baseline Correlations - Patz
Table 6.3 reports correlations between baseline clinical metrics and CSSR metrics generated from the Patz model.
[bookmark: _Toc3145532]Table 6.366.3: Baseline correlations between CSSR-derived Patz model outcomes and clinical metrics
	Physiology metric
	ST
	S/V

	
	r
	p
	r
	p

	FEV1 (mL)
	0.02
	0.944
	0.08
	0.778

	FEV1 (% predicted)
	-0.27
	0.311
	-0.12
	0.664

	FVC (mL)
	-0.18
	0.506
	0.15
	0.583

	FVC (% predicted)
	-0.20
	0.458
	0.01
	0.974

	FEV1/FVC (ratio)
	-0.02
	0.940
	-0.12
	0.664

	FEV1/FVC (z-score)
	-0.07
	0.812
	-0.03
	0.927

	TLCO (mmol.min-1.kPa-1)
	-0.09
	0.745
	0.10
	0.721

	TLCO (% predicted)
	-0.06
	0.829
	0.00
	0.991

	KCO (mmol.min-1.kPa-1.L-1)
	0.01
	0.983
	0.14
	0.610

	KCO (% predicted)
	-0.05
	0.854
	0.14
	0.617

	GAP score (index)
	0.10
	0.741
	0.16
	0.562

	CPI (index)
	0.08
	0.778
	-0.02
	0.931

	ISWTd (m)
	0.26
	0.348
	-0.02
	0.950


FEV1: forced expiratory volume in one second; FVC: forced vital capacity; TLCO: Carbon monoxide gas transfer; KCO: Carbon monoxide gas coefficient; GAP: gender, age, physiology; CPI: composite physiology index; ISWTd: incremental shuttle walk test distance; ST: septal thickness; S/V: surface area to volume ratio.
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[bookmark: _Toc3145426]Figure 6.1166.10: Baseline CSSR Patz correlations with TLCO
TLCO: gas transfer of the lungs for carbon monoxide; ST: septal thickness; S/V: surface area to volume ratio.
Baseline Correlations – MOXE
Table 6.4 reports correlations between baseline clinical metrics and CSSR metrics generated from the MOXE model.
[bookmark: _Toc3145533]Table 6.466.4 Baseline correlations between CSSR-derived MOXE model outcomes and clinical metrics
	Physiology metric
	ST
	S/V

	
	r
	p
	r
	p

	FEV1 (mL)
	0.01
	0.963
	0.18
	0.495

	FEV1 (% predicted)
	-0.19
	0.468
	0.04
	0.874

	FVC (mL)
	-0.04
	0.870
	0.21
	0.430

	FVC (% predicted)
	-0.05
	0.844
	0.14
	0.596

	FEV1/FVC (ratio)
	-0.11
	0.673
	-0.13
	0.616

	FEV1/FVC (z-score)
	-0.13
	0.619
	-0.06
	0.833

	TLCO (mmol.min-1.kPa-1)
	0.02
	0.940
	0.22
	0.405

	TLCO (% predicted)
	0.05
	0.844
	0.16
	0.541

	KCO (mmol.min-1.kPa-1.L-1)
	0.09
	0.743
	0.31
	0.213

	KCO (% predicted)
	0.07
	0.801
	0.30
	0.235

	GAP score (index)
	0.13
	0.612
	0.08
	0.771

	CPI (index)
	-0.10
	0.970
	-0.17
	0.519

	ISWTd (m)
	0.26
	0.341
	0.09
	0.739


FEV1: forced expiratory volume in one second; FVC: forced vital capacity; TLCO: Carbon monoxide gas transfer; KCO: Carbon monoxide gas coefficient; GAP: gender, age, physiology; CPI: composite physiology index; ISWTd: incremental shuttle walk test distance; ST: septal thickness; S/V: surface area to volume ratio.
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[bookmark: _Toc3145427]Figure 6.1266.11: Baseline CSSR MOXE correlations with TLCO
TLCO: gas transfer of the lungs for carbon monoxide; ST: septal thickness; S/V: surface area to volume ratio.
Six-Month Outcomes
Correlations between physiology metrics were reassessed at six months. New statistically significant correlations present between MOXE outcomes and physiology metrics at this visit are detailed in Table 6.5. No statistically significant correlations were seen present between Patz outcome outcomes and physiology metrics.





[bookmark: _Toc3145534]Table 6.566.5: Six month correlations between CSSR-derived MOXE model outcomes and clinical metrics
	Physiology metric
	ST
	S/V

	
	r
	p
	r
	p

	TLCO (mmol.min-1.kPa-1)
	-0.67
	0.023
	-0.33
	0.326

	TLCO (% predicted)
	-0.74
	0.010
	-0.41
	0.212

	CPI (index)
	0.68
	0.030
	0.35
	0.328


FEV1: forced expiratory volume in one second; FVC: forced vital capacity; TLCO: Carbon monoxide gas transfer; KCO: Carbon monoxide gas coefficient; GAP: gender, age, physiology; CPI: composite physiology index; ISWTd: incremental shuttle walk test distance; ST: septal thickness; S/V: surface area to volume ratio.
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[bookmark: _Toc3145428]Figure 6.1366.12: Six-month CSSR metric correlations
TLCO: carbon monoxide gas transfer of the lung; CPI: composite physiology index; ST: septal thickness.
Six month changes in CSSR-derived metrics are plotted in Figure 6.143. Wilcoxon Rank tests demonstrate the following, expressed as (median change; Wilcoxon p-value): Patz ST (-1.1µm; p = 0.006), Patz S/V (59; p = 0.106), MOXE ST (-0.6µm; p = 0.377), MOXE S/V (67; p = 0.206).
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[bookmark: _Toc3145429]Figure 6.1466.13: Six-month change in CSSR metrics
ST: septal thickness; S/V: surface area to volume ratio.
Quantitative CT and CSSR Metrics
CT Parenchymal Metrics
Spearman’s coefficient of rank correlations between quantitative CT parenchymal metrics and CSSR metrics are summarised in Table 6.6. No correlations were statistically significant.
[bookmark: _Toc3145535]Table 6.666.6: Baseline CSSR and quantitative CT parenchyma correlations
	MRI metric
	Patz
	MOXE

	
	ST
	S/V
	ST
	S/V

	CT Metric (% of whole lung volume)
	r
	p
	r
	p
	r
	p
	r
	p

	Normal Lung
	-0.05
	0.873
	0.09
	0.762
	0.03
	0.911
	0.24
	0.400

	Low Attenuation area
	-0.38
	0.20
	-0.10
	0.748
	-0.33
	0.246
	-0.16
	0.594

	Ground glass
	0.02
	0.943
	0.02
	0.957
	-0.04
	0.887
	-0.15
	0.610

	Honeycomb
	-0.36
	0.224
	-0.15
	0.616
	-0.42
	0.136
	-0.24
	0.408

	Reticulation
	0.23
	0.442
	-0.23
	0.453
	0.03
	0.923
	-0.29
	0.311


ST: Septal thickness; S/V: surface area to volume ratio
CT Vessel Metrics
Spearman’s coefficient of rank correlations between quantitative CT vessel metrics and CSSR metrics are summarised in Table 6.7. No correlations were statistically significant.
[bookmark: _Toc3145536]Table 6.766.7: Baseline CSSR and quantitative CT vessel correlations
	MRI metric
	Patz
	MOXE

	
	ST
	S/V
	ST
	S/V

	CT Metric
	r
	p
	r
	p
	r
	p
	r
	p

	Total PVV (% of TLV)
	-0.10
	0.734
	-0.06
	0.845
	-0.16
	0.594
	-0.21
	0.464

	PVV<5 (% of TVV)
	-0.33
	0.271
	-0.16
	0.603
	-0.17
	0.573
	-0.35
	0.220

	PVV<10 (% of TVV)
	-0.13
	0.680
	0.11
	0.734
	-0.10
	0.731
	-0.00
	0.988


PVV: Pulmonary vascular volume; TLV: total lung volume; TVV: total vascular volume; ST: Septal thickness; S/V: surface area to volume ratio.
CSSR and DW-MRI
Spearman’s coefficient of rank correlations between DW-MRI metrics and CSSR metrics are summarised in Table 6.8. No correlations were statistically significant.
[bookmark: _Toc3145537]Table 6.86: Baseline CSSR and DW-MRI imaging metrics
	MRI metric
	Patz
	MOXE

	
	ST
	S/V
	ST
	S/V

	DW-MRI Metric
	r
	p
	r
	p
	r
	p
	r
	p

	Mean ADC
	-0.37
	0.174
	-0.31
	0.236
	-0.23
	0.417
	-0.36
	0.166

	Mean LmD
	-0.34
	0.215
	-0.26
	0.330
	-0.20
	0.466
	-0.37
	0.158


DW-MRI: Diffusion-weighted MRI; ADC: apparent diffusion coefficient; LmD: meanlinear intercept; ST: Septal thickness; S/V: surface area to volume ratio.
Conclusion
Following interim analysis as described above, CSSR acquisition was ceased and high-resolution spectroscopic peak ratios were pursued as the parameter of choice, due to poor reproducibility, lack of significant clinical or radiological correlations and lack of progressive changes observed in the cohort with CSSR metrics.
[bookmark: _Toc3145089]High-Resolution Spectroscopy
Data Quality
Participant visits
Participant visits are summarised in Figure 6.145. Only one participant was unable to perform the test at the third visit. They were also unable to perform single breath carbon monoxide gas transfer technique.
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[bookmark: _Toc3145430]Figure 6.1566.14: Xenon high resolution spectroscopy participant flow

Examples
The examples provided below are taken from the TR=160ms data. This was chosen simply because it is close to the shortest TR that we could achieve for a given resolution and bandwidth. A short TR was desirable to reduce downstream effects of pulmonary venous xenon signal, but it was necessary to maintain a certain spectral resolution. With a 1.8 kHz bandwidth and 256 points, resolution is effectively 7Hz, or around 0.4 ppm. When the short TR option was added, it was determined that a resolution greater than 1ppm should be maintained. This puts an absolute minimum limit on the TR of (256/1.8) = 142 ms, but when testing the sequence in practice, 160ms was the practical lower limit.
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[bookmark: _Toc3145431]Figure 6.1666.15: Example high-resolution 129Xe spectra and RBC:TP ratios
Example spectra acquired at 0.16s in a healthy volunteer (A) and two participants with IPF (B and C) with gender, age physiology (GAP) indices of 3 and 5, respectively. The RBC:TP ratios for each are 0.50, 0.43 and 0.08. Red blood cell (RBC) and tissue / plasma (TP) peaks are labelled. Transfer factor of the lung for carbon monoxide (TLCO) fails to differentiate between B and C, with DLCO values 49% and 54% of predicted values, respectively.
Primary Outcome Analysis
Although median RBC:TP was lower in participants experiencing a composite endpoint event, than those who did not (0.21 vs. 0.30), this did not reach statistical significance using a Mann-Whitney U test (p = 0.680).
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[bookmark: _Toc3145432]Figure 6.176: Primary study outcome analysis for baseline RBC:TP
RBC:TP: red blood cell to tissue / plasma ratio.

Primary High-Resolution Spectroscopy Outcomes
Summary statistics for the RBC:TP values at each visit are provided in Table 6.89.

[bookmark: _Toc3145538]Table 6.966.8: High-resolution spectroscopy summary outcomes for each visit
	Visit
	Metric
	Median
	IQR
	Min
	Max

	Visit 1
(n=18)
	RBC:TP
	0.26
	0.18 – 0.34
	0.06
	0.43

	Visit 2
(n=14)
	RBC:TP
	0.23
	0.14 – 0.30
	0.06
	0.37

	Visit 3
(n=13)
	RBC:TP
	0.25
	0.15 – 0.26
	0.05
	0.31


RBC:TP: red blood cell to tissue plasma ratio; IQR: interquartile range.
Reproducibility
Interobserver
Given the user input required to phase each spectrum and choose define points to derive the RBC:TP ratio, interobserver analysis was conducted on seven scans chosen by random number generation, with the second observer blinded to the outcomes from the first (ND Weatherley and NJ Stewart). Interclass correlation coefficient (ICC) was 0.989, conferring excellent agreement. The absolute and relative value Bland-Altman plots are shown in Figure 6.186.
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[bookmark: _Toc3145433]Figure 6.1866.16: Bland Altman plots of interobserver repeatability analysis of RBC:TP
Absolute and relative differences shown. Dashed lines represent mean bias, dotted lines 95% confidence interval.
Interscan
Interscan reproducibility was assessed in the 10 participants undergoing duplicate baseline imaging. The ICC was 0.966, conferring excellent agreement. The absolute and relative value Bland-Altman plots are shown in Figure 6.197.
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[bookmark: _Toc3145434]Figure 6.1966.17: Bland Altman plots of interscan repeatability analysis of RBC:TP
Absolute and relative differences shown. Dashed lines represent mean bias, dotted lines 95% confidence interval.
Long and Short Repetition Time Analysis
Spectra acquired with short (0.16s) and long (1s) TRs were available in 30 datasets. The ICC was 0.960. Bland Altman plots of relative and absolute difference are shown in Figure 6.2018.
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[bookmark: _Toc3145435]Figure 6.2066.18: Bland Altman plots of long and short repetition time repeatability analysis of RBC:TP
Absolute and relative differences shown. Dashed lines represent mean bias, dotted lines 95% confidence interval. The bias of 0.02 indicates that long TR (1s) gave an average increase in RBC:TP ratio of 0.02 compared to short TR (0.16s).
Clinical Correlation
Baseline Correlations
Spearman’s coefficient of Rank correlations between the MRS derived RBC:TP metric and physiological metrics at baseline are given in Table 6.109. Statistically significant correlations are shown in the scatterplots in Figure 6.2119.
[bookmark: _Toc3145539]Table 6.1066.9 Baseline correlations between RBC:TP ratio and clinical metrics
	Physiology metric
	RBC:TP

	
	r
	p

	FEV1 (mL)
	0.21
	0.393

	FEV1 (% predicted)
	-0.06
	0.816

	FVC (mL)
	0.46
	0.054

	FVC (% predicted)
	0.34
	0.173

	FEV1/FVC (ratio)
	-0.57
	0.013

	FEV1/FVC (z-score)
	-0.57
	0.014

	TLCO (mmol.min-1.kPa-1)
	0.77
	<0.001

	TLCO (% predicted)
	0.66
	0.003

	KCO (mmol.min-1.kPa-1.L-1)
	0.69
	0.001

	KCO (% predicted)
	0.68
	0.002

	GAP score (index)
	-0.50
	0.035

	CPI (index)
	-0.69
	0.001

	ISWTd (m)
	0.61
	0.009


RBC:TP ratios quoted are fro the short TR (i.e. 0.16s). FEV1: forced expiratory volume in one second; FVC: forced vital capacity; TLCO: Carbon monoxide gas transfer; KCO: Carbon monoxide gas coefficient; GAP: gender, age, physiology; CPI: composite physiology index; ISWTd: incremental shuttle walk test distance; RBC:TP: red blood cell to tissue / plasma ratio. Statistically significant correlations are highlighted in grey.
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[bookmark: _Toc3145436]Figure 6.2166.19: Scatterplots of significant RBC:TP correlations at baseline
TLCO: Carbon monoxide gas transfer; KCO: Carbon monoxide gas coefficient; CPI: composite physiology index; ISWTd: incremental shuttle walk test distance; RBC:TP: red blood cell to tissue / plasma ratio.
Given that the GAP score is not a continuous quantitative variable, the group was split by median into ‘lower risk’ (index ≤ 4) or ‘higher risk’ (index > 4).132 Numbers in each group were n = 10 and n = 8, respectively. Median difference in RBC:TP between the groups was -0.13 (95.7% confidence interval in pseudomedian -0.18 – 0.01) and Mann-Whitney U test did not demonstrate a significant difference between the groups (p = 0.094), expressed in the box and whiskers diagram in Figure 6.2220. Differences in GAP score are also evaluated.
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[bookmark: _Toc3145437]Figure 6.2266.20: Box and Whiskers plots of RBC:TP and GAP
RBC:TP: red blood cell to tissue / plasma ratio; GAP: gender, age, physiology (index)
Six-Months
All correlations between RBC:TP and PFTs were reanalysed at six months (visit 2). Correlations that were determined to be statistically significant from the first visit are summarised in Table 6.110. The statistically significant correlations from visit 2 are represented in scatterplots in Figure 6.231.
[bookmark: _Toc3145540]Table 6.1166.10 Six-month correlations between RBC:TP ratio and clinical metrics
	Physiology metric
	RBC:TP

	
	r
	p

	TLCO (mmol.min-1.kPa-1)
	0.80
	0.001

	TLCO (% predicted)
	0.77
	0.001

	KCO (mmol.min-1.kPa-1.L-1)
	0.37
	0.194

	KCO (% predicted)
	0.37
	0.197

	CPI (index)
	-0.79
	0.001

	ISWTd (m)
	0.22
	0.475


FEV1: forced expiratory volume in one second; FVC: forced vital capacity; TLCO: Carbon monoxide gas transfer; KCO: Carbon monoxide gas coefficient; GAP: gender, age, physiology; CPI: composite physiology index; ISWTd: incremental shuttle walk test distance; RBC:TP: red blood cell to tissue / plasma ratio. Statistically significant correlations are highlighted in grey.
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[bookmark: _Toc3145438]Figure 6.2366.21: Scatterplots of significant RBC:TP correlations at six months
TLCO: Carbon monoxide gas transfer; CPI: composite physiology index; RBC:TP: red blood cell to tissue / plasma ratio.
Given that the GAP score is not a continuous variable, the group was split by median into ‘lower risk’ (index ≤ 4) or ‘higher risk’ (index > 4).132 Numbers in each group were n = 8 and n = 6, respectively. Median difference in RBC:TP between the groups was -0.16 (95.7% confidence interval in pseudomedian -0.22 – 0.00) and Mann-Whitney U test demonstrated a significant difference between the groups (p = 0.032), expressed in the box and whiskers diagram in Figure 6.242.
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[bookmark: _Toc3145439]Figure 6.2466.22: Box and Whiskers plots of RBC:TP and GAP at six months
RBC:TP: red blood cell to tissue / plasma ratio; GAP: gender, age, physiology (index)
Changes over six months in RBC:TP was assessed by Wilcoxon Rank and is graphed in Figure 6.235. Median change of RBC:TP was -0.05.
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[bookmark: _Toc3145440]Figure 6.2566.23: RBC:TP change over six-month follow-up
P-values derived from Wilcoxon Rank test. RBC:TP: red blood cell to tissue / plasma ratio.
Six-month change in clinically utilised PFT values (FVC, TLCO, KCO and ISWT distance) was assessed for correlation with six-month change in LmD histogramRBC:TP metrics. Correlations between changes in absolute values and relative (percentage) values are provided in Tables 6.121 and 6.132, respectively.
[bookmark: _Toc3145541]Table 6.1266.11: Correlations between absolute six-month changes in RBC:TP and PFTs
	Change in Physiology metric
	RBC:TP

	
	r
	p

	FVC (L)
	0.55
	0.044

	TLCO (mmol.min-1.kPa-1)
	0.33
	0.250

	KCO (mmol.min-1.kPa-1.L-1)
	0.34
	0.237

	ISWT distance (m)
	-0.00
	0.991


PFT: pulmonary function test; FVC: forced vital capacity; TLCO: Carbon monoxide gas transfer; KCO: Carbon monoxide gas coefficient; ISWTd: incremental shuttle walk test distance; RBC:TP: red blood cell to tissue / plasma ratio.
[bookmark: _Toc3145542]Table 6.1366.12: Correlations between relative six-month changes in RBC:TP and PFTs
	Change in Physiology metric
	RBC:TP

	
	r
	p

	FVC (%)
	0.51
	0.064

	TLCO (%)
	0.46
	0.131

	KCO (%)
	0.62
	0.036

	ISWT distance (%)
	-0.02
	0.960


PFT: pulmonary function test; FVC: forced vital capacity; TLCO: Carbon monoxide gas transfer; KCO: Carbon monoxide gas coefficient; ISWTd: incremental shuttle walk test distance; RBC:TP: red blood cell to tissue / plasma ratio.
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[bookmark: _Toc3145441]Figure 6.2666.24: Correlation between proportional changes in PFTs and RBC:TP over six months
FVC: forced vital capacity; RBC:TP: red blood cell to tissue / plasma ratio.
Twelve-Months
All correlations between RBC:TP and PFTs were reanalysed at twelve months (visit 3). Correlations that were determined to be statistically significant from the first or second visit are summarised in Table 6.143. The statistically significant correlations from visit 3 are represented in scatterplots in Figure 6.257.
[bookmark: _Toc3145543]Table 6.1466.13 Twelve-month correlations between RBC:TP ratio and clinical metrics
	Physiology metric
	RBC:TP

	
	r
	p

	TLCO (mmol.min-1.kPa-1)
	0.92
	<0.001

	TLCO (% predicted)
	0.67
	0.018

	KCO (mmol.min-1.kPa-1.L-1)
	0.64
	0.025

	KCO (% predicted)
	0.66
	0.021

	CPI (index)
	-0.72
	0.008

	ISWTd (m)
	0.58
	0.059


TLCO: Carbon monoxide gas transfer; KCO: Carbon monoxide gas coefficient; CPI: composite physiology index; ISWTd: incremental shuttle walk test distance; RBC:TP: red blood cell to tissue / plasma ratio. Statistically significant correlations are highlighted in grey.
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[bookmark: _Toc3145442]Figure 6.2766.25: Scatterplots of twelve-month RBC:TP correlations with PFTs
TLCO: Carbon monoxide gas transfer; KCO: Carbon monoxide gas coefficient; CPI: composite physiology index; RBC:TP: red blood cell to tissue / plasma ratio.
Changes in RBC:TP over 12-months were assessed by Friedman tests and are summarised in Figure 6.286. A statistically significant change is seen in RBC:TP over 12 months, with an ANOVA p-value of <0.001.
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[bookmark: _Toc3145443]Figure 6.2866.26: RBC:TP changes over visit intervals
Shown alongside changes in forced vital capacity (FVC) and gas transfer on the lungs for carbon monoxide (TLCO). RBC:TP: red blood cell to tissue / plasma ratio.
Twelve-month change in clinically utilised PFT values (FVC, TLCO, KCO and ISWT distance) was assessed for correlation with 12-month change in RBC:TP. Correlations between changes in absolute values and relative (percentage) values are provided in Tables 6.154 and 6.165, respectively.
[bookmark: _Toc3145544]Table 6.1566.14: Correlations between absolute twelve-month changes in RBC:TP and PFTs
	Change in Physiology metric
	RBC:TP

	
	r
	p

	FVC (L)
	0.08
	0.797

	TLCO (mmol.min-1.kPa-1)
	0.07
	0.839

	KCO (mmol.min-1.kPa-1.L-1)
	0.36
	0.248

	ISWT distance (m)
	-0.01
	0.992


PFT: pulmonary function test; FVC: forced vital capacity; TLCO: Carbon monoxide gas transfer; KCO: Carbon monoxide gas coefficient; ISWTd: incremental shuttle walk test distance; RBC:TP: red blood cell to tissue / plasma ratio.
[bookmark: _Toc3145545]Table 6.1666.15: Correlations between relative twelve-month changes in RBC:TP and PFTs
	Change in Physiology metric
	RBC:TP

	
	r
	p

	FVC (%)
	-0.13
	0.695

	TLCO (%)
	0.09
	0.788

	KCO (%)
	0.43
	0.166

	ISWT distance (%)
	-0.20
	0.562


PFT: pulmonary function test; FVC: forced vital capacity; TLCO: Carbon monoxide gas transfer; KCO: Carbon monoxide gas coefficient; ISWTd: incremental shuttle walk test distance; RBC:TP: red blood cell to tissue / plasma ratio.
Primary Outcome Analys



RBC:TP: red blood cell to tissue / plasma ratio.
Quantitative CT and HR Spectroscopy Metrics
CT Parenchymal Metrics
Spearman’s coefficient of rank correlations between quantitative CT parenchymal metrics and HRS metrics are summarised in Table 6.176. No correlations were statistically significant.
[bookmark: _Toc3145546]Table 6.1766.16: Baseline HRS and quantitative CT parenchyma correlations
	Change in Physiology metric
CT Metric (% of whole lung volume)
	RBC:TP

	
	r
	p

	Normal Lung
	0.26
	0.359

	Low Attenuation area
	0.12
	0.665

	Ground glass
	-0.34
	0.221

	Honeycomb
	-0.14
	0.632

	Reticulation
	0.25
	0.368


RBC:TP: Red blood cell to tissue / plasma ratio
CT Vessel Metrics
Spearman’s coefficient of rank correlations between quantitative CT vessel metrics and HRS metrics are summarised in Table 6.187. No correlations were statistically significant.
[bookmark: _Toc3145547]Table 6.1866.17: Baseline HRS and quantitative CT vessel correlations
	Change in Physiology metric
CT Metric 
	RBC:TP

	
	r
	P

	Total PVV (% of TLV)
	-0.35
	0.206

	PVV<5 (% of TVV)
	-0.07
	0.804

	PVV<10 (% of TVV)
	-0.14
	0.618


PVV: Pulmonary vascular volume; TLV: total lung volume; TVV: total vascular volume; RBC:TP: Red blood cell to tissue / plasma ratio.
Post-hoc Exploratory Analysis
Xenon gas diffusion and ventilation
Correlations between baseline RBC:TP and ventilation outcome metrics VV% (ventilated volume percent) and CV (coefficient of variation) were explored, using Spearman’s Coefficient of Rank Correlation. These are summarised in Table 6.198.
[bookmark: _Toc3145548]Table 6.1966.18: Xenon gas diffusion and ventilation correlations
	Ventilation Metric
	RBC:TP

	
	r
	p

	Ventilated volume %
	0.07
	0.775

	Ventilation CV
	-0.30
	0.225


CV: coefficient of variation; RBC:TP: red blood cell to tissue / plasma ratio.
RBC:TP and Brownian Diffusion (ADC)
Correlations between baseline RBC:TP and diffusion-weighted imaging outcome metrics ADC (apparent diffusion coefficient) and LmD (mean linear intercept) were explored, using Spearman’s Coefficient of Rank Correlation. These are summarised in Table 6.2019.
[bookmark: _Toc3145549]Table 6.2066.19: Xenon gas diffusion and diffusion-weighted imaging outcome metric correlations
	Diffusion Metric
	RBC:TP

	
	r
	p

	Mean ADC
	-0.24
	0.338

	Mean LmD
	-0.28
	0.270


ADC: apparent diffusion coefficient; LmD: mean linear intercept; RBC:TP: red blood cell to tissue / plasma ratio.
RBC:TP and Age
There was no statistically significant correlation between RBC:TP and participant age (r = -0.19; p = 0.456).
[bookmark: _Toc3145090]Discussion
CSSR and Spectroscopy Reproducibility and Feasibility
In this study, both CSSR and high-resolution spectroscopy (HRS) have been assessed as potential longitudinal techniques for quantifying gas exchange assessment in IPF. While RBC:TP generated from HRS was highly reproducible and correlated with TLCO / KCO, the metrics from CSSR (ST and S/V) showed poor intraparticipant reproducibility and did not correlate well with existing metrics of gas transfer. Although previously, ST has been reported to correlate with TLCO,295 this included participants without disease and with scleroderma related lung disease, thus broadening the TLCO and ST range. It may be that ST or S/V can discriminate between health and disease, but it was unable to reproducibly quantify gas transfer in this population of patients with IPF.
This is contradictory to evidence from chronic obstructive pulmonary disease (COPD), where ST and S/V was shown to correlate well with TLCO and was reproducible,353 and thus requires further examination. In this article, Stewart et al. also demonstrated a significant difference shown in outcome metrics at different lung inflation states, particularly between functional residual capacity (FRC) + 1 litre (FRC+1) and total lung capacity (TLC), where ST increased and S/V decreased significantly.353 Patients with COPD typically exhibit dynamic hyperinflation and thus a large difference exists between FRC+1 and TLC. IPF is a restrictive lung disease meaning patients exhibit a reduction in lung volume and thus FRC + 1L is much closer to TLC. Small changes in proportional lung inflation state relative to TLC are likely to be common during the MR examination when compared to COPD and this may lead to significant scan variability.
Secondly, the MOXE 352 and Patz 351 models adopt a simplified 1-dimensional model of the lung.274 The model essentially treats the lung as a single unit made up of airspace, tissue and red blood cells homogeneously distributed throughout the lung. While emphysema is somewhat upper lobe predominant, it affects the secondary pulmonary lobule in more widely distributed pathology, compared to IPF, which is highly spatially heterogeneous.
 Thirdly, IPF affects regions of lung which undergo the greatest expansion during inhalation and receive the greatest perfusion volume during health,421 potentially making these regions more susceptible to small changes in overall lung inflation state and gas distribution.
In general, the calculation of RBC:TP is simpler; it involves no assumptions, no modeling, no data fitting and thus seems to be more robust. RBC:TP is perhaps less sensitive to other compounding functional impairments that the patient might have, and less sensitive to experimental errors (e.g. calibration of flip angle, centre frequency) than CSSR modeling parameters. RBC:TP may also be calibrated from CSSR data and it correlates well with the RBC:TP derived from HRS. This suggests that the potential problem is with the modeling process rather than the CSSR sequence itself.
The ratio of signal from the red blood cells to signal derived from the tissue and plasma compartments by contrast appears to be very robust to intraparticipant variability in the same cohort of participants undergoing duel baseline scans. While SNR was sometimes poor at short TR (0.16), the longer TR (1s) provided a good surrogate. One may expect longer TR values to produce more signal from the RBC compartment, due to additional detection of signal from the downstream pulmonary veins,422 as is characterised in Figure 6.3. At these values, there is indeed a positive bias of 0.02 in the RBC:TP ratio at a 1s TR, although this may be a trade-off between detecting as little signal as possible from the pulmonary venous system, and gaining adequate SNR from the RBC compartment, particularly as long breath holds are not feasible in this population.
Even though breath-hold time is longer in this MRS procedure when compared to standard single breath TLCO measurement (10s), only one participant was unable to complete the procedure at the third study visit, finding the breath holding technique too arduous to complete. Interestingly, this participant was also the only one unable to complete the single breath carbon monoxide gas transfer technique, a known adverse prognostic indicator.132
Previous physiological studies suggest that breath-hold time is longer at total lung capacity (TLC), compared to partial lung inflation states.423 However, it is likely that functional residual volume plus one litre of gas is likely to be close to TLC in our population. The environment in which TLCO and MRS are performed may also make a difference in MRS tolerability. Often, participants undergoing TLCO have walked into a room (which IPF patients may find strenuous in itself) and perform spirometry procedures prior to TLCO measurement. In the scanner, participants have been lying supine for around 10-15 minutes prior to sequence acquisition. Evidence from patients undergoing breath holding tests post-exercise data reveals that increase in metabolic rate and exercise significantly reduce breath-holding time capacity.424-427 The time spent in the scanner ensures heart rate and blood oxygen saturations return to resting levels, which may therefore contribute to breath hold tolerability.
Although an inability for some participants to complete the technique is a clear limitation, it is worth noting that this participant’s RBC:TP was 0.18 at baseline and 0.06 at six-months, with an associated 9.9% drop in DLCO and 2.6% drop in FVC. His FVC % predicted value at the final 12-month visit was 55.1%, a relative decline of 14.4% from baseline, suggesting they were declining quickly. It is questionable what can be gained from obtaining MRS at the later stages of disease. In addition, the preceding fall in RBC:TP may have proved a predictor of the poor outcome ahead in this case. It may be possible to reduce the number of radiofrequency pulses used to acquire averageds HRS data, which would further improve tolerability in the future.
RBC:TP as a Functional Measurement in IPF
Strong correlations were observed between RBC:TP and clinical metrics, in particular TLCO. This correlation persists at 6 and 12 month visits, despite the absence of a significant change in TLCO. However, the strength of correlation is lower than reported elsewhere. This may be due to different TR used at our centre, differences in reference values for TLCO, the relatively milder disease state in our cohort reflected by preserved FVC, or perhaps most likely, the inclusion of healthy volunteers in previously reported correlations, which broadens the range of TLCO values and increases the chance of finding a significant correlation.281, 298
Interestingly, the RBC:TP metric does not correlate with quantitative CT outcomes. This is in keeping with Wang et al., who found that T/P and RBC uptake did not correlate with semi-quantitative CT scores in a cohort of 12 patients with IPF.298 While TLCO correlates with quantitative CT metrics in this cohort, KCO does not, suggesting that the relationship is driven by alveolar volume (VA) changes, rather than unit gas exchange efficiency. This is perhaps the reason a correlation is not seen with RBC:TP, which contains no measure of structure or volume. It may also suggest that the RBC:TP metric is driven by diffusion, rather than perfusion changes, a concept which is further explored in the next chapter.
It is also in contrast to diffusion-weighted imaging metrics, which correlated with degree of honeycombing and percentage of abnormal lung tissue. Xenon spectroscopy and ADC thus measure different elements of the pathological structure-function on the IPF lung and our results suggest that gas transfer impairment is not reliant upon seeing cystic changes in the lung. This is congruous with the observation that non-fibrosing interstitial lung diseases demonstrate a diminishment in gas transfer in the absence of cystic lung change. Both, however, correlate with carbon monoxide gas transfer and both show progression over 12 months, suggesting they may be a synergistic in the pathophysiological assessment of IPF.
Significant changes in RBC:TP were seen between baseline and 6 months in n=14 and between baseline and 12 months in n=12 participants. This suggests either a decrease in signal from RBC or an increase in signal from TP.  Since conducting this study, Wang et al. have produced further data on hyperpolarised xenon diffusion in IPF in different lung disease states, using regional measurements of signal derived from gas, TP and RBC.298 They have described three broad patterns of spectral change within their cohort of 12 participants with IPF. Firstly, in some regions, alveolar gas transfer is slowed, causing RBC signal to decrease. They hypothesise that as the disease progresses, scarring becomes so severe that 129Xe diffusion into or through the alveolar tissue itself is decreased. In this case, TP uptake returns to the normal or low range, but RBC signal is dramatically reduced. Finally, regions of increased barrier signal with relatively preserved RBC signal is also seen, which may represent early disease activity. While a global measurement is unable to capture the subtleties of these changes, it is likely that the ratio continues to fall through this process and our results would therefore broadly support these findings.
It is of particular interest that in spite of the strong baseline correlation, a significant decline in TLCO is not seen in this population over 12 months. TLCO is calculated from exhaled gas concentration changes measured at the mouth. It is therefore not a direct representation of the regional gas exchange properties within the lung and is affected by the ventilation heterogeneity. In contrast, MR spectroscopy assesses the gas exchange properties of the lung by obtaining 129Xe measurements directly from the alveolus, the alveolar-capillary membrane and the RBC. The observed reduction in RBC:TP when TLCO is stable may therefore be a consequence of the differing test gas properties and measurement procedure reflecting different pathophysiological processes.
These differences may be emphasised by the postures used when measuring TLCO (sitting) and RBC:TP (supine). The supine posture will cause a partial re-distribution of ventilation and perfusion to regions of the lung less affected by lung disease. IPF predominantly affects the basal areas of the lung, which receive the greatest ventilation and perfusion when the subject is sitting upright during TLCO measurements. Therefore, TLCO may not have shown a reduction over time in some participants due to the dependent part of the lung in the upright posture being heavily diseased, thus potentially masking increase in regional disease with time. The observed reduction in RBC:TP may be partially explained by dependent lung in the supine posture having a greater proportion of healthy lung tissue available for assessment initially, which becomes diseased as the IPF advances.
Further discussion on xenon as a perfusion and diffusion limited gas is provided in chapter 8. 
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Dynamic Contrast-Enhanced Imaging
[bookmark: _Toc364347299][bookmark: _Toc364347369][bookmark: _Toc3145092]Methods of analysis
Data Acquisition
Sequences
The DCE perfusion imaging sequence was set up by the imaging team as a robust protocol which is routinely tried and tested for imaging lung perfusion in lung disease patients in Sheffield. The sequence is optimised for time-resolved pulmonary perfusion enhancement on the criteria of image signal to noise and time resolution (short TR) rather than specifically for isotropic pixel size.
Images were obtained with an 8-channel thoracic array coil using a 3D spoiled gradient echo time resolved view sharing sequence,428 with parallel imaging.429 Pulse sequence parameters included: voxel size 2.4x6.0x10.0mm3, bandwidth 250kHz, flip angle 30O, TE 1.1ms, TR 2.5ms, frame rate of 2 per second. Orientation was in the coronal plane, with number of slices adjusted to the participant’s girth, but not less than 24. The scans were radiologically reported and in keeping with radiologist preference, resolution was maximised for viewin in the coronal plane, hence the difference in spatial resolutions in each plane.
Images were taken during inspiration, following a bolus contrast as outlined below.
Contrast Media
Contrast injection of gadolinium chelate (Gadoavist - gadobutrol) was injected via a peripheral cannula at a dose adjusted to subject weight (0.05mL.kg-1 at a rate of 4mL.sec-1) using an activated pump injector via the antecubital vein, followed by a 20-mL saline flush, as per previous methods used in the assessment of patients with pulmonary hypertension.355 Although a 120kg participant does not have twice the pulmonary vascular volume as a 60kg participant, the dose adjustment simply reflects local clinical practice and there is no further justification.
As previously detailed, subjects with renal dysfunction were excluded from DCE-MRI, identified by inputting serum creatinine into the Cockcroft-Gault formula of creatinine clearance (equation 7.1).430 A cut off of 30mL.min-1 or below, corresponding to chronic kidney disease stage 4 or 5 identified participants for exclusion from DCE-MRI.


[bookmark: _Toc3145577]Equation 7.1: Male and female creatinine clearance reference
Cr: creatinine (µmol.L-1); Cl: clearance (mL.min-1); weight in kilograms; age in years. Adapted from Cockcroft and Gault.430
Data Quality
As previously discussed, all participants had a systolic PAP estimated by echocardiography of <35mmHg at baseline assessment, or did not have tricuspid regurgitation, and thus no evidence of pulmonary hypertension.431
Several issues were encountered, meaning not all participants underwent DCE-MRI or their metrics were not usable. These are summarised in Figure 7.1. All three participants in visit 1 with contraindications were due to pre-existing renal disease (all had serological tests consistent with stage 4 chronic kidney disease in the previous one year). Reasons for excluding 3 datasets in each visit from the final analysis are given in Table 7.1.
[image: ]
[bookmark: _Toc3145445]Figure 7.177.1 DCE-MRI participant flow chart



[bookmark: _Toc3145551]Table 7.177.1: Reasons for DCE data exclusion from analysis
	Reason for Exclusion
	Visit

	
	Baseline
	Six-month
	Twelve-month

	Probable intracardiac shunt
	1
	1
	1

	Contrast arrival too late in pulmonary artery
	2
	2
	2



The intracardiac shunt was agreed upon by a consultant radiologist. Late contrast arrival occurred where contrast appeared in the pulmonary artery too late to conduct a transit time analysis, as the contrast had not passed into the aorta / left heart chambers on completion of the scan. The reasons for this are thought to be multifactorial and are further explored in the discussion.
The scanning window was determined by a fixed delay from injection time, although this can be overridden by a radiographer.
Post Processing
Post processing took place on local code generated for use in Matlab R2016b (MathWorks, Inc., MA, USA). Details can be found in the publication by Lin et al.432 Some of the following is covered in section 2.4.3, but is expanded here for clarity.
Defining time points
Using maximum intensity projections (MiPs) to delineate vessels, the main pulmonary artery (PA) was identified and a region of interest drawn within it, to generate an arterial input function (AIF) as shown in Figure 7.2.
[image: DCE AOI and AIF]
[bookmark: _Toc3145446]Figure 7.277.2: Generating a pulmonary artery input function
A: Peak enhancement images showing the pulmonary artery (PA) marked with an asterisk (*) and the contiguous anterior slice showing the right ventricular outflow tract marked with an arrow. B: The generated arterial input function (AIF) from selected region of interest within the PA. Note an initial peak of contrast approximately 12 seconds after image acquisition begins and a second smaller peak around 29 seconds, indicating passage of contrast and through the bronchial circulation, which arises from the aorta. The temporal resolution is 0.5 seconds.
Pulmonary Blood Flow and Volume
The flow and volume of blood passing through a voxel may be graphically represented by placing an ROI within the lung parenchyma and plotting signal intensity over time, assuming a linear relationship between contrast concentration and T1 tissue characteristics.433 An example of the flow signal characteristics through the lung parenchyma is given in Figure 7.3. Note this is an inexact idealised sketch compared to the AIF from 7.2B. In practice an asymmetric enhancement curve is always observed, the degree of asymmetry generally increases with slower pulmonary transit times.
[image: ]
[bookmark: _Toc3145447]Figure 7.377.3: Example of signal change through a parenchymal region of interest
The full width at half maximum (FWHM) signal is often used as a standard threshold for integration. The integral of the curve between these time points of the curve represents pulmonary blood volume (PBV). Dividing this by the time between the half maximal points (a surrogate of pulmonary transit time) gives the pulmonary blood flow (PBF).
Thus, following establishment of the AIF, the signal time curve of each voxel can be analysed and converted to a time vs. concentration time course. Equations for calculating flow of blood within a voxel during first pass, corrected to the AIF signal (typically measured in mL.100mL-1.s-1) and volume (mL.100mL-1) are reproduced from section 2.3.1 below.

[bookmark: _Toc3145578]Equation 7.2: Pulmonary blood flow
C: contrast; PBF: pulmonary blood flow; VOI: volume of interest; AIF: arterial input function; R(t): remaining contrast at time t.

[bookmark: _Toc3145579]Equation 7.3: Pulmonary blood volume
C: contrast; PBV: pulmonary blood volume; VOI: volume of interest; AIF: arterial input function.

Lung Mask Generation
Once the MiPs for each coronal slice have been generated, a mask for each slice is manually drawn using ITK-SNAP v3.6 (University of Pennsylvania, PA, USA). The mask defines the lung field within which each of the quantitative metrics are defined. Major vessels including the aorta, pulmonary arteries and pulmonary veins are excluded from the mask. First and second generation pulmonary artery branches are readily identifiable in all scans and are excluded as shown in Figure 7.4.
[image: ]
[bookmark: _Toc3145448]Figure 7.477.4: Perfusion mask
Maximum intensity projection of a single coronal slice perfusion image (A) with the mask manually drawn in red (B). See accompanying text for details. Ao: aorta; L: left pulmonary artery; R: right pulmonary artery.
Metrics and Parametric Maps
Parametric maps of transit time, rBF and rBV were calculated for each voxel.424 From the full width of half maximum (FWHM) of the first pass perfusion signal enhancement, rBF and rBV were calculated for each voxel.424 As previously described, FWHM is a surrogate of transit time.
To generate whole-lung metrics, the mean FWHM (s), rBV (mL.mm-3) and rBF (mL.mm-3.s-1) is taken. Blood flow and volume is standardised to flow and volume defined by the (pulmonary) arterial input function.
424From the full width of half maximum (FWHM) of the first pass perfusion signal enhancement, rBF and rBV were calculated for each voxel.432 As previously described, FWHM is a surrogate of transit time. From the ixellations, parametric maps of transit time, rBF and rBV were computed.432


[bookmark: _Toc3145093]Qualitative Analysis
Perfusion Metric Regional Patterns
Distribution
Heterogeneity was present in most parametric maps of FWHM. Elevated transit times were generally present in peripheral and basal compartments of lung tissue, irrespective of the overall mean transit time of the participant. Two examples from participants exhibiting relatively high and low mean transit times are shown in Figure 7.5. Enlargement of central coronal slices is demonstrated in Figure 7.6. Example parametric maps of flow and volume are provided in Figure 7.7.
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[bookmark: _Toc3145449]Figure 7.577.5: Regional distribution of elevated transit times
Coronal sections from two participants with mean full width of half maximum (FWHM) of 14.6s (A) and 11.5s (B), respectively. Although the maps are distinctively visually different, heterogeneity in transit times with increased times in basal and peripheral lung tissue is a common feature and is representative of the dataset.
[image: ]
[bookmark: _Toc3145450]Figure 7.677.6: Regionally elevated transit times in selected slices
From the same scans as shown in Figure 7.5, the larger images permit better appreciation of elevated full width of half maximum (FWHM) times in peripheral lung tissue.
[image: ]
[bookmark: _Toc3145451]Figure 7.777.7: Parametric maps of flow and volume.
Examples of regional blood flow (rBF) and volume (rBV) from the same participant, shown in panels A and B, respectively. There is less of a clear basal / peripheral distribution of flow or volume compared to the transit time maps. In all cases, rBV and rBF maps are strikingly similar to one another.
Anatomical Correlates
Figures 7.8 through 7.10 are representative images comparing FWHM, rBF and rBV parametric maps, matched visually to regions of disease evident on CT.
[image: ]
[bookmark: _Toc3145452]Figure 7.877.8: Transit time and anatomical features of fibrosis
The participant with fulminant honeycomb change in panels A and B has a higher overall mean full width at half maximum (FWHM), measuring at 14.6s, compared to the participant with less honeycomb and more reticular change in panels C and D, who has a FWHM of 11.8s. Nevertheless, areas of increased FWHM are apparent in peripheral and basal regions of lung tissue in both volunteers and appear to be raised predominantly in areas of fibrotic change.

[image: ]
[bookmark: _Toc3145453]Figure 7.977.9: Regional blood flow and anatomical features of fibrosis
The relationship between regional blood flow (rBF) and fibrotic regions is less apparent that that of transit time. Signal heterogeneity appears to be dominated by changes in large vessels and it is difficult to associate regions of low blood flow with regions of disease in these representative examples.
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[bookmark: _Toc3145454]Figure 7.1077.10: Regional blood volume and anatomical features of fibrosis
Similar to regional blood flow reported in Figure 7.9, regional blood volume (rBV) heterogeneity is dominated by perihilar branching vessels and heterogeneity of signal within diseased lung parenchyma is not readily appreciable. There are however, subtle regions of perfusion defects apparent on a small number of scan slices. These appear to reside within diseased lung tissue (arrows).
Intraparticipant Studies
Reproducibility
Due to the low number of scans repeated successfully on the same day (n = 4), little inference can be made regarding the same day reproducibility of the DCE scans and no formal statistical analysis has been performed. Mean transit times (FWHM) are listed in table 7.2. Example slices of same-day scans from these four participants are provided in Figure 7.11.
[bookmark: _Toc3145552]Table 7.2: Mean transit times reproducibility
	Pariticipant
	FWHM Scan A (s)
	FWHM Scan B (s)

	A
	8.74
	7.94

	B
	13.94
	12.95

	C
	11.79
	11.69

	D
	11.38
	13.75


MWHF: Full width at half maximum
[image: ]
[bookmark: _Toc3145455]Figure 7.1177.11: Parametric maps of FWHM demonstrating reproducibility
Four participants (A-D) and representative best matching slices of parametric full width of half maximum (FWHM) maps at baseline (i) and repeat baseline (ii). Although some variability exists, the maps are strikingly similar, with regions of increased FWHM consistent between the two scans.
Progression
Figure 7.12 provides examples of two participants who demonstrated an increase in average whole lung FWHM over 12 months.
[image: ]
[bookmark: _Toc3145456]Figure 7.1277.12: Parametric maps of FWHM demonstrating progression over 12-month follow up
Two participants at baseline (A and C) and best matching slices at 12-month follow-up (B and D) of parametric full width of half maximum (FWHM) maps. The participant in panel A and B has a mean FWHM of 8.7s, increasing to 10.0s at 12 months. In particular, increases in transit time are seen in the right mid-zone and left lung periphery and base, as marked by the arrows. The participant in panel C and D has a baseline mean FWHM of 13.5s, increasing to 17.0s at 12 months. The increase in this participant appears more marked, but remains most apparent in basal and peripheral lung tissue.
[bookmark: _Toc3145094]Quantitative outcomes
Reproducibility
Bland-Altman plots of FWHM, rBF CV and rBV CV are shown with absolute and relative differences on the y-axis in Figure 7.13. Given the low number of successful repeated scans (n = 4), intraclass correlation coefficients were not performed.
[image: ]
[bookmark: _Toc3145457]Figure 7.1377.13: Bland-Altman plots of same-day DCE-MRI metrics
Dashed lines represent mean bias, dotted lines 95% confidence intervals. FWHM: full width at half maximum; rBF: regional blood flow; rBV: regional blood volume.
Primary Outcome Analysis
Differences in baseline DCE-MRI metrics between participants reaching a pre-defined composite clinical endpoint of FVC decline ≥10%, TLCO decline ≥ 15%, or death (n = 7) were compared with participants not reaching this endpoint (n = 5) using Mann-Whitney U tests. The analysis is summarised in Table 7.3.

[bookmark: _Toc3145553]Table 7.37: Primary outcome analysis for baseline DCE-MRI metrics
	DW-MRI Metric
	Mean Value Event
	Mean Value No Event
	Mann- Whitney U test p-value

	FWHM (s)
	13.0
	12.8
	0.500

	rBF (mL.mm-3.s-1)
	3.20
	2.40
	0.163

	rBV(mL.mm-3)
	2.84
	2.10
	0.106


DW-MRI: diffusion-weighted magnetic resonance imaging; FWHM: full width at half maximum; rBF: regional blood flow; rBV: regional blood volume.

Summary Outcomes
Metric Summaries
Summary statistics for the perfusion metric values at each visit are provided in Table 7.42.
[bookmark: _Toc3145554]Table 7.477.2: Perfusion metric summary outcomes for each visit
	Visit
	Metric
	Mean
	IQR
	Min
	Max

	Visit 1
(n=12)
	FWHM (s)
rBF (mL.mm-3.s-1)
rBV (mL.mm-3)
	13.0
2.58
2.29
	11.5 – 14.3
1.92 – 3.25
1.70 – 2.86
	8.7
1.48
1.28
	17.3
3.90
3.55

	Visit 2
(n=10)
	FWHM (s)
rBF (mL.mm-3.s-1)
rBV (mL.mm-3)
	13.3
3.09
2.73
	12.2 – 14.9
2.40 – 3.74
2.10 – 3.30
	9.9
1.65
1.42
	17.7
4.16
3.68

	Visit 3
(n=9)
	FWHM(s)
rBF (mL.mm-3.s-1)
rBV (mL.mm-3)
	14.0
3.26
2.89
	12.6 – 16.0
2.44 – 3.94
2.15 – 3.54
	10.0
2.21
1.94
	17.0
4.39
3.90


FWHM: full width at half maximum; rBF: regional blood flow; rBV: regional blood volume; IQR: interquartile range.
Clinical Evaluation
Baseline Correlations
Table 7.35 summarises the correlations at baseline between DCE-MRI metrics and clinical metrics.
[bookmark: _Toc3145555]Table 7.577.3: Baseline DCE-MRI metric correlations
	Physiology metric
	FWHM
	rBF 
	rBV 

	
	r
	p
	r
	p
	r
	p

	FEV1 (mL)
	-0.23
	0.483
	-0.07
	0.833
	-0.06
	0.863

	FEV1 (% predicted)
	-0.06
	0.846
	0.01
	0.983
	-0.04
	0.897

	FVC (mL)
	-0.29
	0.359
	-0.24
	0.456
	0.21
	0.513

	FVC (% predicted)
	-0.36
	0.244
	-0.23
	0.477
	-0.27
	0.404

	FEV1/FVC (ratio)
	0.34
	0.275
	0.32
	0.318
	0.29
	0.366

	FEV1/FVC (z-score)
	0.39
	0.212
	0.36
	0.249
	0.34
	0.286

	TLCO (mmol.min-1.kPa-1)
	-0.51
	0.049
	-0.12
	0.704
	-0.13
	0.697

	TLCO (% predicted)
	-0.40
	0.194
	-0.05
	0.880
	-0.09
	0.779

	KCO (mmol.min-1.kPa-1.L-1)
	-0.41
	-0.189
	0.31
	0.332
	0.28
	0.384

	KCO (% predicted)
	-0.32
	0.318
	0.26
	0.409
	0.24
	0.457

	GAP score (index)
	0.46
	0.129
	-0.17
	0.595
	-0.10
	0.794

	CPI (index)
	0.49
	0.106
	0.10
	0.770
	0.13
	0.697

	ISWTd (m)
	-0.24
	0.484
	-0.31
	0.354
	-0.29
	0.385


Greyed boxes indicate a two-tailed p-value < 0.05. FEV1: forced expiratory volume in one second; FVC: forced vital capacity TLCO: transfer factor of the lungs for carbon monoxide; KCO: transfer coefficient of the lungs for carbon monoxide; GAP: gender, age, physiology; CPI: composite physiology index; ISWTd: incremental shuttle walk test distance; FWHM: full width at half maximum; rBF: regional blood flow; rBV: regional blood volume
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[bookmark: _Toc3145458]Figure 7.1477.14: Scatterplots of significant perfusion correlations
TLCO: transfer factor of the lungs for carbon monoxide; KCO: transfer coefficient of the lungs for carbon monoxide; FWHM: full width at half maximum; rBF: regional blood flow; rBV: regional blood volume.
Six Months
All correlations between RBC:TP and PFTs were reanalysed at six months (visit 2). Correlations that were determined to be statistically significant from the first visit are summarised in Table 7.46. None were statistically significant.
[bookmark: _Toc3145556]Table 7.677.4 Six-month correlations between perfusion and clinical metrics
	Physiology metric
	FWHM
	rBF CV
	rBV CV

	
	r
	p
	r
	p
	r
	p

	TLCO (mmol.min-1.kPa-1)
	-0.21
	0.556
	0.06
	0.881
	-0.06
	0.881


TLCO: transfer factor of the lungs for carbon monoxide; KCO: transfer coefficient of the lungs for carbon monoxide; FWHM: full width at half maximum; rBF: regional blood flow; rBV: regional blood volume; CV: coefficient of variation.
Changes over six months in perfusion metrics were assessed by Wilcoxon Rank and is graphed in Figure 7.15. Median change of FWHM, rBF and rBV was 1.3 s, 0.71 mL.mm-3s-1, and 0.65 mL.mm-3, respectively.
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[bookmark: _Toc3145459]Figure 7.1577.15: Box and whisker plot six month changes in perfusion metrics
P-values derived from Wilcoxon Rank test. FWHM: full width at half maximum; rBF: regional blood flow; rBV: regional blood volume.
Six-month change in clinically utilised PFT values (FVC, TLCO, KCO and ISWT distance) was assessed for correlation with six-month change in perfusion metrics. Correlations between changes in absolute values and relative values are provided in Tables 7.75 and 7.86, respectively.
[bookmark: _Toc3145557]Table 7.777.5: Correlations between absolute six-month changes in perfusion metrics and PFTs
	Physiology metric
	FWHM
	rBF
	rBV

	
	r
	p
	r
	p
	r
	p

	FVC (L)
	-0.05
	0.912
	0.34
	0.365
	0.35
	0.359

	TLCO (mmol.min-1.kPa-1)
	0.22
	0.581
	0.59
	0.103
	0.60
	0.097

	KCO (mmol.min-1.kPa-1.L-1)
	0.08
	0.835
	0.01
	0.986
	0.03
	0.956

	ISWTd (m)
	-0.07
	0.882
	-0.18
	0.673
	-0.17
	0.703


PFT: pulmonary function test; FVC: forced vital capacity; TLCO: transfer factor of the lungs for carbon monoxide; KCO: transfer coefficient of the lungs for carbon monoxide; ISWTd: incremental shuttle walk test distance; FWHM: full width at half maximum; rBF: regional blood flow; rBV: regional blood volume; CV: coefficient of variation.
[bookmark: _Toc3145558]Table 7.877.6: Correlations between relative six-month changes in perfusion metrics and PFTs
	Physiology metric
	FWHM
	rBF
	rBV

	
	r
	p
	r
	p
	r
	p

	FVC (%)
	0.10
	0.810
	0.20
	0.613
	0.13
	0.744

	TLCO (%)
	0.17
	0.678
	0.50
	0.178
	0.45
	0.230

	KCO (%)
	0.30
	0.437
	0.07
	0.880
	-0.02
	0.982

	ISWTd (%)
	0.12
	0.793
	-0.19
	0.665
	-0.21
	0.619


PFT: pulmonary function test; FVC: forced vital capacity; TLCO: transfer factor of the lungs for carbon monoxide; KCO: transfer coefficient of the lungs for carbon monoxide; ISWTd: incremental shuttle walk test distance; FWHM: full width at half maximum; rBF: regional blood flow; rBV: regional blood volume.
Twelve Months
All correlations between RBC:TP and PFTs were reanalysed at twelve months (visit 3). Correlations that were determined to be statistically significant from the first or second visit are summarised in Table 7.97.
[bookmark: _Toc3145559]Table 7.977.7 Twelve-month correlations between perfusion and clinical metrics
	Physiology metric
	FWHM
	rBF
	rBV

	
	r
	p
	r
	p
	r
	p

	TLCO (mmol.min-1.kPa-1)
	-0.07
	0.865
	-0.07
	0.865
	-0.07
	0.865


TLCO: transfer factor of the lungs for carbon monoxide; FWHM: full width at half maximum; rBF: regional blood flow; rBV: regional blood volume.

Changes over 12-month DCE-MRI metrics were assessed by Friedman tests and are summarised in Figure 7.18. Baseline, 6-month and 12-month values for MTT (mean baseline, 6-month and 12-month measures 12.3 s, 13.6 s and 14.1 s, respectively) were significantly different with an ANOVA p-value of p = 0.027. Changes in rBF (mean baseline, 6-month and 12-month measures 2.58 mL.mm3.s-1, 3.09 mL.mm3.s-1, and 3.26 mL.mm3.s-1 respectively) and rBV (mean baseline, 6-month and 12-month measures 2.29 mL.mm3, 2.73 mL.mm3, and 2.89 mL.mm3, respectively) were non-significant at ANOVA, with p-values of p = 0.486 and p = 0.487, respectively. Individual Friedman test p-values are provided in Figure 7.16.
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[bookmark: _Toc3145460]Figure 7.1677.16: Twelve month changes in perfusion metrics
FWHM: full width at half maximum; rBF: regional blood flow; rBV regional blood volume.
The plots in 7.15 and 7.16 appear somewhat different, as only participants with all three timepoints available to analyse were included in 7.16.
Twelve-month change in clinically utilised PFT values (FVC, TLCO, KCO and ISWT distance) was assessed for correlation with 12-month change in perfusion metrics. Correlations between changes in absolute values and relative (percentage) values are provided in Tables 7.108 and 7.119, respectively.
[bookmark: _Toc3145560]Table 7.1077.8: Correlations between absolute twelve-month changes in perfusion metrics and PFTs
	Physiology metric
	FWHM
	rBF
	rBV

	
	r
	p
	r
	p
	r
	p

	FVC (L)
	-0.36
	0.389
	-0.10
	0.840
	0.10
	0.840

	TLCO (mmol.min-1.kPa-1)
	-0.50
	0.216
	0.07
	0.882
	0.12
	0.793

	KCO (mmol.min-1.kPa-1.L-1)
	-0.51
	0.206
	-0.12
	0.781
	-0.21
	0.627

	ISWTd (m)
	0.07
	0.906
	-0.57
	0.200
	-0.64
	0.139


PFT: pulmonary function test; FVC: forced vital capacity; TLCO: transfer factor of the lungs for carbon monoxide; KCO: transfer coefficient of the lungs for carbon monoxide; ISWTd: incremental shuttle walk test distance; FWHM: full width at half maximum; rBF: regional blood flow; rBV: regional blood volume.
[bookmark: _Toc3145561]Table 7.1177.9: Correlations between relative twelve-month changes in perfusion metrics and PFTs
	Physiology metric
	FWHM
	rBF
	rBV

	
	r
	p
	r
	p
	r
	p

	FVC (%)
	-0.33
	0.428
	-0.17
	0.703
	-0.17
	0.703

	TLCO (%)
	-0.38
	0.360
	0.02
	0.977
	0.02
	0.977

	KCO (%)
	-0.36
	0.389
	-0.21
	0.619
	-0.21
	0.619

	ISWTd (%)
	-0.14
	0.783
	-0.75
	0.066
	-0.75
	0.066


PFT: pulmonary function test; FVC: forced vital capacity; TLCO: transfer factor of the lungs for carbon monoxide; KCO: transfer coefficient of the lungs for carbon monoxide; ISWTd: incremental shuttle walk test distance; FWHM: full width at half maximum; rBF: regional blood flow; rBV: regional blood volume.
Primary Outcome Analysis
Differences in baseline DCE-MRI metrics between participants reaching a pre-defined composite clinical endpoint of FVC decline ≥10%, TLCO decline ≥ 15%, or death (n = 7) were compared with participants not reaching this endpoint (n = 5) using Mann-Whitney U tests. The analysis is summarised in Table 7.10.
Table 7.10: Primary outcome analysis for baseline DCE-MRI metrics
	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	


DW-MRI: diffusion-weighted magnetic resonance imaging; FWHM: full width at half maximum; rBF: regional blood flow; rBV: regional blood volume.
Quantitative CT and DCE-MRI Metrics
CT Parenchymal Metrics
Spearman’s coefficient of rank correlations between quantitative CT parenchymal metrics and DCE-MRI metrics are summarised in Table 7.121. No correlations were statistically significant.
[bookmark: _Toc3145562]Table 7.1277.11: Baseline DCE-MRI and quantitative CT parenchyma correlations
	Physiology metric
CT Metric (% of whole lung volume)
	FWHM
	rBF CV
	rBV CV

	
	r
	p
	r
	p
	r
	p

	Normal Lung
	-0.12
	0.751
	-0.01
	0.987
	0.06
	0.881

	Low Attenuation area
	-0.03
	0.934
	-0.39
	0.260
	-0.37
	0.293

	Ground glass
	0.15
	0.688
	0.18
	0.627
	0.21
	0.556

	Honeycomb
	-0.36
	0.307
	-0.16
	0.664
	-0.18
	0.614

	Reticulation
	0.03
	0.934
	0.13
	0.726
	0.18
	0.627


FWHM: full width at half maximum; rBF: regional blood flow; rBV: regional blood volume; CV: coefficient of variation.
CT Vessel Metrics
Spearman’s coefficient of rank correlations between quantitative CT parenchymal metrics and DCE-MRI metrics are summarised in Table 7.132 The statistically significant correlation is graphed as a scatterplot in Figure 7.177.
[bookmark: _Toc3145563]Table 7.1377.12: Baseline DCE-MRI and quantitative CT vessel correlations
	Physiology metric
CT Metric
	FWHM
	rBF CV
	rBV CV

	
	r
	p
	r
	p
	r
	p

	Total PVV (% of TLV)
	0.13
	0.725
	0.22
	0.533
	0.26
	0.467

	PVV<5 (% of TVV)
	0.26
	0.476
	-0.73
	0.016
	-0.75
	0.013

	PVV<10 (% of TVV)
	0.03
	0.940
	-0.45
	0.192
	-0.51
	0.132


PVV: Pulmonary vascular volume; TLV: total lung volume; TVV: total vascular volume; FWHM: full width at half maximum; rBF: regional blood flow; rBV: regional blood volume.
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[bookmark: _Toc3145461]Figure 7.1777.17: Regional blood flow / volume and pulmonary vascular volume scatterplots.
rBF: regional blood flow; rBV: regional blood volume; PVV<5: pulmonary vascular volume of vessels < 5mm diameter as a proportion of total vascular volume.
Post-Hoc Analyses
DCE-MRI and Xenon DiffusionExchange
Post-hoc correlations were assessed between xenon MRS-based RBC:TP and DCE-MRI metrics (n=12), using Spearman’s Coefficient of Rank Correlation. These are summarised in Table 7.143 and Figure 7.18.
[bookmark: _Toc3145564]Table 7.1477.13: Correlations between Xenon-derived RBC:TP and DCE-MRI metrics
	
	DCE-MRI Metric (means)

	
	FWHM
	rBF
	rBV

	
	r
	p
	r
	p
	r
	p

	RBC:TP
	-0.74
	0.006
	-0.09
	0.733
	-0.06
	0.862


DCE-MRI: dynamic contrast-enhanced magnetic resonance imaging; FWHM: full width at half maximum; rBF: regional blood flow; rBV: regional blood volume; RBC:TP: red blood cell to tissue / plasma ratio.
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[bookmark: _Toc3145462]Figure 7.1877.18: RBC:TP and FWHM
RBC:TP: red blood cell to tissue / plasma ratio; FWHM: full width at half maximum.
There was also a trend between change in RBC:TP and change in FWHM over 6 months (r = -0.48; p = 0.201) and 12-months (r = -0.647; p = 0.091), although neither reached statistical significance.
DCE-MRI and DW-MRI
Post-hoc correlations were assessed between DW-MRI outcomes and DCE-MRI metrics (n=12), using Spearman’s Coefficient of Rank Correlation. These are summarised in Table 7.154. No correlations were statistically significant.
[bookmark: _Toc3145565]Table 7.1577.14: Correlations between 3He DW-MRI and DCE-MRI metrics
	DW-MRI
	DCE-MRI Metric

	
	FWHM mean
	rBF
	rBV

	
	r
	p
	r
	p
	r
	p

	ADC mean
	-0.31
	0.330
	-0.01
	0.983
	0.06
	0.863

	LmD mean
	-0.39
	0.212
	0.03
	0.923
	0.08
	0.795


DCE-MRI: dynamic contrast-enhanced magnetic resonance imaging; DW-MRI: diffusion-weighted magnetic resonance imaging; FWHM: full width at half maximum; rBF: regional blood flow; rBV: regional blood volume; ADC: apparent diffusion coefficient; LmD: mean linear density.
DCE-MRI and Ventilation Imaging
Post-hoc correlations were assessed between 3He ventilation outcomes and DCE-MRI metrics (n=12), using Spearman’s Coefficient of Rank Correlation. These are summarised in Table 7.165. No correlations were statistically significant.
[bookmark: _Toc3145566]Table 7.1677.15: Correlations between 3He ventilation metrics and DCE-MRI metrics
	3He Ventilation Metric
	DCE-MRI Metric

	
	FWHM mean
	rBF
	rBV

	
	r
	p
	r
	p
	r
	p

	Ventilated volume %
	-0.04
	0.914
	-0.15
	0.640
	-0.20
	0.527

	Ventilation CV
	0.05
	0.871
	0.00
	0.999
	0.05
	0.880


DCE-MRI: dynamic contrast-enhanced magnetic resonance imaging; FWHM: full width at half maximum; rBF: regional blood flow; rBV: regional blood volume.

DCE-MRI and Age
No statistically significant correlations were found between age at baseline and FWHM (r = 0.22; p = 0.498), rBF (r = -0.16; p = 0.617), nor rBV (r = -0.11; p = 0.746).

DCE-MRI and Smoking Status
Of those participants undergoing successful baseline DCE-MRI, 8 were former smokers, while 4 were never-smokers. Mann-Whitney U tests did not find any statistically significant differences between smokers and non-smokers for FWHM (12.9s vs 13.7s; p = 0.711), rBF (2.44 mL.mm-3.s-1 vs. 2.44 mL.mm-3.s-1; p = 0.966), nor rBV (2.12 mL.mm-3 vs. 2.14 mL.mm-3; p = 0.933)
[bookmark: _Toc3145097]Discussion
Methodology and Reproducibility
Although sufficient repeat baseline scans were performed to gain preliminary statistical data of reproducibility of DCE-MRI metrics, the scans failed to produce metrics in several cases. The reason for this in most cases was due to due to insufficient flow of contrast to the right ventricle during the early phase of scanning, meaning peak enhancement was not achieved during the 20 second scanning window.
There may be several explanations for this. The scans are performed during maximal inspiration, which may result in participants performing a Valsalva manoeuvre. This in turn causes prolongation of the bolus duration and transit time to the right ventricle.434 In addition, Valsalva manoeuvre increases pressure on the inferior vena cava, leading to an increase in the mixing of blood containing contrast and blood free from contrast.435 A more distal position of the cannula may decrease flow and increase time taken for the bolus to reach the right ventricle, though quantitative data on this is not available.
Finally, the underlying pathology may be responsible for the increase in intrathoracic pressure, which some commentators speculate may be partially responsible for the increased incidence of gastro-oesophageal reflux disease in patients with IPF.436 In this population, FVC was lower in participants with failed scans for this reason, than those with successful baseline scans (71.0% vs. 86.8%), although this is not statistically significant (p = 0.437).
This issue may be partially addressed by scanning during exhalation. However, several issues exist with this approach. Firstly, without spirometric control, it is difficult to achieve reproducible lung volumes, both intraparticipant and interparticipant. Standardisation of breath-hold is an important factor, because flow and volume per voxel increase during expiration and transit time reduces.437 Secondly, data from patients undergoing thoracic radiotherapy suggests breath hold times are shorter during full expiration compared to full inspiration.438 An ideal solution in terms of contrast dynamics may be to perform the sequence during free-breathing, but this would require registration of each image slice through serial timepoints, which is technically challenging in the lungs.
One participant underwent repeated imaging, each suggesting the presence of a small intracardiac shunt, as contrast appeared in the aorta prior to completing passage through the pulmonary circulation. Representative images are shown in Figure 7.19. Thus, DCE-MRI metrics were not generated for this participant.
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[bookmark: _Toc3145463]Figure 7.1977.19: Suspected intracardiac shunt
This participant has a suspected intra-cardiac shunt. All four images are taken during the same timepoint. Contrast is visualised in the superior vena cava (A - top arrow) and also in the right ventricle (A - bottom arrow). Contrast is also present in the right ventricular outflow tract (B – bottom arrow) and main pulmonary artery (B – top arrow). However, no contrast is yet visualised in the second generation branches of the pulmonary artery, not the lung parenchyma (C). However, the descending thoracic aorta demonstrates enhancement (D), suggesting a communication between the right and left heart is present.
In spite of these difficulties, four participants successfully underwent dual baseline scans. Figure 7.11 demonstrates that these intraparticipant scans of transit time were qualitatively more similar to each other than to scan images from other participants. Although the limited numbers make further quantitative analysis difficult, this provides promise for further evaluation.
Transit Time, Flow and Volume as Measurements of Perfusion in IPF
Qualitatively, any subtlety in flow and volume heterogeneity signal appears to be lost within the flow and volume of the larger vessels. Although first and second generation vessels were excluded from the image mask, it is not possible to accurately define the vascular tree further within the spatial resolution provided by a 2.4x6.0x10.0mm3 voxel size. This likely explains the small range of rBF and rBV. The absence of statistically significant change in rBF and rBV over 6 and 12-month time intervals suggests low sensitivity of these averaged whole lung metrics to pathological change.
In contrast, FWHM as a surrogate of contrast agent pulmonary vascular transit time has provided promising qualitative and quantitative outcomes in this study. Firstly, FWHM correlates with TLCO at baseline. This correlation is not strong, and is with an absolute value of TLCO, rather than the percent predicted value. It is likely that this is due to carbon monoxide gas transfer being more predominantly limited due to diffusion across the alveolar membrane, rather than perfusion in this population of participants without pulmonary hypertension evident on echocardiography at baseline. Although this correlation is not apparent at 6- and 12- month visits, a trend is still seen.
Qualitatively, increases in FWHM are most evident in regions of basal and peripheral lung tissue. These compare favourably to regions of fibrotic lung disease on associated best matching CT slices. However, the whole lung in some participants seems to be affected, even though distribution is UIP predominant. This suggests upstream effects of vascular changes, possibly as a precursor to the development of pulmonary hypertensive disease in these participants.
Furthermore, transit times increased over 6- and 12- month follow up visits. Even in the small cohort of 9 participants to undergo three scan sessions, the baseline to 12-month change is statistically significant. These changes in transit time may be reflective of secondary vascular pathology. The prospect of a test which can detect such changes in the absence of overt pulmonary hypertension is potentially informative for intervention studies of vascular targets, or for informing lung transplantation referral. 
This explanation is supported by histological analysis from open lung biopsies in patients with fibrotic lung disease. Net vascular destruction and redistribution of blood vessels occurs in areas of interstitial disease.439 An decrease in capillary volume with the same requirements imposed upon the network for blood carriage is likely to lead to slower flow and thus increased transit times. The ensuing ventilation / perfusion mismatching and periadventitial fibrosis leading to reduced vascular capacitance leads to further reductions in flow, causing eventual upstream increases in pressure and ensuing pulmonary hypertension.57
These findings differ somewhat from the findings of Tsuchiya et al., who used phase contrast MRI to evaluate flow within the pulmonary arteries.440 They found no relationship between pulmonary arterial flow and gas transfer, although severity quantified by CT was correlated with pulmonary arterial flow.440 Their cohort was a wider population of patients with ILD, some of whom had IPF. Our population had a greater degree of diffusion limitation (although the carbon monoxide gas diffusion coefficient, KCO is not reported in their data) and a relatively better preserved FVC. It may be that the diffusion, rather than perfusion limitation drives the change in TLCO in their more heterogeneous population, or possibly that decrease in pulmonary arterial flow is a marker of a different and possibly later stage of disease, which is more related to architectural distortion than impairment of gas diffusion at the acinar level. This may be supported by the relatively high (28%) mortality rate in this study.
In addition, exogenous influences on lung transit times cannot be discounted. For example, left ventricular failure, either with or without reduction in ejection fraction may increase pulmonary bed pressures and increase transit time in the lungs. Such pathology commonly co-exists in elderly patients and early left ventricular diastolic dysfunction is recognised in IPF.441 The relatively small number of participants undergoing 3 scans is also limiting to further interpretation of this data.
Perhaps most interestingly is the strong correlation between FWHM and 129Xe RBC:TP (r = -0.74; p = 0.006). Xenon is acknowledged to be a perfusion limited gas,350 but its use in evaluating diffusion limitation is well-described.354 This concept is further discussed in chapter 8.
Conclusions
In conclusion, DCE-MRI is feasible and well-tolerated in a population of participants with IPF. Whole lung metrics of transit time correlate to existing metrics of perfusion-limited gases and also demonstrate increase over time. The regional information contained within the parametric maps may provide a novel means of assessing early perfusion dynamic change in this population in the absence of overtly detectable pulmonary hypertension on echocardiography, the currently non-invasive standard of screening for pulmonary hypertension.

Methodological considerations need to be taken into account with regards to where in the cycle of breathing should breath-hold take place. In addition, some patients will be excluded from clinical studies due to renal disease. However, these MR techniques can be applied to pulmonary vascular dynamics and may help to identify patients who are developing vasculopathy as a result of the underlying interstitial lung disease. Given that much of the capillary bed is lost before elevated pulmonary artery pressures are manifest, a sensitive means of detecting vascular changes earlier in the process may allow clinical trial stratification for those at risk of PH, or better inform lung transplantation decisions.
The active study exploring the addition of the phosphodiesterase type 5 inhibitor sildenafil to antifibrotic therapy aims to target pulmonary hypertension accompanying late stage IPF, but is reliant upon a very low gas transfer (DLCO ≤ 35% of predicted value) as a non-invasive marker of severity and perfusion limitation (ClinicalTrials.gov identifier NCT02802345). Novel markers of perfusion abnormalities in this population may help to better target patients at risk of progressive vasculopathy in IPF. 
In conclusion, DCE-MRI is feasible and well-tolerated in a population of participants with IPF. Whole lung metrics of transit time correlate to existing metrics of perfusion-limited gases and also demonstrate increase over time. The regional information contained within the parametric maps may provide a novel means of assessing early perfusion dynamic change in this population in the absence of overtly detectable pulmonary hypertension on echocardiography, the currently non-invasive standard of screening for pulmonary hypertension.
This study could aid the design of clinical trials in the future, by demonstrating how pulmonary flow is changed following the administration of drugs such as sildenafil. Regional flow could even be assessed in ‘real time’ during the administration of intravenous vasodilatory agents such as ilioprost.
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Multimodal Imaging in IPF: Conclusions
[bookmark: _Toc3145099]Key Outcomes
This work represents the first known longitudinal multimodal functional MRI study in participants with idiopathic pulmonary fibrosis. Several imaging techniques have been explored, including the use of hyperpolarised gas to assess ventilation, intra-acinar diffusion and diffusive gas exchange across the alveolar membrane was assessed alongside pulmonary perfusion imaging and conventional measures of disease. Here, the key findings are summarised and the multimodal aspects of the study are further explored.
Summary of Clinical Outcomes
A summary of the clinical outcomes is provided in Table 8.1.
[bookmark: _Toc3145568]Table 8.188.1: Summary of quantitative study outcomes
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DW-MRI: Diffusion-weighted; DCE: dynamic contrast enhanced; MRI: magnetic resonance imaging; %VV: percent ventilated volume; CV: coefficient of variation; LmD: mean linear intercept; CSSR: chemical shift saturation recovery; MRS: magnetic resonance spectroscopy; RBC:TP: red blood cell to tissue / plasma ratio; FWHM: full width at half maximum; TLCO: transfer factor of the lungs or carbon monoxide; KCO: transfer coefficient of the lungs or carbon monoxide; GAP: gender, age physiology; CPI: composite physiology index; ISWTd: incremental shuttle walk test distance; CALIPER: Computer Aided Lung Informatics for Pathology Evaluation and Rating; LAA: low attenuation area; PVV: pulmonary vascular volume; ICC: intraclass correlation coefficient.
Ventilation / Perfusion Matching
Ventilation in IPF appears to be preserved in regions of fibrotic change. On this subject, Kaushik et al. took the approach of binning regions of the IPF lung ventilated with 129Xe into high and low intensity areas.442 They found that patients with higher GAP index scores were less likely to exhibit ‘high intensity’ ventilated regions. This finding may have been the result of decreased lung compliance in more advanced disease. Given airways were also included in the mask, this finding may partially be explained by the relatively low intensity of signal compared to that from the proximal airways.
This is supported by findings from this data, in which some participants exhibit high intensity dilated trachea and first generation bronchi. In IPF, any given voxel is likely to contain a higher tissue to gas ratio, i.e. the gas concentration per cubic cm is reduced when compared to healthy volunteers. Combined with reduced lung compliance, this may explain these findings. Where ventilation defects are present, these may also be associated with co-existent airways disease, or possibly physiological aging of the lungs. The latter of these possibilities is planned for further study.
One methodological consideration for future studies in this area is wheter it is possible to scale signal intensities in gas ventilation images to have an absolute reference. This is an ongoing subject of research in our group. In the treatment response mapping approach of Horn et al.,342 a normalisation scaling for inhaled gas dose based on the method Tzeng et al.339 was implemented. In work from the He et al.,443 the binning approach for ventilation MRI analysis is proposed for similar reasons in order to make self-normalised inter subject image comparisons. A similar approach is likey to yield results which allows more direct intraparticipant comparison within and between studies.
In contrast to ventilation findings, a reduction in blood flow through areas of disease is seen in participants with IPF, and this is more prominent in participants with lower transfer factor of the lungs for carbon monoxide (TLCO). This demonstrates neatly the ventilation / perfusion (V/Q) mismatching which occurs as the disease progresses. As the basal lung undergoes greatest expansion during inhalation and during normal physiology contributes greatest to both V and Q, mismatching in the lower zones is likely to have a profound effect on oxygen uptake. This explains the hypoxia exhibited on exercise in all participants, even those with apparently mild disease.
Although not directly assessed, ventilation appearance appears to change with lung inflation state, which is now under exploration in other studies.
Intra-Acinar Gas Diffusivity
Increased intra-acinar Brownian diffusive motion of 3He and 129Xe is associated with lower TLCO and KCO. Metrics derived from diffusion-weighted magnetic resonance imaging are reproducible, increase over time and regions of high diffusivity occur in a basal and peripheral distribution. This suggests DW-MRI metrics are able to probe pathological components of IPF.
It seems likely as per previous discussion that these regions are reflective of honeycombing cysts, but whether they can detect the bronchiolisation process before it is apparent on the current gold standard anatomical imaging, computed tomography (CT), remains to be seen. One area of interest is the distinction between fibrotic non-specific interstitial pneumonia (NSIP) usual interstitial pneumonia (UIP).
 However, mMost of the experiments performed in this dataset were conducted with 3He. Given the limited availability of 3He, there is strong motivation to evaluate functional and structural information that can be derived from the more readily available and cheaper 129Xe isotope.. Pilot comparison data suggests 129Xe DW-MRI metrics are likely to be less sensitive, which is a consideration for any future studies. The lower diffusivity of 129Xe is an intrinsic property, and while Lm results of DW-MRI metrics have been shown to be comparible in health and bullous disease with 3He and 129Xe gas,400 the smaller cyst size in IPF may be a reason for the differences seen in this study. Breath-hold time is likely to be the most substantial factor inhibiting further improvement in this area and it remains unclear if creative solutions can be found to improve the sensitivity.
Diffusion and Perfusion Limitation
The combination of 129Xe spectroscopy and dynamic contrast-enhanced (DCE) MRI raises interesting findings about the measurement of diffusion and perfusion limitation in IPF and possibly comprises the most interesting findings of the study.
In an age of personalised medicine, the ability to separate aspects of pathophysiology may lead to more targeted treatments. Inhaled hyperpolarised xenon is a perfusion limited gas, owing to its haemoglobin binding properties.444 However, it has been recently explored in IPF, due to its ability to separate alveolar tissue and blood compartments to infer diffusion limitation in disease.295, 298, 445-447 129Xe is also noted to undergo a chemical shift proportional to the oxygenation state of the haemoglobin molecule.448 Here, it has been demonstrated that the importance of this perfusion limitation property cannot be ignored clinically, given the strong correlation between transit time (FWHM) from DCE-MRI and the red blood cell to tissue / plasma ratio (RBC:TP) from 129Xe spectroscopy. This is in keeping with a dual case report, describing the use of hyperpolarised xenon for the assessment of two patients with possible pulmonary vascular disease.299
129Xe RBC:TP correlated well with another diffusion and perfusion limited gas, carbon monoxide, but unlike DLCO, RBC:TP declined over a 6 and 12-months. The reasons for this have been explored, but the sensitivity of xenon to gas transfer limitation is likely to be further enhanced by regional analysis.298 A small number of participants underwent imaging with 1-point Dixon interleave in order to generate similar maps, though further work is needed to develop this sequence. An example of the current output is shown in Figure 8.1. The binning approach from Wang et al. may be a visually aesthetic model to follow for future studies.
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[bookmark: _Toc3145465]Figure 8.188.1: Regional mapping of RBC:TP
Example pilot output of xenon spectroscopy imaging. RBC:TP: red blood cell to tissue / plasma ratio. Unpublished.
However, DCE-MRI-derived FWHM also increases over a 12-month period. While Wang et al. speculate that the near-absence in RBC in heavily fibrosed lung tissue is due to further diffusion limitation, no measure is made of perfusion limitation in this study.298 There is therefore scope to produce a full picture of perfusion and diffusion limitation in the lungs of people with IPF, using a combination of the two approaches. The emergence of nitric oxide as a test gas (TLNO) also provides a means of further validating this approach.

[bookmark: _Toc3145100]Limitations
Methodological
The participant numbers allow for a detailed pilot assessment of each sequence and its possible role in IPF assessment. However, the original power calculation was based upon minimally detectable outcomes from the chemical shift saturation recovery (CSSR) sequence, which has proven to be less reproducible in this population. Therefore, the study is not powered to detect a change in the other MR outcome metrics described, increasing the risk of type 2 errors. Five participants (27.8%) were lost to follow-up, four due to death from IPF. This further reduces the statistical power of follow-up findings.
Participants spent up to five hours in the department during their first study visit and this was made clear on the participant in formation sheet (appendix 2). This may have deterred those who felt more unwell due to their disease at baseline and skewed the population. It is unfeasible that such a long protocol would form part of routine assessment. However, the DW-MRI, DCE-MRI and xenon spectroscopy including 1-point Dixon interleave imaging can now be performed in less than one hour, making this a more realistic prospect for future studies.
Pulmonary rehabilitation was not controlled for in this pilot and has likely contributed towards the unusual ISWT outcomes in this population. Ideally, future studies should aim to control for this factor.
Computed tomography was obtained at baseline, but the 12-month dataset is incomplete, partially due to long waiting times at the hospital trust for routine outpatient CT scans. Repeat imaging would have proven useful for baseline comparison, to see if CT changes occur alongside MR metrics. The quantitative outputs generated by CALIPER segmentation software appear to underestimate honeycombing in our population and caution should be used in reliance on this as the ground truth.
The effect of antifibrotic therapy has not been taken into account, owing to small numbers of participants on each drug. Thise is likely to have changed the natural outcome for patients on pirfenidone or nintedanib and thus affected the predictive ability of MR metrics. However, the cohort has behaved in term of FVC decline in a similar fashion to previous trials of non-efficacious treatments and also to the placebo arms of the antifibrotic intervention studies.
Although not reviewed in this study, improvements have been made in the resolution of MR sequences. Using a balanced steady state free precession sequence, Rajaram et al. found reasonable sensitivity and specificity to fibrotic lesions 89% (95% CI: 77%, 96%) and 91% (95% CI: 76%, 98%), compared to CT.282 However, there is little neeed to provide a surrogate for CT in older patients, in whom ionising radiation is less of a concern. In addition, there is an increasing interest in quantitative CT imaging, which requires very high resolution in order to pick up on subtleties to provide texture analysis. It seems that MR may still be a significant way off reaching this standard, if it is to do so at all.
Sequence-Specific
Breath hold manoeuvres were reportedly conducted at functional residual capacity plus one litre of gas (FRC+1). However, in reality, it is impossible to know if FRC is reached by clinical observation alone. This likely explains some of the variability seen in ventilation imaging, but also needs to be considered in DW-MRI due to changes in alveolar inflation. Some centres advocate spirometrically gating imaging,449 though in practice this is potentially expensive and requires training. One potential standardisation is to top up the inhaled breath from the bag with room air, though this may dilute the hyperpolarised gas and require a larger dose, increasing expense.
Changes in DW-MRI metrics are non-specific to the microstructural abnormality which leads to changes in intra-acinar Brownian motion, and while efforts were made to rule out participants with a high degree of emphysema, the low attenuation area (LAA) on quantitative CT and smoking history make it likely that some increases in ADC / LmD are due to emphysema. The only way to directly account for this would be to register LAA to the DW-MRI parametric maps. This would however require downsampling of the CT images and it is uncertain what effect this would have on the quantitative CT outcomes.
The xenon spectroscopy scans required a longer breath-hold than the other sequences and one participant was unable to complete the procedure at the final visit. This has been explored in some detail in chapter 6, but further iterations of the sequence should take into account the limitations one breath-holding manoeuvre, particularly in patients with IPF. This Is particularly the case for the 1-point Dixon interleave imaging sequence, which currently requires an 18-second breath-hold manoeuvre.
While DCE-MRI has proven to be one of the most interesting sequences in this study, it has also proven the most technically problematic. Several scans failed to produce outcome metrics due to contrast bolus not reaching the pulmonary vascular network in time for assessment. Due to the nature of the study and recent drives to reduce gadolinium use, these scans were not repeated. Several suggestions have been made in order to ameliorate this problem, including use of a small test dose and free breathing image acquisition protocols.
Furthermore, the United States Food and Drug Administration (FDA) issued another statement on the use of gadolinium in December 2017. In light of reports relating to retention of gadolinium contrast-based agents (GCBAs) in the brain,450 it states that repeated GCBA doses should be minimised, particularly closely spaced MR studies.451 Although Gadovist is considered a low-risk agent in this statement, it may affect the design of future GCBA studies, particularly those in younger patients with better long-term outcomes.
[bookmark: _Toc3145101]Further Work in MRI and IPF.
The most significant findings of this work are
1. The correlation of DW-MRI imaging parameters, which is an entirely new finding in ILD
2. The failure of CSSR-based models of gas diffusion to correlate with carbon monoxide gas transfer
3. The sensitivity of RBC:TP to change over a short time period
4. Regional mapping of perfusion shows change in IPF, even in patients without pulmonary hypertension, suggesting DCE-MRI may functionally assess perfusion change in IPF
Future work in IPF and MRI can be simplified by reducing time spent on ventilation sequencing and analysis. The CSSR can be removed in favour of sequences allowing regional gas transfer assessment.
An extension to this study has been proposed. The focus will be on increasing follow-up numbers in xenon MRS, to allow more robust conclusions to be drawn regarding its ability to quantify gas transfer efficiency in the lung. Together with parametric mapping of the red blood cell and tissue / plasma signals, this is likely to provide a sensitive visually and quantitative biomarker of disease.
The main limitation of this technique is a lack of clarity over how much of the decrement seen in the RBC:TP ratio is diffusion, rather than perfusion limited. Some of the questions may be answered by registration of perfusion and spectroscopy parametric mapping, but also through the expansion of pulmonary function techniques. These include assessment of gas transfer in different positions (supine vs. sitting) and using nitric oxide alongside carbon monoxide (TLNO and TLCO) and DCE-MRI.
Local expertise in image registration could allow regional changes to be accurately mapped between different MR images and between MR and qualitative / quantitative CT images. A complete picture of diffusion and perfusion is therefore plausible.
A power calculation was based on HR 129Xe spectroscopy (RBC:TP) data from this study, using the formula below:

[bookmark: _Toc3145580]Equation 8.1: Power calculation
Where  is the two-sided significance, 1- is the power of the test, f(,) is the function provide from these variables by standard statistical look up Tables, s is the standard deviation of RBC:TP in the original cohort and  is the smallest difference we want to be able to measure.
The RBC:TP value () has been set at 0.02, half the observed difference seen over six months in the phase 1 cohort, rounded down to 2dp, as per the accuracy of the test.
Finally, this output has been multiplied by 2, to allow for a 50% combined dropout and mortality rate, estimated from the pirfenidone and nintedanib clinical trial data and our cohort.
From this calculation, with  = 0.05 and 1- = 95%, s = 0.11, and  = 0.02; n = 32.

Therefore, a new study designed in this way should aim for a recruitment target of 32 participants, which given our pilot data, the reduction in scan time and less time consumption for participants, should be feasible over a 2-year recruitment period.
The most likely use of this technology in IPF would be as a predictive biomarker, in terms of response to therapy. Delivery of antifibrotic or drugs affecting the pulmonary vasculature could be assessed for their regional effects on the lung, particularly with xenon spectroscopy and DCE-MRI.
Finally, cardiac MRI is utilised locally for the clinical assessment of pulmonary hypertension. The addition of cardiac MRI to these sequences would increase scan time, but potentially tie in well, as it would potentially identify end organ cardiac damage resultant from capillary bed loss, possibly before this can be measured by non-invasive means.

[bookmark: _Toc3145102]Closing Statement
This work represents the first known longitudinal data of hyperpolarised gas MRI in IPF. Combining this with DCE-MRI, quantitative CT and conventional pulmonary function metrics has demonstrated how a multidimensional assessment of IPF can be made. 
The results from xenon gas diffusion and perfusion are worthy of further study, and ideas on next steps have been postulated in this chapter. Patients with IPF face an uncertain future, partially due to the lack of sensitive imaging and functional metrics with which to measure physiological and structural changes associated with the disease.
With further development, technologies such as these may be useful in evaluating future treatments in IPF. By allowing smaller changes to be seen over a shorter time interval, early studies of drugs or other interventions can be conducted more quickly, benefitting future patients. 
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[bookmark: _Toc364347305][bookmark: _Toc364347375][bookmark: _Toc3145105]Manuscripts in Peer-Reviewed Journals
Work Directly Related to this Thesis
· Work from Chapter 2: “Novel and quantitative imaging techniques in interstitial lung disease”; state of the art review in Thorax. DOI:10.1136/thoraxjnl-2018-211779.
· Work from Chapter 6: “Hyperpolarised xenon MRS for the longitudinal assessment of changes in gas diffusion in IPF”; brief communication submitted to Thorax; provisionally accepted with amendments.Work from chapter 5: “Airway microstructure in idiopathic pulmonary fibrosis” original research submitted to Radiology; provisionally accepted with amendments, pending DOI.
· Work from chapter 5: “Comparison of in vivo lung morphometry models from 3D multiple b-value 3He and 129Xe diffusion-weighted MRI” original research in Magnetic Resonance in Medicine. DOI:10.1002/mrm.27608.
· Work from Chapter 6: “Hyperpolarised xenon MRS for the longitudinal assessment of changes in gas diffusion in IPF”; brief communication in Thorax. DOI:10.1136/thoraxjnl-2018-211851.provisionally accepted with amendments.


Work not Directly Related to this Thesis
· "Drug induced interstitial lung disease: a systematic review"; Drug-Induced Interstitial Lung Disease: A Systematic Review. Journal of Clinical Medicine, 7(10):E356.
· “Pulmonary artery size in Interstitial Lung Disease and Pulmonary Hypertension: Association with Interstitial Lung Disease severity and diagnostic utility” Frontiers in Cardiovascular Medicine; 5(53).
· “3D diffusion-weighted 129 Xe MRI for whole lung morphometry” Magnetic Resonance in Medicine; 79(6):2986-2995.
Manuscripts Pending Submission
· Work from chapter 7: “Quantification of pulmonary perfusion in idiopathic pulmonary fibrosis with dynamic contrast-enhanced MRI”; pending submission to Journal of Magnetic Resonance Imaging.Work from chapter 5: “Diffusion-weighted MRI for the assessment of lung microstructural changes in IPF” pending submission to Radiology.
[bookmark: _Toc3145106]Conference Abstract Proceedings and Presentations
International
· International Workshop of Pulmonary Functional Imaging Meeting September 2015, Edinburgh UK: Oral presentation
· Preliminary investigations of lung structure-function with multi-nuclear MR imaging and pulmonary function tests in idiopathic pulmonary fibrosis.
· European Respiratory Society Congress September 2016, London UK: 1. Oral presentation (late-breaking); 2. Traditional poster.
· Diffusion-weighted hyperpolarised gas MRI in idiopathic pulmonary fibrosis: reproducibility and clinical significance 1
· Reproducibility and clinical significance of xenon-129 magnetic resonance spectroscopy in the lungs of patients with idiopathic pulmonary fibrosis 2
· International Society of Magnetic Resonance in Medicine Conference 2017, Honolulu, HA, USA: Electronic poster
· Hyperpolarised 3-Helium diffusion-weighted magnetic resonance in idiopathic pulmonary fibrosis: reproducibility of apparent diffusion coefficient histogram metrics and correlation with physiological parameters of disease severity
· European Respiratory Society Congress September 2017, Milan, Italy: Oral presentation (late-breaking)
· Hyperpolarised gas MRI demonstrates sub-clinical progression in IPF over 6 months
· International Society of Magnetic Resonance in Medicine Conference 2018, Paris, France: Oral presentation
· Hyperpolarized 129Xe MR spectroscopy detects short-term changes in lung gas exchange efficiency in idiopathic pulmonary fibrosis
· American Thoracic Society Congress 2018, San Diego, USA: Oral presentation
· Dynamic contrast-enhanced MRI for the evaluation of perfusion heterogeneity in idiopathic pulmonary fibrosis

National
· British Thoracic Society Winter Meeting, December 2015: Traditional poster
· Correlations of functional multi-nuclear MR imaging indices with pulmonary function tests in the assessment of idiopathic pulmonary fibrosis
· British Thoracic Society Winter Meeting, December 2018: Oral presentation
· Probing Diffusion and Perfusion in IPF with Hyperpolarised Xenon and Dynamic Contrast Enhanced MRI

Regional / Local
· Yorkshire Thoracic Society Autumn Meeting, September 2015: Oral presentation
· Hyperpolarised gas magnetic resonance imaging in the assessment of idiopathic pulmonary fibrosis
· Yorkshire and Humber Academic Presentation Day, June 2017: Traditional Poster
· Novel magnetic resonance imaging methods for the assessment of idiopathic pulmonary fibrosis: Pilot results from a longitudinal study

· Sheffield Medical School Research Day, June 2017: Traditional Poster
· Hyperpolarised gas magnetic resonance imaging in the assessment of idiopathic pulmonary fibrosis

[bookmark: _Toc364347306][bookmark: _Toc364347376][bookmark: _Toc3145107]Invited Speaker Events
· Newcastle Edinburgh Cambridge Sheffield (NECS) research network meeting, November 2017.
· A noble cause? Magnetic resonance imaging and idiopathic pulmonary fibrosis
[bookmark: _Toc364347307][bookmark: _Toc364347377]
[bookmark: _Toc3145108]Awards
For work presented:
· International Workshop of Pulmonary Functional Imaging: Best Overall Abstract (2015)
· International Society of Magnetic Resonance in Medicine: Bronze Award in Hyperpolarised Gas Media category (2017)
· Yorkshire and Humber Academic Presentation Day: Silver award for best poster in Clinical Fellow and Clinical Lecturer category (2017)
Conference Travel Grants Awarded:
· International Society of Magnetic Resonance in Medicine Clinical Stipend ($1,225 in 2017)
· Action pulmonary Fibrosis Travel Fellowship (£750 in 2017)
[bookmark: _Toc3145109]Appendix 2: Participant Information Sheet


Short study title: 
Assessing lung fibrosis with magnetic resonance imaging.

Invitation:
Thank you for taking the time to read this information sheet. We would like to invite you to take part in our research study about lung imaging. Before you decide whether to take part, we would like you to understand why the research is being done and what it would involve for you. Talk to other people about the study if you wish.  Please ask us if there is anything that is not clear. A member of the team will go through this information sheet with you and answer any questions you have.

Why have I been invited?
You have a condition known as idiopathic pulmonary fibrosis (IPF), which causes lung scarring. We would like to discover more about the role of Magnetic Resonance Imaging (MRI) in IPF.

MRI is a type of scan which uses magnets to take images of the lungs. It may have a role in looking at several lung diseases. In particular, we are interested to see if MRI can discover more about what is happening to the lungs of patients with IPF. We are testing new techniques, which improves the pictures received from the scanner by breathing in harmless gases (helium and xenon) during the scan.

At the moment, the tools we have to tell us if the health of patients with IPF is getting worse or is likely to get worse in the future are not ideal. MRI may help us to assess the disease process and may also help us to research treatments for the disease in the future.

Do I have to take part?
No.  It is up to you to decide whether or not to take part in this study.  If you decide to take part, you will be given this information sheet to keep and asked to sign a consent form before the first scan.  If you choose not to take part or you want to later withdraw from the study, you do not need to give a reason and your medical care will not be affected in any way.

What will happen to me if I take part?
If you choose to take part, we will show you around the MRI department at the Royal Hallamshire Hospital, Sheffield, and a doctor will check that you are well enough to be in the study by asking a few questions about your health. We will need to put a cannula (thin tube) into a vein.

You will then have a series of scans. The first two scans will happen on the same day. Further scans will then take place after another 6 and 12 months. The first visit will take 4 to 5 hours, the second visit will take 2 to 3 hours, and the third visit will take 2 to 3 hours.

During each scan, we will ask you to lie still for periods of time, while monitoring your heart rate and blood oxygen level. The scans take around an hour to complete, though we can give you breaks during the scan to get up and walk around or have a drink.

At certain points during the scan, we will ask you to breathe in gas from a bag (containing a mixture of nitrogen and either helium or xenon) and hold your breath for up to 15 seconds. After the short breath-hold, you can breathe again normally. At one stage of the scan, we will inject gadolinium contrast into the cannula to look at the flow of blood through your lung. A dedicated radiographer or physicist with experience in doing this will talk you through the whole process before and during the scans.

During your study visit, we will ask you to have a lung function test (breathing test) and short shuttle walking test, if you are able to do so. You will likely have undergone a similar set of tests in chest clinic at the request of your doctor.

We will provide lunch and transport to and from the department for each visit.

You will have had a CT scan to determine the diagnosis and severity of your lung condition and your doctor will ask you to have another CT scan in 12 months time, as part of a routine assessment. These scans will be looked at by the study team for comparison with the MRI images.

When do I have to decide?
We would prefer that you make a decision about taking part within two weeks of receipt of this letter. However, we are very happy to discuss the study further and you can have more time to think about it if needed.

Will this affect my existing treatment?
No. You will see a doctor and can continue, start or stop treatments as you usually would. These treatments make no difference to our study. 

What are the possible disadvantages and risks of taking part? 
The risks of MRI scanning are very small. Safety is our first concern and we will give you a questionnaire to complete to make sure there is no significant risk of placing you into the magnetic field of the scanner. If we find any reason for the scanner to cause harm, we will not perform the scan and you will not be able to take part in the study.

Lying in the scanner can be difficult for people who dislike being in small spaces. It can be noisy at times, but we will provide you with ear defenders to reduce the noise.

Inhaling xenon gas has previously been shown to be safe and well tolerated in people with lung disease. However, you may find you become light-headed, drowsy or feel sick for a few seconds. Holding your breath can cause a brief decrease in blood oxygen levels, which reverses on breathing normally and is not harmful. We will closely monitor your oxygen levels throughout the study.

Sometimes, the contrast that is injected into the vein (gadolinium) can cause dizziness and light-headedness. Rarely, blood pressure can fall, which can be treated immediately with a drip (fluid through the cannula). Very rarely (less than one in 1000 people) an allergic reaction to the contrast is seen. This usually includes skin rash and itchy eyes for a short time, but more severe reactions have been reported, which result in shortness of breath.

In the unlikely event of a severe reaction, medical staff are on site and will be able to deal with this quickly.

We need to inform you that the risk of having two CT scans is equivalent to approximately 8 years average natural background radiation, although this will be the same whether you participate in the study or not.

What are the possible benefits of taking part?
While the study is not designed for the benefit of individual participants, we are happy to discuss the research and the MRI with you further. We will provide you with a lay summary of the findings after completing the study, for your interest. Unfortunately, we won’t be able to show you your own scans.

How long will this study last?
12 months.

Will my taking part in the study be kept confidential?
Yes. It will be governed by the Data Protection Act (1998) and has Research Ethics Committee approval.  Information will be anonymised before analysis or publication.

Our administration staff will have access to your contact details in order to arrange future scans. Physicists and radiographers will require your name and date of birth in order to perform and analyse the scans.

Information that can identify you personally will never be given to anyone else or published. Only doctors involved in the study, regulatory authorities, or your NHS Trust will look at only sections of your medical notes that are relevant to this study.  Personal data will only be stored on NHS password protected computers and when this is partially anonymised the identification list will be located on a separate NHS system.

What will happen if I don’t want to carry on with the study?
You can leave the study at any time in the future without giving a reason.  If you withdraw your consent to take part, or become unable to give informed consent, any information collected up to that point will remain and be used in the study. No further information will be collected and a record will be kept that you withdrew consent or were unable to continue to provide consent. 

Your medical care will not be affected if you withdraw from the study.

What if there is a problem?
Any complaints about the way you have been dealt with or ill effects you might suffer during the study will be addressed by people outside of the research team.  Information on who to contact is given at the end of this information sheet.

What will happen to the results of the research study?
These will be analysed by the research team to look for information that will help us understand more about the role of MRI in IPF. We will share information with other scientists and doctors by publishing the information in journals, so that we can better understand this form of lung disease. Any information we share will not identify your personal information.

What if we find an unexpected abnormality?
If we find an abnormality that wasn’t expected and requires attention, we will either arrange to contact your GP for follow up, or one of our doctors will arrange for you to be seen by a hospital doctor.

Will my general practitioner (GP) be contacted? 
Yes. We will tell your GP that you have chosen to be a part of this study. We will also need to contact you and your GP if we find out any new information that affects your health during the process of this study. 

Who is organising and funding the research?
This research has been jointly organised by members of the respiratory (lung) team and academic radiology (MRI specialist) team at Sheffield Teaching Hospitals. The National Institute for Health Research has provided money for our department to perform these scans.

Who has reviewed the study?
All research in the NHS is looked at by an independent group of people, called a Research Ethics Committee, to protect your interests.  This study has been reviewed and given favourable opinion by North West Research Ethics Committee and the Sheffield Teaching Hospitals NHS Foundation Trust Research and Development Department (Clinical Research Office).

Thank you for taking the time to read this information sheet and to consider whether to take part in this study.
Further information and contact details:
If you would like:
· Further information about the research
· To confirm that you would like to take part
· To withdraw from the study, or withdraw your interest
· To express a complaint

Then please contact:

Anonymised

If you have any complaints that you would like to be dealt with independently please contact:

	Anonymised
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