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Thesis Synopsis

Preserving lung health is a key component of clinical management in cystic fibrosis (CF) as lung disease is the primary cause of morbidity and mortality. Hyperpolarised gas ventilation MRI is highly sensitive to detect lung disease in children with CF. There are however limited longitudinal data as to the natural variations in lung disease, measured by ventilation MRI, in people with CF. The aim of this thesis was to longitudinally follow up a cohort of children and adults with CF using ventilation MRI and multiple breath washout (MBW).

This study assessed 35 children and adults with CF and a broad range of lung disease at three time points across 1-2 years. At each visit, ventilation MRI was performed with both hyperpolarised 3He and 129Xe. MBW, body plethysmography, spirometry and quality of life questionnaires were also assessed. A sub-group performed a cardio-pulmonary exercise test, with repeated ventilation MRI and MBW.

The key results from this thesis are: Ventilation MRI and lung function metrics are highly correlated. Patients with normal spirometry had numerous small volume ventilation defects, whilst patients with abnormal spirometry had fewer large volume ventilation defects. When lying supine, LCI increased in CF and controls when compared to sitting. Ventilation defects on MRI are sometimes reversible during deep inhalation inferring partial and complete airway obstruction. Maximal exercise causes changes to the distribution of ventilation on MRI. Over time ventilation MRI is highly repeatable. There was no single trend of disease progress as measured by any method. Large changes in ventilation on MRI were observed for little change in other lung function methods. Ventilation defects can be tracked in 3D and often provide additional regional lung function detail. In addition to CF, ventilation MRI is a valuable method for assessing lung disease in children with other lung diseases.

This is the largest longitudinal study to date using ventilation MRI in people with CF. MRI is a valuable research and clinical method for assessing CF and other lung diseases.
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[bookmark: _Toc27382829]Background and Introduction

1.1 [bookmark: _Toc27382830]Cystic Fibrosis

Cystic Fibrosis (CF) is an autosomal recessive genetic condition that in the UK affects one in 2500 live births. It is a multi-system disease that affects the pulmonary, gastrointestinal, endocrine and metabolic systems, with patients affected from birth [1]. The disease is caused by a fault to or complete absence of the cystic fibrosis transmembrane conductance regulator (CFTR). CFTR was first discovered over 30 years ago (the details of which were published in 1989) [2-4]. Its discovery has allowed for specific targeted treatments to be developed and has resulted in a significant increase in life expectancy [5] (Figure 1‑1). A recent analysis of survival in people with CF, from UK CF registry data, was performed between the years 2011-2015 [6]. The authors reported that the median age of survival for patients (with the genotype F508del homozygous), was 46 years for males and 41 years for females [6]. The length of survival is directly correlated to the decade of birth. Current estimates suggest that if mortality rates continue to decrease by 2% per year, patients born today will have a median survival age into their 60s [6, 7]. 

There are many mutations to the CFTR gene that have been identified, but by far the most common mutation is F508del, which accounts for approximately 70% of CF individuals in the Caucasian population [8]. There are 21 other common mutations, which are often found in higher frequencies in specific populations [9, 10]. There are five major types of alterations in the way that CFTR is structured in CF, labelled Class I – V. Each class affects CFTR in a different way and often specific mutations will have characteristics of more than one class affecting them [8]. The mutation class is important as these different classes affect the disease course. For example, patients with class I and II mutations often have lung disease that deteriorates quicker than those with class IV and V mutations [11].

Since the discovery of the CFTR gene there have been major breakthroughs in the therapies available for patients, including the recent developments in CFTR modulators which are the first drugs to directly treat the cause of CF. Another factor in the predicted increase in life expectancy has been the introduction of newborn screening, where babies are tested for CF in the first weeks of life.
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[bookmark: _Ref345770493][bookmark: _Toc27382990][bookmark: _Ref345770481][bookmark: _Toc345774506]Figure 1‑1: Median survival data for CF across the decades. 
Data presented is for U.S.A patients.  There is a clear trend to improving survival throughout the decades for people with CF. Reproduced from Davis et al [5]. Reproduced with permission of the American Thoracic Society. Copyright © 2019 American Thoracic Society.

The effects of CFTR dysfunction are most profound within the lung of people with CF, reflected by lung disease being the primary cause of morbidity and mortality. CFTR dysfunction, chronic inflammation and poor nutritional status however also has a presence throughout the body in different organs, especially in modern times where patients are living longer. Commonly, in addition to lung disease, people with CF may also have a diagnosis of pancreatic insufficiency, diabetes, bone disease, arthropathy, depression, chronic kidney disease, liver disease and sinus disease, amongst others [12]. Prevalence of these extra-pulmonary complications is higher for certain complications. For example, by the age of 30 years, approximately 35% of the CF population have sinus disease and approximately 30% have diabetes [13]. In contrast, the prevalence of liver disease is lower at age 30 years, affecting approximately 5% of the population [13]. 

1.1.1 [bookmark: _Toc27382831]Pathophysiology of CF lung disease

CFTR gene mutations cause the absence or dysfunction of the protein responsible for regulating ion transport across the apical membrane of epithelia. CFTR dysfunction and the resultant failure in ion transport channels across the airway membrane, leads to airway surface liquid depletion, causing thick and viscous mucus to accumulate in the airways [14]. Different CFTR gene mutations cause different CFTR abnormalities to occur. For example, in patients with the F508del mutation, the CFTR is absent from the cell membrane, but also has a gating defect present, such that chloride cannot pass through. Whilst for patients with the G551D mutation, the CFTR is present in the cell surface, but the channel does not effectively allow chloride transport to occur.
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[bookmark: _Toc27382991]Figure 1‑2: CFTR in health and in a CF airway.
Image a) shows the location and role of CFTR in normal airway epithelia. It is located in the apical cell membrane, functioning as an anion channel which mediates the secretion of Cl-/HCO3 and fluid. CFTR controls the absorption of Na+ and fluid mediated by the amiloride-sensitive epithelial Na+ channel (ENaC). The proper hydration of the airway surface is essential for mucus clearance and is controlled by coordinated absorption and secretion of salt and water. Image b) depicts the basic effect of CFTR dysfunction in the CF airway. There are a variety of mechanisms causing this dysfunction, including deficient synthesis, processing, gating, conductance or reduced stability of CFTR anion channels. Ultimately the effect of CFTR dysfunction is the dehydration of the preciliary and mucus layers of the airway. The result of which is impaired mucus transport. Reproduced with permission from Mall et al  [15].

This mucus is then difficult to remove from the airway, leading to localised infection that subsequently causes an exaggerated inflammatory response, in turn leading to further inflammation and the development of airway bronchiectasis [8]. Once established, the process is irreversible and causes bronchiectasis of the airways and airflow limitation. Airways become susceptible to obstruction by mucus plugging and dynamic collapse, causing ventilation heterogeneity, gas trapping and hyperinflation of the lungs. As lung disease progresses airflow limitation worsens as the airways continue to narrow, with gas trapping and static hyperinflation an increasing factor [8]. These factors cause an increased load on the respiratory system that the patient experiences as increasing breathlessness, both at rest and during exercise [16].  Eventually lung disease progresses to a point where the patient is unable to ventilate adequately and respiratory failure occurs. This is the primary cause of mortality in CF [17]. This ‘vicious’ cycle of disease is depicted in Figure 1‑3. The accurate assessment of early lung disease in CF is therefore imperative in order to maintain lung health.
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[bookmark: _Ref22793314][bookmark: _Ref22793298][bookmark: _Toc27382992]Figure 1‑3: The ‘vicious cycle’ of lung disease in CF. 
Impaired mucociliary clearance causes a build up of mucus in the airways. This allows bacterial colonisation within the airways. Bacterial colonisation causes localised inflammation, which in turn leads to deterioration of the airway wall. This causes bronchiectasis to occur within the airway, which further impairs mucociliary clearance and hinders mucus removal. This cycle continues throughout the course of CF lung disease, and eventually causes respiratory failure. Reproduced with permission from Horsley et al [18].

The ‘small’ airways

Lung disease in CF originates in the small airways [19], which refers to airways with an internal diameter of <2mm and occur at generation eight and beyond (Figure 1‑5). These airways in total equate to approximately 95% of the total lung volume, but only 10-20% of total airways resistance [20]. As airways approach the periphery, the airways become thinner and the proportion of smooth muscle increases, as does the number of mucus secreting cells in the airway wall [21]. CFTR dysfunction in the small airways results in ion transport defects, which lead to a reduced volume of the pre-ciliary airway lining and dehydration of secreted mucus lining the airways [14, 19]. This results in reduced airway surface liquid and the consequence is mucus stasis and localised airways obstruction. This failure of the mucociliary escalator causes localised chronic infection and inflammation. The described process is progressive throughout the small airways in the lung and is heterogeneous in nature. When compared to a healthy small airway, a diseased small airway in the CF lung has reduced internal diameter, both during inspiration and expiration. This obstruction is partly due to the processes described, but also due to increased airway surface tension, which causes the lining of the airways to ‘stick’ together [19].  This process is shown in Figure 1‑4.
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[bookmark: _Ref432250120][bookmark: _Toc27382993]Figure 1‑4: Cross-sectional view of a small airway in health (A and B) and in CF (C and D). 
The healthy small airway evident in A is shown at end-expiration. The folding structure of the airway is evident with the liquid lining following the epithelium. The liquid lining does not touch the next fold in the airway wall. In image B, the same airway is fully distended as a result of full inspiration. The elasticity of the healthy airway allows for the increase in the cross-sectional diameter of the airway. The CF airway shown at end-expiration in image C shows the effect of the altered airway surface liquid and increased mucus in the airway. The epithelial folds within the airway are now ‘stuck’ together and when compared to the healthy airway (A), has a narrower internal diameter. When the CF airway undergoes full inspiration, as shown in D, the folds in the airway never fully open due to increased airway surface tension. The result of this again is narrowed internal airway diameter, when compared to the healthy airway shown in B. Image reproduced with permission from Tiddens et al [19].

1.1.2 [bookmark: _Toc27382832]Treatment

One of the major reasons for the increase in life expectancy in patients with CF has been the development of improved treatments in recent years. Traditionally treatment options for patients fall into three broad categories [22]. First, are the treatments aimed at preventing and controlling current infection (i.e. antibiotics). These treatments may be given via oral, nebulised or intra-venous routes into the body and are usually dependent on the types of pathogens present in the lungs of the patient. For example, tobramycin is administered in order to treat and suppress Pseudomonas aeruginosa specifically [23]. Antibiotics are used in CF to prevent exacerbations and to prevent and eradicate microbiological colonisation within the lung. As such the use of antibiotics is often aggressive in order to prevent disease and to maintain lung function. Second, are the class of treatments that attempt to reduce airway inflammation such as non-steroid anti-inflammatory drugs, inhaled and systemic steroids [24]. Third, are those that aid with mucus clearance, which come in different forms. Nebulised deoxyribonuclease (DNase) [25] and nebulised hypertonic saline [26] aid in the breakdown and movement of the thick sticky mucus prevalent in the CF lung. Physiotherapy techniques, including primary techniques such as positive end expiratory pressure, and secondary techniques such as exercise, are aimed at moving mucus proximally in order to be cleared. Anti-inflammatory treatments are also commonly given, such as Azithromycin. The exact mechanisms of azithromycin are not fully clear, however the administration of it has been shown to reduce exacerbations and improve lung function [27-29].   

CF is characterised by the presence of thick sticky mucus in the airways, the removal of which forms the basis of preventing progressive lung disease. The removal of mucus is aided by mucolytics, which aim to reduce the viscosity of the mucus and chest physiotherapy, which aids in moving the mucus more proximally [30]. Airway clearance in the form of chest physiotherapy is an integral treatment for CF. Options include mechanical breathing devices including positive expiratory pressure (PEP) masks, flutter and acapella devices, which cause positive pressure and vibrations during expiration to promote the proximal movement of mucus. Other techniques include active cycle of breathing techniques and autogenic drainage [30]. These techniques are tailored to the specific needs of the patient, however there is little evidence as to the enhanced effectiveness of one technique over another [31]. Exercise is also recommended as an aid to physiotherapy. To enable the movement of mucus proximally, the aim of mucolytics is to reduce the mucus viscosity. Treatment options include DNase, hypertonic saline and Mannitol, which reduce the viscosity by degrading the DNA present (in the case of DNase) and by hydrating the mucus (in the case of hypertonic saline and Mannitol). Recent data suggests that the initiation of hypertonic saline in infants can reduce the rate of decline in lung function in infants [32].

More recently there has been development of therapies aimed at correcting the basic defect in the CFTR protein itself. These drugs target the primary cause of disease in CF and potentially offer the most significant advances in the treatments available for patients. These drugs are specific to the mutation class present within an individual with CF and therefore one drug does not treat all patients. The common goal of these types of drug however, is restoring (even partially) function of the CFTR protein in the airways. The first of these drugs to be approved was in 2012 and called Ivacaftor. Ivacaftor is a CFTR potentiator, currently available for children aged two years and greater with the rare class III mutation G551D. The G551D mutation accounts for approximately 4% of CFTR mutations and results in defective channel gating across the membrane with little to no anion transport [33]. Ivacaftor improves the transport of chloride through the faulty channel by binding to the channel itself. This in turn restores the CFTR gating function. In large multi-centre trials Ivacaftor demonstrated significant improvements in FEV1, body weight, quality of life and sweat chloride [33-35].

The second drug licensed was a combination of Ivacaftor and the CFTR corrector Lumacaftor. On its own Lumacaftor demonstrated no significant clinical improvements [36], but when combined with Ivacaftor in patients homozygous for F508del showed clinical improvements. These improvements included increase in lung function, as measured by the forced expiratory volume in one second (FEV1), reduced exacerbations and hospital admissions and an increase in BMI and quality of life [37]. Further to this, a drug combination of Ivacaftor and a second CFTR corrector called Tezacaftor has shown similar results in patients homozygous for F508del and in those with one F508del and one residual function mutation [38, 39]. For the 90% of patients with a copy of the F508del mutation, the CFTR abnormality causes a severe trafficking and processing defect, which result in decreased quantity and function of the CFTR protein at the cell surface [40]. Lumacaftor and Tezacaftor are correctors that both work to increase the quantity of functional CFTR at the cell surface. This is achieved by binding the F508del CFTR protein and augmenting intracellular processing and trafficking. The combination of increased CFTR epression and enhanced channel opening (due to Ivacaftor) are clinically effective in patients with two copies of the F508del mutation, albeit substantially less so that Ivacaftor alone in patients with the G551D mutation.

Most recently in 2019 have been the results of two phase III trials of a triple combination of Ivacaftor, Tezacaftor and a second CFTR corrector VX-445 [41-43]. This “triple therapy” therefore consists of two correctors and a potentiator. The addition of this new corrector further increases the quantity of functional CFTR at the cell surface, which in addition to the corrector and the potentiator already described above, restores CFTR function in patients with only a single copy of the F508del gene. The results of these two trials are especially promising as they both demonstrated significant increases in FEV1, reduction in sweat chloride and improvement in quality of life in patients either homozygous for F508del or with only one F508del gene. This is significant as these drug combinations have the potential to therefore treat nearly 90% of patients with CF. 

These new CFTR modulating therapies are exciting for the treatment of patients with CF, but expensive to purchase (Ivacaftor is approximately £100,000 per patient, per year in the UK). One factor that contributes to the development cost, is the need for large numbers of patients to demonstrate an effect in the primary outcome, FEV1. With improved patient care, more patients than before have FEV1 values within the normal range and therefore to show an improvement in FEV1 is difficult. More sensitive markers of lung disease, that are robust, are sought in order to reduce the number of patients required to show a treatment response in these expensive treatments. 

1.2 [bookmark: _Toc27382833]Measuring lung function in CF

CF lung disease is primarily a disease of the airways. The airways in the human lung are a dichotomous, asymmetrically branching structure that’s divides approximately 23 times. Starting with the trachea, the first airway division occurs at the carina and divides into the left and right main bronchus. With each further division, the airways become smaller and narrower in diameter (Figure 1‑5 [21]). At each divide in the airways, the cross-sectional area of the combined airways increases exponentially and consequentially, the contribution of each generation to total airway resistance rapidly decreases [44]. The smallest respiratory bronchioles present within the lung are encircled by smooth muscle and are prone to collapse during expiration. In CF, lung disease originates in these small airways, which become prone to mucus, inflammation and smooth muscle hyperplasia. The result is a narrowing of the internal diameter of the airways, which causes localised increased airways resistance and increased ventilation heterogeneity. As disease progresses, this process occurs throughout the small airways and progressively moves proximally through the conducting airways. Accurately measuring these disease processes with lung function testing can help to understand the underlying severity of the lung disease. The following sections give a brief overview of the lung function tests that have been commonly employed in the clinical management of patients with CF and those utilised in research. 
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[bookmark: _Ref432237012][bookmark: _Toc27382994]Figure 1‑5: The branching structure of airways in the lung. 
The airways branch in successive dichotomous divisions from the trachea down to the intra-acinar airways, which occur from approximately the 16th airway division onwards. With each successive division, the total cross-sectional area increases exponentially and as a result, the contribution of each successive division to airways resistance, decreases exponentially. Image reproduced with permission from Weibel et al [21].

1.2.1 [bookmark: _Toc27382834]Spirometry

The test of lung function most commonly deployed in the daily management of CF is spirometry. Spirometry is a quick, relatively simple and highly reproducible breathing test to perform [45]. It involves the test subject breathing through a flow or volume measuring device, whilst wearing a nose peg to ensure mouth breathing. The subject first must inhale to total lung capacity before forcefully ‘exhaling’ the air out of their lungs, with the effort maintained until the patient reaches their residual lung volume [46]. The test is performed most commonly using devices that measure (air)flow and calculate volume with a real time graphic of flow against volume plotted (Figure 1‑6). These flow-volume ‘curves’ have a very distinctive shape in health, and different disease types have a very distinctive flow/volume pattern. CF is a disease characterised by airflow obstruction and typically produces a flow/volume curve that is similar to other airflow obstruction diseases, such as asthma or COPD. These obstructive conditions produce a concave expiratory flow-volume shape due to the resistance to airflow associated with these conditions. In obstructive lung diseases the airways are narrowed, therefore there is a reduction in flow during the spirometric effort and therefore the volume of air expelled in any given time is usually reduced [47]. 

1.2.2 [bookmark: _Toc345773001][bookmark: _Toc27382835]Spirometry outcomes in CF

The two most important quantitative outcomes from spirometry are the forced expiratory volume in one second (FEV1) and the forced vital capacity (FVC). FEV1 is calculated as the amount of air forcefully exhaled from a lung volume of total lung capacity, in one second. FVC is calculated as the total volume of air exhaled forcefully from total lung capacity to residual volume. In health and in mild CF lung disease FEV1 and FVC remain within the normal range when compared to a healthy control population [48]. During the progression of CF lung disease FVC typically remains within the normal range until lung disease is severe and widespread [49]. A reduction in FVC in CF is usually a marker of significant gas trapping within the lung. In contrast, FEV1 declines with worsening lung disease and the ratio of FEV1/FVC also declines. The process that causes reduced FEV1/FVC also produces a concave shape on the expiratory arm of the spirometry flow/volume curve. Clinically, an FEV1/FVC value below the lower limit of normal is diagnostic for airflow obstruction and is a characteristic of CF lung disease [47]. 

Spirometry is therefore recommended [17] and performed on a regular basis in all CF patients old enough to perform the measurement (usually form the age of 3-4 years) [50]. Results are assessed against a reference population and expressed either as a percentage of the predicted for the individual, or as z-scores, which reduces bias with relation to age, sex, height and ethnicity [51]. Results are trended longitudinally with a reduction in FEV1 z score being a sign of worsening lung disease. 

1.2.3 [bookmark: _Toc345773002][bookmark: _Toc27382836]Spirometry limitations

Spirometry does however have limitations. Accurate results are: heavily effort dependent, require patient motivation and co-operation [45] and spirometry is insensitive to small airway changes in CF patients [52]. High-resolution computed tomography (HRCT) studies have shown that patients with a normal FEV1 may have substantial bronchiectasis, peri-bronchial thickening, air trapping and mucus plugging [53]. HRCT however has limited sensitivity to early regional lung function changes and its ionising radiation dose limits its regular use. 

Due to improvements in CF management, FEV1 often remains within the normal range until early adulthood, with an annual decline of typically 1-2% [54], which is close to the natural daily variance of the measurement [55]. This makes FEV1 insensitive to longitudinal and small lung function changes, and reduces the power of the measurement to detect therapy response. The European Medicines Agency (EMA) recognises that FEV1 is insensitive as a primary endpoint for CF lung function assessment and that alternative assessments are required in order to effectively manage the lung health of subjects with CF [56]. 
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[bookmark: _Ref345664963][bookmark: _Toc27382995][bookmark: _Toc345774507]Figure 1‑6: Examples of spirometry expiratory flow-volume curves. 
Flow is continuously plotted against expired volume to create an expiratory curve. The shape of the curve is important, obstructive lung diseases such as CF exhibit a concave shape as seen in example C. Example A is from a healthy subject, note there is no concavity to the shape of the curve with a relatively linear and proportional decline of flow versus volume after an initial sharp peak. The relationship between FEV1 and FVC in healthy subjects is such that the majority of the lung volume is emptied within the first second, with the ratio of FEV1/FVC being approx. 60-90% depending on the age of the subject [51]. Example B is from a patient with CF and normal spirometric values. This subject however had an abnormal HRCT and abnormal lung clearance index, highlighting the limitations of spirometry at assessing early lung disease. In example C, due to obstructive airways disease, the ratio of FEV1/FVC has declined. The clinical spirometric definition of airflow obstruction is an FEV1/FVC below the lower limit of normal for any individual [47]. The pattern exhibited in C) is typical for more advanced CF lung disease.

1.2.4 [bookmark: _Toc27382837]Other pulmonary function tests

Body plethysmography

Body plethysmography, as well as inert gas dilution tests, have been traditionally utilised in the pulmonary function laboratory to assess static lung volumes [57]. In obstructed lung diseases such as CF, body plethysmography is considered the gold standard method. Gas dilution techniques can only measure the accessible compartments of the lung, therefore for a patient with severe airflow obstruction, or with completely occluded airways, gas dilution techniques would underestimate the lung volumes [49]. Body plethysmography, in contrast, measures all of the gas within the thorax and therefore it is possible to gain accurate measurements of total lung capacity (TLC), functional residual capacity (FRC) and residual volume (RV) amongst others. These three metrics are perhaps the most important in assessing obstructive lung disease. An increase in RV in the presence of a maintained TLC (RV/TLC) indicates increased gas trapping caused by end-expiratory airway closure. An increased FRC in the presence of a maintained TLC (FRC/TLC) indicates that the patient’s lungs have become hyper-inflated. An awareness of these two ratios in CF is important, as any significant increase in either means that the load on the respiratory system will have increased [58]. The patient will feel this increase in the form of breathlessness and possibly reduced exercise tolerance [16, 58-60].

Despite this, measurement of static lung volumes is not commonly utilised in the management of CF. Body plethysmography equipment is relatively expensive and requires specialist operators to ensure accurate results are made, due to increased measurement complexity when compared to spirometry. Retrospective analysis of body plethysmography data in CF has also shown that, when compared to FEV1, it has lower prognostic value to predict morbidity and mortality  [61, 62].

Gas transfer

The transfer factor of the lung for carbon monoxide (TLco) is also a commonly utilised test of pulmonary function in the laboratory. In a single inhalation of test gas (a mixture commonly of carbon monoxide, methane and air) and a breath-hold of 10 seconds, the efficiency of the lungs at transporting gases across the alveolar-capillary membrane can be determined [63]. It has a widespread value in assessing groups of patients where the alveolar tissue or pulmonary vasculature are directly affected such as interstitial lung diseases, however it is rarely deployed in the management of CF. CF is predominantly a disease of the small airways and therefore the alveolar-capillary membrane is usually maintained [49]. When measured with TLco, there is often a reduction in the values, but this is due to the degree of underlying ventilation heterogeneity. TLco relies on having even gas mixing occurring after a single inhalation of test gas, however in obstructed lung diseases this will not occur and therefore the TLco value will be reduced, due to a reduced alveolar volume. In this situation the transfer factor constant (Kco) is usually normal [64]. 

Forced oscillation techniques

Forced oscillation techniques (FOT) are performed during tidal breathing, making them especially applicable to children where forced manoeuvres can sometimes be challenging. FOT involves the delivery of forced oscillations (the frequency spectrum is typically between 5 - 35 Hz) superimposed onto the breathing cycle, via a loud-speaker [65]. A sinusoidal pressure wave is typically delivered from the loud-speaker through a mouthpiece to the respiratory tract during tidal breathing. Small oscillating pressure and flow waves are superimposed onto the tidal breathing, from which the respiratory impedance can be calculated, which is composed of two components, the resistance and the reactance. In CF, due to airways obstruction, resistance of the respiratory system theoretically should be increased. Reactance refers to the ‘stiffness’ of the respiratory system and there is some evidence in CF to suggest that this may be lower than healthy controls [66]. The lower the frequency output from the FOT test, the further down the respiratory tree the signal theoretically samples from. Therefore, at 5Hz the signal represents peripheral airways and at 35Hz, represents more proximal conducting airways. In children with CF and heterogeneous small airways obstruction, there would be longer time-constants measured at 5Hz, compared to someone with normal airways [67, 68]. There is limited evidence to suggest that some children with CF have abnormal FOT values compared to controls [66], but these signals do not track in a longitudinal fashion and do not respond positively to treatment [66, 69-73]. In practice however there are little data supporting the use of FOT as marker of early lung disease in CF and is therefore not currently utilised outside of research [74].

1.2.5 [bookmark: _Toc27382838]Exercise testing

It is increasingly recognised that exercise is an important component of the management of people with CF. There has been repeated evidence in the last 30 years that patients with CF and increased levels of fitness have better outcomes than those with poorer fitness levels [75-78]. Formal exercise testing is often recommended and performed routinely in patients with CF [79]. Exercise testing can be divided into two types: field and laboratory based exercise tests. 

The recognised gold standard for the assessment of exercise capacity and the physiological response to exercise is the cardio-pulmonary exercise test (CPET). CPET is a laboratory based exercise test performed on either a treadmill or cycle ergometer. It involves the patient exercising at a progressively increasing work rate adjusted for the patient’s base-level of fitness. The aim is to get all patients to achieve maximal levels of exertion and to complete the protocol in 9-12 minutes. Test completion occurs when the patient has achieved maximal exertion, which is assessed by one of or a combination of: heart rate, respiratory exchange ratio (RER), breathing reserve and relative perceived exertion. Patients are attached to a metabolic cart, which directly measures ECG, breath by breath ventilation, oxygen and carbon dioxide consumption and production, blood pressure and pulse oximetry. From these measurements, a large number of metrics are derived and monitored during the course of the test. 

The most commonly reported metric derived from CPET is the maximal volume of oxygen consumed at peak exercise (VO2peak), which is a marker of aerobic capacity. CF patients with higher levels of VO2peak have been shown to have better outcomes (such as reduced exacerbation rates requiring hospitalisation [80] and mortality [75-78, 81, 82]) than those with reduced VO2peak.  VO2peak has also been shown to be a better predictor of mortality than FEV1 [75-78, 82]. As well as VO2peak, the VO2 at anaerobic threshold (VO2AT), the ratio of ventilation to both the volume of CO2 and O2 consumed (Ve/VCO2 and Ve/VO2 respectively) at peak exercise and the maximal Watts produced (on cycle ergometer only) at peak exercise, were also related to mortality [77].

A formal CPET however can give more information than merely predictors of prognosis. Exercise limitation in CF is a complex phenomenon caused by a multitude of factors, namely: peripheral muscle weakness, deconditioning, increased load on the respiratory system causing exertional dyspnoea and exercise induced hyperinflation or bronchoconstriction, ventilation-perfusion mismatch and airways obstruction [83]. Determining which of these factors is influencing exercise performance for an individual patient is important to assess. CPET can discriminate between these factors, as well as unexpected factors such as poor chronotropic response [84]. The analysis of breath by breath patterns and the trend of metrics over the course of the exercise test allows for the determination of a patient’s fitness and also to diagnose the likely cause of exercise limitation. Identifying the cause of limitation can then be utilised in clinical management to guide exercise strategies [79].

In contrast, field exercise tests involve minimal equipment and usually involve the patient either walking or running freely without being attached to many medical devices. The most commonly used field exercise test is the modified incremental shuttle-walking test [85-87], which involves walking between two markers, 10 metres apart, to a progressively increasing tempo. The aim is to achieve the maximal distance possible and there are data to suggest that the levels of exertion achieved during this are comparable to the levels achieved during formal laboratory based exercise tests [88]. Other field tests commonly employed are the 6-minute walking test, the three-minute and incremental step test [89]. Unlike laboratory based exercise tests, field tests can be easily performed in a variety of settings making them useful in day to day patient management. This flexibility comes at the expense of detail however, with limited clinical information being derived as to the patient’s health status. 

Exercise is also being increasingly recognised as being important for chest physiotherapy. Whether exercise can replace chest physiotherapy was also recently recognised as one of the most important questions to patients with CF [90]. Exercise increases ventilation and also in some sports will cause the chest to move around with exertion. These two factors may play a role in aiding mucus to move distally within the lungs in order to be coughed up. A recent study showed that a short amount of exercise on a treadmill increased mucus production, but that this was not the same as if performing conventional chest physiotherapy [91]. This study however does support the use of exercise as a mode of improving lung function as do studies that have demonstrated both an increased FEV1 and decreased LCI post exercise [92]. When exercise has been applied prospectively to trials however, patient outcomes have not necessarily improved post exercise prescription [93-95].

1.3 [bookmark: _Toc27382839]Multiple Breath Washout

1.3.1 [bookmark: _Toc27382840]Background

Multiple breath washout (MBW) is a lung function test that measures the efficiency of ventilation within the lung [96]. In a normal, healthy lung there is a degree of heterogeneity to gas mixing within the lung. This is in part due to the asynchronous nature of the branching of the airways (Figure 1‑4), particularly in the terminal bronchioles, but also due to the presence of gravitational gradients which preferentially distribute gas with each inspired breath to the dependent lung [97]. Lung disease that affects the airways, causing narrowing of the internal airway diameter, will increase the degree of abnormal gas mixing within the lung and cause increased ventilation heterogeneity [98]. Lung diseases that affect the airways such as CF have a heterogeneous pattern to the progression of lung disease, which originates in the smallest airways. This makes early disease assessment difficult to measure using standard pulmonary function tests, as physiological disturbance caused by these small heterogeneous diseased areas become diluted by the healthy lung signal [98]. 

1.3.2 [bookmark: _Toc27382841][bookmark: _Toc345773004]Performing MBW 

In recent years, MBW has re-emerged as a sensitive lung function test for measuring disease in the small airways [98]. MBW involves a subject breathing tidally through a mouthpiece, connected to a flow-measuring device, with a nose peg in place to ensure mouth breathing. The aim of MBW is to record the ‘wash-out’ of an inert tracer gas from the lungs through this measuring set up. This is usually performed using one of two different methods that produce comparable outcomes [99]. The first of which initially involves the ‘wash-in’ of the inert gas sulphur-hexafluoride (SF6) into the lung during tidal breathing. This is achieved by attaching a flow-past circuit to the distal end of the flow-measuring device. This flow-past circuit is attached to a gas cylinder delivering a continuous flow of approximately 10-12 Lpm, which contains either 4% [100] or 0.2% SF6 [101] in a balance of air. With this circuit in place, the subject breathes in a fraction of the test gas through the flow-past circuit and flow measuring device with each tidal breath taken. After a number of breaths, the concentration of SF6 within the lung will rise such that the difference between inspiratory SF6 and expiratory SF6 becomes narrower. The wash-in is complete when the inspiratory and expiratory concentrations are in equilibrium. At this stage, the flow-past circuit is removed from the subject during a tidal exhalation and the ‘wash-out’ stage begins. The wash-out involves the subject continuing to breathe normal atmospheric air tidally through the flow-measuring device. Tidally breathing air, dilutes (and ‘washes out’) the SF6 within the lung with each breath, until the end-tidal exhaled concentration of SF6 is < 1/40th of the initial washed-in concentration (Figure 1‑7). There are currently two types of analyser utilised to measure MBW using SF6. Historically, early studies on MBW in CF were performed using a mass-spectrometer to analyse the SF6 signal [52, 102]. This approach, whilst recognised as the gold standard, became impractical due to the cost and lack of commercial availability of the equipment. In order to counter this Horsley et al developed an MBW system utilising a modified Innocor device, that analysed SF6 using a photoacoustic analyser [103]. This device had the added advantage that the concentration of SF6 required fell from the 4% required by the mass spectrometer technique, down to 0.2%. The modified Innocor device has since been utilised in many research publications, at different institutions [96, 101, 104-117]. The modified Innocor device, described originally by Horsley et al, is the method employed throughout this thesis and is described in detail in Chapter 2.2.3 (Multiple breath Washout, p73).
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[bookmark: _Ref21601829][bookmark: _Toc27382996]Figure 1‑7: An example multiple breath wash-in and wash-out curve. 
Displayed are the tidal breathing (flow), the exhaled CO2 with each tidal breath and the inhaled and exhaled concentration of SF6 with each breath. During the first period of the test, and up until the point marked with the black arrow, the patient is breathing in a gas mixture containing 0.2% SF6 in air. At the point indicated by the black arrow, the inspiratory and expiratory concentrations have reached an equilibrium. At this point, the flow-past circuit used to deliver the gas mixture is disconnected and the subject begins to breath room air. From this point onwards there is a progressive fall in the expired SF6 concentration with each breath. The end of the MBW test occurs when the expired concentration of SF6 drops below 1/40th of the starting concentration, this starting point is where the gas mixture was disconnected (black arrow).

The second method commonly deployed involves the wash-out of the resident nitrogen (N2) from the lungs by tidally breathing in 100% oxygen (O2) [118-120]. As with the SF6 method, the washout is complete when the end-tidal N2 concentration is <1/40th of the initial N2 concentration within the lung. Unlike the methods for assessing SF6, N2 MBW machines do not directly measure N2. Instead, exhaled O2 and CO2 are calculated and N2 is then derived. In recent years N2 MBW equipment have become more common in research studies and in clinical practice. An N2 MBW test is attractive, as it only requires an oxygen supply to perform the test, which can often be performed from wall-based oxygen, which reduces the cost. Despite this, N2 washout systems do not necessarily measure in the same way and are not inter-changeable [121].

Both of these methods generate outcome metrics that measure the degree of ventilation heterogeneity within the lung. The most commonly used is called the lung clearance index (LCI) and is a global marker of the overall degree of ventilation heterogeneity. It is calculated as the cumulative exhaled volume of gas required to washout the tracer gas to <1/40th of the initial concentration, divided by the lung volume at functional residual capacity (FRC). LCI has become the primary metric in the assessment of CF lung disease.


1.4 [bookmark: _Toc345773005][bookmark: _Ref21775480][bookmark: _Ref21775499][bookmark: _Ref21775513][bookmark: _Toc27382842]Lung Clearance Index in CF

1.4.1 [bookmark: _Toc345773006][bookmark: _Toc27382843]Early LCI Studies

The measurement of LCI was first described in the 1960s as a practical assessment of ventilation distribution, with a suggestion that it may have potential benefit in ‘broncho-active’ substances in man [119]. Despite this, it wasn’t until the 1980s that LCI and other indices of ventilation heterogeneity were first assessed in CF. Several studies in the 1980’s and 1990’s demonstrated that patients with CF when compared to normal subjects had elevated indices of ventilation heterogeneity [118, 122-124] when using MBW to assess ventilation distribution characteristics. These studies however concluded that measuring MBW in patients and children in particular, was very challenging and should be left to experienced paediatric research laboratories only. They were performed in small samples of patients with a broad range of disease severity and were therefore unable to recommend a specific use for the test. The other limitation of these early studies was that the machinery required to perform MBW (mass spectrometer) was custom-built, expensive and therefore impractical for widespread use. 

1.4.2 [bookmark: _Toc345773007][bookmark: _Toc27382844]LCI to assess early lung disease

LCI received a resurgence in interest with the development of an MBW system utilising mass spectrometry in the early 2000’s. Two publications subsequently highlighted the use of LCI in mild CF lung disease. Gustaffson et al [100] hypothesised that because CF lung disease is thought to originate in the peripheral airways and that spirometry poorly reflects these areas, a test of ventilation distribution such as MBW would better assess early peripheral airways disease. The authors recruited 43 children with CF and 28 healthy children without CF from the Swedish population. Of the 43 children with CF, 10 had abnormal spirometry where as 27 had abnormal LCI, suggesting that children with CF and normal spirometry have increased ventilation heterogeneity. These results were replicated by further research published a year later from a group in London [52] using the same equipment as Gustafsson and colleagues. They confirmed the findings from the Swedish cohort, demonstrating again that LCI is often abnormal in CF patients with normal spirometry (Figure 1‑8). They also demonstrated that LCI has good within-session reproducibility and correlates well with spirometric indices. These two studies highlighted the potential of MBW and LCI to assess early lung disease in children with CF. They demonstrated a method that was practical and reproducible, that LCI was raised in comparison to healthy controls and correlated well with spirometry, but most importantly was raised often in those with normal spirometry.
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[bookmark: _Ref345681315][bookmark: _Toc27382997][bookmark: _Toc345774508]Figure 1‑8: The relationship of LCI to FEV1 in children with CF. 
Data obtained from 22 children with CF (black diamonds) and 33 healthy children (open diamonds). These data demonstrate the utility of LCI in assessing early lung disease. All healthy controls have an FEV1 within the normal range (>-2 z-scores, depicted by the vertical dashed line) and an LCI value of <7.7 (depicted by the horizontal dashed line). All CF patients had LCI values greater than healthy children, with a near-linear trend between increasing LCI and decreasing FEV1 z-score (i.e. worsening lung disease). The most important feature of this data is that 10 of the children with CF and raised LCI had normal FEV1. Image reproduced with permission  from Aurora et al [52].

1.4.3 [bookmark: _Toc345773008][bookmark: _Toc27382845]LCI throughout life

Following these reports, the utility of LCI as a clinical tool in assessing CF lung disease has gained significant momentum. LCI has consistently shown to be raised in CF when compared to healthy controls [101, 106, 125] and often raised in those with normal spirometry. Increasing ventilation heterogeneity appears to start very early in life in CF. Lum et al [126] reported that as early as 3 months of age, there is evidence of increased ventilation heterogeneity in CF, when compared to healthy controls. This raised LCI value in CF infants, continued to be observed up to the age of 2 years. A study of 47 infants with CF by Belessis et al [127] demonstrated that 14 of these children without clinical symptoms had raised LCI, these patients were associated with having greater levels of inflammation and also with the presence of Pseudomonas aeruginosa. Having recruited healthy infant controls to compare to the CF subjects (a challenge as these infants need to be sedated to perform the measurement), strengthened these two studies. Performing lung function of any description in this age range however remains challenging and limited to highly specialist research centres [128], however the knowledge of early lung function abnormalities enables appropriate interventions to be administered. These practical difficulties are reduced in pre-school children as sedation is not required to achieve results and appropriate distraction can be achieved [128]. Aurora et al [129] demonstrated the feasibility in pre-school children (aged 2-5 years), describing a set-up utilising a facemask and video distraction to aid successful assessment. The results from this study again confirmed pre-school children often have raised LCI in the presence of normal spirometry, but also that those CF patients chronically colonised with Pseudomonas aeruginosa had higher LCI compared to CF patients not infected with Pseudomonas aeruginosa. 

As the median survival age for CF patients increases the number of adult patients with normal spirometry has also increased. This has led to an increased interest in measuring MBW in the adult population with two large studies in particular demonstrating results similar to those found in paediatric studies. Horsley et al [101] and O’Neill et al [106] studied 33 and 110 adults with CF respectively and compared to populations of 48 and 61 healthy controls respectively. Both studies demonstrated the feasibility of measuring MBW in adult populations and that LCI is raised prior to abnormalities seen on spirometry.

1.4.4 [bookmark: _Toc27382846]Evidence for use in CF clinical trials

One of the major clinical barriers to the uptake of MBW and LCI in the general CF population is due to studies demonstrating that LCI gives an unpredictable response to interventional trials in patients with acute exacerbations and with more severe disease. The potential of LCI as a clinical outcome in CF encouraged numerous studies to utilise LCI as an outcome measure in clinical trials. 

In response to newly initiated therapies, various studies have demonstrated that LCI is a useful marker to detect improvements in ventilation heterogeneity. Amin et al [130] demonstrated in a randomised crossover trial involving hypertonic saline in comparison to isotonic saline, that LCI significantly decreased four weeks post the administration of hypertonic saline. This finding was emphasised by Ellemunter et al [131] in a longitudinal assessment of 40 month mean duration post initiation of hypertonic saline. This study demonstrated that the reduction in LCI described by Amin (2010) was maintained over this 40-month period. In both studies LCI decreased in the treatment arm, demonstrating improved ventilation heterogeneity, whilst in contrast the more traditional outcome marker FEV1 did not significantly change. Amin et al [132] measured LCI in a randomised crossover trial of dornase alfa versus placebo, where again LCI improved despite no change in FEV1. In a randomised crossover trial of Ivacaftor/Lumacaftor combination therapy, LCI showed large decreases without change in FEV1 [114]. These 4 studies were all performed on CF subjects with predominantly mild lung disease, a population in whom LCI is particularly effective at assessing lung disease. Studies involving more severe patients and during acute exacerbations do not demonstrate this LCI response so clearly.

In response to an acute exacerbation, CF patients will often receive a course of intra-venous (IV) antibiotics, typically lasting two weeks. At the beginning of an acute exacerbation there is usually deterioration in lung function that should improve post IVs. This assessment is usually based on FEV1, where there is often a significant increase with treatment [113]. Studies with LCI however show a heterogeneous response to IV therapy. Several studies have demonstrated that there are statistically significant group improvements in LCI, post IV therapy, but on an individual patient basis the change in LCI is variable and often increased post IVs, despite an improvement in FEV1 [113, 133, 134]. This was also the case in a study looking at the effects of 30 minutes concentrated chest physiotherapy on the measurement of LCI where a significant improvement in FEV1 was achieved but not in LCI, which often increased [135]. In contrast to these studies, Hatziagorou et al [136] demonstrated in CF subjects treated either for an acute exacerbation or for an elective admission of IV therapy that there was a homogenous response, with LCI decreasing in the majority of individuals, whilst Vanderhelst et al [137] demonstrated that in severe CF there was a significant decrease in Sacin to IV therapy. Sacin is a metric derived from MBW that theoretically assesses ventilation heterogeneity arising at the level of the entrance to the acinus (it is described in more detail in section 1.4.6 (Future Research for MBW in CF, p41) and in Chapter 2.2.3 (Phase III slope metrics - Scond and Sacin, p79)). The reduction in Sacin post IV therapy, suggested that the effect of the therapy is focused within the airways at the level of the entrance to the acinus. The explanation given for this heterogeneous response to IV therapy is that during the course of the therapy mucus is cleared and inflammation reduced within the airways of the CF lung. In doing so, in those patients with more advanced disease, the IV therapy opens airways and areas of the lung previously poorly ventilated which are likely to have greater localised disease and therefore overall gas mixing is worsened due to ventilating larger areas of diseased lung. FEV1 increases as the overall lung volume improves but in doing so gas mixing within the lung becomes more heterogeneous [138]. 

LCI in clinical practice is therefore found to be most useful in patients with predominantly mild lung disease. LCI is more sensitive than spirometry at detecting mild lung disease and is also responsive to therapies when spirometry is not. There is a need for more studies into patients with more severe disease to better understand the heterogeneous response often seen. Comparisons with imaging studies where localised regional lung function information can be assessed may help to better understand the variability of LCI in this more severe group of patients [96].

1.4.5 [bookmark: _Toc345773010][bookmark: _Toc27382847]Barriers to Clinical Uptake of MBW

The publication of the 2013 standardisation document should have been the catalyst to allow MBW use in a clinical setting [99]. The document outlined the outcome markers produced, standardisation of how to record the outcomes and the current technology to date available to perform MBW. The technology available to perform MBW however possibly remains the major barrier to clinical uptake. More recently there has been a push from the CF research community to move towards MBW technology utilising N2 washout as its methodology [139]. There are several sound reasons for this. Firstly, the test can be delivered cheaply, secondly N2 MBW machines rely on 100% O2 which most hospital rooms now have delivered through wall gas supply and thirdly N2 machines have had significant commercial development. There are however several issues that still need resolving.

A major issue for the utility of N2 washout as the methodology of choice is that the original work showing the utility of MBW and LCI in CF was performed using machinery that utilised SF6 as its methodology. SF6 and N2 have very different gaseous properties with SF6 being a much denser gas and therefore will mix within the lung differently to N2. There is therefore only a poor comparison between LCI performed on the same individual using both methods with N2 LCI values being considerably larger than for SF6 [140]. This therefore limits reference data from SF6 studies being utilised in N2 methodology, an issue that is being addressed with new large scale observational and longitudinal N2 LCI studies [139]. One explanation for the increased N2 LCI when compared to SF6 is the role of N2 excretion from lung tissue, which is a natural process occurring continuously. This extra N2 excreted from lung tissue into the surrounding gas spaces has the potential to prolong the wash-out phase of MBW which in turn would cause an increase in LCI. 

It is difficult to estimate the exact influence of tissue N2 on the measured LCI, but work utilising lung modelling has suggested that excreted N2 may contribute to as much as 21% of the N2 signal at the end of a washout test, causing over-errors in LCI of as much as 13% [141]. A counter argument to the over-estimation of N2 LCI compared to SF6 is that SF6 is a dense gas that requires effectively washing-into the lungs prior to wash-out. It has been argued that the increased LCI in N2 wash-out is because N2 wash-out truly represents alveolar gas mixing as it is already resident in all of the lung spaces, whereas SF6 may be underestimating LCI as it never properly equilibrates in all of the lung spaces due to the dense inert properties of the gas. Jensen et al [142] demonstrate using Bland-Altman analysis that the difference between SF6 and N2 LCI, in children with CF, increases disproportionately at larger LCI values. The authors claim that this could be due to a lack of SF6 equilibration in the acinus of patients with greater ventilation heterogeneity. The authors however fail to adequately explain why the same relationship exists when comparing the FRC measured during SF6 and N2 MBW. FRC is a static lung volume and should be comparable when assessing differing gas dilution methods such as SF6 versus N2. This was emphasised by Poncin et al [121], who demonstrated that when two different commercial systems utilising N2 for MBW were compared, significantly different values for LCI and for FRC were achieved, making it difficult to be sure what N2 MBW is assessing.

1.4.6 [bookmark: _Toc345773011][bookmark: _Ref21855070][bookmark: _Ref21855076][bookmark: _Ref21855079][bookmark: _Toc27382848]Future Research for MBW in CF

Aside from the further technological standardisation required for clinical practice, there are knowledge gaps in understanding exactly what MBW is measuring. LCI calculated from MBW, is a global assessment of the heterogeneity of ventilation within the lung, but gives no detail to the exact regional location of any lung disease [96]. A greater understanding of this regional lung function information would ultimately aid clinical practice by allowing more targeted therapies. Various attempts have been made to partition the MBW signal into a more regional assessment. The method most commonly deployed is by partitioning the MBW signal to assess ventilation heterogeneity into the convection-dependent airways (Scond) and ventilation heterogeneity in the diffusion-convection dependent airways (Sacin) [143]. Scond and Sacin are generated by measuring the phase III slope created from the expired concentration of the tracer gas with each expired breath (Figure 1‑9). The phase III slope is thought to represent gas exhaled from the acinus and by plotting this slope for each breath during the MBW, Scond and Sacin can be calculated. Sacin is calculated from the slope of the first breath during the wash-out, whilst Scond is calculated from the slope of the plotted phase III slopes between lung turnovers 1.5 – 6 [97]. These outcome metrics have been assessed in CF [117, 144] but their basis remains theoretical and comparison work with imaging studies is recommended to better understand the ability of these metrics to assess regional lung disease [96]. Imaging studies during interventional trials in more advanced CF lung disease may also help to better understand why such a mixed response has been reported with LCI in clinical trials.
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[bookmark: _Ref345685029][bookmark: _Toc27382998][bookmark: _Toc345774509]Figure 1‑9: The assessment of Sacin and Scond from MBW. 
Image A) shows a typical MBW wash-out curve, in this example the tracer gas is SF6 represented by the green line which reduces in concentration with each exhaled breath (each breath represented within the blue columns). Each breath is then assessed individually to measure the alveolar phase III slope (B). Each phase III slope is then plotted, as shown in C), against the lung turnover. Sacin is measured from the first breath and Scond from the slope between lung turnovers 1.5-6.




1.5 [bookmark: _Toc27382849]Imaging techniques for assessing CF

The three imaging modalities most commonly used to assess CF lung disease are x-ray, high resolution computed tomography (HRCT) and increasingly magnetic resonance imaging (MRI). Of these, HRCT is recognised as the clinical gold standard to assess structural lung disease [145] and has largely superseded x-ray.

1.5.1 [bookmark: _Toc27382850]X-ray

Traditionally x-ray has been the routine imaging method of choice for assessing patients with CF and are still performed annually on patients in some CF centres [146]. Chest x-ray was first explored in CF in 1942, with the images showing gas trapping and atelectasis both evident in the lungs of children who had died before the age of two years [147]. Over the following decades scoring systems were implemented for chest x-ray in CF [148, 149], which were then used in the first longitudinal study of early CF lung changes [150] and are currently still utilised in longitudinal studies [151]. 

Chest x-ray however only has a limited use in CF patient management as it is deemed to be relatively insensitive to lung disease [152]. This is partly due to the whole lung being portrayed in a two-dimensional image with all of the lung structures being superimposed. This makes it hard to differentiate between different structures, which are often completely hidden by large structures such as the diaphragm. As a result, CT imaging is often preferred as an imaging tool due to its increased sensitivity to detect more subtle lung changes [152].

1.5.2 [bookmark: _Toc27382851]Computed tomography 

Computed tomography (CT) imaging has been an important component in the management of patients with CF for the last two decades since it was reported that bronchiectasis was evident in the first year of life [153]. CT imaging provides high resolution detail as to the hallmarks of structural disease present within the lungs of people with CF. The features most commonly include, bronchiectasis, gas trapping and mucus plugging and are depicted in Figure 1‑10.  
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[bookmark: _Ref21610669][bookmark: _Toc27382999]Figure 1‑10: CT appearance of CF lung disease.  
Image A shows right upper lobe bronchiectasis (arrow) and mucus plugging (arrowheads). Image B shows left lower lobe peripheral mucus plugging (arrow) and bronchiectasis (arrowhead). Image C Bilateral upper lobe gas trapping (expiratory image). Bilateral upper lobe bronchiectasis (arrowheads) is also present. Image D shows central and peripheral bronchiectasis. Arrows highlight bronchi that are larger than the neighbouring vessel. The arrowhead highlights a large dilated bronchus. Image reproduced with permission from Brody et al 2004 [53]. 

Large scale surveillance programmes such as AREST CF have utilised annual CT imaging in patients with CF from birth [154]. CT data from such studies have shown that CT is particularly sensitive at detecting bronchiectasis [155], gas trapping [156], mucus plugging, atelectasis and airway wall thickening, the hallmarks of CF [157-159]. CT can detect early structural changes in the first years of life (Figure 1‑11) and the presence of CT abnormalities was associated with the presence of infection and inflammation [160-162]. CT has also been shown to be more sensitive than FEV1 (Figure 1‑12) and LCI [163] at detecting early lung disease, although LCI and CT have been suggested as providing complimentary information in the long term follow up of CF lung disease [164-166]. Longitudinal assessment of CF lung disease using CT imaging has revealed the progression of lung disease in the face of normal lung function as measured by spirometry [159, 167]. In young children with CF, the presence of bronchiectasis on CT imaging is usually persistent over time, and worsens in up to 60% of children [156]. Progression of structural abnormalities on CT is also associated with lower respiratory infection and neutrophil dominated pulmonary inflammation [156, 161, 168].
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[bookmark: _Ref21610891][bookmark: _Toc27383000]Figure 1‑11: Inspiratory and Expiratory CT image from a 2.5 year old with CF. 
Mosaic perfusion is visible on the inspiratory image and gas trapping is visible on the expiratory image as areas of reduced (darker) signal. Image reproduced with permission  from Tiddens et al [19].
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[bookmark: _Ref21610914][bookmark: _Toc27383001]Figure 1‑12: Abnormal CT image in a patient with CF and with normal spirometry.  
The white arrows show bronchiectasis and bronchial wall thickening. The black arrow highlights mucus plugging. Image reproduced from Loeve et al [169]. Reproduced with permission of the © ERS 2019:  European Respiratory Journal. Published 2 September 2013.

There are also various quantitative scoring algorithms that have been validated and regularly used in clinical practice and clinical trials such as the Brody score and PRAGMA [53, 170, 171] (Figure 1‑13). The presence of abnormalities on CT is also associated with worsening quality of life [172]. CT is therefore a regular imaging tool in CF, offering detailed regional structural lung assessments. The use of automated software to quantify CT images has also been used in different lung diseases, which use artificial intelligence to accurately quantify common CT findings. Software such as VIDA (https://vidalung.ai) have been used in COPD and interstitial lung diseases to accurately map and measure the airway walls and surrounding parenchyma [173] and may be used in CF imaging in the future.
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[bookmark: _Ref345770608][bookmark: _Toc27383002][bookmark: _Toc345774510]Figure 1‑13: PRAGMA CT scoring system of CF lung disease.
 Images A and B are the same CT slice taken from an example CF subject. Image B demonstrates the method utilised by the authors to score CF CT scans and called PRAGMA. The image is divided into a grid network with each grid-square scored for the presence of bronchiectasis (red), mucus plugging (yellow), bronchial wall thickening (orange), atelectasis (pink) and no abnormality (green). Images reproduced from Rosenow et al [171]. Reproduced with permission of the American Thoracic Society. Copyright © 2019 American Thoracic Society.

CT imaging, despite being the recommended standard to assess structural lung disease in CF [171], has limitations. The main limiting factor is that CT involves a dose of radiation each time a scan is performed, despite the fact that radiation doses have been significantly reduced in modern times [174]. Efforts have been made to reduce this dose to an absolute minimum. However, when considering that a patient with CF would require CT based lung assessment for the duration of their life, regular CT imaging has to be limited due to the accumulation of radiation that any one subject would receive over time [175]. CT also cannot provide a functional assessment of lung ventilation. These two factors are part of the theoretical background for the recent development and implementation of MRI as an alternative imaging modality in CF [176].




1.6 [bookmark: _Toc27382852]Utilising MRI to assess CF lung disease

Whilst CT imaging has been the gold standard for imaging the lungs in people with CF, there is a recognition that alternative methods are desirable due to the radiation exposure associated with CT [177]. In recent years MRI of the lung has gained considerable interest. MRI is radiation free, which means there are no risk factors for performing multiple images, making it ideal for longitudinal assessment. MRI also has the advantage over CT in that it can measure both structure and function of the lungs in one sitting. Lung ventilation can be directly measured on MRI via the inhalation of hyperpolarised gases and lung perfusion can be directly measured after the injection of gadolinium based contrast. Traditionally conventional 1H MRI to assess the underlying structure of the lung has not been able to produce images as detailed as CT, however in recent years this has changed, with MRI now on the verge of being able to replace CT in the routine imaging of patients with CF [178].

1.6.1 [bookmark: _Toc27382853]1H anatomical lung MRI

For organs such as the brain and the liver, conventional 1H MRI has been the imaging method of choice for many years, this is due to the inherently high proton density of these organs. 1H MRI of the lung however has intrinsic difficulties that have, until recently, restricted its use. Unlike the liver and brain, the lung has low proton density due to the large ratio of air to tissue present within the lung (approximately 10 times weaker signal than its neighbouring tissues [179]). The lungs also consist of a heterogeneous ‘spongy’ structure with multiple air-tissue interfaces per voxel of the lung. These interfaces at the airways and alveoli cause localised magnetic field gradients which lead to rapid dephasing and increased signal decay [179]. The consequence of this is low signal-to-noise (SNR) from the healthy lung tissue, which is compounded by both respiratory and cardiac motion due to the relatively long scan times required to obtain 1H images.

Despite these inherent challenges, in the previous 10-20 years there have been increasing numbers of studies applying 1H MRI sequences to assess CF lung disease. The first study to assess 1H MRI in CF was in 1987 by Fiel et al [180], but the image resolution in these early studies was not comparable to that of CT [181]. With the application of fast imaging sequences and new techniques such as parallel imaging [182], the utility of 1H MRI was explored again in the mid 2000s. These studies then focused on comparing 1H MRI to that of CT and x-ray using a variety of different 1H sequences and concluded that typical CF morphological changes could be identified by MRI, but that it did not have the sensitivity to detect more peripheral disease when compared to CT [183-187]. These findings, that gross abnormalities could be readily detected within the CF lung, have led to one CF specialist centre (University of Heidelberg, Germany) adopting 1H MRI into their routine clinical practice [178] and they now have over a decade of clinical information collected [178]. In doing so this has led to a number of important developments for the utility of 1H MRI. 

An imaging scoring system was suggested for 1H MRI [188], which was separate to the common CT scoring systems such as the Brody [53] and PRAGMA [171] score. A separate scoring system was required due to the different presentation of morphological abnormalities when compared to CT, but also because 1H MRI can detect functional abnormalities of perfusion after the injection of contrast agents [189]. These techniques have also been incorporated and validated in multiple centres [190]. This then allows for the widespread application of 1H techniques in any centre with an MRI scanner and also for use in multi-centre clinical trials [190, 191]. Using the techniques developed, the same research group were able to demonstrate structural and perfusion abnormalities in infants and pre-school aged children with CF, and that these abnormalities were then sensitive to change when therapies were applied [192] and also significantly correlated with LCI [193].

In order to negate the rapid signal decay caused by air-tissue interfaces, 1H MRI sequences utilising ultra-short echo times (UTE) have shown promise in evaluating lung structure approaching the resolution offered by CT [194-201]. 1H UTE MRI is performed during free-breathing, with the signal averaged over multiple breaths and often acquired with respiratory gating. This makes it attractive due to its implementation in infants and pre-school aged children who cannot perform standard breath-holding techniques [196, 199]. In this age group UTE MRI demonstrated excellent sensitivity to detect lung abnormalities and was highly comparable to that of CT [196] (Figure 1‑14).
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[bookmark: _Ref21619330][bookmark: _Toc27383003]Figure 1‑14: A comparison of CT with 1H UTE MRI in pre-school children with CF. 
Images A and B come from a healthy infant, whilst images C-J are from children with CF aged 33-47 months. On both CT and UTE, bronchiectasis is evident (1), as is ground glass opacity (2), bronchial wall thickening (3), mucus plugging (4), consolidation (5) and air trapping (6). The blue circle captures anaesthesia induced atelectasis. Image reproduced from Roach et al [196]. Reprinted with permission of the American Thoracic Society. Copyright © 2019 American Thoracic Society.

An advantage of 1H MRI over CT, is that by utilising different 1H MRI sequences it is possible to obtain different contrasts between airways and mucus and also areas of on-going infection and inflammation. In doing so it may be possible to diagnose CF patients with allergic bronchopulmonary aspergillus (ABPA) with a specificity of 100% [198]. Diffusion-weighted MR imaging techniques have commonly been applied in the detection of malignancies in chest imaging [202]. Ciet et al investigated whether a diffusion-weighted 1H MR sequence could detect inflammatory changes in CF lung disease [203]. The authors found that this technique could identify ‘hotspots’ not always related to underlying morphological changes and were strongly associated with the degree of mucus present and the degree of lung disease as measured by FEV1. In a follow-up study using this technique, the quantitative score derived to determine the degree of inflammation was shown to decrease after treatment for respiratory exacerbation [204].  Failo et al, using a steady state free procession (SSFP) sequence, showed that mucus could be detected with good sensitivity [185], whilst Puderbach et al demonstrated that increased resolution of the airways and delineation of the airway wall from neighbouring mucus, could be achieved by injected contrast media [184] (Figure 1‑15).
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[bookmark: _Ref21619308][bookmark: _Toc27383004]Figure 1‑15: CT and MRI of an adult patient with CF. 
Image a is CT, whilst images b-d are MRI. Image b is a half-Fourier single-shot turbo spin-echo (HASTE) image. Image c is a volume interpolated breath-hold examination (VIBE) pre and post (image d) contrast media injection. Bronchiectasis is evident in both lungs on all images. The circled area pre and post injection shows that, post injection the definition of the airway wall is enhanced. Image reproduced with permission from Puderbach et al [184].

1H MRI can also be utilised to give functional information on ventilation and perfusion of the lung [205]. Using free-breathing and Fourier decomposition (FD) methods it is possible to map ventilation within the lung by tuning-in to the breathing cycle. This is achieved by averaging the change in signal within a voxel during the breathing cycle to give a surrogate of fractional ventilation. When acquired over the course of multiple breaths a map of fractional ventilation can be acquired from the change in proton density averaged from all the breaths acquired. Similarly, this technique can be utilised by tuning into the cardiac cycle and averaging the signal over the course of a single heart beat and then averaging over the time-course of the scan to give a map of perfusion within the lung. Taken together and acquired during the same scan, these maps of ventilation and perfusion can assess ventilation/perfusion relationships within the lung. In CF, these techniques have been shown to be sensitive to early lung disease (Figure 1‑16) and correlate well against LCI and FEV1 [206-209]. These ventilation and perfusion maps only provide surrogate measures due to the absence of contrast agents, which are applied to increase the available MR signal. These techniques are therefore highly attractive and could theoretically be routinely implemented on conventional MR scanners. To better understand the level of detail these techniques can deliver in CF, benchmark studies are required against contrast agents such as hyperpolarised gas MRI (for ventilation) and intra-venous gadolinium (for perfusion). An initial study utilising the ‘Matrix-pencil’ FD technique demonstrated in 34 children and adults with CF, that perfusion imaging gave similar diagnostic information when comparing FD to gadolinium based 1H perfusion imaging [205]. 
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[bookmark: _Ref21619429][bookmark: _Toc27383005]Figure 1‑16: ‘Matrix-pencil’ ventilation and perfusion maps in a nine year old patient with mild CF lung disease. 
Images a and b are HASTE sequences highlighting bronchial wall thickening (arrows). Image c is the fractional ventilation map taken from the ‘Matrix-pencil’ technique and image e is the mask equating to the ventilation defects. Image d is a relative perfusion map created from the ‘Matrix-pencil’ technique and image f is the mask showing the perfusion defects. Image reproduced from Nyilas et al [207]. Reproduced with permission of the © ERS 2019:  European Respiratory Journal Published 7 December 2017.

CF is primarily a disease which affects the airways. A consequence of airway obstruction to ventilation is localised hypoxia. Localised hypoxia in turn will cause vasoconstriction and a redistribution of the pulmonary vasculature to areas of the lung with adequate ventilation. 1H lung perfusion MRI has been routinely used in some centres by utilising intra-venous gadolinium to apply contrast to the pulmonary perfusion [192]. Contrast enhanced MRI imaging of the pulmonary vasculature therefore highlights areas of lung with perfusion defects in CF [183, 184, 187, 189]. Perfusion defects are prevalent in CF: Eichinger et al reported a cohort of 11 children and adolescents with CF and found that 80% of upper and 39% of lower lobes were affected by perfusion defects [189]. Defects in pulmonary perfusion have even been identified in infants and preschool children with CF [192] (Figure 1‑17), the severity of which correlates with the degree of abnormality as measured with LCI [193]. The high prevalence of perfusion defects in patients with CF, reported in these studies, suggest that contrast enhanced perfusion MRI is a promising method for assessing the progression of CF lung disease. One limitation of the method however, is the need for an invasive injection, which is required to perform the manoeuvre. Many patients have an in-situ portacath inserted due to the regular injections received for necessary treatment, through which gadolinium cannot be administered. 

To better understand the relationship between ventilation and perfusion abnormalities in CF, benchmark studies comparing hyperpolarised gas and contrast-enhanced perfusion are required. Longitudinal studies may establish whether ventilation defects cause perfusion defects or vice versa. 
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[bookmark: _Ref345770668][bookmark: _Toc27383006][bookmark: _Toc345774511]Figure 1‑17: Structural and perfusion abnormalities on MRI in early CF lung disease. 
Representative contrast enhanced T1 and T2 weighted conventional MR images and first-pass perfusion MRI, taken from infant and pre-school children with CF. The white arrows point to areas within the lung (in the T1 weighted images) showing structural abnormalities such as wall thickening or bronchiectasis. The white arrowheads in the T2 weighted images demonstrate areas of mucus plugging. Black arrowheads highlight perfusion abnormalities. Image reproduced from Wielputz et al [192]. Reprinted with permission of the American Thoracic Society. Copyright © 2019 American Thoracic Society.

Whilst there are still advancements to be made in 1H structural MR imaging of the lung, the resolution achieved with UTE imaging in particular and the potential of ventilation and perfusion surrogates, 1H MRI appears on the verge of adoption into clinical practice in patients with CF. 

1.6.2 [bookmark: _Toc27382854]Hyperpolarised gas MRI

Hyperpolarised gas ventilation MRI is the technique employed to directly assess the pulmonary ventilation. It is a highly-specialised technique that offers additional detail as to the regions within the lung which are ventilated and which are not (Figure 1‑18). The technique involves the inhalation of a hyperpolarised gas, usually either helium-3 (3He) or xenon-129 (129Xe). With conventional 1H MRI, images are acquired by aligning the nuclear spins of hydrogen atoms within the human body. In a 1.5 Tesla scanner the net polarisation achieved for proton MRI is approximately 0.0001% [210]. Hyperpolarised gas ventilation MRI techniques involve the nuclear spins of either 3He or 129Xe being brought into alignment outside of the scanner in a process called ‘optical pumping’. This process can achieve polarisation levels of 10-50% and therefore it is possible in a 1.5T magnetic field to achieve polarisation levels 100,000 times the level achieved using standard hydrogen nuclei. This large net polarisation allows the ventilated areas of the lung to be visualised, areas which otherwise cannot be visualised using conventional MRI [211]. Recent developments also allow for a ventilation image and a conventional proton MRI image to be acquired during the same breath-hold, which reduces the scanning time necessary to acquire the images and also aids in image analysis [212].

Historically, 1.5T scanners have been used for hyperpolarised gas imaging, however in recent years, centres have also utilised 3T scanners. At 3T, it is possible to acquire higher 1H signal within structures such as the liver and brain, than at 1.5T. In the lungs however, due to the high degree of field inhomogeneity that occurs between the multiple tissue-air barriers, parenchymal signal decays rapidly at 3T and less so at 1.5T. The large signal acquired due to hyperpolarisation of gases also renders the theoretical advantage of 3T less applicable [213]. For a detailed review on the technical aspects of hyperpolarised gas MRI the reader is referred to the following reviews [214-218].

1.6.3 [bookmark: _Toc345773016][bookmark: _Toc27382855]Acquiring hyperpolarised gas ventilation MRI

Once polarised, a volume of the polarised gas is mixed with N2 in a sealed bag (up to 1 litre total volume within the bag). Within the scanner, the patient then undergoes a series of breathing instructions designed to relax the subjects breathing in order to achieve a true lung volume level of FRC. These instructions are given by an experienced technician, whom when they are happy the patient is at FRC instructs the patient to inhale fully from the bag and hold their breath, during which the image acquisition is performed. The images are therefore acquired at a lung volume level of FRC + the inhaled volume from the bag. 

Specific MRI sequences are required to generate the raw data image, designed in order to image polarised gas only, thus creating a ventilation image of where in the lungs ventilation has reached (Figure 1‑18). Areas of the lung without ventilation are described as ‘ventilation defects’. Ventilation heterogeneity can also be quantified from ventilated lung regions by measuring the heterogeneity of the signal within the ventilated lung spaces [219]. These images are particularly useful in patients with airways disease characterised by airflow obstruction. After the first human ventilation MRI studies were described in 1996 [220] the utility of ventilation MRI has been successfully described in patients with asthma [221, 222], broncho-pulmonary dysplasia and congenital diaphragmatic hernia [223], COPD [224, 225] and CF amongst others (Figure 1‑18).
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[bookmark: _Ref345686910][bookmark: _Toc27383007][bookmark: _Toc345774512]Figure 1‑18: Example ventilation MRI images acquired by the POLARIS group, Sheffield. 
Grey areas in the images are ventilated lung regions where the hyperpolarised gas has reached. Black areas indicate areas without ventilation. The healthy subject shows a relatively homogenous distribution of ventilation throughout the lung. The other examples of different airways diseases show a heterogeneous distribution of ventilation throughout the lung to varying degrees. The top row of images are children and the bottom row are adults. PCD = primary ciliary dyskinesia. COPD = chronic obstructive pulmonary disease. IPF = idiopathic pulmonary fibrosis.
[bookmark: _Toc345773017]

1.6.4 [bookmark: _Toc27382856]Feasibility of ventilation MRI in CF

Due to the progressive nature of CF lung disease and the lack of sensitive outcome markers to assess regional lung function, ventilation MRI is an attractive method for assessing lung disease. The first ventilation MRI study involving patients with CF was performed in 1999. This study looked at four CF patients with moderate to severe disease and demonstrated the feasibility of ventilation MRI in CF and that patients all visibly showed large ventilation defects [226]. Two studies published in 2005 further emphasised the potential of ventilation MRI in CF. The first compared 16 healthy children with 15 children with CF who had a range of disease severity. All children with CF had evidence of ventilation defects including patients with normal spirometry [227] (Figure 1‑19). The second study was in eight children with moderate to severe lung disease and again confirmed that ventilatory defects were evident in all and proposed a quantitative analysis method for regionally assessing the ventilation images [228]. 
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[bookmark: _Ref345689007][bookmark: _Toc27383008][bookmark: _Toc345774513]Figure 1‑19: 3He ventilation MRI from a healthy subject and three patients with CF. 
With increasing disease severity, the volume of unventilated lung appears to increase, resulting in increased ventilated defect volume. Of interest is the patient with ventilation defects but with an FEV1 of 109%. Image reproduced with permission from Mentore et al [227].

1.6.5 [bookmark: _Toc345773018][bookmark: _Toc27382857]Ventilation MRI in the assessment of early lung disease

These previous studies highlighted that ventilation MRI could be well tolerated in children and could also be more sensitive than spirometry to detect early lung disease. Three studies have further assessed the utility of ventilation MRI in CF children with normal spirometry. Bannier et al [229] assessed 10 children with CF, Marshall et al [105] assessed 19 children with CF and 10 healthy children and Thomen et al [230] assessed 11 children with CF and 11 healthy children. All three studies identified that ventilation defects were often present in children with normal spirometry, however only the study by Marshall et al compared ventilation MRI to the clinical standards of HRCT, LCI and spirometry [105]. This study demonstrated that ventilation MRI was the most sensitive technique at detecting lung abnormalities, identifying 17/19 children with ventilation defects, with the remaining two patients found to have a questionable diagnosis of CF. In contrast CT was only able to detect abnormalities in 12/19 patients and LCI 9/19, suggesting that functional abnormalities are present on ventilation MRI prior to structural abnormalities appearing on CT. These findings together with results demonstrating that ventilation image metrics strongly correlate with FEV1, and quantitative scores obtained from x-ray and HRCT [231, 232], begin to demonstrate the utility of ventilation MRI as a potential clinical method. 

1.6.6 [bookmark: _Toc345773019][bookmark: _Toc27382858]Reproducibility of ventilation MRI in CF

An important consideration for ventilation MRI to develop into a clinical tool, is the reproducibility of the method. CF patients have a daily routine of physiotherapy, bronchodilators and nebulisers, all of which have the potential to change the physiological properties of the CF airway. Four studies have looked at the reproducibility of ventilation MRI in CF. Woodhouse et al [233] examined five children with CF at two time-points on the same day with a mean ventilated volume difference between scans of -3.7%. Kirby et al [234] assessed 12 adult CF subjects twice, one week apart and demonstrated excellent reproducibility with a mean ventilated defect percentage (VDP) difference of 3% between scans. This study also calculated that a 2% change in VDP was clinically significant and used these data to suggest power calculations for future studies, suggesting that a sample size of 60, 15 or 5 patients would be required to detect a 5%, 7% or 10% change in VDP. This infers that ventilation MRI would require relatively small samples to demonstrate a significant change, making it potentially attractive to clinical trials. O’Sullivan et al [235] reached a similar conclusion when assessing five patients with four separate ventilation MRI scans performed weekly for four weeks. This study found no significant differences for each patient across all the scans. Further to this, Paulin et al [236] found a mean difference in VDP between visits of 3% in five patients scanned one week apart.

[bookmark: _Toc345773020]

1.6.7 [bookmark: _Toc27382859]Intervention studies utilising ventilation MRI in CF

The previous studies involved the repeatability of ventilation MRI in stable subjects. Based on these findings four studies also assessed the ability of ventilation MRI to detect the response to intervention. The studies previously discussed by Woodhouse [233], Bannier [229] and Mentore [227] also measured ventilation MRI before and after chest physiotherapy on the same day. Interestingly these studies all found that by performing chest physiotherapy there was no significant change in the quantitative metrics derived from the images, however the ventilation defects had moved around within the images. Some defects became ventilated whilst other areas of previously ventilated areas became unventilated. This suggests that chest physiotherapy may be successful in moving mucus around within the airways and that ventilation MRI may offer an outcome assessment to demonstrate the efficacy of various physiotherapy techniques. The effect of intra-venous antibiotics in response to an exacerbation was presented by Sun et al [237] in a pilot of three patients and demonstrated how in one patient there was a significant change in ventilation MRI after treatment. 

More recently two studies have used hyperpolarised gas ventilation MRI as the primary method for assessing the response to Ivacaftor [238] and to antibiotics [239]. The study by Altes et al, measured 3He MRI in nine subjects with CF to assess the response to Ivacaftor [238]. After administering Ivacaftor, the ventilation defects that were present in all subjects decreased. After the Ivacaftor was withdrawn the ventilation defects returned (Figure 1‑20). These changes in the distribution of ventilation on MRI were in parallel to changes in FEV1. Rayment et al found a similar response when assessing children administered with intra-venous antibiotics for an acute exacerbation [239]. Rayment et al used 129Xe MRI, alongside LCI and spirometry, to assess the response and found that ventilation defects present before administration, were resolved or partially resolved after the full two week course of antibiotics. The change in ventilation defects was again mirrored by changes in LCI and FEV1, but the authors showed that the biggest relative changes came from the change in ventilation defects.
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[bookmark: _Ref21630058][bookmark: _Toc27383009]Figure 1‑20: The effect of Ivacaftor on ventilation MRI. 
The three rows of images come from one individual patient. The ventilation images in row A were acquired prior to the administration of Ivacaftor and show ventilation defects scattered throughout the lung. Row B however shows ventilation images acquired after four weeks of therapy with Ivacaftor. In row B, the distribution of ventilation is improved from row A. Row C shows that after two weeks of placebo washout the ventilation defects have returned. Image reproduced with permission from Altes et al [238].

1.6.8 [bookmark: _Toc27382860]The transition from 3He to 129Xe

Due to the increasing cost and reduced availability of 3He, there has been a move within the community of hyperpolarised gas researchers from 3He towards 129Xe [240]. In contrast to 3He, 129Xe is naturally abundant and can be extracted from gas centrifugation of atmospheric air. Moreover, recent advances in 129Xe gas polarisation [241] and MRI pulse sequence development [242], have allowed comparable image quality to that of 3He MRI.

Direct comparisons of 3He and 129Xe have been made in COPD [243, 244], lung cancer [243] and asthma [245], but a comparison in patients with CF has yet to be made. Despite this some centres have switched to 129Xe in their assessment of patients with CF. To date 129Xe MRI studies in CF have been performed in paediatric populations, where 129Xe has been found to be safe and well tolerated [246]. 129Xe MRI VDP, like 3He has been found to be sensitive to early lung disease [247] and correlate well against LCI [248]. More recently 129Xe MRI was used alongside LCI and FEV1 to assess the effects of treatment on CF exacerbations, where a significant reduction in 129Xe VDP was shown, alongside significant changes in both LCI and FEV1 [239]. 
1.6.9 [bookmark: _Toc345773021][bookmark: _Toc27382861]Longitudinal Assessment of ventilation MRI in CF

Ventilation MRI is highly sensitive to the earliest changes in the lungs of people with CF and therefore may be a powerful tool to assess long-term changes and trends in CF lung function. To date there is very limited longitudinal data available on ventilation MRI in CF, with only two studies reported in the literature. In the study previously mentioned by Paulin et al [236], the authors followed up their five subjects after four years. Three of these subjects had normal ventilation MRI at baseline and had not significantly deteriorated at four years, consistent with their spirometry results. Two of the subjects however had abnormal ventilation MRI at baseline that was significantly worse at four years despite no change in their spirometry values. In a larger cohort of 14 CF children with normal spirometry at baseline, our research group [249] followed up these children at baseline and after two years with ventilation MRI, LCI and spirometry. This study demonstrated that 11/14 children had significantly increased VDP at two years and that LCI also significantly increased. For these children, there was no significant change in FEV1 and all 14 children had clinically normal FEV1 at both visits. This study formed the pilot data for this fellowship and the resulting thesis and is described in more detail in Chapter 5.1 (Two year follow up analysis of children with CF and normal FEV1, p202).  These two studies highlight the potential of ventilation MRI as a method for assessing longitudinal lung disease in CF, however further data are required to better understand the utility of MRI in patients with CF and a broader range of lung disease severity and patient ages.



1.7 [bookmark: _Toc27382862]Summary

Patients with CF are now progressively living longer than previously possible. This is largely down to significant improvements in treatments as well as factors such as the introduction of newborn screening allowing treatments to be started earlier. CFTR modulators potentially will progress the life expectancy even further, especially with recent encouraging data on triple therapy. Despite this, lung disease remains the primary cause of morbidity and mortality in patients with CF. The annual deterioration of FEV1 is now typically small, which makes it insensitive to detect small changes in lung function. More so than ever, sensitive methods of assessment of lung disease are required to effectively intervene before disease progression becomes advanced. Clinical trials also require sensitive assessment methods in order to assess the efficacy of the intervention. FEV1 is no longer necessarily suitable because more and more patients have normal FEV1 for significantly longer periods of time, FEV1 currently therefore requires large sample sizes to demonstrate the true effect of the intervention. 

MBW and MRI are two such promising methods of sensitively assessing lung function. Both methods are more sensitive than FEV1 at detecting early lung disease, however MBW does not always have a predictable outcome in patients with more severe disease, and is a simple summary measure of overall ventilation efficiency. Ventilation and 1H MRI are promising radiation free imaging methods of both the function and structure of the lungs. Compared to lung function tests, MRI has the advantage of being able to visualise and quantify regional lung disease, which may allow for the most sensitive detection of early lung disease and potentially for targeted treatments. The utility of MBW in mild disease is well understood, but this is less so in patients with more severe disease. By performing MBW alongside ventilation MRI the impact of lung disease on MBW may be better understood. Ventilation MRI in CF lacks longitudinal data to understand how it may track CF lung disease and whether it is more sensitive than current methods for detecting changes in lung function. 



1.8 [bookmark: _Toc27382863]Thesis aims

1.8.1 [bookmark: _Toc27382864]Primary aim

The purpose of this study was to recruit and assess a cohort of children and adults with a broad range of CF lung disease using 3He ventilation MRI, MBW and spirometry, and then to follow them over the course of three visits over two years. The primary aim was to determine whether 3He ventilation MRI was sensitive to detect longitudinal changes in lung function not detected by MBW or spirometry.

1.8.2 [bookmark: _Toc27382865]Secondary aims

This study had numerous secondary aims:
1. To determine the relationship between ventilation MRI and other methods of lung function assessment.
2. To assess the nature of individual ventilation defects and whether this adds additional value to assessing CF lung disease.
3. To compare ventilation MRI using 3He and 129Xe to assess whether they give concordant information.
4. To assess the sensitivity of 129Xe MRI to detect early lung disease.
5. To evaluate the effect of posture on MBW in order to make the best comparisons against MRI which is performed supine.
6. To measure the effect of lung volume on the distribution of ventilation on MRI.
7. To determine the effect of acute maximal exercise on the distribution of ventilation using ventilation MRI and MBW.
8. To assess the repeatability of ventilation MRI over time and to compare to that of MBW and spirometry.
9. To determine the feasibility of tracking ventilation defects over time.
10. To calculate sample sizes for 129Xe VDP for the application in clinical trials.
11. To explore the relationship of ventilation MRI and MBW in other paediatric disease populations.
12. To help deliver and assess the first global paediatric clinical referral service for ventilation MRI.
Chapter 1: Background and Introduction
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[bookmark: _Ref21775717][bookmark: _Toc27382866]Overarching Study Methods

The focus of this chapter is to describe the common methodologies employed throughout this PhD thesis. It will primarily focus on the methods deployed in the MMAVIC (MRI and MBW to Assess Ventilation in Cystic Fibrosis) study. 

In this chapter, the individual methodologies will be described for the lung function tests used. These include spirometry, body plethysmography and multiple-breath washout (MBW). Also described are the methodologies for performing ventilation MRI, including image acquisition and the quantification of the resulting images. Key metrics are described and the methods for calculation documented.

Not all of the work described in the different results chapters stemmed from the MMAVIC study. Where additional methods were used, these methods are documented separately in their respective chapters. 


[bookmark: _Toc27382867]MMAVIC Study protocol

[bookmark: _Toc27382868]Study Design

This study was a two-year longitudinal observational study of children and adults with CF, involving assessment of advanced functional imaging and lung physiology testing. Children and adults were recruited from three specialist CF centres. Patients were recruited from the age of five years, since this is the age a patient will typically be able to coordinate the variety of lung function tests and ventilation imaging.  All testing took place in the University of Sheffield MRI unit, Royal Hallamshire Hospital, Sheffield, UK. 

This study was approved by the Yorkshire and Humber - Leeds West Research Ethics Committee (REC reference: 16/YH/0339) (See section 9.2 (Appendix 2: HRA study approval letter, p345). Parents/guardians of children and all adult patients provided written informed consent. Where appropriate children provided written assent.

[bookmark: _Toc324595217][bookmark: _Toc330481725][bookmark: _Toc27382869]Participants

[bookmark: _Toc330481726]Inclusion criteria

For eligibility into the study, subjects had to meet all the following inclusion criteria:
1. A confirmed clinical diagnosis of CF, consisting of two confirmed disease-causing CFTR mutations along with either positive sweat chloride (>60mmol/L) and/or a clinical picture consistent with CF as judged by a senior CF physician. Patients will be under the care of one of three regional CF centres. 
2. Aged five years and upwards.
3. Be able to attend the local facility for scans (Royal Hallamshire Hospital, Sheffield).
4. [bookmark: _Toc330481727]FEV1 >30% predicted (best in the previous six months).

Exclusion criteria

Patients who met any of the following criteria were excluded from the study. Further exclusions may be applied at the discretion of the principal investigators.

1. Pulmonary exacerbation within four weeks of study visits, as defined by no new treatments in that time, no clinically significant increase in their symptoms or spirometry (as judged by attending physician).
2. Previous lung transplant.
3. Infection with organisms of the Burkholderia cepacia complex, MRSA or Mycobacterium abscessus.
4. Pregnancy.
5. Resting SpO2 < 90% in room air.
6. Inability to comfortably lie supine for more than 60 minutes.
7. Any contraindication(s) to MRI scanning as per the MRI questionnaire used in clinical practice by the Unit of Academic Radiology, Royal Hallamshire Hospital (see section 9.5 (Appendix 5: MRI safety screening form, p352)).
8. Contrast enhanced, lung perfusion MRI exclusion only - Previous allergy to gadolinium contrast. Or renal impairment, defined as defined by an estimated glomeruler filtration rate (eGFR) <30ml/min/1.73m2 [250]. 
9. CPET exclusion only - A separate list of exercise testing contraindications can be found in the CPET safety section. If the patient meets any of the absolute contraindications they will not take part in the exercise test component of the protocol. If the patient meets any of the relative contra-indications they will only take part in the exercise test at the consent of both the patient and the CF clinician responsible for the patient at the recruiting site.

[bookmark: _Toc324595218][bookmark: _Toc330481728]Recruitment

Children and adults were recruited from three specialist CF centres at:
· Sheffield Children’s Hospital NHS Foundation Trust, Sheffield, UK 
· Sheffield Teaching Hospitals NHS Foundation Trust, Sheffield, UK
· Manchester University Hospitals foundation trust, Wythenshawe Hospital, Manchester, UK 

The Sheffield centres are two local centres that have a typical large CF population of patients. The Wythenshawe centre was selected as they also have a large CF population and is the clinical location of one of the academic supervisors for this project. 

Patients were recruited from routine outpatient clinics, where patients were screened and approached. Patients were screened for their suitability prior to approach by discussion with the clinical team on the day of the clinic. If willing, the patients had the study discussed with them and received the appropriate patient information sheets (See section 9.3 (Appendix 3: Adult patient information sheet, p346) and section 9.4 (Appendix 4: patient information sheet 5 to 10 years, p351) for examples). If the patient expressed an interest, their contact details were recorded and they were contacted shortly afterwards to arrange a mutually convenient study visit. Consent occurred at visit one in the department of Academic Radiology by the investigator, prior to any testing commencing. Patients therefore had the time between recruitment and consent to review information sheets and consider their participation. 

[bookmark: _Toc324595220][bookmark: _Toc330481730][bookmark: _Toc27382870]Methodology

35 patients with CF were recruited with a plan to be assessed at three time points over the course of two years. Each visit was aimed to take place six to nine months after the previous visit, however if the patient was unable to attend in this window due to illness the visit window was extended up to one year post previous visit. After the patient had been recruited into the study they attended the MRI unit for their first visit (V1).. Upon attending the department, the patient was consented into the study by myself and an MRI safety questionnaire was completed.

On the day of the visits, patients were instructed to continue with their normal medication and physiotherapy routine, which was not recorded as part of this study. Patients attended the department between the hours of 10am and 12pm to initiate the study visit at each visit in order for testing to occur at similar times of day. Study visits took approximately five hours in total. At each of the three visits the following tests were performed most often in the order presented below and visualised in Figure 2‑1:
 
1. Revised cystic fibrosis questionnaire (CFQ-R)

2. Magnetic Resonance Imaging (MRI) of the lung:
· Hyperpolarised (HP) 3He ventilation MRI and 129Xe ventilation MRI
· Anatomical proton 1H MRI 
· Contrast-enhanced perfusion MRI (if consented)

3. Pulmonary Function Tests:
· Multiple breath washout performed both sitting and supine
· Body plethysmography
Spirometry
4. At one (of the three) visits only, patients were invited to perform a maximal CPET. 
· Following the exercise test and a short period of rest the patient would have a repeat ventilation MR image within 30 minutes of CPET termination. 
· Immediately following the repeated ventilation MRI, patients repeated MBW. Repeat MBW was performed seated and with two trials only due to the lengthy testing protocol.

At all visits the CFQ-R was performed prior to any testing. Following this either the MRI sessions or MBW was performed first. If MRI was performed first, this was followed by MBW, body plethysmography, and finally spirometry. If MBW was performed first, this was followed by body plethysmography, MRI, and finally spirometry. Spirometry was always performed last in order to minimise the impact of the forced manoeuvre on ventilation heterogeneity. If the visit involved a CPET, spirometry was performed after the repeated MRI and MBW. At every visit the patient’s height and weight were recorded. 3He and 129Xe MRI were attempted at each study visit alongside 1H MRI. A variety of 1H MRI sequences were utilised throughout MMAVIC with some sequences added to the protocol when they became available. These sequences are described in detail in chapter 2.3.3 (Anatomical 1H MRI, p101). Appendix 6: MMAVIC attendance chart and MRI acquisition chart (p355) details the specific ventilation and 1H MRI sequences used for each patient at each visit.
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[bookmark: _Ref26888893][bookmark: _Toc27383010]Figure 2‑1: MMAVIC study flowchart including the order of assessment at each study visit



[bookmark: _Toc27382871]Ethical Considerations

[bookmark: _Toc330481746]General MRI aspects

MRI studies were coordinated by myself and performed at our facility by myself, a dedicated team of radiographers and MRI physicists for a variety of clinical and research indications. Subjects would have been excluded if there were any concerns about the possible presence of MR incompatibility. This was assessed using a locally designed safety questionnaire and in accordance with local protocol. Baseline oxygen saturations were recorded prior to and during the MRI to ensure the SpO2 returned to baseline after inhalation of hyperpolarised gases. 

[bookmark: _Toc330481747]Xenon-129 (129Xe) and helium-3 (3He) MRI

All persons handling these gases were trained for clinical lung imaging research with inhaled 129Xe and 3He and have had formal training in their use. The inhalation of 129Xe can cause minor side effects including transient euphoric symptoms, nausea and headache, which may last for a few minutes. At the doses used within MMAVIC the anticipated anaesthetic effect of xenon is estimated to be negligible, as demonstrated in both volunteers and patients including children [251, 252]. The POLARIS group holds an MHRA regulatory license for manufacture of 3He and 129Xe for in-vivo imaging.

[bookmark: _Toc330481748]Dynamic contrast enhanced (DCE) MRI

DCE MRI requires patients to undergo cannulation. The cannulation required involves a small amount of discomfort and may cause some localised bruising. 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 have resulted in shortness of breath [253]. There have been several reports of patients developing nephrogenic systemic fibrosis (NSF), after intravascular MRI contrast agents containing gadolinium [250]. 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. We therefore screened out all patients with renal dysfunction as stipulated in the exclusions criteria. Since the DCE MRI is the only invasive method within the protocol and to avoid losing patients not keen on the idea of cannulation, this test was specifically stipulated on the consent form and patients were given the option of performing the rest of the protocol without this test. 

[bookmark: _Toc330481749]Other clinical investigations

MBW was performed on a modified Innocor device. This equipment is well described in research projects [101, 104-106, 108, 109, 111-115, 117, 249, 254] and has gone through ethical approval on multiple studies and poses no risk to the researcher or participant. MBW involves breathing in a mixture of 0.2% sulfur-hexafluoride (SF6) in a balance of air. This gas mixture poses no risk to the participant and is the same gas mix as described in previous research studies. 

Spirometry and body plethysmography are performed routinely and are what can be reasonably expected from standard clinical practice. These are non-invasive and pose no tangible risk to the subjects.

[bookmark: _Ref325813895][bookmark: _Toc330481750]Cardio-Pulmonary Exercise Test (CPET)

CPET was performed according to well-defined criteria and following standard contraindication exclusion criteria as set out by ATS/ERS criteria [255]. Absolute contra-indications are listed below:
· Acute myocardial infarction (3–5 days)
· Unstable angina 
· Moderate stenotic valvular heart disease
· Uncontrolled arrhythmias causing symptoms 
· Severe untreated arterial hypertension at rest or hemodynamic compromise  
· Syncope
· Active endocarditis 
· Acute myocarditis or pericarditis 
· Symptomatic severe aortic stenosis 
· Significant pulmonary hypertension 
· Uncontrolled heart failure 
· Acute pulmonary embolus or pulmonary infarction.
·  Electrolyte abnormalities 
· Suspected dissecting aneurysm  
· Uncontrolled asthma  
· Pulmonary oedema  
· Room air desaturation at rest ⩽ 85%*  
· Respiratory failure  
· Acute non-cardiopulmonary disorder that may affect exercise performance or be aggravated by exercise (i.e. infection, renal failure, thyrotoxicosis)  
· Mental impairment leading to inability to cooperate

Relative contra-indications are listed below:
· Left main coronary stenosis or its equivalent 
· Moderate stenotic valvular heart disease 
· Severe untreated arterial hypertension at rest (> 200 mm Hg systolic, > 120 mm Hg diastolic) 
· Tachy-arrhythmias or brady-arrhythmias 
· High-degree atrio-ventricular block 
· Hypertrophic cardiomyopathy 
· Significant pulmonary hypertension 
· Advanced or complicated pregnancy
·  Orthopaedic impairment that compromises exercise performance

Subjects were screened beforehand to ensure that they did not meet any of the contraindications. As CPET involves maximal levels of exertion from the patient, a 12 lead ECG was incorporated into the assessment to ensure that the patient suffered from no-adverse cardiac problems throughout. To ensure patient safety, a qualified clinician was present at each test to assist with the ECG assessment.  
Infection control requirements for all apparatus were strictly adhered to, and no more than one CF patient was performed per day.


[bookmark: _Ref21780883][bookmark: _Toc27382872]Methodology for lung function tests

[bookmark: _Toc27382873]Spirometry

Spirometry was performed according to published international standards [45] on a ‘PFT Pro’ (Vyaire, Basingstoke, UK), see Figure 2‑1. The spirometer in question uses a heated variable pressure device to measure the pressure drop across a known resistance in order to calculate flow and derive the volume. Prior to performing spirometry, the flow-measuring device was calibrated and verified according to manufacturer’s instructions using a 3-litre syringe over a range of different flows. 

[image: ]
[bookmark: _Ref429318448][bookmark: _Toc27383011]Figure 2‑2: The POLARIS pulmonary function laboratory.
The laboratory is situated in the next room to the 1.5T MRI scanner used for all ventilation imaging All pulmonary function and exercise testing for paediatric and adult patients took place within the laboratory.

To perform the test patients were seated in an upright position with their feet flat to the ground. A flanged mouth-piece was attached to a bacterial filter which in turn was connected to the flow measuring device. The patient was instructed to insert the mouthpiece and a nose-peg was placed to ensure mouth breathing only. The patient was instructed to breathe tidally through the mouthpiece until they were ready to inhale to total lung capacity (TLC). Once the patient reached a lung volume of TLC, they were instructed to forcefully exhale through the measuring device and to maintain the effort until a lung volume of residual volume (RV) was achieved. After each effort, the technical quality of the attempt was judged by the operator and the patient given specific feedback if required to improve their technique. A minimum of three attempts was performed, with further attempts performed if required to meet the recommended criteria [45]. The test was complete once the patient had achieved technically acceptable efforts and the largest FEV1 and FVC (see below) matched the next largest by 5% or 100mls (whichever the largest value was).

Spirometry metrics

Upon successful completion, the following spirometric metrics were calculated:
1. Forced expiratory volume in one second (FEV1). FEV1 is the volume of air forcefully exhaled in one second from a position of TLC and is measured in litres. The largest FEV1 was recorded from technically correct attempts only. 
2. Forced vital capacity (FVC). FVC is the total volume of air forcefully exhaled from a lung volume of TLC through to RV and is measured in litres. The largest FVC was recorded from technically correct attempts only, irrespective of whether it was produced from the same attempt as the FEV1 [49].
3. FEV1/FVC. This is the ratio of the reported FEV1 and the reported FVC.
4. Forced expiratory flow average across 25-75% of FVC (FEF25-75). This is the average mid-expiratory flow achieved when the flow is between 25 and 75% of the measured FVC and is measured in litres per second.

The largest values for FEV1 and FVC were selected from technically acceptable attempts, irrespective of whether they were achieved within the same manoeuvre [45]. The FEV1/FVC was then calculated from these values. The FEF25-75 was calculated from the spirometry attempt with the highest sum of FEV1 + FVC (from technically acceptable attempts).

Spirometry metrics in a healthy subject significantly vary from person to person and are primarily dependent on the subject’s sex, ethnicity, age and height. As a result, spirometric metrics were compared to recommended reference data in order to calculate the result as a percentage of the predicted value for any given subject and also as a z-score [51]. The z-score determines how many standard deviations the result is from the mean value for any given subject. The z-score was the primary method for recording all spirometric metrics and a z-score of -1.64 used to define the lower limit of normality, as recommended by international guidelines [51]. 

[bookmark: _Toc27382874]Body Plethysmography

Body plethysmography was performed according to international standards [57] on a ‘PFT Pro’ and using a constant-volume, variable-pressure Jaeger body plethysmograph (Vyaire, Basingstoke, UK). With the door of the box closed, patients were instructed to sit up upright with their feet flat to the ground. Once a suitable period of box stabilisation had occurred, the patient was attached to the flow-measuring device (see spirometry) via a filter and flanged mouthpiece, with a nose-peg in place. Patients were instructed to breathe tidally for a period of approximately one minute. Once a stable lung volume of functional residual capacity (FRC) was achieved, the shutter mechanism was activated for three seconds. During these three seconds, patients were instructed to continue to gently try to breathe in and out against the occlusion. Once the occlusion was opened, patients were instructed to take a full inspiration to TLC, followed by a gentle expiration all the way to RV. After each attempt, visual checks were made to ensure that: a stable FRC had been achieved, that the panting manoeuvre was performed well without evidence of any leaks, and that the patient had achieved a plateau on the volume-time trace at TLC and RV. Feedback was given to the patient and at least three attempts were performed.

The test was complete when three technically acceptable attempts had been performed and the FRC was repeatable (within 10%). The mean FRC was then taken along with the largest vital capacity to derive TLC and RV.

From body plethysmography, the two primary metrics recorded were:

Total lung capacity (TLC)

This is the volume of gas within the lungs after a subject has inhaled to their maximum. TLC was used in two ways, firstly to provide a gold standard volume with which to benchmark against the lung volumes achieved during imaging and secondly in the calculation of the next metric, RV.

Ratio of residual volume (RV)/total lung capacity (TLC)

The RV/TLC ratio in obstructive lung disease provides an approximation of the degree of gas trapping present. In CF, TLC is usually unaffected by the disease process, but as airways obstruction progresses there is also a greater prevalence of end-expiratory airway collapse, resulting in gas trapped distally. This causes RV to increase and therefore RV/TLC also increases. 

[bookmark: _Ref21771161][bookmark: _Toc27382875]Multiple breath Washout

Multiple breath washout (MBW) was performed as originally described by Horsley et al, using a modified, open-circuit Innocor system (Innovison, ApS, Denmark) and 0.2% SF6 in air [101]. In order to perform MBW, patients were seated upright in a chair with their feet flat on the ground. The flow-measuring device used was a Hans-Rudolph differential pressure paediatric pneumotach (0-160 L/min) (Hans-Rudolph, USA). At the distal end of the pneumotach casing, a gas sample line was inserted for the measurement of ambient and exhaled SF6. At the proximal end of the pneumotach, the patient was connected to the pneumotach via a disposable (single-patient use) low dead-space, respiratory bacterial filter (GVS filter technology, Lancashire, UK), which was attached in series to a small, flanged mouthpiece. A nose-peg was placed in order to ensure mouth breathing (see, Figure 2‑2 A). 
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[bookmark: _Ref429319449][bookmark: _Toc27383012]Figure 2‑3: Innocor MBW set-up in the seated (A) and lying (B) postures. 
The Innocor device houses a photoacoustic analyser, which analyses the concentration of SF6. A gas sample line connects the analyser to a pneumotach, through which the patient breaths via a flanged mouthpiece. During the wash-in part of the test, elephant tubing (pink on the image), forms the flow-past circuit which connects the pneumotach to the gas cylinder. 

Each MBW test was performed during quiet, tidal breathing. The initial ‘wash-in’ phase of each attempt involved the patient tidally breathing through the pneumotach, with an open-circuit attached to the distal end of the pneumotach via a T-piece connector. The T-piece was connected to ‘elephant’ tubing on both ends. In one direction, the elephant tubing was connected to a 1.5 litre reservoir bag, which in turn was connected to the gas cylinder. The other end acted as the exhaust and was approximately 2 metres in length in order to minimise the re-breathing of exhaled gases. During testing, the gas cylinder was turned on to deliver between 10-15 l/min flow of gas. The initial ‘wash-in’ phase of each attempt was complete when the patient had sufficiently inhaled the gas mixture from the flow-past circuit. This was defined as when the inspiratory and expiratory SF6 concentration difference was <0.002% for at least 30 seconds. At this stage, the operator disconnected the open-circuit from the pneumotach during a quiet exhalation, marking the start of the ‘wash-out’ phase. The patient then continued to breathe tidally from the ambient room air until the exhaled concentration of SF6 was less than 1/40th of the ‘washed-in’ concentration for at least two breaths. Throughout the test the patient was encouraged to watch a video of their choice on an IPad in order to aid distraction and achieve relaxed tidal breathing. As this study includes children with small lung volumes, a fixed tidal volume of 1L has been shown to significant alter the metrics calculated in young children and is therefore not recommended [256].

Each patient performed a minimum of three attempts, with further attempts made if an obvious error occurred during a ‘wash-out’. Examples of these would be: 1) If the patient disconnected from the circuit. 2) If the patient started to cough for multiple breaths. 3) If the patient started to breathe in a pattern not deemed to be relaxed tidal breathing. 4) If the disconnect was not performed correctly by the operator. 

Prior to performing any multiple-breath washout (MBW) manoeuvres two calibration steps were performed. Firstly, the flow-measuring device was calibrated using a 3-litre syringe. The syringe was ‘inhaled’ and ‘exhaled’ five times each. Twice at very low flows, twice at medium and once at fast flows. Each recorded volume was checked to ensure that the volume was within 3% of 3L. Secondly, the flow-gas delay (FGD) was performed. To perform this, a solenoid was attached to the gas cylinder comprising SF6 in air and controlled via an electrical switch. The solenoid was inserted into the distal end of the pneumotach so that the exhaust of the solenoid was directly surrounding the needle of the gas sample line that leads to the photo-acoustic analyser within the Innocor. To calculate FGD, the electrical switch was operated for a few seconds, allowing gas to pass through the solenoid and be exposed to the gas sample line. On the Innocor display the SF6 concentration was displayed in real-time. Once the SF6 concentration was back to baseline the electrical switch was operated again, which repeated the process. This process was repeated approximately 10 times and the FGD was calculated offline using Igor Pro software (IGOR Pro, WaveMetrics, USA). The software is displayed in Figure 2‑3. For each FGD measurement, cursor A was placed on a portion of the flow trace with zero flow. Cursor B was placed on the ‘spike’ of flow evident in Figure 2‑3. The FGD was then automatically calculated by the software, a process repeated for each FGD measurement.
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[bookmark: _Ref429319676][bookmark: _Toc27383013]Figure 2‑4: Offline calculation of the Innocor flow-gas delay.
 For each exposure of SF6 onto the gas sample line cross A was placed prior to the exposure at a point of no flow. Cross B was then placed (for each exposure) on the rise in flow after the exposure had been triggered by the electrical switch. Cross E on the SF6 concentration curve is then automatically set at the point immediately prior to the rise in SF6. Cross F is placed on the plateau of SF6 after the exposure has been triggered. The resulting delay from flow hitting the pneumotach from the solenoid and the Innocor device registering the SF6 plateau is then calculated automatically and displayed within the highlighted red box. The average of the FGD was then input into the calculations for MBW analysis.

Supine MBW

Supine MBW was always performed post seated MBW on a patient examination couch. The patient was positioned completely in the supine position without any neck or head support. The manoeuvre was then performed in triplicate using an identical method to that performed when seated (see Figure 2‑2 B).


MBW metrics

Individual MBW trials each produced a separate data file, which were analysed ‘off-line’ using custom built ‘Simple-washout’ software (IGOR Pro, WaveMetrics, USA) see Figure 2‑4. Each data file was analysed in order to calculate three primary metrics: 

Lung clearance index (LCI) 

LCI is the number of ‘lung turn-overs’ required to washout SF6 from the lungs to 1/40th of the initial concentration. This was calculated as: 



Where the cumulative expired volume is the total exhaled volume of gas required to washout SF6 from the lungs to 1/40th of the initial concentration. The recorded LCI was the average of at least two technically acceptable trials [99]. LCI was mostly an automated calculation from the software, which only required that the start and end point of each wash-out had been selected correctly.
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[bookmark: _Ref422046750][bookmark: _Toc27383014]Figure 2‑5: Screen-shot of ‘Simple-washout’ software for calculating MBW metrics. 
Box A is where data is input manually, data needing to be input includes the FGD, the system dead-space and patient height. There are optional boxes to write comments, for example in this instance the posture in which the test was performed. Box B is the raw data collection including flow, exhaled CO2 and SF6. Each vertical blue segment signals expiration. The yellow segment highlights the breath currently being assessed in box C. Box C represents the expired SF6 plotted against expired volume. Phase I, II and III components of the SF6 exhaled concentration curve are labelled. The phase III slope is automatically generated from the Fowler dead-space and the end-tidal SF6 concentration and is represented by the red sloping line. This can be manually adjusted if the line does not represent the phase III compartment. Each phase III slope is plotted per breath in box D against the lung turnover. Scond can be visualised as the red-sloping line plotted between lung turnovers 1.5-6. Box E collects all of the calculated data from each individual trial, which can then be exported.


[bookmark: _Ref21855133]Phase III slope metrics - Scond and Sacin

The metrics – ‘Sacin’ (convection-diffusion dependent ventilation heterogeneity) and ‘Scond’ (convection dependent ventilation heterogeneity) were calculated from the progression of the phase III portion of the exhaled SF6 concentration curve from each breath. 

The three phases (I, II and III) of the exhaled SF6 concentration curve are labelled in Figure 2‑4, plot C. Phase I reflects gas concentrations in the dead-space of the equipment. Phase II is the transition phase equivalent to gas concentrations arising from the physiological dead-space of the mouth, trachea and the large airways. Phase III is equivalent to gas concentrations arising from the level of the acinus.  

The phase III slope was calculated for each breath of the washout (see Figure 2‑5). This process was automated by the software using the automatically calculated Fowler dead-space (FDS), from the exhaled CO2 concentrations [257] and the end-tidal SF6 concentration. This was then manually checked to ensure that the slope represented the true phase III ‘plateau’. To account for breath by breath variability, each phase III slope was multiplied by the tidal volume of the breath in question, to achieve ‘volume-normalised’ phase III slope outcomes as previously described [125]. In order to calculate Scond, the phase III slope was calculated for each breath between lung turnovers 1.5-6, with Scond being the stepwise increase in phase III per lung turnover (Figure 2‑5). Sacin was calculated as the phase III slope of the first breath of the washout minus Scond. The recorded values for Sacin and Scond were the average of at least two technically acceptable trials.
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[bookmark: _Ref429322095][bookmark: _Toc27383015]Figure 2‑6: Derivation of Scond and Sacin from the washout curve. 
The phase III component of each exhaled breath is checked for each breath to ensure it accurately represents the ‘plateau’. The Phase III slope is then plotted against lung turnover where Scond is calculated as the regression slope between lung turnovers 1.5-6. Sacin is calculated as the phase III slope of the first exhaled breath minus Scond.

[bookmark: _Toc27382876]Cystic fibrosis questionnaire

The Cystic Fibrosis Questionnaire (revised) (CFQ-R) was completed by all patients. It was always completed prior to any other testing occurring during the research visit. For young children (aged 6-11years) the appropriate CFQ-R version was completed assisted by the parent. For older children (aged 12-13years), the children completed the appropriate CFQ-R version on their own. For patients aged 14 years and above the adolescents and adults CFQ-R version was completed on their own. For all children (aged <16 years), the accompanying parent completed the parent CFQ-R version. Data was then input and analysed using excel spread-sheets downloaded from the website of the original authors at the University of Miami (This website is no longer available). Figure 2‑6 however shows an example of the spread-sheet and the resulting calculations were automatically generated. From these questionnaires, 12 domains of quality of life are calculated. For the MMAVIC study, only the respiratory domain was recorded.
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[bookmark: _Ref422047004][bookmark: _Toc27383016]Figure 2‑7: The calculation of the 12 domains of quality of life from the CFQ-R.
Screen-shot of the downloaded excel sheet to calculate the 12 domains of quality of life from the cystic fibrosis questionnaire. For each question in the CFQ-R a score is allocated and input. The scores then calculate the overall score for the individual domains, which are represented in the green box where the ‘Weight’, ‘Respiratory’ and ‘Digest’ domains are shown.



[bookmark: _Ref21858851][bookmark: _Ref21861135][bookmark: _Ref21868161][bookmark: _Ref21868529][bookmark: _Ref21869412][bookmark: _Toc27382877]Methodology for ventilation and 1H MRI

[bookmark: _Ref21775589][bookmark: _Toc27382878]Hyperpolarised 3He MRI

Image acquisition

3He ventilation MRI was performed on a 1.5T GE HDx scanner (GE, Milwaukee, USA) using hyperpolarised 3He. A transmit-receive vest coil (Clinical MR Solutions, Brookfield, USA) and a 3D ventilation imaging sequence were used as described previously [212]. 3He voxel resolution ranged from 3.3x3.3x5 – 4x4x5mm3. For 3He acquisition, the following sequence parameters were used: balanced steady state free precession (SSFP) 3D sequence, bandwidth = 167kHz, TE/TR = 0.6/1.9ms, flip angle = 10°. Figure 2‑7 shows a resulting 3He ventilation MRI. Each acquired 3He image consists of approximately 30-34 slices which covers the full lung volume, which can be reconstructed in three-dimensions (3D). 3D hyperpolarised gas imaging is utilised as opposed to 2D, due to the increases in signal to noise that can be achieved. 3D data also has greater between slice accuracy when compared to multiple 2D slices [258]. An SSFP sequence is used as it is the sequence that delivers the highest signal to noise ratio (SNR) [259].
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[bookmark: _Ref21774176][bookmark: _Toc27383017]Figure 2‑8: Hyperpolarised 3He ventilation MR images acquired from a single subject from a single acquisition.
Each image slice is shown from posterior to anterior representing the full lung coverage acquired during a single breath-hold image acquisition. These slices can then be reconstructed and visualised in 3D as depicted. The signal intensity is higher at the posterior, compared to the anterior, due to the gravitational gradient of ventilation in the supine posture.

Images were acquired at two different lung inhalation volumes during separate breath-holds. Firstly, images were acquired at a lung volume corresponding to end-inspiratory tidal volume (EIVt), by inhaling a pre-determined fixed volume of test gas from their resting FRC. This corresponds to the approximate inspired volume most typically reported in studies to date [105, 227, 231, 233-235, 237, 238, 246-248, 260]. Secondly, images were acquired at TLC by repeating the EIVt-breathing manoeuvre, immediately followed by a full inhalation of room air. The images were acquired in a 10-12 second breath-hold, during which, both the ventilation image and a 1H anatomical co-registered image was acquired [212]. The end-inspiratory tidal volume (EIVt) scans were always acquired prior to the TLC scans, with an interval of ~5 minutes between.

In many studies, a fixed volume of one litre was inhaled from FRC to acquire their ‘EIVt’ image and is often referred to in the literature as ‘FRC+1L’ [227, 231, 233-235, 237, 239]. This approach however does not account for patients with small lung volumes (children for example), where one litre above FRC may be close to (or at) TLC. Whereas in adults this volume may equate to a mid-inspiratory lung volume. Other studies have titrated the inhaled bag volume based on the subjects FVC [238]. This approach attempts to consider the range of lung sizes that occur within any given population. This approach however, requires spirometry to be performed, which may not always be available and may affect the distribution of ventilation on MRI. Additionally, patients with severe obstructed CF lung disease may have reduced FVC due to gas trapping. These patients usually have maintained TLC and therefore FVC is not representing the lung volume it is intended to. A further approach therefore has been to titrate the inhaled dose off the measured TLC [246], however again this requires a measurement of static lung volumes to have been performed.

For MMAVIC it was decided to adopt a different approach. The inhaled bag volumes used for 3He MRI were titrated based on the patient’s standing height. The calculations were based on predicted functional residual capacity (FRC) and TLC volumes in children [261]. This was in an attempt to ensure that children would not be at their TLC when inhaling the EIVt dose. For each height interval of 10cm the inhaled volume was based on the middle of each bracket (i.e. 125cm for the interval 120-130cm). For each height interval, the mean predicted FRC and TLC values were calculated. Twenty percent was then subtracted from the predicted FRC value to compensate for the effect of posture (the supine posture causes a natural reduction in FRC [262]). The inhaled bag volume was then titrated to give a total predicted EIVt volume (FRC + bag volume) of approximately 60% of TLC. For example, for the 120-130cm height interval: based on a height of 125cm the predicted TLC is ~2.5L and FRC is ~1.5L. The FRC minus 20% is ~1.2L. 1.2L + inhaled bag volume of 0.4L = 1.6L = 64% of the TLC. Further details are provided in Table 2‑1.

The inhaled bag volume consisted of a scaled dose of 3He balanced with nitrogen (N2). The total bag volume inhaled for TLC was the same as for the EIVt scan, however it contained an increased proportion of 3He. This was to provide comparable image signal-to-noise ratio to that at EIVt, due to the effect of gas concentration dilution at the higher lung volume. See Table 2‑1 for details.

[bookmark: _Ref414360343][bookmark: _Ref414360313]Table 2‑1 – Inhaled bag volumes and the 3He gas doses for each height range.
Doses are based on patient’s standing height. Different doses were used for the end-inspiratory tidal volume (EIVt) images and the total lung capacity (TLC) images.

	Patient Height
	Total Bag Volume
	Gas doses

	
	
	EIVt
	TLC

	160cm +
	1.0 L
	150 ml 3He + 850 ml N2
	200 ml 3He + 800 ml N2

	150-160cm
	800 ml
	140 ml 3He + 660 ml N2
	180 ml 3He + 620 ml N2

	140-150cm
	650 ml
	130 ml 3He + 520 ml N2
	160 ml 3He + 490 ml N2

	130-140cm
	500 ml
	120 ml 3He + 380 ml N2
	140 ml 3He + 360 ml N2

	120-130cm
	400 ml
	110 ml 3He + 290 ml N2
	120 ml 3He + 280 ml N2



[bookmark: _Ref21780786]Ventilation imaging breathing manoeuvre

In order to deliver the inhaled gas to the patient, the gas was transported in a Tedlar bag (see Figure 2‑8) (maximum volume = 1.5L), which has a locking ratchet system in place to stop ambient air mixing with the contents. The Tedlar bag had tubing to which a disposable respiratory bacterial filter was placed for the patient to breathe through when required.  Prior to performing ventilation imaging the patient was trained on the breathing manoeuvres required. The breathing instructions were given by a Respiratory Physiologist (myself), specialising in paediatrics. 

The breathing instructions were straightforward and can be seen in Figure 2‑8. The patient was first required to acknowledge that they were ready to proceed before a nose-clip was placed. The patient was then required to gently breathe in and out, at least twice, with each inspiratory and expiratory breath performed under observation at the instructor’s request. This ensured that the patient was as close to FRC as possible prior to breathing back in. The instructor assessed this by watching the patient’s chest move during respiratory manoeuvres. After the second gentle expiration to FRC, the filter was lowered into the patient’s mouth where they were instructed to inhale the full volume of the bag (as soon as the patient began to make an inspiratory effort the release mechanism on the Tedlar bag was activated to allow the inhalation of 3He and N2). For the EIVt image the patient was then instructed to hold their breath for approximately 10 seconds while the image was acquired. For the TLC image, after the full bag volume was inhaled, the filter was immediately removed from the patient’s mouth by the instructor and then immediately instructed to take a big breath in to TLC (of room air), and they then held their breath for approximately 10 seconds whilst the image was acquired.
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[bookmark: _Ref19004299][bookmark: _Toc27383018]Figure 2‑9: EIVt and TLC breathing manoeuvre. 
Schematic detailing the breathing sequence performed for both EIVt and TLC ventilation imaging, highlighting the difference in the lung volumes for the two MR image acquisitions.

[bookmark: _Ref21861160]Image Segmentation

For both the EIVt and TLC 3He and 1H images, image metrics were calculated from a semi-automated segmentation [263]. Using an in-house software platform (graphical user interface - GUI), individual images for both 3He and 1H are loaded (Figure 2‑10 and  Figure 2‑14A). The images are then assessed for the quality of alignment between the boundaries of the lung on 1H and the 3He ventilation edges. If the patient performed a good breath-hold then the alignment between 3He and 1H is good, as is demonstrated in the example shown in Figure 2‑9, Figure 2‑10 and Figure 2‑14.

[image: ]
[bookmark: _Ref414378287][bookmark: _Toc27383019]Figure 2‑10: 3He ventilation and 1H anatomical image acquired from the same breath-hold. 
The image on the right shows the ventilation image in green overlaid on the 1H image. When the breath-hold is achieved throughout the scan the resulting alignment is good as demonstrated in the overlay.

After the alignment between 3He and 1H is checked, the images are segmented using a technique called ‘fuzzy C-means clustering’ [263]. This process creates a mask for both the ventilation image and 1H image, which is then used for editing. After the initial automated segmentation, each image is checked to ensure that the segmentation mask has captured the necessary parts of the lung. This is performed in ITK-SNAP software (www.itksnap.org [264]), which is launched from the GUI and is shown in Figure 2‑11. Initially the software is used to ensure the ventilation mask is covering all of the ventilated lung and then re-opened to ensure that the thoracic cavity mask is covering all of the available lung volume.

The ventilation segmentation mask should cover the entirety of the ventilated lung, including areas of hypoventilation with very low signal. If part of the originally segmented mask is covering a non-ventilated area, it is removed from the mask using a paint tool in ITK-SNAP. Conversely, if the original segmented mask did not include areas of ventilation, then they are added using the same paint tool. This process is shown in Figure 2‑12 and Figure 2‑14B. Only areas of the lung without ventilation are not included in the segmentation mask. 
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[bookmark: _Ref19007237][bookmark: _Toc27383020]Figure 2‑11: Screen-shot of the in-house GUI software used to analyse ventilation images. 
This image shows the start of the segmentation process. The 3He (appears red) and 1H (appears green) images have been loaded in the left-hand box, where the check for alignment between the diaphragm and lung edges occurs. The right-hand box shows the initial, automated, segmentation masks from the 3He and 1H images. The yellow mask represents parts of the lung that are ventilated. The green mask shows the areas of the lung that are not ventilated. It is important to note that this is the result of the initial automated segmentation before any manual editing occurs.
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[bookmark: _Ref19018457][bookmark: _Toc27383021]Figure 2‑12: Screen-shot of the software ITK-SNAP. 
This software is opened by the GUI in order to manually adjust the segmented masks from the 3He and 1H images. The segmented mask is shown in red and is overlaid onto the acquired 3He ventilation slice. Using a paintbrush tool, mask can be either added or removed. 
[image: ]
[bookmark: _Ref19017657][bookmark: _Toc27383022]Figure 2‑13: Manual editing of the ventilation mask. 
The unedited mask is the result of the original ‘Fuzzy C-means clustering’ segmentation, but does not accurately represent the ventilation image. Using a paint tool in ITK-SNAP, mask is added and removed where necessary using a paint tool. In this case, the enlarged area highlighted shows why manual editing is required. On the enlarged un-edited mask, there is clearly ventilated signal (grey voxels) without a mask representing it. On the edited mask these areas have been manually filled in.

Once the ventilation mask has been manually checked and verified that it is accurately reflecting the ventilated areas on every image slice, the 1H segmentation mask is then reviewed. The 1H mask is checked to ensure that all areas of the thoracic cavity are included, irrespective of whether these areas have received ventilation or not, for each slice. If the original segmented mask included parts of the image outside of the thoracic cavity, they were removed using the paint tool. Conversely, if the original mask did not include parts of the lung that it should have, these areas were added in manually with the same tool. Commonly, the original segmentation was poor at including areas of the lung with significant pathology present (e.g. bronchiectasis, see Figure 2‑14C) and also was poor at identifying the lung space where small peripheral defects were present (see Figure 2‑13, Figure 2‑14C).  Finally, the major airways and major blood vessels were removed from masks. The airways were not erased entirely, instead they were painted a separate colour associated with a new ‘airways’ mask, this can be seen in yellow in Figure 2‑11, Figure 2‑12 and Figure 2‑13. 

[image: ]
[bookmark: _Ref19018846][bookmark: _Toc27383023]Figure 2‑14: Manual editing of the thoracic cavity mask from the 1H MR image. 
The unedited mask is the result of the original Fuzzy C-means clustering segmentation, but does not accurately represent the full thoracic cavity. The 1H mask is both red and pink in colour. The two different colours allow the user to know where areas of non-ventilation are located. The red parts of the mask are areas of the lung volume that also have ventilation present, whereas the pink areas of the mask are areas of the lung volume without ventilation present. Using a paint tool in ITK-SNAP, mask is added and removed where necessary. In this case, the enlarged area highlighted shows why manual editing is required. On the enlarged un-edited mask, there is clearly a portion of the thoracic cavity without a mask representing it. On the edited mask these areas have been manually filled in.
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[bookmark: _Ref414380801][bookmark: _Toc27383024]Figure 2‑15: Semi-automated image segmentation and manual editing using in-house GUI software. 
Panel A shows that the initial breath-hold check is accurate (left-hand image) and shows the initial mask segmentation in the right-hand panel. Yellow mask depicts areas of the lung with ventilation, green mask indicates the parts of the lung without ventilation (i.e. the ventilation defects). Panel B highlights the manual work required to acquire accurate ventilation masks to progress from the starting segmentation (panel i) to the manually edited segmentation (panel ii). White arrows depict areas that require manual work to ensure the mask is covering the ventilated areas. Yellow arrows depict areas where the mask needed to be removed, as there is no ventilation present. Panel C highlights the manual work required to ensure an accurate lung volume mask, panel iii is the starting segmentation and panel iv is the final manually edited mask. White arrows depict areas where the mask needed to be expanded to ensure full lung coverage. Panel D shows the overlay of the manually edited masks (right hand side) in the GUI software, which can be compared to panel A to highlight the effects of the manual segmentation.
Once both the ventilation and thoracic cavity masks had been fully manually edited and checked, they were re-loaded into the GUI. At this stage, the quantitative metrics could be calculated by the software. This manual editing process was essential to ensure that accurate metrics were calculated for each patient. As shown above in Figure 2‑12, Figure 2‑13 and Figure 2‑14, there are a variety of situations where the automated original segmentation does not represent the images. Manual editing therefore is essential to reduce variation and improve the repeatability of the metrics produced. Manual editing is particularly important for the primary metric of the MMAVIC study – ventilation defect percentage (VDP - which is described in detail in the next sub-section).  For example, the editing process shown in Figure 2‑12 and Figure 2‑13 come from the same patient with mild CF lung disease. Manual editing of these images resulted in changing the VDP from an unedited 2.5%, to an edited 4.6%. The patient shown in Figure 2‑14 also had significantly under-estimated VDP without any editing. Manual editing for this patient with much more severe lung disease, resulted in changing the VDP from 21.6% to 27.5%. 

During the study, manual editing was performed on all ventilation images by myself. Each image took approximately 1.5-2.5 hours to fully edit, with the length of time taken approximately proportional to the underlying disease severity. Every care was taken to ensure that the images were depicted by the masks as accurately as possible, however to ensure that the editing process was consistent between users, a second user manually scored 10 patients from the MMAVIC cohort. The results of the inter-observer analysis are shown in Figure 2‑15 and show good inter-observer agreement. There is a small bias towards higher VDP values scored by myself, but it is encouraging that this is not affected by disease severity.

[image: ]
[bookmark: _Ref19022462][bookmark: _Toc27383025]Figure 2‑16: Bland Altman inter-observer comparison for VDP. 
The bias is represented by the dotted line and the 95% limits of agreement by the dashed lines. Observer one shows a small bias to increased VDP values.

[bookmark: _Ref21782420]Analysing individual ventilation defects

To investigate the size and nature of the distribution of local ventilation defects, a mask of ventilation defects, corresponding to areas of the thoracic cavity volume (TCV) without ventilation was created, i.e. areas contributing to VDP. This mask was automatically generated from the in-house GUI software and is shown by the pink areas of the mask in Figure 2‑14C and the green areas of the mask in Figure 2‑14D. This mask was then loaded into the software ‘Simplewhere ScanIP’ (Synopsys, Mountain View, USA), which can be seen in the overview in Figure 2‑16.

A 3D flood fill algorithm was implemented on this mask to isolate and partition defects. To perform this task, sections of the defect mask were selected (see Figure 2‑16 A1), this gave the selected part of the mask a colour (Figure 2‑16A). Any part of the defect mask that was contiguous to the selected part, even on neighbouring slices, was then automatically highlighted the same colour. This process was then repeated on the next section of the mask that had not changed colour and repeated until all the mask had been assigned a colour. At this stage, all of the individual ventilation defects were isolated and partitioned into their own separate mask, which could be viewed in 3D (Figure 2‑16B). Each mask could then be exported to analyse the quantitative metrics associated with it.

All of the masks were exported as a spreadsheet (Figure 2‑16C). Each defect was represented as a mask which had a volume in millilitres automatically calculated.  This volume was then manually converted into two percentages. Firstly, the proportion of the thoracic cavity volume (%TCV) that the defect occupied was calculated. Secondly, the proportion of the overall VDP that the individual defect occupied was also calculated. Once calculated, the number of individual ventilation defects could then be counted. Defects that contributed to less than 1% of total VDP were not counted in order to eliminate any small masks that were likely due to segmentation errors. The number of remaining defects (Ndefects), as well as the volume of individual defects were calculated.  

Finally, once all metrics were calculated the five largest ventilation defects were identified and colour coded. Each defect in size order was then given the same colour, which is consistent throughout this thesis. In any given image, the largest ventilation defect is coloured light blue, the second largest defect is red, third largest is green, fourth largest is yellow and the fifth largest is pink.

Chapter 2: Overarching Study Methods
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[bookmark: _Ref422047811][bookmark: _Toc27383026]Figure 2‑17: ScanIP software flood-fill algorithm to calculate individual ventilation defects. 
Box A1 shows the unedited ventilation defect mask. After applying the flood-fill to the white areas of the defect mask, the defects are separated into individual 3D colour masks (A and B). Each mask is exported, from which the defect volume is shown in C. The proportion of the lung volume that the defect occupies is then calculated as is the proportion of overall VDP that the defect is occupying.


[bookmark: _Ref21775563]Hyperpolarised 3He ventilation MRI metrics

The 3He images were segmented in order to calculate the ventilated lung volume (VV) and the 1H images were used to calculate the thoracic cavity volume (TCV). From these two segmentations, the ventilation defect percentage (VDP), the ventilation heterogeneity index (VHI) and the size and number of individual contiguous ventilation defects were calculated.

Ventilated volume (VV)

The ventilated volume (VV) is a measure of the total lung volume that has achieved ventilation in the image in question (with the volume of the major airways removed) and is measured in litres. It is directly calculated from the segmentation mask of the 3He ventilation image. The volume of each voxel within the 3He image is known and therefore the VV is equal to the voxel volume multiplied by the number of voxels. Figure 2‑17 shows an example of a 3He image and the resulting ventilation mask. 
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[bookmark: _Ref19106670][bookmark: _Toc27383027]Figure 2‑18: 3He ventilation MRI and associated edited ventilation mask (green). 
The mask represents any areas of the image with ventilation. The ventilated volume is calculated from the number of voxels in the ventilation mask, multiplied by the volume of the voxel.

Thoracic cavity volume (TCV)

The thoracic cavity volume (TCV) is a measure of the total lung volume in the 1H image performed during the same breath-hold as the 3He image. It is measured in litres. It is directly calculated from the segmentation mask from the 1H anatomical image. The volume of each voxel within the 1H image is known and therefore the TCV is equal to the voxel volume multiplied by the number of voxels. Figure 2‑18 shows a 1H image and the resulting thoracic cavity mask. The TCV is calculated from the thoracic cavity mask.
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[bookmark: _Ref19106744][bookmark: _Toc27383028]Figure 2‑19: 1H MRI and associated edited thoracic cavity mask (white). 
The mask represents any areas of the image that is covered by the lungs irrespective of whether they are ventilated or not.  On the 1H image this equates to any area within the lung cavity with major airways removed. The thoracic cavity volume is calculated from the number of voxels in the thoracic cavity mask, multiplied by the volume of the voxel.

Ventilation defect percentage (VDP)

The ventilation defect percentage (VDP) is the percentage of the TCV that is not ventilated in the 3He MR images. Areas of the 3He image that contribute to VDP appear black. It is calculated as: VDP = 100-((VV/TCV)*100). Larger VDP values are associated with increased lung disease. Areas of the lung contributing to VDP are depicted in green in Figure 2‑19.
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[bookmark: _Ref19109059][bookmark: _Toc27383029]Figure 2‑20: 3He and 1H MRI and their resulting masks overlaid. 
On the left the 3He image is red and the 1H image is green. On the right are the fully edited masks. The yellow areas of the mask are areas of the throacic cavity that have ventilation in the same areas. Green areas are regions of the the thoracic cavity without any ventilation. These green areas additionally contribute to the VDP. 

Ventilation heterogeneity index (VHI)

The ventilation heterogeneity index (VHI) is a marker of the heterogeneity of the 3He signal within ventilated regions of the 3He MR images. The ventilation mask (used to calculate the TCV) was used to determine the areas of the ventilation image with which the algorithm was to be performed on. For each ventilated voxel within the whole image (on every slice), a local coefficient of variation of signal intensity in the surrounding voxels (in a 3 x 3 moving window) is computed [219]. Figure 2‑20, shows how a ventilation image is assessed by this moving 3x3 moving window to create the histogram of local ventilation heterogeneity. Each coefficient of variation value is plotted in histogram form (Figure 2‑20 and Figure 2‑23H) against the frequency of that value being achieved. VHI is the inter-quartile range of the distribution of those values. Increased VHI is associated with increased ventilation heterogeneity and therefore increased lung disease. 

The histograms displayed in Figure 2‑20, show that the resulting distribution of the local coefficient of variation in healthy lungs, is shifted to the left. With increasing disease, the peak starts to shift over to the right and the distribution becomes wider. Therefore, the inter-quartile range was reported to best represent the overall histogram due to the non-normal distribution. VHI for a hypothetical perfectly ventilated lung would be 0, with increasing values representing increased ventilation heterogeneity.
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[bookmark: _Ref19105594][bookmark: _Ref21868470][bookmark: _Toc27383030]Figure 2‑21: The calculation of the ventilation heterogeneity index (VHI). 
For each ventilation image, a window covering 3*3 voxels and centred on an individual voxel is used to calculate to the local co-efficient of variance (CV) of signal intensity for the central voxel. The more heterogeneous the signal intensity the higher the local CV. This value is then plotted into a histogram. The window is then moved and centred on every ventilated voxel within the image, with the resulting CV plotted. From the resulting histogram, the ventilation heterogeneity index is calculated as the inter-quartile range of the distribution. 

[bookmark: _Ref21781003]

[bookmark: _Ref21986497]Reversible-volume index

The reversible-volume index is quantitatively derived from both the EIVt and TLC, 3He and 1H MR images and describes the relative change in VV when compared to the increase in TCV caused by deep inhalation. It was calculated from the EIVt and TLC images by: 

Reversible-volume index = 

The reversible-volume index in a healthy subject with no ventilation defects would equal 1.0, as the increase in VV would be the same as the increase in TCV when comparing EIVt to TLC images. The reversible-volume index in a patient with non-reversible ventilation defects at TLC when compared to EIVt (resulting from complete obstruction), would also equal 1.0. The reversible-volume index in a subject with CF with significant ventilation defects at EIVt, which at least partially resolve at TLC would have a reversible-volume index >1.0. This is caused by ventilation defects at EIVt becoming ventilated at TLC and therefore the increase in VV is larger than the increase in TCV. 
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[bookmark: _Ref21781279][bookmark: _Toc27383031]Figure 2‑22: Worked reversible-volume index examples. 
Examples taken from different patients (1-3) within the study. Representative EIVt and TLC ventilation image slices (red) are overlaid onto the 1H MRI acquired during the same breath-hold (grey). The ventilated volume (VV) is calculated from the segmentation of the 3He ventilation image and the thoracic cavity volume (TCV) is calculated from the segmentation of the 1H image. Both the TCV and VV are measured in litres (L).

Size of individual ventilation defects

The individual size of a contiguous ventilation defect can be calculated and expressed as a volume measured in litres or as a percentage of the TCV. When expressed as a percentage of the TCV, the resulting value is equivalent to the defect’s own individual VDP (See Figure 2‑16 and Figure 2‑22).
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[bookmark: _Ref19110167][bookmark: _Toc27383032]Figure 2‑23: 3He MRI, the un-edited defect mask and the edited defect maks overlaid onto the 3He image. 
The undeited defect mask starts off white in all areas. Using the ScanIP flood fill algorithm, areas of the defect mask are selected. Once selected all contiguous regions become the same colour. This process is then repeated on all remaining un-edited regions of the defect mask. 

Number of ventilation defects

The number of contiguous ventilation defects present within the ventilation images was calculated in 3D. Any individual contiguous ventilation defects that contributed to >1% of the total VDP was counted (See Figure 2‑16). 

An overall summary of one single EIVt image sequence and the masks generated from this (and from one single patient) can be seen in Figure 2‑23.
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[bookmark: _Ref19104750][bookmark: _Toc27383033]Figure 2‑24: Workflow of ventilation image analysis from one patient. 
The 1H anatomical image (image A) and the 3He ventilation image (E) are segmented to create a thoracic cavity mask (B) and a ventilation mask (F). Ventilation defect percentage is calculated from the resulting mask volumes. The ventilation defect mask (C) is created as the inverse of the ventilation mask within the thoracic cavity mask (B) and is used to assess the number and volume of contiguous ventilation defects (D).  Individual contiguous ventilation defects are shown in different colours in D. The ventilation mask (F) is used to define the area over which the local coefficient of variation is calculated from a 3*3 moving window centred on each voxel, before being displayed in a heat map (G) and in histogram form (H). The ventilation heterogeneity index (VHI) is the inter-quartile range of the local coefficient of variation histogram for the whole lung. Each image or plot (A-H) represents the same coronal central lung slice.

[bookmark: _Toc27382879]Hyperpolarised 129Xe MRI

Hyperpolarised 129Xe MRI methodology has many parallels to that of 3He MRI. 129Xe MRI was acquired at both EIVt and TLC and was segmented using the same methods as 3He. The metrics described previously are also applicable to 129Xe and calculated using the same methods. The two major differences are in image acquisition and the amount of gas needed within each inhaled dose.  For 129Xe imaging a different coil was required to that of 3He. 129Xe has a lower gyromagnetic ratio than 3He, and therefore the SNR is usually lower. As a result, the voxel size for 129Xe is larger than 3He. 129Xe voxel resolution ranged from 3.3x3.3x10 – 4x4x10mm3, therefore the in-plane resolution was equivalent to 3He but each image slice is double the thickness of 3He (10mm for 129Xe versus 5mm for 3He). For 129Xe acquisition: a balanced steady state free precession 3D sequence was used, the bandwidth = 16kHz, TE/TR = 2.2/6.7ms, flip angle = 10°.

129Xe images were acquired at EIVt and TLC using the same height calculations as 3He for determining the inhaled gas volume. The volume of 129Xe within each bag was greater than that of 3He and can be seen in Table 2‑2. At the time the study was started it was challenging to acquire a 129Xe and 1H image within the same breath-hold as is done for 3He, as the breath-hold time would be too great. Therefore, the images were acquired during separate breath-holds, one immediately following the other. This then required an additional automated in-house registration step to get accurate alignment between 129Xe and 1H for image segmentation. 

[bookmark: _Ref19110897][bookmark: _Toc27382977]Table 2‑2: Hyperpolarised 129Xe gas doses. 
Doses are based on patient’s standing height. Different doses were used for the end-inspiratory tidal volume (EIVt) images and the total lung capacity (TLC) images.

	Patient Height
	Total Bag Volume
	Gas doses

	
	
	EIVt
	TLC

	160cm +
	1.0 L
	500 ml 129Xe + 500 ml N2
	670 ml 129Xe + 330 ml N2

	150-160cm
	800 ml
	450 ml 129Xe + 350 ml N2
	600 ml 129Xe + 200 ml N2

	140-150cm
	650 ml
	400 ml 129Xe + 250 ml N2
	530 ml 129Xe + 120 ml N2

	130-140cm
	500 ml
	350 ml 129Xe + 150 ml N2
	470 ml 129Xe + 30 ml N2

	120-130cm
	400 ml
	300 ml 129Xe + 100 ml N2
	400 ml 129Xe



[bookmark: _Ref26889244][bookmark: _Ref26889282][bookmark: _Ref26889288][bookmark: _Toc27382880]Anatomical 1H MRI

1H MRI were acquired for all patients within the study and served two purposes. Firstly, during the acquisition of 3He and 129Xe ventilation imaging, 1H sequences were employed in order to calculate the TCV which is a surrogate for the lung volume at which the images were acquired. Secondly, ‘diagnostic’ 1H MRI sequences were acquired using an 8-channel array body coil, in order to create high resolution images depicting the anatomical pathology that is often present in CF. These images were for the identification of common CF imaging findings, such as bronchiectasis, mucus plugging and gas trapping. The following diagnostic 1H sequences were employed in either all or some of the MMAVIC patient population (see Figure 2‑24 for example 1H images acquired from different sequences). These sequences are documented for completion due to being part of the protocol, however a detailed description of 1H lung MRI is beyond the application of this thesis. For a detailed review on 1H lung MRI sequences the reader is referred to the literature [152, 176-178, 187, 194, 195, 207, 265-267].



1H MRI sequences:
Steady State Free Precession (SSFP)

Steady State Free Precession (SSFP) images provide hyper intense signal from long T2 components, e.g. blood and mucus. SSFP images were acquired in the coronal-plane during inspiration and also in the axial-plane during expiration (to approximately FRC), during an approximately 13 second breath-hold. Sequence parameters: Coronal 2D, TE = min (0.9ms), TR = 2.9ms, FA = 50⁰, BW = +125kHz, FOV = 35cm, phase FOV = 0.8, Nx = 256, Ny = 256, ∆z = 10mm, slices = 20

Half-Fourier-Acquired Single-shot Turbo Spin Echo (HASTE)

Half-Fourier-Acquired Single-shot Turbo Spin Echo (HASTE) is a T2 weighted sequence. Acquired in the coronal-plane on inspiration during an approximately 11 second breath-hold. Sequence parameters: ASSET R=2, TE = 43ms, TR = 523.8ms, BW = +41.67kHz, FOV = 35cm, phase FOV = 1, Nx = 256, Ny = 192, ∆z = 10mm, slices = 20.

3D Spoiled Gradient Echo (SPGR)

Spoiled gradient (SPGR) 1H images are isotropic images acquired in the coronal-plane at both TLC and approximately RV, which patients were coached to achieve. Breath-hold time was approximately 9 seconds. Sequence parameters: TE = 0.7ms, TR = 1.8ms, FA = 3⁰, BW = +83.33kHz, FOV = 35.4cm, phase FOV = 1, Nx = 118, Ny = 118, ∆z = 3mm, slices = 68

Ultra-Short Echo (UTE)

Ultra-short echo (UTE) 1H sequences are proton density weighted sequences and provide high-resolution isotropic 3D images. UTE images are acquired in the axial-plane during free-breathing. Each image was acquired over an 8-minute duration or by the time 60,000 projections were acquired. Projections were acquired each breath during expiration at a lung volume nearing FRC. To achieve this, respiratory bellows were placed around the diaphragm area of the patient’s chest. The signal from the displacement of the respiratory bellows was used to trigger the scanner to acquire projections. As a result, patients were encouraged to breathe in a normal relaxed manner. Images were reconstructed off-line and the workflow and sequence parameters used were the same as described by Johnson et al [194]. Sequence parameters: TE = 0.1ms, TR = 2.9ms, FA = 4⁰, BW = + 125kHz, FOV = 35cm, Nx = 256, ∆z = 10mm, slices = 32. 

Phase Resolved Functional Lung (PREFUL)

PREFUL images were acquired using the methods described by Voskrebenzev et al [266]. 2D SPGR images were acquired in the coronal-plane during free-breathing. In total seven images were acquired spaced evenly throughout the lung (each image was 15mm in slice thickness with a 5mm gap before the next image, with the central image slice aligned with the trachea on the slice above the bifurcation of the trachea)

Although all of these 1H MR images were acquired in a large number of the study cohort, a full detailed analysis was beyond the scope of this work, but examples of their application are described in the future work section of Chapter 7.3 (Future Work, p304).
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[bookmark: _Ref422059783][bookmark: _Toc27383034]Figure 2‑25: Example images from different 1H MRI sequences. 
Acquired images are from different sequences in patients with CF (A-C come from the same patient and D-F come from a different patient). Sequence A and C = SSFP. B = HASTE. D = UTE. E and F = SPGR at TLC (E) and RV (F).



[bookmark: _Toc27382881]Responsibilities

The HEE/NIHR doctoral fellowship and the REC/HRA forms were completed by myself, with the help of my supervisors Jim Wild and Alex Horsley. All patients were recruited and coordinated by myself from their clinic visits to the different hospitals. It was my role during each patient study visit to perform all of the lung function and exercise testing. As a qualified Respiratory Physiologist, this was a normal part of my role. During each MRI session, my role was to teach and coach the patients to perform the variety of different breathing manoeuvres required to achieve each specific image and work with the patient during the whole scanning session. After each patient visit, it was my role to collate all the data. This included the manual calculation of the MBW metrics and all the ventilation image analysis required for the calculation of the metrics described earlier in this chapter.

After visit one, study visits were also coordinated with the help of Leanne Armstrong and Jenny Rodgers. Jody Bray and David Capener were the radiographers operating the 1.5T MRI scanner during study visits. Oliver Rodgers, Graham Norquay, Guilhem Collier, Madhewsha Rao and Paul Hughes were responsible for polarising the 3He and 129Xe gas for study visits.
Chapter 2: Overarching Study Methods
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[bookmark: _Ref21782714][bookmark: _Toc27382882]Cross-sectional comparisons of MRI and lung function from the MMAVIC cohort

Cross-sectional comparisons are important to understand how one outcome measure relates to another. In the case of lung function in CF, spirometry and multiple-breath washout (MBW) have been utilised for many years. In the case of spirometry its clinical utility is well understood and is still recognised as the gold standard for measuring lung function in people with CF [146]. Studies utilising 1H MRI and ventilation MRI in CF are fewer in number and have largely been limited to small cohorts. This makes cross-sectional comparisons with lung function more limited. In this chapter, cross-sectional comparisons of the MMAVIC cohort are described, with the focus on comparing quantitative ventilation MRI with MBW and spirometry. 


Some of the results in this section have been published [268]: 

Smith LJ, Collier GJ, Marshall H, Hughes PJC, Biancardi AM, Wildman M, et al. Patterns of regional lung physiology in cystic fibrosis using ventilation magnetic resonance imaging and multiple-breath washout. European Respiratory Journal. 2018;52(5)


[bookmark: _Toc27382883]Introduction

[bookmark: _Toc27382884]Pulmonary Function testing

Pulmonary function tests (PFTs) are used to assess CF lung disease severity and to assess the efficacy of therapies. They are also widely used as endpoints in clinical trials of CF-related therapies. Spirometry in particular is well standardised, it has good repeatability and can be performed by the majority of adults and school-aged children with CF [45, 51, 99]. The primary metrics employed in CF clinical and trial management are the forced expiratory volume in 1 second (FEV1), which is calculated from spirometry and the lung clearance index (LCI), which is calculated from multiple breath washout (MBW). FEV1 is the mostly widely used metric in CF and represents the degree of overall airflow obstruction within the lungs. Historically FEV1 was used as a marker of lung disease severity and predicted mortality and morbidity [269]. FEV1 in the current era however, often does not reflect the underlying lung disease accurately, particularly in those with mild lung disease [52]. LCI is discussed in detail in Chapter 1.4 (Lung Clearance Index in CF, p36) and has distinct advantages when assessing early lung disease, but limitations remain.

Whilst FEV1 and LCI are the most commonly employed metrics of pulmonary function in CF, there are other routine measures that detail aspects of CF lung pathophysiology that are less commonly employed. As well as calculating FEV1, spirometry also calculates the forced vital capacity (FVC). FVC is a vital metric for determining whether airflow obstruction exists, as the ratio of FEV1/FVC is the first step in determining the presence or absence of airflow obstruction [49]. An FEV1/FVC below the lower limit of normal is the definition of clinical airflow obstruction [47, 49]. In CF, the FVC is often maintained until lung disease is advanced and a reduced FVC is likely due to significant gas trapping caused by end-expiratory airflow obstruction [49]. Changes in FVC in CF are therefore significant and relate to the functional status of gas trapping/hyperinflation.

Body plethysmography is a methodology for calculating static lung volumes [57]. It can be employed to accurately determine and quantify gas trapping/hyperinflation in CF by calculating the lung volumes of TLC, functional residual capacity (FRC) and residual volume (RV), amongst others [57]. The impact of gas trapping can be assessed by the RV, which becomes increasingly raised as gas trapping increases, whilst hyperinflation will cause an increasingly raised FRC. Unlike in patients with emphysema, patients with CF do not usually have an abnormal TLC value and therefore the ratios of RV/TLC and FRC/TLC are used to express the degree of overall gas trapping and hyperinflation respectively within the lung [61]. 

As these metrics from spirometry, body plethysmography and MBW are well established and highly standardised it is important to benchmark the quantitative metrics obtained from ventilation MRI and 1H MRI against these.

[bookmark: _Toc27382885]Hyperpolarised gas ventilation MRI

A detailed description of the quantitative metrics calculated from ventilation MRI is detailed in Chapter 2.3.1 (Hyperpolarised 3He ventilation MRI metrics, p94). 

Ventilation MRI using inhaled hyperpolarised gases produced provide detailed visual information in 3D as to the nature, magnitude and location of ventilation abnormalities [268]. The most widely used metric reported from ventilation MRI is the ventilation defect percentage (VDP), which quantifies the proportion of the lung volume without any ventilation and therefore provides a global summary measure of lung disease severity. VDP has been shown to be sensitive to early lung disease [105] and to correlate with FEV1 and LCI [248, 268]. VDP however only reflects the global value of unventilated lung regions and does not provide any information about the ventilated lung regions. The ventilation heterogeneity index (VHI) however, is defined as the inter-quartile range of the distribution of individual voxel signal heterogeneity and is a marker of ventilation heterogeneity within the ventilated regions of the MR image.  

Ventilation MRI using either 129Xe or 3He have inherently different physical and imaging properties. 129Xe is a heavier and less-diffusive gas than 3He, meaning that it may be less effective in ventilating partially obstructed airways, or in detecting co-lateral ventilation where diffusion plays a role [270]. Image acquisition parameters can also differ, the slice thickness of 129Xe typically achieved is double that of 3He (5mm slice thickness for 3He and 10mm for 129Xe in our centre). The different gases therefore will not necessarily provide exactly the same ventilation imaging results when inhaled, as has been previously demonstrated in healthy volunteers [243] patients with COPD [243, 244, 271], lung cancer [243] and asthma [245].  

 There has been a recent move in the lung MR ventilation imaging community from 3He towards 129Xe as a more clinically-viable ventilation-imaging agent, since availability of 3He is limited [272] and is therefore less scalable. In order to provide a definitive assessment of suitability of 129Xe for monitoring disease progression in CF, a same day comparison of image quality and quantitative imaging metrics for both hyperpolarised 3He and 129Xe-MRI in a cohort of children and adults with a range of CF lung disease is needed. 

There is limited evidence in the literature on cross-sectional comparisons of ventilation MRI and pulmonary function tests across the range of ages and lung disease seen across paediatric and adult services. These assessments have been reported when examining MBW against spirometry [117], however most studies of MBW in CF have focused on either paediatric [52] or adult populations [273], rarely are the two populations combined. This limitation also occurs in studies in CF using hyperpolarised gas MRI. Most studies are small in number and focus on narrow populations, describing children with predominantly mild lung disease [105, 228, 229, 233, 239, 246-248, 274], or adults with a broader range of lung disease [227, 231, 234, 235, 237, 260]. All of these studies are also of relatively small cohorts, with the median (range) cohort size for all of these studies being 10 (3, 19) patients. The only two studies to examine a mixture of children and adults were by Altes et al and Zha et al [238, 275]. Altes et al report a cohort of 9 children and adults >12 years, where the effects of the CFTR modulator - Ivacaftor was assessed with 3He MRI and compared to FEV1 and CFQ-R. The study by Zha et al assessed a larger population of 25 children (>10 years) and adults and compared 3He MRI to oxygen enhanced ventilation MRI and spirometry. This study demonstrated good correlations with VDP from both MRI techniques and spirometry metrics.

There is therefore limited cross-sectional evidence comparing MBW and ventilation MRI across a broad range of CF lung disease and patient ages. These comparisons are of interest to evaluate the utility of ventilation MRI in comparison to established sensitive metrics of lung disease, but also to better understand the MBW signals arising from different severities of lung disease.



[bookmark: _Toc27382886]Quality of life scores

Patient reported outcomes, such as those that are calculated from health-related quality of life (HRQOL) questionnaires, have gained considerable utility as endpoints in CF clinical management and clinical trials. These metrics are patient reported and therefore provide understanding that cannot be measured by clinical tests such as spirometry or CT imaging. The most widely used is the cystic fibrosis questionnaire (CFQ-R), specifically validated for children, parents and adults with CF [276, 277]. Comprising of 12 ‘domains’ of quality of life, the ‘Respiratory’ domain describing chest symptoms is the most widely used and the minimal clinically important difference has been defined [278]. The Respiratory domain has therefore been commonly employed as an outcome measure in clinical trials, including the recent trials of CFTR modulators where large positive changes in the respiratory score were reported after administration of the therapy [40]. 

These quality of life domains have only moderate correlations to pulmonary function and imaging methods, which highlights that the domains measure a component of disease that these tests do not reflect. Previous studies have highlighted the relationship with FEV1 [279], the longitudinal change in FEV1 [280] and with lung disease scores calculated from CT and 1H MRI [172, 281].

The CFQ-R Respiratory domain has been compared to LCI in a study of 110 children and adults with CF, where no significant correlation was reported [106]. Another study reported that LCI was not correlated with quality of life scores originating from the SF-36 questionnaire [282], however LCI was moderately related to the symptom score from the St Georges Respiratory Questionnaire in patients with non-CF bronchiectasis [283]. Only the Ivacaftor study from Altes et al [238] has indirectly compared ventilation MRI to the CFQ-R. Cross – sectional correlations were not performed, but the study reported that the change in ventilation and FEV1 seen after the administration/removal of Ivacaftor did not relate to the change in CFQ-R scores. Therefore, cross-sectional analysis of quality of life, ventilation MRI and MBW metrics is needed to better understand how patient reported outcomes relate to these sensitive methods for detecting lung disease.

[bookmark: _Toc27382887]Aims

1. To compare ventilation MRI and MBW, including LCI and the phase III slope outcomes Scond (convection dependent ventilation heterogeneity) and Sacin (convection-diffusion dependent ventilation heterogeneity), in children and adults with CF with a broad range of lung disease severity. 

2. To assess the relationship between the size and number of individual discrete ventilation defects from ventilation MRI in CF patients, across a broad range of lung disease, in order to better understand regional imaging data in CF.

3. To compare the quantitative and qualitative differences in ventilation MRI when using both 3He and 129Xe as the inhaled gas, in order to assess whether the two gases measure the same underlying lung pathophysiology.

4. To evaluate the relative sensitivity of state of the art 1H MRI techniques in a sub-group of patients with normal spirometry to detect CF related lung pathophysiology.

5. To compare quantitative MRI and lung function (spirometry, MBW and body plethysmography) with quality of life as measured by the respiratory domain of the CFQ-R.

[bookmark: _Ref21869912][bookmark: _Ref21869919][bookmark: _Ref21869922][bookmark: _Toc27382888]Methods

For a detailed description of individual testing methodologies please see Chapter 2. Within this current chapter, the cross-sectional data assessed is taken from the patient’s first visit to the MMAVIC study. At each study visit patients performed the following tests: MBW (performed both seated and supine), body plethysmography, spirometry and MRI. 

During the MRI session, ventilation MRI was usually performed first, using both 3He and 129Xe sequentially. Ventilation imaging was performed at end-inspiratory tidal volume (EIVt) for both gases and also at TLC for 3He. Following the ventilation imaging, 1H MRI sequences were performed. Either MBW or the MRI sessions were always performed first. Spirometry was always performed at the end of the research visit due to the forced nature of the manoeuvre. This ensured that any changes in ventilation caused by the forced manoeuvre would not affect MBW or MRI. The CFQ-R was always completed prior to any other measurements as recommended [277].

The ventilation images were analysed to calculate the ventilation defect percentage (VDP), the ventilation heterogeneity index (VHI), the number and size of individual contiguous ventilation defects as well as the amount of abnormally low ventilation present. MBW was analysed to calculate the lung clearance index (LCI) and the phase III slope metrics, Scond and Sacin.

An additional, novel method to quantitatively assess the distribution of ventilation within the 3He images was also assessed within this chapter. This method involves categorising the acquired 3He ventilation signal, from low to high signal, into a linear distribution. This distribution was then divided using a ‘binning’ approach into a ‘normal’ ventilation bin, an ‘abnormally low’ ventilation bin and a bin that represented VDP, which had no signal within it.  This approach to quantifying the ventilation distribution has been recently described [284] and further utilised in the recent study by Rayment et al, where an assessment of ventilation MRI was performed pre and post antibiotics in acutely unwell children with CF [239]. The addition of this analysis was to assess whether the ‘abnormally low’ ventilation bin provided additional value to VDP in assessing CF lung disease. Abnormally low ventilation refers to areas of the ventilation image that are ventilated, but have lower ventilation signal than that acquired from healthy control data. The amount of the lung with ‘abnormally low’ ventilation was reported as a percentage of the thoracic cavity volume (%TCV). For the purpose of this analysis, ‘normal’ ventilation was classified as all ventilation signal greater than the ‘abnormally low’ ventilation signal. The amount of ‘abnormally low’ ventilation, when combined with VDP, gave the ‘total abnormally ventilated’ lung, which is also expressed as %TCV.

Most of the analysis within this chapter originates from the first patient visit only, with one exception. For the sub-section where cross-sectional analysis of 129Xe MRI and 1H MRI in patients with normal spirometry was performed, data came from the first of the three visits where the 3D SPGR and UTE sequences were performed. This was due to the sequences not being available for implementation at the study initiation and therefore their implementation occurred at various stages of the study for different patients. The study visit at which the data is recorded from is listed in Table 3‑5. 

[bookmark: _Toc27382889]Statistical analysis

Metrics were assessed for normality using the Shapiro-Wilks test and expressed as either the mean (SD) or the median (range) depending on the resulting distribution. Patients were grouped into three groups: group 1 consisted of patients with normal FEV1 (>-1.64 z-score [51]) and normal LCI (<7.4 [101]), group 2 had normal FEV1 but abnormal LCI (>7.4), and group 3 had both abnormal FEV1 (z-score <-1.64) and abnormal LCI (>7.4). Group comparisons were assessed using the Kruskal-Wallis test with Dunn’s multiple comparisons test. As a result of this analysis, two refined groups are referred to throughout the results: those with normal FEV1 (z-score >-1.64) and those with abnormal FEV1 (z-score <-1.64). Spearman’s correlation analysis was performed to assess the relationship between metrics. In total, 13 metrics were considered, therefore after Bonferroni adjustment [285], a p-value <0.004 was considered significant for correlation analysis. The Wilcoxon-signed rank test as well as Bland-Altman analysis was used to assess the difference in MRI metrics when calculated from 3He and 129Xe. All analyses were performed in GraphPad Prism (V7.0, San Diego, US). The sub section detailing the findings from the 1H imaging in patients with normal FEV1, were assessed by an experienced paediatric chest radiologist for the presence or absence of common CF-related pathology.


[bookmark: _Ref21778467][bookmark: _Toc27382890]Results

[bookmark: _Toc27382891]Comparison of 3He ventilation MRI and pulmonary function

35 patients with CF were recruited and assessed (19 (54%) were female). Patient demographics, lung function and MRI metrics are presented in Table 3‑1. Of the 35 patients studied, all but one child (in group 1) had visible ventilation abnormalities on 3He ventilation MRI at EIVt. Figure 3‑1, Figure 3‑2 and Figure 3‑3 show representative 3He images for all patients. 
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[bookmark: _Ref421881405]Table 3‑1: Patient demographics, lung function and 3He ventilation MRI metrics at end-inspiratory tidal volume. 
Results are displayed for the whole population and for the three groups of patients. Group 1 = patients with both normal spirometry and LCI. Group 2 = patients with normal spirometry but abnormal LCI and group 3 = abnormal spirometry and LCI. Metrics are presented as mean ± standard deviation (SD), or median (range) depending on the distribution of individual metrics. FEV1 = forced expiratory volume in one second. RV/TLC = residual volume/total lung capacity. LCI = lung clearance index. Scond = convection dependent ventilation heterogeneity. Sacin = convection-diffusion dependent ventilation heterogeneity. VDP = ventilation defect percentage. VHI = ventilation heterogeneity index. TCV = thoracic cavity volume. Ndefects = number of defects. * denotes p<0.05 versus Group 1. ^ denotes p<0.05 versus Group 2.

	
	Mean ± SD or Median (Range)

	
	All patients
	Group 1
	Group 2
	Group 3

	N.
	35
	6
	13
	16

	Age (years)
	16.7 (6.4, 47.5)
	10.1 (6.4, 16.5)
	13.7 (8.3, 32.0)
	29.9 (14.9, 47.5)*^

	Height (cm)
	156.8 ± 11.1
	137.0 ± 16.1
	154.4 ± 15.7
	166.2 ± 11.6*

	Weight (kg)
	51.0 ± 18.2
	32.8 ± 12.5
	47.4 ± 16.7
	60.8 ± 15.3*

	FEV1 (z-score)
	-2.0 ± 2.1
	0.5 ± 1.2
	-0.7 ± 0.6
	-4.0 ± 0.9*^

	FEV1/FVC (z-score)
	-2.0 ± 1.7
	-0.1 ± 1.2
	-1.0 ± 0.8
	-3.5 ± 0.8*^

	FVC (z-score)
	-0.7  ± 1.4
	0.6 ± 1.1
	0.0 ± 0.8
	-1.7 ± 1.1*^

	FEF 25-75 (z-score)
	-2.5 ± 2.0
	-0.2 ± 1.1
	-1.2 ± 0.8
	-4.4 ± 0.8*^

	RV/TLC (%)
	34.7 (17.8, 57.6)
	23.5 (19.9, 26.5)
	25.0 (17.8, 35.3)
	48.0 (31.6, 57.6)*^

	LCI
	10.5 (6.0, 22.2)
	6.7 (6.0, 7.0)
	7.9 (7.4, 10.3)
	13.5 (8.3, 22.2)*^

	Scond
	0.07 ± 0.03
	0.04 ± 0.02
	0.08 ± 0.02*
	0.08 ± 0.03*

	Sacin
	0.14 (0.04, 0.89)
	0.08 (0.04, 0.10)
	0.10 (0.05, 0.19)
	0.31 (0.14, 0.89)*^

	LCIsupine
	10.9 (6.2, 20.2)
	6.9 (6.2, 8.3)
	8.9 (7.0, 10.6)
	14.2 (7.7, 20.2)*^

	VDP (%)
	15.7 (0.2, 45.0)
	2.7 (0.2, 3.3)
	4.0 (1.5, 9.2)
	33.0 (9.5, 45.0)*^

	VHI (%)
	14.8 (6.7, 22.2)
	8.9 (6.7, 11.3)
	11.4 (8.2, 17.8)
	20.1 (14.9, 22.2)*^

	Largest defect (%TCV)
	3.1 (0.03, 26.8)
	0.7 (0.03, 1.3)
	0.9 (0.1, 3.5)
	16.2 (3.8, 26.8)*^

	Ndefects
	9.1 (2, 24)
	16 (9, 18)
	13 (4, 24)
	3 (2, 7)*^
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[bookmark: _Ref416324447][bookmark: _Toc27383035]Figure 3‑1: Representative 3He ventilation MRI images from group 1.
 3He ventilation MRI images from the six patients that had both normal FEV1 and LCI (group 1). Ventilation abnormalities can be seen for all patients, except for the patient in the bottom left corner. The pattern of ventilation abnormalities are different for each pattern, but mostly appear small in size.
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[bookmark: _Ref416324450][bookmark: _Toc27383036]Figure 3‑2: Representative 3He ventilation MRI images from group 2. 
3He ventilation MRI images from the 13 patients that had a normal FEV1, but an abnormal LCI (group 2). All patients have ventilation abnormalities evident. Compared to Group 1, ventilation abnormalities on average appear to be more numerous and potentially larger in size.
[image: ]
[bookmark: _Ref416324452][bookmark: _Toc27383037]Figure 3‑3: Representative 3He ventilation MRI images from group 3.
3He ventilation MRI from the 16 patients that had both abnormal FEV1 and LCI (group 3). All patients have ventilation abnormalities present. When compared to Groups 1 and 2, ventilation abnormalities are evidently larger in size and affect a greater proportion of the lung.

32 patients (91%) had a VDP >2% at EIVt, which is the upper value from 3He MRI in healthy children previously reported [105]. In comparison, 29 patients (83%) had raised LCI and 16 patients (46%) had abnormal FEV1. This resulted in six patients with normal FEV1 and LCI (Group 1, Figure 3‑1), 13 patients with normal FEV1 but abnormal LCI (Group 2, Figure 3‑2) and 16 patients with abnormal FEV1 and LCI (Group 3, Figure 3‑3). Of the 19 patients with an FEV1 within the normal range, two of these had clinical airflow obstruction as defined by an FEV1/FVC <-1.64 z-scores. These two patients were both within group 2 and therefore had an abnormal LCI. At EIVt, group 3 had significantly higher VDP, VHI, largest individual ventilation defect and a significantly lower total number of individual defects (p<0.001), than groups 1 and 2.  There was however no significant difference between groups 1 and 2 for these metrics, though a trend towards higher VHI was seen in group 2 (Figure 3‑4). The only metric to significantly distinguish between groups 1 and 2 was Scond (p=0.03).

[image: ]
[bookmark: _Ref417040277][bookmark: _Toc27383038]Figure 3‑4: Kruskal-Wallis group comparison for VDP, VHI, number of defects and largest individual defect.
Data are calculated from 3He MRI at EIVt. Group 1 have both normal FEV1 and LCI. Group 2 have normal FEV1 but abnormal LCI. Group 3 have abnormal FEV1 and LCI. In all graphs, group 3 is significantly different when compared to groups 1 and 2 (p<0.001), but there was no statistically significant difference between groups 1 and 2.

[image: ]
[bookmark: _Toc27383039]Figure 3‑5: Kuskal-Wallis group comparison for LCI, Scond, Sacin and RV/TLC. 
For LCI, Sacin and RV/TLC, group 3 is significantly larger than groups 1 and 2. Scond is the only metric where group 2 is significantly larger than group 1, whilst there was no difference between groups 2 and 3.

Figure 3‑6 demonstrates 3D ventilation MRI images at EIVt with discrete contiguous ventilation defects highlighted: examples shown are for a patient from group 2 and a patient from group 3. 

[image: Figure_2.png]
[bookmark: _Ref417040300][bookmark: _Toc27383040]Figure 3‑6: 3D reconstruction of 3He MRI in two patients with CF, viewed from multiple anatomical angles. 
For both patients the ventilation image is viewed as it was acquired (top row for both patients) and with the individual contiguous ventilation defects added (bottom row). The patient in the top half of the figure is from group B and has numerous small volume ventilation defects. The patient in the bottom half of the figure is from group 3 and has much fewer but larger ventilation defects.

[bookmark: _Ref21869326][bookmark: _Ref21869331][bookmark: _Ref21869334]

[bookmark: _Ref21987275][bookmark: _Toc27382892]Correlations between lung function and 3He MRI at EIVt

VDP demonstrated a significant correlation (p<0.001, Figure 3‑7) with: LCI (r=0.89) and Sacin (r=0.84), but not Scond (r=0.32, Figure 3‑8). VDP also correlated with RV/TLC (r=0.80) and FEV1 (r=-0.79). VHI demonstrated significant correlations with LCI (r=0.88) and Sacin (r=0.82), but not Scond (r=0.46, Figure 3‑8) and with RV/TLC (r=0.78) and FEV1 (r=-0.78). Supine MBW results also demonstrated significant equivalent correlations and are documented in Table 3‑2.
[bookmark: _Ref417040083]
[bookmark: _Ref21986106][bookmark: _Toc27382978]Table 3‑2: Spearman correlations of supine MBW values against ventilation MRI metrics at EIVt. 
All significant correlations (p<0.001) are highlighted by *.

	
	LCIsupine
	Scond
	Sacin

	VDP (%)
	0.83*
	-0.003
	0.8*

	VHI (%)
	0.80*
	0.17
	0.75*

	Largest defect (%TCV)
	0.80*
	-0.02
	0.75*

	Ndefects
	-0.66*
	0.14
	-0.65*

	Low ventilation (%TCV)
	0.18
	0.22
	0.17

	Total Abnormal ventilation (%TCV)
	0.86*
	0.005
	0.81*
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[bookmark: _Ref417033178][bookmark: _Toc27383041]Figure 3‑7: 3He MRI scatter-plots for VDP (top row) and VHI (bottom row) against LCI, Sacin and FEV1. 
All Spearman correlations are highly significant and have a p value <0.001. Dotted lines represent the upper limit of normal for LCI and the lower limit of normal for FEV1.



[image: ]
[bookmark: _Ref417034359][bookmark: _Toc27383042]Figure 3‑8: Scatterplots of Sacin and Scond with: LCI, VDP and VHI.
 Sacin (open circles, right Y axis) demonstrates significant correlations with LCI (r=0.86), VDP (r=0.84) and VHI (r=0.82). Scond (closed circles, left Y axis) however consistently demonstrates a plateau effect with increased levels of disease severity, without evidence of statistical correlation. For LCI, the dashed line indicates the upper limit of normal.
When assessing only the amount of abnormally low ventilation present in the 3He Images, there was no correlation against any lung function metrics. However, when combining the amount of low ventilation with VDP to quantify the total abnormal ventilation, the correlations that were present for VDP were strengthened (LCI r=0.9 (Figure 3‑9), Sacin r=0.9, RV/TLC r=0.85 and FEV1 r=-0.82). Figure 3‑10 shows that for individual patients, the amount of low ventilation present as a percentage of the whole lung, does not appear to increase with increasing disease severity. The addition of low ventilation to VDP may add sensitivity in patients with mild disease (low VDP and low LCI values), at detecting lung ventilation abnormalities.
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[bookmark: _Ref418239962][bookmark: _Toc27383043]Figure 3‑9: Scatter-plots of LCI against VDP, low ventilation and total abnormal ventilation. 
Spearman correlations demonstrating the relationship of LCI with VDP (p<0.001), the amount of low ventilation (p>0.05) and the total abnormal ventilation (VDP + low ventilation, p<0.001). 
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[bookmark: _Ref418240580][bookmark: _Toc27383044]Figure 3‑10: Individual patient’s 3He ventilation percentages.
Patients are ordered by the largest to smallest VDP from left to right. Each individual patient is represented by an individual bar and divided into three percentages: VDP (red), abnormal low ventilated areas (blue) and normally ventilated areas (green). 

[bookmark: _Ref21868991]Ventilation defect analysis
The volume of the largest defect correlated significantly (p<0.001) with VDP (r=0.97, Figure 3‑11), LCI (r=0.85), FEV1 (r=-0.80) and Sacin (r=0.79) and the number of defects demonstrated a significant correlation with VDP (r=-0.86), LCI (-0.75), FEV1 (r=0.75) and Sacin (r=-0.62). 

The size of the 2nd largest defect also significantly correlated with VDP (r= 0.98, p<0.001) and the 3rd largest defect only had a weak correlation (r=0.39, p=0.02), whilst the fourth and fifth largest defect did not correlate to overall VDP (Figure 3‑12). 
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[bookmark: _Ref417039779][bookmark: _Toc27383045]Figure 3‑11: The number of ventilation defects and the size of the largest defect: against VDP, LCI and FEV1.
In each graph patients are divided into those with an FEV1 z-score <-1.64 (closed circles), or >-1.64 (open circles). For FEV1 the dashed line represents the lower limit of normal (-1.64 z-score) and for LCI the dashed line represents the upper limit of normal (7.4). All Spearman correlations have a p-value <0.001.
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[bookmark: _Ref422407753][bookmark: _Toc27383046]Figure 3‑12: Scatter plots of total VDP compared to the size of the 5 largest ventilation defects. 
Each size defect is coloured in a consistent way throughout the thesis. Only the largest and second largest defect have a close relationship to overall VDP. The box and whisker plot in the lower right panel represents the proportion of each of the five largest defects in comparison to the overall VDP for the whole cohort. From this it is clear that the first and second largest defects contribute most significantly to the overall VDP. 

Patients in groups 1 and 2 visibly appeared to have large numbers of small volume defects scattered throughout the lungs. This is demonstrated in Figure 3‑13, where the location of these defects is not consistent, although many of these patients have a defect of some description in the lung apices. This finding is consistent with patients in group 3 who have visibly much larger contiguous ventilation defects, which as a result are much less numerous. These patients all have severely affected upper lobes, with limited to no ventilation present for all of these patients (Figure 3‑14). The patients in group 3 all had a largest defect that accounted for at least 40% of the total VDP and a second largest defect that accounted for at least 27% of the total VDP. 

[image: ]
[bookmark: _Ref422407854][bookmark: _Toc27383047]Figure 3‑13: 3He MRI 3D ventilation reconstruction in nine example patients from groups 1 and 2.
 Ventilation defects are numerous and small in size and are scattered throughout the lung (each individual ventilation defect is represented by a different coloured mask, which is consistent throughout this work).
[image: ]
[bookmark: _Ref422408175][bookmark: _Toc27383048]Figure 3‑14: 3He MRI 3D ventilation reconstruction in nine patients from group 3. 
Ventilation defects are large and far less numerous. For all of the patients in group 3, the apexes and posterior aspects of the lungs are severely affected and it is evident from the images highlighted that often the whole of the upper portion of the images has no ventilation present.

3He Ventilation MRI in patients with normal FEV1

Of the 35 patients assessed at baseline, 19 had an FEV1 within the normal range, of which 14 were children (<16 years of age). In this sub-group analysis of patients with normal FEV1, the correlations between 3He MRI and pulmonary function metrics were no longer as strong. There was a moderate correlation between both the abnormally low ventilated volume, and the total abnormally ventilated volume (VDP + low ventilation) against LCI (r=0.50, p=0.03 and r=0.49, p=0.03 respectively), these correlations improved when LCIsupine was compared instead of LCI performed sitting (r=0.65, p=0.003, r=0.58, p=0.009 respectively) (Figure 3‑15). 

In contrast, there was a much more consistent relationship with MBW metrics and VHI (Figure 3‑16). Sacin (r=0.72, p=0.001), LCI (r=0.65, p=0.003), LCIsupine (r=0.64, p=0.003) and Scond (r=0.48, p=0.04) all demonstrated significant correlations with VHI. As with VDP, FEV1 and other spirometry metrics demonstrated no significant correlation with VHI.
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[bookmark: _Ref417040753][bookmark: _Toc27383049]Figure 3‑15: Scatter plots of LCI and LCIsupine with VDP, low ventilation and total abnormal ventilation 
Scatter plots depict only patients with normal FEV1. Spearman correlations demonstrate the relationship of LCI (performed as standard in the sitting posture) and LCIsupine against VDP, low ventilation and total abnormal ventilation in the patients with normal FEV1. In this group of patients, LCIsupine correlations are stronger than when compared in the sitting position.
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[bookmark: _Ref417040850][bookmark: _Toc27383050]Figure 3‑16: Scatterplots of 3He VHI, with LCI and Sacin in patients with normal FEV1. 
Spearman correlations are depicted for LCI (p=0.003) and Sacin (p=0.001).



Comparison of seated vs supine MBW data.

A detailed comparison of the effect of posture on MBW metrics can be found in Chapter 4.1 (The effect of posture on multiple breath washout, p155). Paired t-test analysis of LCI, FRC, Scond and Sacin in the seated versus the supine posture were performed as previously described [104]. FRC was significantly lower supine when compared to seated (mean FRC of 1.4 vs 1.8 litres respectively, p<0.001). LCI was significantly lower in the seated position compared to supine (median LCI of 8.4 vs 9.6 respectively, p<0.001). Despite this there was no significant difference for Scond and Sacin between the two different postures.

[bookmark: _Ref21781865][bookmark: _Toc27382893]A comparison of 3He and 129Xe ventilation MRI

Out of the cohort of 35 patients, four did not complete a 129Xe ventilation MRI scan due to errors during acquisition. These errors related to poor image SNR in three patients (the images were too poor quality to quantify) and a hardware failure for the other patient. 31 children and adults with CF were therefore assessed with paired 3He and 129Xe MRI. Patient demographics, MRI metrics and lung function are detailed in Table 3‑3. 16 patients (51.6%) had a normal FEV1 value (>-1.64 z-score) and four (12.9%) had a normal LCI value. 

[bookmark: _Ref416094979][bookmark: _Toc27382979][bookmark: _Ref416094954]Table 3‑3: Baseline subject demographics, lung function and MRI metrics. 
* denotes a significant (p<0.05) difference between 3He and 129Xe.

	
	Median (IQR)

	Age (years)
	17.4 (11.6, 31.9)

	Height (cm)
	160.9 (148.7, 171.3)

	Weight (kg)
	54.0 (42.0, 62.0)

	FEV1 (z-score)
	-1.2 (-4.2, -0.7)

	LCI
	8.9 (7.7, 13.5)

	
	3He metrics
	129Xe metrics

	VDP (%)
	9.0 (3.0, 33.9)
	8.0 (2.7, 30.8)

	VHI (%)
	15.2 (9.8, 20.2)
	13.8 (10.1, 17.6)*

	Ndefects
	5 (0, 24)
	9 (2, 27)

	Largest defect size (%TCV)
	3.5 (0.9, 16.6)
	2.9 (0.4, 18.1)





Comparison of 3He and 129Xe MRI metrics

3He and 129Xe ventilation images were qualitatively similar in all but one subject (Figure 3‑17). One patient had no evident ventilation defects in the 3He or 129Xe ventilation images and 30 patients (96.7%) had ventilation defects evident on both 3He and 129Xe MRI. Of the 30 patients, 29 had ventilation defects evident in similar regional locations. The exception to this (Figure 3‑17D) had similar large ventilation defects present for both gases, however both of the significant ventilation defects present were considerably larger for 129Xe when compared to 3He (129Xe largest defect = 29.7% of TCV, compared to 22.2% for 3He). This patient was also the oldest of the population and with the highest LCI (22.2) and 129Xe VDP (49.5%). 

[image: Macintosh HD:Users:lauriesmith 1:Downloads:Figure_He_vs_Xe@V1.tiff]
[bookmark: _Ref416095069][bookmark: _Toc27383051]Figure 3‑17: 3He and 129Xe ventilation MRI performed on the same day in four different patients with CF. 
In subjects A-C VDP is slightly higher for 3He than 129Xe, but the ventilation abnormalities are qualitatively similar and evident in both. Subject D is the only subject in the cohort where the distribution of ventilation was visibly different for 3He and 129Xe. In this example 129Xe VDP is higher than 3He.

At baseline, Bland-Altman analysis of the repeatability of TCV (in litres) between the 1H anatomical images paired to 3He and 129Xe ventilation images was good (bias = 0.08 (limits of agreement (LoA) = -0.5,0.6) litres). The TCV on average was 78.7% of the TLC (from body plethysmography) for 3He and 77.2% of the TLC for 129Xe. Differences in lung inflation are therefore unlikely to be the cause of any ventilation differences seen [268]. 

For VDP, there was no significant difference between 3He and 129Xe-MRI (p=0.12) and there was a strong correlation between gases (r=0.97, p<0.001). Bland-Altman analysis of VDP demonstrated minimal bias and good agreement (bias=0.7%, LoA = -7.4, 8.9% (Figure 3‑18)).  However, in patients with the lowest VDP (<5%), 3He appeared to be higher than 129Xe, which can also be seen by increased ventilation defect contrast for 3He in these subjects (see Figure 1A and 1B).

Similar to VDP, there was minimal bias between the two gases for Ndefects (bias = -0.3, LoA = -6.7, 6.1) and also for the largest individual defect (bias = 0.3%, LoA = -4.9, 5.5%). VHI however was significantly higher for 3He when compared to 129Xe (p<0.001), bias = 1.4% (LoA = -2.6, 5.3%). The bias for VHI was related to the underlying ventilation heterogeneity, with an increasing discrepancy between measurements as VHI increased.
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[bookmark: _Ref416095144][bookmark: _Toc27383052]Figure 3‑18: Bland - Altman analysis of 3He and 129Xe ventilation MRI metrics. 
The X-axis is the average of 3He and 129Xe metrics and the Y-axis is 3He metric – 129Xe metric in all graphs. The dotted line on each graph indicates the bias and the dashed lines indicate the 95% limits of agreement. Graph i) VDP. ii) VHI. iii) Largest individual defect. iv) Number of individual defects.



Correlation against lung function

At baseline, VDP from both gases demonstrated similar highly significant (p<0.001) correlations with lung function. The strongest correlation for VDP was with LCI (r=0.88, for both), followed by RV/TLC (r=0.83 (3He) and 0.82 (129Xe)) and FEV1 (r=-0.78 (3He) and -0.79 (129Xe)) (Figure 3‑19). For VHI, the strength of correlations was similar to VDP, with the strongest correlation seen against LCI (r=0.76 (3He) and 0.88 (129Xe)), followed by RV/TLC (r=0.76 (3He) and 0.79 (129Xe) and finally FEV1 (-0.72 (3He) and -0.77 (129Xe)). 

[image: Macintosh HD:Users:lauriesmith 1:Desktop:Figure correlation.tiff]
[bookmark: _Ref416095217][bookmark: _Toc27383053]Figure 3‑19: Scatter plots of both 3He and 129Xe ventilation MR imaging metrics against LCI and FEV1. 
Spearman r-values are reported for each graph (all p<0.001).


[bookmark: _Ref21784042][bookmark: _Toc27382894]129Xe and 1H MRI in patients with normal FEV1

To compare the relative sensitivities of 129Xe and 1H MRI to detect lung abnormalities in function and structure, 14 MMAVIC patients and 13 healthy control children were assessed. All 14 MMAVIC patients were purposely selected due to having an FEV1 within the normal range. Subject demographics, lung function and MRI metrics are documented in Table 3‑4. As documented earlier, the data reported here did not all come from visit one as the 1H sequences were not available at the beginning of the study. The study visit at which the data was acquired is documented in Table 3‑5. Healthy control children were recruited as part of a separate study (RHINO), the details of which are described in Chapter 6.3 (MRI and MBW to assess ventilation in ex-pre-term born children the:  Respiratory Health Outcomes In Neonates (RHINO) study, p275). Briefly the RHINO study aimed to look at 129Xe ventilation MRI and MBW in children born pre-term in comparison to those born at term.

[bookmark: _Ref418237621]Table 3‑4: Median (range) demographics, lung function and MRI metric from patients with CF and normal FEV1 and from healthy controls.
	
	CF
	Healthy controls

	Number (%female)
	14 (50)
	13 (54)

	Age (years)
	13.9 (9.6, 32.0)
	11.3 (9.1, 12.3)

	Height (cm)
	158 (136.2, 176.3)
	147.5 (137.3, 164.3)

	Weight (kg)
	45.0 (30.0, 75.0)
	35.5 (30.0, 74.0)

	FEV1 (z-score)
	-0.7 (-1.6, 0.9)
	

	LCI
	7.3 (6.6, 11.7)
	6.0 (5.6, 7.1)

	VDP (%)
	2.5 (0.6, 7.3)
	0.1 (0.01, 0.7)

	VHI (%)
	9.7 (8.6, 14.3)
	7.2 (6.0, 9.1)



All subjects had an FEV1 within the normal range. All control subjects had normal LCI, and visibly normal 129Xe and 1H MR images (Figure 3‑20 and Figure 3‑21).  

[image: ]
[bookmark: _Ref421885743][bookmark: _Toc27383054]Figure 3‑20: 129Xe ventilation MRI from eight healthy children, with a 3D reconstruction for one child.
All images have a relatively homogeneous distribution of ventilation, without evidence of ventilation defects.

[image: Macintosh HD:Users:lauriesmith:Desktop:Conferences:ISMRM 2019:CF scoring abstract (Laurie):Figure_RHINO_SPGR.tiff]
[bookmark: _Ref416097870][bookmark: _Toc27383055][bookmark: _Ref416097863]Figure 3‑21: 3D SPGR 1H MR images performed at residual volume in two healthy control children (a and b). 
Within the lung spaces there is a relatively homogeneous distribution to the signal intensity, this is due to uniform lung emptying during expiration. There is increased signal within the lungs due to increased tissue density, caused by a reduced volume of air at residual volume.

VDP values in all 13 healthy children were <1% with the largest recorded VDP = 0.7%. In contrast, all CF subjects had visible ventilation defects evident on 129Xe MRI (Figure 3‑22). VDP and VHI were significantly higher when compared to controls (p<0.001 for both, Figure 3‑23). 6/14 (43%) CF subjects had an abnormal (>7.4) LCI and all patients had an FEV1 within the normal range. 

[image: ]
[bookmark: _Ref418238225][bookmark: _Toc27383056]Figure 3‑22: Representative 129Xe ventilation MRI from patients with CF and normal FEV1. 
The heterogeneity of ventilation defects can be seen throughout each image. There is no single pattern of ventilation abnormalities present across the group of patients.
[image: ]
[bookmark: _Ref421887090][bookmark: _Toc27383057]Figure 3‑23: A comparison of 129Xe VDP and VHI between patients and healthy children. 
All patients with CF and healthy controls had an FEV1 within the normal range. For both VDP and VHI, patients with CF were significantly (p<0.001) higher than controls.

[image: Macintosh HD:Users:lauriesmith:Desktop:Conferences:ISMRM 2019:CF scoring abstract (Laurie):Figure_SPGR_CF.tiff]
[bookmark: _Ref416097955][bookmark: _Toc27383058]Figure 3‑24: 3D SPGR 1H MRI from one CF subject with normal spirometry over multiple lung slices. 
The heterogeneity of signal intensity within the lung regions is evident on each slice. In this subject the right lung in particular has large areas of darker signal, which indicates reduced proton density due to a greater proportion of air being present in these regions, this is due to gas trapping after exhalation.



3D SPGR 1H MRI at approximately RV demonstrated gas trapping in 10/14 (71%) patients (examples are shown in Figure 3‑24 and Figure 3‑25). UTE 1H MRI analysis demonstrated: bronchial wall abnormalities in 3/14 (21%) patients, mucus plugging in 6/14 (43%), collapse or consolidation in 7/14 (50%), and sacculations or abscesses in 0% and are individually detailed in Table 3‑5. Figure 3‑26 shows UTE 1H MRI findings from one patient with evident bronchiectasis, mucus plugging and consolidation.

[image: Macintosh HD:Users:lauriesmith:Desktop:Conferences:ISMRM 2019:CF scoring abstract (Laurie):Figure_MR_images.tiff]
[bookmark: _Ref416098021][bookmark: _Toc27383059]Figure 3‑25: Representative 129Xe, 1H 3D SPGR and 1H UTE MR images in five patients with CF (a-e). 
[bookmark: _Ref417041846][bookmark: _Ref416460073][bookmark: _Ref416098241]In each subject the 129Xe ventilation abnormalities are evident as areas with reduced or without signal (darker regions). The 3D SPGR images are displayed at total lung capacity (TLC) and residual volume (RV). At TLC the lung spaces appear predominantly dark in signal, due to the lungs being filled with air causing low proton density. At RV the lung regions demonstrate the heterogeneity in signal intensity due to gas trapping in the areas with reduced signal intensity. There is a good visual correlation in these subjects between the 129Xe ventilation defects and the areas of reduced signal intensity on the RV 1H images. For patient e in particular, the SPGR and UTE images also highlight structural abnormalities that correlate well with the 129Xe ventilation defects.


[bookmark: _Ref421875379][bookmark: _Toc27382980] Table 3‑5: 1H MRI findings in MMAVIC patients with normal spirometry. 
Each typical finding was graded for the presence (Y) or absence (blank) of the finding on the UTE 1H MRI by an experienced paediatric chest Radiologist. The visit at which the images were acquired is highlighted in brackets next to the number. * denotes patients with an abnormal LCI.

	MMAVIC
subject
No.
	Bronchial wall abnormalities
	Mucus plugging
	Sacculations/
abscesses
	Collapse or
Consolidation
	Gas trapping
at RV

	03 (V3)
	
	
	
	
	Y

	05 (V3)*
	
	
	
	
	

	08 (V3)
	
	
	
	
	Y

	10 (V3)
	
	
	
	Y
	Y

	14 (V3)
	Y
	Y
	
	Y
	Y

	15 (V3)*
	
	Y
	
	Y
	Y

	17 (V3)
	
	
	
	
	

	19 (V3)
	
	
	
	Y
	

	20 (V3)*
	
	Y
	
	Y
	Y

	23 (V2)*
	
	
	
	
	

	26 (V2)*
	Y
	Y
	
	Y
	Y

	28 (V2)
	Y
	Y
	
	Y
	Y

	32 (V1)
	
	Y
	
	
	Y

	33 (V1)*
	
	
	
	
	Y
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[bookmark: _Ref416098059][bookmark: _Toc27383060]Figure 3‑26: Representative sagittal (a), coronal (b) and axial (c) UTE 1H MRI from one patient with CF. 
Each view highlights CF lung pathology evident, including bronchiectasis (arrow), mucus plugging (arrowhead) and consolidation (dashed arrow). The patient also has a normal FEV1.


[bookmark: _Toc27382895]The relationship between quality of life, imaging metrics and lung function

All patients and the parents of paediatric patients completed the revised cystic fibrosis questionnaire (CFQ-R). The median (range) CFQ_R for the respiratory domain for all patients = 72.2 (38.9, 100) and was the same if paediatric patients were replaced by their parent’s score.

There was a significant difference in CFQ_R respiratory (p<0.001) when comparing the three previously described groups. Group 2 was significantly higher than both group 1 (p<0.001) and group 3 (p<0.01).  This pattern was the same irrespective of whether only patient reported CFQ_R values were reported, or if children’s values were replaced with their parents view (Figure 3‑27).

[image: ]
[bookmark: _Ref417032405][bookmark: _Toc27383061]Figure 3‑27: Kruskal-Wallis analysis of CFQ_R for the three separate groups. 
Irrespective of whether only patient’s CFQ_R values were reported or whether paediatric subjects were replaced by their parents score, there was a significant difference between groups (p<0.001). Group 1 was significantly lower than Group 2 but not Group 3 (p<0.001) and Group 2 was significantly higher than Group 3 (p<0.01).

Correlations between CFQ-R respiratory domain and lung function and imaging metrics were mostly weak and non-significant. The strongest correlation for the CFQ-R respiratory domain was against 129Xe VDP (r = 0.44, p = 0.01), with a similar correlation against RV/TLC (r = 0.42, p = 0.01). FEV1 (r = 0.34, p = 0.05) demonstrated a weak but significant correlation with CFQ-R, unlike LCI where there was no correlation (Figure 3‑28).  
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[bookmark: _Ref417032427][bookmark: _Toc27383062]Figure 3‑28: Scatter plots for the CFQ_R respiratory domain compared to lung function.
Spearman correlations for the CFQ-R Respiratory domain (as reported by adult patients and parents of paediatric patients), compared to 129Xe VDP, FEV1, LCI and RV/TLC are documented on each plot.

[bookmark: _Ref21784127][bookmark: _Toc27382896]Discussion

This chapter presents a detailed analysis of the relationship between lung function testing and hyperpolarised gas ventilation MRI in patients with CF, across a broad range of age and disease severity and highlights that there is a strong relationship between ventilation MRI and whole lung metrics of pulmonary function

This chapter demonstrates what appear to be two distinct ventilation MRI patterns of CF lung disease: (i) patients who have numerous smaller defects (and normal FEV1) and (ii), patients who have fewer but much larger contiguous defects, where FEV1 is invariably reduced.  Here it has also been shown that 3He and 129Xe ventilation MRI give comparable quantitative and qualitative information, an observation which is important for the clinical uptake of 129Xe imaging. Further to this, this chapter highlights that 129Xe ventilation imaging in patients with CF and normal FEV1 is highly sensitive to early lung disease and that 1H anatomical MRI in this cohort also detects CF related lung pathophysiology. These data further strengthen the argument for routine functional and structural MR imaging in the evaluation of patients with CF.

[bookmark: _Toc27382897]The relationship between 3He ventilation MRI and lung function

This chapter presents a detailed analysis of the relationship between MBW and hyperpolarised gas 3He ventilation MRI in patients with CF, across a broad range of age and disease severity. This analysis confirms the strong relationships between global MRI and MBW metrics that have previously been reported in smaller cohort studies, performed across narrower ranges of age and disease severity [105, 248, 249]. Previous work has documented that patients with CF have ventilation defects evident on hyperpolarised gas MRI [228, 229, 231, 234, 238, 260], that the technique is reproducible and repeatable [234, 260] and that it can be used to assess regional response to treatment [233, 238]. The data here adds to the growing body of evidence from ventilation MRI in CF by demonstrating what appear to be two distinct ventilation MRI patterns of CF lung disease: (i) patients who have numerous smaller defects (and normal FEV1) and (ii), patients who have fewer but much larger contiguous defects, where FEV1 is invariably reduced. 


3He MRI versus spirometry and MBW

The 3He images from the whole cohort demonstrate the inherent sensitivity of ventilation imaging at detecting ventilation abnormalities. All bar one of the images had visible ventilation defects present. The one patient without ventilation defects was the youngest assessed, who had a normal FEV1 and LCI. In total 19 patients had an FEV1 within the normal range, of which only two had evidence of airflow obstruction as defined by an FEV1/FVC <-1.64 z-scores. Six patients also had a normal LCI value. In these patients, ventilation MRI could detect abnormalities that were not being measured by the standard clinical lung function metrics. MBW and spirometry are both measured at the mouth and therefore the metrics calculated are global summary lung function measures, as any signal has to travel through the whole of the large and conducting airways before being measured at the mouth. 

Spirometry is largely a measure of the resistance within the larger conducting airways, whilst the earliest changes in the lungs in CF are known to occur in the smaller airways. These small airways are large in number, but low in terms of the total combined resistance to flow. Early changes in lung disease in CF are non-uniform throughout the lung and therefore any changes occurring are likely to get masked during spirometry. Any spirometry signal originating from these lung regions therefore becomes diluted by the amount of normal lung signal. This is illustrated in the images presented in Figure 3‑1 and Figure 3‑2, where 16 of the patients have clinically normal spirometry (FEV1 and FEV1/FVC >lower limit of normal) and clear evidence of ventilation abnormalities. 

In this cohort, there are patients with a VDP of nearly 10% who have normal spirometric values. This means that these patients have up to 10% of the lung that is non-ventilated before FEV1 falls below the lower limit of normal. A further reason for this finding is likely because spirometry is performed from a lung volume of TLC, whereas ventilation images are acquired at a lower lung volume of EIVt. By inhaling to TLC during spirometry, any partially obstructed airways will be opened due to the increase in positive pressure within the lungs. This manoeuvre may therefore mask some partially obstructed ventilation abnormalities by forcing air to pass through. As the 3He images are acquired at EIVt it better reflects the functional status of the individual and is more likely to represent measurements of partial airflow obstruction. A full assessment of the effect of lung inflation on ventilation MRI is detailed in Chapter 4.2 (The effect of lung volume on ventilation MRI, p169). 

There is an intuitive relationship between ventilation MRI and MBW metrics, as they both assess the distribution of inhaled gas within the lungs. Ventilation MRI has the advantage that the exact regional nature of this ventilation distribution can be assessed, including lung regions that are entirely blocked (and hence not detected by MBW testing). In this cohort, LCI and Sacin had strong relationships with VDP and VHI. Scond however showed poor correlations due to the ‘plateau effect’ evident in Figure 3‑8, which occurs with increasing disease. This plateau has been reported previously [117], and suggests Scond is useful primarily as a marker of very early CF lung disease. So called ‘convection-dependent’ ventilation heterogeneity therefore appears to be an early event in disease progression. Figure 3‑7 suggests a similar relationship may be evident when comparing LCI and VHI, albeit the plateau effect for VHI occurs at much higher levels of LCI. Up to this point, VHI is strongly associated with increasing LCI. It is possible that with increasing lung disease in an individual over time, areas of high VHI become non-ventilated (due to disease progression) and contribute directly to VDP instead.

These data suggest that both VDP and VHI are useful metrics of lung disease severity that evaluate different mechanistic components of lung physiology. Both metrics have very high levels of agreement with MBW, spirometry and body plethysmography metrics of disease severity, across the lung disease spectrum in the MMAVIC cohort. These findings are an important aspect for the acceptance of these metrics as clinical and trial endpoints, however the relationships are less clear when only assessing the mild end of the disease spectrum. 

As discussed, 19 patients had an FEV1 within the normal range, six of whom also had normal LCI. All bar one of these patients had ventilation abnormalities. In this group of patients with normal FEV1, there was no significant correlation between VDP and any other lung function metric. One inference from this is that VDP is detecting a signal that LCI or FEV1 cannot. This signal relates to small peripheral obstructions. In this sub-group of patients with normal FEV1, the relationship of LCI to both VHI and the amount of abnormal low ventilation is much stronger. This is intuitive as it involves quantifying the heterogeneity of the ventilated regions of the image to LCI, and these ventilated areas in theory are the areas being directly measured during the MBW. VHI represents the heterogeneity of gas distribution after a single inhalation of 3He. In theory, ventilated voxels with reduced 3He signal have a slower filling constant and can be theorised to therefore have lower fractional ventilation. In contrast, ventilated voxels with high 3He signal have a high filling constant as the single inhalation results in more gas reaching these voxels. The heterogeneity of signal intensity is therefore a reflection of the gas turnover rates of different areas of the lung, which is in theory equivalent to what the LCI is measuring. 

The analysis of both the non-ventilated lung regions (VDP) and the abnormally low ventilated regions, suggests that as lung disease increases in CF, VDP predominantly worsens. The range of abnormally low ventilation (measured as a proportion of the TCV) across the whole cohort was 8-22 %TCV, with the lowest value belonging to a patient with VDP of 44.0% and the highest belonging to a patient with VDP of 7.7%. Quantifying the abnormally low ventilation may therefore be useful in assessing patients at the milder end of the lung disease spectrum. At this mild end of the spectrum, lung disease will be characterised by small airways obstruction and partial airways obstruction, caused by mucus and inflammation. Partial obstruction may allow inhaled gases to pass through, however the amount of gas that passes through will be reduced and visualised as areas of low ventilation on the ventilation images. As lung disease progresses, patients will more likely develop complete airflow obstruction, where inhaled gas will not penetrate through. In this scenario, areas distal to these blocked airways will be devoid of any ventilation signal on MRI and will therefore contribute to increased VDP.

Contiguous individual ventilation defects

Despite its sensitivity to detect early-stage lung disease, VDP is a global summary of overall lung disease. The analysis of individual ventilation defects allows for regional quantification of ventilation abnormalities. From the data detailed in the MMAVIC cohort two distinct ventilation MRI patterns at EIVt are highlighted, which may represent different ends of the disease spectrum in CF. Figure 3‑6, Figure 3‑11, Figure 3‑13 and Figure 3‑14 demonstrate that in those patients with normal FEV1, VDP is <10% and predominantly consists of numerous small-volume defects (possibly due to predominantly peripheral airways disease). By the time FEV1 becomes abnormal however, VDP is invariably >10%. In these patients, VDP is dominated by fewer larger contiguous defects (suggesting widespread airways disease and more proximal obstructions), possibly in part due to smaller defects merging with disease progression. These larger regions are likely to harbour reservoirs of trapped mucus and inflammatory exudate, encouraging further lung inflammation and irreversible structural damage. 

Figure 3‑11 demonstrates the relationship of the five largest individual ventilation defects against overall VDP. The largest three defects appear to be the most significant in terms of describing lung disease severity and with the largest two defects highly correlating with overall VDP, LCI and FEV1. This is partly to be expected as the total VDP is the sum of all individual defects. Therefore, ventilation defect 1 and 2 are the dominant components in the total VDP metric, when compared to smaller defects. These largest two defects are particularly striking in the patients with more severe disease, where the largest two defects dominate (usually with one significant defect per lung) and can be visualised in Figure 3‑14. Invariably, these two large defects (either in part or wholly) affect the upper lobes of patients, especially in the posterior aspect of the lung. This common finding suggests that these areas may be amongst the areas most severely affected, which can be seen in patients from group 1 or 2 (and shown in Figure 3‑13) who frequently also have small ventilation defects present in these areas. Understanding whether these small defects develop over time to become the large defects evident in group 3 patients is therefore important.

These findings seem to contrast with previous work [229, 286, 287], which reported that the number of ventilation defects increased with worsening lung disease. This is likely due to the two-dimensional (2D) assessment of ventilation images in previous studies, resulting in single 3D individual defects that span multiple slices being classified as multiple defects when analysed in 2D. Whereas in this 3D assessment of ventilation defects, defects are shown to be contiguous between slices, resulting in fewer individual defects. This highlights the importance of a complete 3D analysis of ventilation MRI.

Quality of life score

Patients in group 1 had significantly lower scores for the CFQ-R ‘Respiratory’ domain compared to group 2. This finding is counter-intuitive as patients in group 1 have better measured lung function than those in group 2. This could potentially be a real finding caused by patient anxiety for example. These patients are also younger than group 2 and perhaps the patients in group 2, having lived with CF for longer, have a better understanding of their own chest symptoms and therefore do not score them as poorly. On the other hand, patients in group 3 are older than groups 1 and 2 and have significantly worse lung disease as measured by all the metrics in this analysis. These patients score significantly lower on the CFQ-R respiratory domain than group 2, which more intuitively correlates to the more severe underlying nature of their lung disease.

Unlike other studies [279] the data here does not demonstrate a correlation with the CFQ_R respiratory domain against FEV1, nor is there a correlation against LCI, which is in keeping with previously published data [106]. The only significant correlations for CFQ-R respiratory were against RV/TLC and VDP. The negative correlation with RV/TLC suggests that the degree of gas trapping within the lungs is an aspect of lung disease that causes patients to self-interpret worse chest symptoms. This is in keeping with data that found a negative correlation between CT based gas trapping scores with the CFQ-R [172]. Increased gas trapping is caused by end-expiratory airway collapse, caused by increasing airflow obstruction and has previously been shown to correlate well with measures of neural respiratory drive [58]. Increased RV/TLC is therefore likely to place an increased load on the respiratory system (causing the increase in neural respiratory drive), which patients perceive as increased breathlessness [16] and therefore score lower on the CFQ-R Respiratory domain. Despite having similar correlation values, the visible scatter of VDP and CFQ-R in Figure 3‑28 appears the most closely related of all the pulmonary function metrics. This suggests that VDP most closely reflects the chest symptoms that patients perceive.


[bookmark: _Ref21784147][bookmark: _Toc27382898]The utility of 3He and 129Xe MRI in CF

When comparing the differences between hyperpolarised 3He and 129Xe MRI in the same group of MMAVIC patients, the data highlights that: (i) There is good agreement between hyperpolarised gas ventilation MRI using 3He and 129Xe and (ii) that both gases have similar strong correlations to measures of global pulmonary function, as has been previously reported [248, 268]. 

3He ventilation MRI was the primary method for analysis within the MMAVIC study. The increasing costs of 3He however and the reduced availability has led to the hyperpolarised gas community to increasingly utilise 129Xe instead. Unlike 3He, 129Xe is much more clinically scalable due to the lower cost and the fact that it is naturally abundant. In recent years, advancements in polariser technology [241] have enabled 129Xe image resolution to improve to levels approaching those of 3He, and the time to acquire a single dose of 129Xe is now significantly quicker than previous (approximately 5-10 minutes to acquire a dose). To date, 129Xe MRI in CF has been demonstrated to be highly sensitive to early CF lung disease [247] and to correlate well with pulmonary function tests [248] in cross-sectional studies and its applicability in multi-centre trials has been recently highlighted [239]. The data presented in this study highlights that the relationship of 129Xe ventilation abnormalities to disease severity is similar to that seen with 3He but not identical. 

Whilst the data presented in Figure 3‑18 suggests that there is no systematic bias between the gases, VDP in the patients with the mildest disease appears higher for 3He than 129Xe. Examples in Figure 3‑17(A, B) highlight that patients with mild disease have more clearly defined 3He ventilation defects than for 129Xe. This is likely due to the improved spatial resolution with 3He resulting in image slices half the thickness of 129Xe at present (5mm vs 10mm). In these mild patients, despite VDP being lower for 129Xe when compared to 3He, the same ventilation defects are present for both gases and therefore clinical interpretation remains unchanged. 

Image resolution is likely also the reason that 3He VHI is on average higher than 129Xe VHI. The result of averaging 129Xe signal intensity over double the slice thickness will make the signal intensity variation between voxels more homogeneous, which will in turn lower the overall VHI. VHI is a measure of the regional heterogeneity of signal intensity within the ventilated regions of the image and therefore measures a different aspect of lung physiology to VDP. VHI has a more intuitive relationship with pulmonary function tests. VHI for 129Xe demonstrated stronger correlations than 3He against LCI, RV/TLC and FEV1. Both 129Xe and SF6 (used during MBW) are less diffusive, heavier gases than 3He and may explain the good agreement between LCI and the ventilated signal from 129Xe MRI. 

These findings stand in contrast to previous studies comparing 129Xe and 3He in COPD [243, 244, 271], asthma [245] and lung cancer [243], which found that VDP was consistently higher for 129Xe than 3He. These authors hypothesised that because 129Xe is less diffusive than 3He, 129Xe was less able to diffuse into narrowed diseased airways than 3He. This would result in 3He signal reaching more peripheral and partially obstructed areas of the lung, causing a lower VDP than for 129Xe. Some of these differences may be additionally explained by collateral ventilation pathways in COPD [270], as opposed to the typical features of mucus plugging seen in CF. Complete airway blockage due to mucus plugs would prevent all gases passing to distal airways, and diffusivity of either gas would be less of a factor. This may explain why the distribution of the two gases appears more comparable in CF where collateral pathways are less expected. 

[bookmark: _Ref21869973][bookmark: _Ref21869978][bookmark: _Ref21869982]

[bookmark: _Toc27382899]The potential of 129Xe and 1H MRI to assess early lung disease

In order to fully transition from 3He to 129Xe imaging, the sensitivity of 129Xe to detect early lung disease ideally needs to be shown to be comparable to that of 3He [105]. In a group of children and adults with normal FEV1, the data presented in this chapter shows that 129Xe MRI detects ventilation defects in all the patients assessed. VDP for the CF group was also significantly higher than VDP calculated from a group of healthy volunteer children. This is a finding that has also been reported by other groups [247]. Also, eight of these patients (54%) had an LCI within the normal range, despite the presence of ventilation defects. This is a similar proportion of patients to that reported in the 3He MRI sensitivity study previously published by our research group [105]. In addition to the work previously published by Thomen et al [247], this illustrates the role of 129Xe MRI in identifying regional lung abnormalities in patients with sub-clinical CF lung disease. 

Functional assessment of 129Xe (and 3He) ventilation imaging is strengthened if corresponding imaging of structural abnormalities can be acquired [265]. 1H MRI has gained considerable interest in recent years, with numerous sequences available to assess a variety of different pathophysiology [190]. In particular, 1H MRI UTE sequences have been reported at sub-millimetre resolutions, producing images that are mostly comparable to CT and that are sensitive to early lung disease in very young children with CF [194-197, 288]. The true sensitivity of UTE to detect early lung disease is not fully understood, but encouraging correlations between 1H UTE MRI and CT lung abnormality scores have been reported [196]. In the data presented in this chapter, the potential of 1H UTE MRI (as a free-breathing methodology) and 1H expiratory 3D SPGR MRI at approximately RV (breath-hold method), is shown to detect early lung disease. In these patients with normal FEV1 and even for those with normal LCI, 1H MRI was sensitive at detecting abnormalities. The degree of signal heterogeneity evident at RV on 3D SPGR 1H MRI in 71% of patients, shows the ability to detect gas trapping as a key feature of early lung disease during a short (8-10 seconds) breath-hold sequence. In this group of patients, it was possible to detect one or more other structural abnormalities in 57% of patients, with the most frequent abnormality detected being collapse or consolidation in 50% of patients. 

These findings are in part in contrast to previously reported results, which showed that bronchial wall thickening/bronchiectasis was evident in 93% of young children (<1 year) using 1H MRI sequences [192] and 97% in a similar study by the same research group [193]. This could potentially mean that the sequences used by these authors give greater sensitivity to detect more subtle changes in the lung. However, the proportion of patients with abnormality in the data presented in this chapter is similar to that described in school aged children using CT [53]. In this study, Brody et al reported detection rates of 35% for bronchiectasis and 65% for gas trapping in 6-10 year old patients with CF. Other studies have demonstrated that CT abnormalities are present in 75-85% of school aged children with CF [161, 165]. 

There is already increasing evidence for the utility of structural 1H MRI in the assessment of CF lung disease. Advances in 1H MRI have demonstrated that CF lung pathology can be imaged with high sensitivity, with high repeatability, can be deployed in multi-centre trials and can be used as clinical trial endpoints [178, 188, 190, 192-194, 196, 200, 288-291], paving the way for the possibility of radiation-free imaging in CF. There is a particular need for imaging of lung disease in pre-school aged children and infants with CF, where lung function testing is challenging and often limited to specialist research centres and imaging with CT is not widely used for the reasons already discussed. In this age range (infants and pre-school aged children), there is increasing evidence for the utility of 1H MRI, where quantitative scoring of CF lung pathology from 1H MRI has been demonstrated to correlate well with LCI [193]. The CF imaging research group based in the University of Heidelberg, Germany has now implemented 1H MRI assessment into routine CF clinical management in children. They now have over 10 years experience of routine 1H MRI [178] and have utilised 1H MRI as the primary outcome in randomised control trial of hypertonic saline in young children with CF [191]. 

1H MRI can also produce image surrogates for lung ventilation and perfusion without the need for inhaled contrast agents [206, 207, 209] and is based on dynamic analysis of time resolved free-breathing MRI. This method is an indirect measurement of gas ventilation however, and benchmarking studies comparing this technique to inhaled contrast agents in CF have yet to be reported. Combining ventilation MRI with 1H MRI offers a comprehensive assessment of lung structure and function in the management of CF lung disease. 129Xe Ventilation MRI is therefore attractive for assessing lung disease in CF, where detecting and tracking the earliest changes is seen as essential to guiding early intervention and maintaining lung health.  

[bookmark: _Toc27382900]Summary

The data presented in this chapter highlights the value of hyperpolarised gas MRI in the assessment of CF lung disease. In the school-aged children and adults recruited into the MMAVIC study, ventilation defects were present despite patients being clinically stable at the visit. Many of the patients had normal spirometry and a smaller proportion had normal LCI. Overall, the quantitative metrics VDP and VHI, derived from the ventilation images, have excellent correlation with these clinical lung function standards, as well as with RV/TLC and showed some correlation with health-related quality of life. Whilst the correlation with quality of life was only moderate, the correlation of VDP with the respiratory domain of the CFQ-R was stronger than for FEV1 or LCI. 

Ventilation defects can be assessed and quantified in 3D and highlight two distinct patterns of regional lung disease. Those with a large number of smaller defects that had milder disease, and those with fewer, larger defects that had more severe disease. In patients with more severe disease, the lung apices and posterior were particularly affected by large defects.

In patients with normal spirometry however, the relationship of VDP to LCI is less clear which reflects the different aspects of lung function the two metrics measure. LCI is a measure of the inhomogeneity of ventilation, whilst VDP reflects the amount of non-ventilated lung regions. As ventilation defects are prevalent in this cohort of patients, the dis-concordance between VDP and LCI highlights the importance of VDP as a sensitive metric of early lung disease. 

Furthermore, the data presented highlight that 3He MRI and 129Xe MRI deliver comparable qualitative and quantitative results. In patients with normal spirometry VDP values appear higher for 3He than for 129Xe, suggesting that 3He may be more sensitive than 129Xe at detecting early lung disease. When compared to healthy controls however, both VDP and VHI from 129Xe were significantly raised which reassures that 129Xe MRI is a sensitive method for the detection of early mild lung disease. 
Chapter 3: Cross-sectional comparisons of MRI and lung function from the MMAVIC cohort
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[bookmark: _Toc27382901]Physiological interventions and the effect on ventilation

The aim of this chapter is to assess how physiological interventions impact on the distribution of ventilation within the lungs. How and when we perform physiological tests may impact on the end-result achieved, which is why the most widely used tests of lung function are heavily standardised in the way that they are performed [45, 57, 63, 99]. As a respiratory physiologist, understanding the impact of physiological interventions on the results achieved is essential for clinical interpretation. This chapter will therefore assess three physiological interventions on the distribution of ventilation: 

i) The effect of posture on multiple breath washout. 
ii) The effect of lung volume on ventilation MRI. 
iii) the effect of maximal exercise on ventilation MRI. 


Some of this work has been published, the references are: [104, 268]

Smith LJ, Macleod KA, Collier GJ, Horn FC, Sheridan H, Aldag I, et al. Supine posture changes lung volumes and increases ventilation heterogeneity in cystic fibrosis. PLoS One. 2017;12(11):e0188275.

Smith LJ, Collier GJ, Marshall H, Hughes PJC, Biancardi AM, Wildman M, et al. Patterns of regional lung physiology in cystic fibrosis using ventilation magnetic resonance imaging and multiple-breath washout. European Respiratory Journal. 2018;52(5).

[bookmark: _Ref21776542]

[bookmark: _Ref22846552][bookmark: _Toc27382902]The effect of posture on multiple breath washout 

[bookmark: _Toc27382903]Introduction

Multiple breath washout (MBW) is as an important clinical and research method used in cystic fibrosis (CF) management [56]. Indices derived from MBW reflect the degree of ventilation heterogeneity within the lungs. The lung clearance index (LCI) is thought to reflect overall ventilation heterogeneity, whereas the phase III slope indices Scond   and Sacin are proposed indices of heterogeneity in the washout signal from the convection and diffusion-convection dependent airways respectively [97]. LCI has been extensively investigated and has been shown to be an important measure of early lung disease in CF [52, 68]. 

The effect of posture on LCI in children with CF has recently been assessed by Ramsey et al [262]. The authors compared children with CF and mild disease to healthy controls (HC) and showed that LCI in the supine posture was elevated when compared to sitting. The authors also showed that supine LCI correlated better than sitting LCI with metrics derived from high resolution computed tomography (HRCT). The authors also reported that the magnitude of the increase in LCI was greater in CF children than HC, despite similar reductions in FRC. This postural effect is also important when assessing longitudinal changes in LCI, with infant MBW performed supine whilst older children tend to perform the measurements sitting. The effect of this change in posture is therefore important for the interpretation of changes in LCI.

One major effect of the supine posture is the impact that this has on lung volumes. In particular, a reduction in FRC when lying supine compared to an upright posture is widely reported [292]. LCI is calculated using the FRC and several authors have shown that LCI can be affected by large changes in lung volumes [256, 293, 294]. Understanding the effect of posture on ventilation heterogeneity may allow more accurate comparisons with imaging and relate structural abnormalities to lung physiology and will aid in the interpretation of longitudinal studies in young children. For example, Figure 2‑7 shows that there is a gravitational gradient from anterior to posterior on ventilation imaging in healthy lungs, when performed in the supine posture.



[bookmark: _Toc27382904]Aims

The aim of this section was to compare LCI and the phase III slope parameters Scond   and Sacin, in the sitting posture and compared to the supine posture, in CF lung disease as well as in HC, and to measure the extent to which changing lung volume affects the change in LCI. We hypothesised that supine posture would firstly reduce lung volume (FRC) with a resultant effect on gas mixing, but also that there would be an additional effect of posture on ventilation heterogeneity within the lungs. 

[bookmark: _Toc27382905]Methods

The majority of the data reported here was collected prior to the start of the MMAVIC study. The cohort represents pooled data from two studies that have been described in part by Horsley et al [101] and Marshall et al [105]. These were observational studies performed at two specialist UK paediatric centres: Sheffield Children’s Hospital (SCH) [105] and Royal Hospital for Sick Children, Edinburgh (RHSC) [101].  The studies were approved by the National Research and Ethics Committee (SCH - REC 12/YH/0343. RHSC - Lothian Research Ethics Committee (08/S1101/290)) and parents/guardians provided written informed consent.

Subjects with CF had a clinical diagnosis confirmed via sweat testing and/or genetic testing and were clinically stable, without exacerbation for at least 4 weeks prior to assessment. HC were without chronic respiratory illness, neuromuscular weakness or bone disease likely to impair respiration and with no congenital cardiac disease requiring medication. HC also had no history of acute respiratory illness in the 4 weeks prior to testing. Children were aged 5-16 years. 

All subjects performed MBW using a modified open-circuit Innocor device with (0.2%) sulfur-hexaflouride (SF6) as the tracer gas for wash-in and room air for washout [101]. MBW was measured in triplicate without randomisation with regards the order of sitting and supine measurements. MBW was firstly performed seated and then supine, followed by spirometry. Spirometry was performed according to international guidelines [45] using a ‘PFT Pro’ (Vyaire, Basingstoke, UK) in the SCH cohort and using an ‘Easyone’ (ndd, Zurich, Switzerland) in the RHSC cohort. The SCH cohort did not pause after the supine posture was adopted before performing MBW, whilst the RHSC cohort waited 30 minutes whilst supine before starting MBW. The Innocor MBW system was used in both centres as previously described [101]. The details of which can be found in Chapter 2.2.3 (Multiple breath Washout, p73).

MBW data were analysed as described in Chapter 2.2.3 (Multiple breath Washout, p73) for the measurements of LCI, Scond   and Sacin, FRC, tidal volume ((Vt) taken as the average across all washout breaths) and Fowler dead-space (FDS) [295], with the final result being the average value recorded from at least two acceptable trials [99]. LCI was calculated as the cumulative expired volume required to ‘wash-out’ the tracer gas to 1/40th of the ‘washed-in’ concentration, divided by the FRC. Phase III slope analysis was automated and checked manually to confirm accurate identification of alveolar slopes. Sacin was calculated from the first expiratory breath after the wash-in was complete. Scond   was calculated from breaths during 1.5-6 lung turnovers as previously described [99]. Spirometric measures of FEV1, FVC and FEV1 /FVC were expressed as z-scores using recommended equations [51]. 

Methods for alveolar indices of MBW

Alveolar indices were calculated as previously described [296]. The FDS was calculated from the exhaled CO2 curve that was measured at each breath of the wash-out and the average from all breaths recorded. Alveolar lung volumes were then calculated by subtracting the FDS from the lung volumes to create FRCalv and Vtalv. LCIalv was calculated using the formula:



Where CEV is the cumulative expired volume required to wash-out SF6 to 1/40th of the starting concentration and B is the number of tidal breaths required to do the same. 

Statistical Analysis

Comparisons between CF and HC groups were performed using un-paired t-tests or Mann-Whitney tests after assessing for the normal distribution. Comparisons between sitting and supine measurements made in the same subjects were performed using paired t-tests or the Wilcoxon matched-pairs signed rank test. Correlations were performed using either Pearson or Spearman rank analysis. A p-value of <0.05 was considered statistically significant and presented throughout, alongside the mean or median difference (MD) and the 95% confidence intervals (CI) where appropriate. All analysis was performed using GraphPad Prism V7 (San Diego, USA). Height and weight were converted into age-appropriate z-scores [297].



[bookmark: _Toc27382906]Results

Comparing children with CF and healthy controls from two older cohorts 

[bookmark: _Ref341361448][bookmark: _Ref341361386]35 children with CF (19 from SCH) and 28 HC (10 from SCH) completed both the sitting and supine MBW assessments. Demographic and baseline lung function data are summarised in Table 4‑1. HC subjects were significantly taller and heavier than CF subjects (p = 0.006 and p=0.049 respectively). CF subjects had significantly poorer lung function outcomes than HC, with lower FEV1 and FEV1/FVC z scores as well as increased sitting LCI and Scond. Despite this, in CF subjects the overall mean z-scores for FEV1 and FEV1 /FVC were -0.8 and -0.9 respectively, and therefore within the normal reference range (z-score >-1.64). 8/35 CF subjects had an FEV1 z-score <-1.64, and 6/35 had an FEV1 /FVC z-score <-1.64. In contrast, 17/35 subjects had an LCI (sitting) greater than the upper limit of normal (7.4) [101]. All HCs had normal FEV1, FEV1 /FVC and LCI (sitting). 
[bookmark: _Ref419464987]
[bookmark: _Ref26799776]Table 4‑1: Demographics and baseline lung function data for healthy control and cystic fibrosis subjects. 
Values are expressed as mean (SD). Mann-Whitney tests demonstrate whether the two groups significantly differ for each outcome, with the exception of age and height, which were assessed using un-paired t-tests.  The mean or median difference, 95% confidence intervals and p-value are presented.

	
	HC
	CF
	Mean or median difference (95% CI)
	p value

	N.
	28
	35
	
	

	Sex (M/F)
	16/12
	16/19
	
	

	Age (years)
	11.5 (3.4)
	10.1 (2.8)
	-1.5 (-3.0, 0.1)
	0.068

	Height (cm)
	150.3 (20.3)
	137.3 (17.3)
	-13.0 (-22.5, -3.5)
	0.008

	Weight (kg)
	44.5 (18.5)
	35.5 (13.7)
	-7.2 (-17.3, 0.3)
	0.065

	FEV1 (z-score)
	-0.1 (0.9)
	-0.8 (1.3)
	-0.5 (-1.1, -0.04)
	0.033

	FEV1 /FVC (z-score)
	-0.1 (0.8)
	-0.9 (0.8)
	-0.8 (-1.2, -0.3)
	<0.001

	LCI (sitting)
	6.3 (0.4)
	7.7 (1.7)
	1.0 (0.6, 1.6)
	<0.001

	LCI (supine)
	6.5 (0.4)
	8.2 (1.9)
	1.1 (0.7, 1.8)
	<0.001

	FRC (L) (sitting)
	1.9 (0.8)
	1.3 (0.4)
	-0.4 (-0.8, -0.2)
	<0.001

	Scond (sitting)
	0.02 (0.01)
	0.05 (0.02)
	0.03 (0.02, 0.05)
	<0.001

	Sacin (sitting)
	0.10 (0.04)
	0.15 (0.09)
	0.02 (-0.01, 0.05)
	0.087



Combined CF and HC demographics compared between each testing centre were not significantly different. CF patients from SCH were however, slightly older than patients from RHSC (mean age = 10.9 vs 9.1 years, p=0.049) and therefore also taller (mean height = 142.8 vs 130.8cm, p=0.039). There were no significant differences when comparing the % change in LCI, FRC, CEV, Vt or Vt/FRC (from sitting to supine) between subjects measured from the two different centres. The SCH cohort demonstrated no significant difference or consistent effect between supine MBW trial 1 and trial 3 (p=0.68).

Changes with posture

There were large and statistically significant reductions (p<0.001) in FRC when changing posture from sitting to supine, in both CF (24.4% (95% CI = 21.0, 27.9%)) and HC (28.4% (95% CI = 23.9, 32.9%)) respectively (see Table 4‑2, Figure 4‑1). There were small but statistically significant increases in LCI. In HC, mean LCI increased by 3.6% from 6.3 to 6.5 (MD (95% CI) = 0.2 (0.1, 0.4), p<0.001) and in CF LCI increased by 6.7% from 7.7 to 8.2 (MD (95% CI) = 0.3 (0.2, 0.7), p<0.001). There were also large and statistically significant reductions in CEV. In CF, mean CEV decreased by 20.0% (95% CI = 16.0, 24.9) and in HC by 25.4% (95% CI = 21.2, 29.6). Adjusting FRC for height by expressing as a percentage of predicted did not change the pattern of results.
[bookmark: _Ref419465037]
[bookmark: _Ref419726393][bookmark: _Toc27382981]Table 4‑2: Sitting to supine comparison of MBW outcomes for both CF and healthy control (HC) subjects. 
Values are expressed as mean (SD). Wilcoxon tests were calculated to assess whether the sitting to supine change was significantly different, with the exception of FDS HC, Scond   CF and Sacin HC, which were calculated using paired t-tests. The mean or median difference (MD), 95% confidence intervals and p-value are presented.

	
	Sitting
	Supine
	% change
	MD (95% CI)
	p

	LCI HC
	6.6 (0.4)
	6.5 (0.4)
	3.6 (5.3)
	0.2 (0.1, 0.4)
	<0.001

	LCI CF
	7.7 (1.7)
	8.2 (1.9)
	6.7 (10.4)
	0.3 (0.2, 0.7)
	<0.001

	FRC HC (L)
	1.9 (0.8)
	1.3 (0.6)
	-28.4 (11.6)
	-0.5(-0.7, -0.3)
	<0.001

	FRC CF (L)
	1.6 (0.4)
	0.9 (0.3)
	-24.4 (10.0)
	-0.9(-0.3, -0.2)
	<0.001

	Vt HC (L)
	0.5 (0.2)
	0.5(0.2)
	7.7 (28.0)
	0.01 (-0.04, 0.06)
	0.682

	Vt CF (L)
	0.4 (0.2)
	0.4 (0.2)
	-8.0 (13.5)
	-0.0 (-0.1, -0.01)
	<0.001

	Vt/FRC HC (%)
	25.6 (10.5)
	37.5 (14.4)
	54.5 (44.8)
	11.7 (6.8, 15.5)
	<0.001

	Vt/FRC CF (%)
	35.6 (12.9)
	43.0 (14.5)
	24.0 (26.42)
	7.5 (3.9, 11.0)
	<0.001

	CEV HC (L)
	11.5 (4.7)
	8.6 (4.0)
	-25.4 (10.8)
	-2.7 (-3.7, -2.0,)
	<0.001

	CEV CF (L)
	9.8 (4.1)
	7.8 (3.4)
	-20.4 (13.0)
	-1.8 (-2.5, -1.2)
	<0.001

	FDS HC (L)
	0.09 (0.03)
	0.09 (0.03)
	8.2 (52.4)
	-0.01 (-0.01, 0.01)
	0.597

	FDS CF (L)
	0.08 (0.02)
	0.08 (0.02)
	-8.4(11.8)
	-0.01 (-0.01, 0.00)
	<0.001

	Scond   HC
	0.02 (0.01)
	0.03 (0.01)
	101.8 (135.9)
	0.01 (-0.01, 0.02)
	0.028

	Scond   CF
	0.05 (0.02)
	0.06 (0.03)
	29.6 (59.7)
	0.01 (-0.01, 0.16)
	0.051

	Sacin HC
	0.10 (0.04)
	0.09 (0.04)
	-11.7 (41.6)
	-0.01 (-0.03, 0.01)
	0.117

	Sacin CF
	0.15 (0.09)
	0.14 (0.10)
	6.5 (42.5)
	0.01 (-0.02, 0.02)
	0.721
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[bookmark: _Ref419465072][bookmark: _Toc27383063]Figure 4‑1: LCI and FRC change from sitting to supine in both cystic fibrosis (CF) and healthy controls (HC). 
There is a significant increase in LCI from sitting to supine in both CF and HC and a significant decrease in FRC.

Bland-Altman analysis of sitting and supine LCI (Figure 4‑2) demonstrates that the effect of posture on LCI is greater in CF subjects than HC. CF subjects had an increased bias (CF = 0.5, HC = 0.2) and wider 95% limits of agreement (2.1, -1.1) when compared to HC (0.8, -0.4).
[image: Wild_Group:LJS:Published work:PLOSone_LCI sit/supine paper CF:PLOSone:Initial response to editor (F Singer):Response to reviewers:Re-submission:Fig 2.tiff]
[bookmark: _Ref419465105][bookmark: _Toc27383064]Figure 4‑2: Bland-Altman analysis of sitting and supine LCI in children with CF (A) and healthy controls (B). 
The dashed line indicates the mean difference and the dotted lines indicate the 95% limits of agreement.

In CF, supine posture was associated with significant decreases in both Vt (Mean (95% CI) = -8.0% (-12.7, -3.4)) and FDS (Mean (95% CI) = -8.4% (-12.5, -4.3)), whereas in HC neither of these variables showed significant change. In both CF and HC however, the large reductions in FRC led to significant increases in the ratio of Vt/FRC (Mean (95% CI) = 24.0% (14.9, 33.1) and 54.5% (37.2, 71.9) increase respectively). 

Scond was low in HC and increased from 0.02 sitting, to 0.03 supine (MD (95% CI) = 0.01 (-0.01, 0.02), p=0.028). There were no statistically significant changes in other phase III slope indices.

Analysis of alveolar MBW

Correcting MBW for FDS to produce measures of ventilation heterogeneity independent of changes in physiological dead space did not alter the pattern of changes described above when moving from a sitting to a supine posture. Correcting for FDS increased the magnitude of the postural effect on LCI in both groups (Mean (95% CI) increase of 9.6% (5.5, 13.6) in CF and 8.6% (5.7, 11.6) increase in HC) and the decrease in FRC (Mean (95% CI) = -25.4% (-29.2, -21.7) in CF and -29.4% (-34.2, -24.6) in HC) (Table 4‑3). HC subjects had a significantly larger % change in Vtalv/FRCalv than CF but there was no group difference for the % change in LCIalv (Table 4‑4).


[bookmark: _Ref419465854]

[bookmark: _Ref21986232][bookmark: _Toc27382982]Table 4‑3: Sitting to supine comparison of ‘alveolar’ multiple breath washout outcomes. 
Alveolar outcomes were calculated using the method of Haidopoulou et al (2012) [296] which corrects outcomes for the fowler dead-space.  Values are expressed as mean (SD). Wilcoxon tests were calculated to determine whether the sitting to supine change was significantly different. The mean difference (MD), 95% confidence intervals and p-value are presented.

	
	Sitting
	Supine
	MD (95% CI)
	p-value

	LCIalv HC
	5.2 (0.3)
	5.6 (0.4)
	0.4 (0.3, 0.6)
	<0.001

	LCIalv CF
	6.7 (1.5)
	7.3 (1.7)
	0.6 (0.3, 10.7)
	<0.001

	FRCalv HC (L)
	1.8 (0.8)
	1.3 (0.6)
	-0.4 (-0.7, -0.3)
	<0.001

	FRCalv CF (L)
	1.2 (0.4)
	0.9 (0.3)
	-0.3 (-0.3, -0.2)
	<0.001

	Vtalv HC (L)
	0.4 (0.2)
	0.4 (0.2)
	-0.01 (-0.04, 0.05)
	>0.99

	Vtalv CF (L)
	0.3 (0.2)
	0.3 (0.1)
	-0.03 (-0.05, 0.00)
	0.005

	Vtalv/FRCalv HC (%)
	22.6 (10.0)
	32.9 (15.3)
	7.8 (5.3, 12.0)
	<0.001

	Vtalv/FRCalv CF (%)
	30.8 (13.4)
	37.8 (15.2)
	6.6 (3.4, 9.9)
	0.001


[bookmark: _Ref419465914][bookmark: _Ref419726465]

[bookmark: _Ref21778346][bookmark: _Toc27382983]Table 4‑4: A comparison of the % change in ‘alveolar’ multiple breath washout outcomes between healthy controls and cystic fibrosis subjects. 
Comparisons made using un-paired t-tests, with the exception of LCIalv and FRCalv, which were calculated using Mann-Whitney tests. The mean or median difference (MD), 95% confidence intervals and p-value are presented.

	% Change
	Healthy controls
	Cystic fibrosis
	MD (95% CI)
	p-value

	LCIalv
	8.62 (7.45)
	9.57 (11.74)
	0.38 (-3.76, 5.31
	0.844

	FRCalv
	-29.43 (12.15)
	-25.43 (10.88)
	5.00 (0.19, 9.47)
	0.042

	Vtalv
	3.75 (24.53)
	-7.95 (15.19)
	11.7 (1.56, 21.83)
	0.024

	Vtalv/FRCalv
	50.63 (44.15)
	27.16 (30.69)
	23.47 (4.45, 42.49)
	0.017





Correlations

In the combined CF and HC data, the difference in LCI from sitting to supine and the % change in LCI, resulted in no significant correlations with any baseline or % change value. For the combined CF and HC populations, the % change in LCIalv however showed significant correlations with the % change in FRCalv (r=-0.47, p<0.001), % change in Vtalv (r=0.38, p=0.002) and the % change in Vtalv/FRCalv (r=0.54, p<0.001, Figure 4‑3). Individually, the % change in Vtalv/FRCalv against % change in LCIalv was better correlated in HC (r=0.71, p<0.001) than in CF (r=0.50, p=0.002). 
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[bookmark: _Ref419466055][bookmark: _Toc27383065]Figure 4‑3: Scatter plot of the % change in the ‘alveolar’ Vtalv/FRCalv with the % change in ‘alveolar’ LCIalv 
The plot depicts both cystic fibrosis (CF) and healthy control (HC) subjects combined. The Spearman correlation suggests a positive relationship between increasing % change Vtalv/FRCalv and increasing % change LCIalv.

The MMAVIC cohort

Compared to the data described above from two paediatric cohorts with CF, the MMAVIC cohort (as described in Chapter 3.4) were significantly older (median age of the MMAVIC cohort was 16.7 years, compared to 10.1 years as detailed in this chapter) and with a much broader spread of CF lung disease (mean FEV1 z-score in the MMAVIC cohort was -2.0, compared to -0.8 as detailed in this chapter). Eight patients in the cohort detailed in this chapter had an abnormal FEV1, whereas 14 patients in the MMAVIC cohort had an abnormal FEV1. Despite this, the effect of posture on MBW was similar to as described above. 

There were large and statistically significant reductions in FRC when changing from the sitting to supine posture of 19.4% (95% CI = 15.4, 23.6) (p<0.001). There were small but statistically significant increases in LCI. LCI increased by 7.3% from 10.1 to 10.9 (MD (95% CI) = 0.7 (0.3, 1.2), p<0.001). There were also large and statistically significant reductions in CEV. Mean CEV decreased by 13.6% (95% CI = 9.9, 17.4). As with the previous cohort, here there were also significant reductions in Vt and FDS of 10.1% and 15.1% respectively. 

Bland-Altman analysis demonstrated a similar bias of 0.7 when comparing sitting and supine LCI, but with wider limits of agreement (95% LoA = -1.6, 3.1 - Figure 4‑4b). However, when merging the MMAVIC cohort with the paediatric cohort previously described, the bias is smaller (0.6) and LoA are narrower (-1.4, 2.6, Figure 4‑4a). Figure 4‑4c shows the BA differences between sitting and supine for all patients in the three cohorts with abnormal FEV1 (z-score <-1.64). In comparison to Figure 4‑4d, which shows patients from the three cohorts with normal FEV1, patients with abnormal FEV1 have a higher bias and wider LoA.
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[bookmark: _Ref419465610][bookmark: _Toc27383066]Figure 4‑4: Bland-Altman plots of supine-sitting LCI in different cohorts of CF patients. 
Plot a) combines all the patients from all three cohorts (SCH, RHSC and MMAVIC). Plot b shows the MMAVIC cohort only. Plot c shows patients from all three cohorts who have abnormal FEV1 values. Plot d shows patients from all three cohorts who have normal FEV1 values. The dotted line represents the bias demonstrating a bias towards a raised supine LCI compared to sitting in all plots. The dashed lines represent the 95% limits of agreement.



[bookmark: _Toc27382907]Discussion

These results demonstrate that subjects with CF and predominantly mild lung disease increase LCI when changing posture from sitting to supine, with an associated significant reduction in FRC. This study adds to previously reported data by investigating possible causes for the increase seen in LCI including the effects of dead-space and the change in different lung volumes due to posture [5]. When assessing lung volumes measured during MBW, in addition to a reduction in FRC, we also demonstrate in CF subjects that adopting the supine posture resulted in a decrease in Vt and FDS. All subjects had a significant increase in the ratio of Vt/FRC and decrease in CEV.

The increase in LCI with change in position suggests this change of posture increases ventilation heterogeneity in both CF and HC. The relative (%) change however did not correlate with other measured baseline parameters, including other markers of disease severity. There were inconsistent changes in Scond and Sacin when adopting the supine posture, we are therefore unable to determine whether the increasing heterogeneity was specifically related to changes in conductive or acinar airway heterogeneity.

To assess whether increased LCI was due to increasing ventilation heterogeneity and not due to changes in physiological dead-space, the method of Haidopoulou [296] was used to calculate the ‘alveolar’ LCI (LCIalv). This involves subtracting the Fowler dead-space from the lung volume components and reduces LCI. The observation that LCIalv has a greater increase than LCI from sitting to supine confirms that increased supine LCI is not simply a mathematical consequence of reducing FRC. Correcting for the dead-space also changed the relationship between the outcomes, such that the % change in LCIalv became significantly correlated with the mean Vtalv, FRCalv and therefore the Vtalv/FRCalv ratio. The correlation between the % change in Vtalv/FRCalv and LCIalv was stronger in HC than CF suggesting that the change in lung volumes, from sitting to supine, is a more important factor in the change in LCI in subjects without airways disease. In patients with CF, even in those with mild disease, there is a less predictable effect of posture on the distribution of ventilation.

Consistent with this, CF subjects also had a poorer agreement between LCI values measured sitting and supine than HC, again suggesting that CF lungs have a more unpredictable gas mixing response to the supine posture than HC. 



Relevance

Imaging studies performed supine, such as MRI [105, 193, 298, 299] and CT [300] are increasingly used to assess the earliest changes in the CF lung. Imaging may reveal underlying postural changes in ventilation that need to be isolated from disease specific ventilation heterogeneity. MBW performed while seated is also being used to provide regional insight to the structural and physiological changes measured in MBW [96]. In addition, longitudinal studies in young children with CF often compare measurements performed in infancy while supine, with repeated measurements performed seated in later childhood. Age related change in posture when measuring LCI should also be taken into consideration when interpreting longitudinal studies. The results here suggest: (i) that the supine posture changes LCI, (ii) that the amount it changes by is not predictable in an individual and (iii) that there is likely a true increase in ventilation heterogeneity [262]. Due to the inherent nature of how LCI is calculated, a change in FRC and Vt/FRC will lead to a change in LCI [256]. Our results suggest that the increase in LCI seen in CF is related to changes in ventilation heterogeneity.  Therefore, subject posture should be taken into consideration when making direct physiological comparisons between MBW and imaging outcomes [262] and when assessing longitudinal measurements. 

These findings are predominantly aligned with those previously reported, except here no significant difference was found in the amount of change in LCI, from sitting to supine, between CF and HC [262]. The reason for this difference is not clear, though it may relate to the different MBW gases used. SF6 wash-in and washout was reported here and a Nitrogen (N2) washout methodology previously reported [262]. LCI derived from SF6 measurement is likely to differ from LCI derived from N2 methodology [99], due to the differing gas properties and also possible effects of N2 resident in the lung and excreted from alveolar tissue. One recent study in patients with CF and healthy controls showed that N2 LCI was always higher than SF6, on average the SF6 LCI in CF was 11.4, compared to 14.7 using N2 [301]. Similar differences have been reported in CF when comparing SF6 to N2 [142]. In this study the relationship of increased N2 LCI (compared to SF6), appears to be related to increasing disease severity [142]. In increased disease severity, MBW tests take longer to perform and require more tidal breaths to clear the tracer gas. In this situation, the effect of any N2 excretion from blood and tissues will be exaggerated, with one study suggesting that N2 excretion could account for as much as 25% of the N2 in the lungs at the point at which LCI is calculated [302, 303].

 There are also discrepancies with regards to FRC measurements from differing N2 washout systems, [304, 305] which may also have an impact on postural measurements.  The CF cohort reported has a younger mean age (by approximately 2 years), with a lower mean sitting LCI than previously reported [262], however the HC cohorts have a similar disparity in sitting LCI in both studies. This makes it difficult to determine whether there is therefore a true difference in disease severity of the two CF cohorts or whether the difference is due to differing MBW methodologies.

Imaging studies demonstrate that ventilation gradients are present in healthy lungs, that are liable to change when lying supine [306, 307] or in microgravity [308]. Supine changes in LCI may therefore be due to altered gravitational forces. Such changes appear poorly predictable in CF lungs where there is greater variation in regional lung compliance and airway calibre than the healthy lung [167]. This may also explain why children with asthma [309] and adults with chronic heart failure [310] demonstrate no change in LCI when lying supine despite similarly reduced FRC. When combining the three cohorts from the two paediatric studies and MMAVIC, the differences between sitting and supine appeared to be wider with patients with more severe disease. Plots c and d in Figure 4‑4 show that the variation in change between sitting and supine is related to underlying lung disease. Patients with abnormal FEV1 (and therefore a tendency for larger LCI values) had a larger bias and wider LoA than those patients with normal FEV1. This suggests that the effect of posture is more unpredictable in those with more severe underlying lung disease.

Mucus plugging and bronchiectasis are common features in CF lungs [167]. It is possible that when lying supine, where the distribution of ventilation causes increased inter-regional ventilation heterogeneity [311], that any peripheral areas of bronchiectasis and mucus plugging receive a greater distribution of ventilation compared to an upright posture, causing an increase in ventilation heterogeneity and therefore LCI.  

 Study Limitations

Data collection for the paediatric analysis was carried out at two separate centres, with the data combined. Subjects from RHSC waited for 30 minutes in the supine posture before measuring MBW whilst SCH subjects only waited the time it took to position the subject and equipment (5-10mins). When comparing data from the two centres however there was no significant difference in the % change from sitting to supine for any of the outcome metrics that were studied.  The difference in time spent supine is unlikely to be important, as the SCH cohort demonstrated no significant tendency to increasing LCI values with repeated measurements in the supine position. We also did not randomise the order in which the subjects performed either sitting or supine MBW. Ideally the order would have been randomly assigned, however for both centres the MBW measurements were made as part of larger separate studies where sitting MBW was the primary outcome [105]. We can therefore not fully assess whether there was a learning effect from repeated MBW measurements.

[bookmark: _Toc27382908]Conclusions

We have demonstrated that patients with CF and HC have an increase in LCI and a decrease in FRC when lying supine that is not simply due to observed changes in lung volumes. The change in LCI appears partly driven by an increase in Vt/FRC when supine and in HC may be the main factor contributing to this change in LCI. However, in CF subjects the changes in lung volumes can only explain a proportion of the change in LCI, which is also caused by true increases in ventilation heterogeneity. The effect of posture is hard to predict on an individual basis and care should be taken when correlating supine imaging measurements with physiology assessments performed seated.

[bookmark: _Ref19385702][bookmark: _Toc27382909]The effect of lung volume on ventilation MRI

[bookmark: _Toc27382910]Introduction

Hyperpolarised gas ventilation MRI allows for detailed and sensitive quantitative assessment of regional lung ventilation abnormalities in patients with obstructive airways disease [221, 231, 244, 312]. The MRI technique usually involves the inhalation of a fixed volume of hyperpolarised noble gas and the resulting distribution of ventilation is imaged during a short breath-hold. The use of a fixed inhalation volume however, will result in patients with smaller lung volume being closer to their total lung capacity (TLC) than patients with larger lung volume. The effect that this has on the distribution of ventilation has not yet been assessed in CF with imaging techniques. In addition, understanding the nature and pattern of regional ventilation defects seen on MRI, across the spectrum of CF lung disease, will allow for a greater understanding of lung disease pathophysiology and progression. 

The effect of increasing the lung inflation level by breathing in deeply is increased positive pressure and decreased resistance within the airways. This causes the airways to distend and stretch. In obstructive lung diseases such as CF, this effect may overcome any partial airflow obstruction that is present during tidal breathing. The implication of this for ventilation MRI in obstructive lung disease may be that ventilation defects reduce as lung inflation increases. Two studies have examined the effect of lung volume on the ventilation distribution using ventilation MRI. Muradyan et al examined the closing volume effect in elite divers by progressively increasing the inhaled volume of 129Xe from a lung volume of RV [313]. The authors showed that ventilation defects were evident in these low lung volumes, but that these defects decreased as the lung volume was increased. Hughes et al systematically measured the ventilation distribution of 129Xe and 3He, from RV through to TLC in volunteers [314]. Like Muradyan et al, Hughes et al also showed that in lung volumes below FRC that ventilation defects could be seen in healthy lungs. Hughes et al also showed that at TLC, compared to all other lung volumes, the ventilation distribution was more homogeneously distributed. 

In the hyperpolarised gas MRI literature, there have been a variety of approaches used to attempt to standardise the lung volume at which the images are acquired. The majority of publications in patients with CF have aimed to start the inhalation manoeuvre at a lung volume of FRC and most then report the patient inhaling a fixed volume of 1L (comprising hyperpolarised gas and a balance of nitrogen) [226-228, 231-235, 237, 260, 274]. Other approaches to titrating the dose of inhaled hyperpolarised gas are documented, These include titrating based on individual subject’s measured TLC [239, 246], predicted TLC [247], measured FVC [238] and predicted FRC [105]. These latter approaches recognise that a fixed inhalation volume will cause different patients to be imaged at different lung volumes, especially younger children, where FRC + 1litre will be close to TLC. None of the above approaches however have assessed the effect of their method of choice on lung volume, or reported the variability of lung volume in a cohort using their approaches. 

In CF, using TLC as a lung volume reference point is valid. TLC does not tend to vary with disease severity in CF [315] and therefore titrating the inhaled volume based on a fraction of this is intuitive. However, to do so would require the assessment of body plethysmography, which is not always feasible and therefore predicted TLC could be used instead. Alternatively, using measured FVC as the lung volume from which to titrate is a possibility, as all patients with CF will have had a reported spirometry in the recent past. The problem with using FVC however, is partly that it is sometimes difficult to achieve an accurate FVC, especially when pronounced obstruction is present. Furthermore, FVC declines with advancing CF lung disease due to end-expiratory airway collapse, resulting in gas trapping. Therefore, unlike TLC (which does not decline), FVC across the whole of spectrum CF lung disease, does not provide a normalised lung volume from which to benchmark from. 

It is well documented that lung volume increases rapidly during childhood and then declines more slowly throughout adulthood [51]. Therefore, for any paediatric longitudinal studies using ventilation MRI, the volume of inhaled gas would need to be adjusted in order to achieve the same relative lung volume as the patient grows. This is important because when patients breathe at higher lung volumes the positive pressure within the lungs changes and airway resistance decreases. A decrease in airways resistance in patients with airflow obstruction may theoretically open airways that are closed at lower lung volumes. In this scenario, the ventilation image may show less ventilation defects when higher lung volumes are achieved. This has been demonstrated recently using ventilation MRI at different lung volumes in healthy volunteers, where different patterns of ventilation were documented, especially at lower lung volumes [314]. A change in ventilation heterogeneity has also been documented in children performing MBW when manipulating the tidal volume at which they breathe [316]. By enforcing children to breathe at a tidal volume of 1 litre the degree of ventilation heterogeneity (as measured by LCI) decreased when compared to relaxed tidal breathing (<1 litre). 

The objective of this analysis was therefore to assess the effect of inhaled lung volume in patients with CF using hyperpolarised 3He ventilation MRI. We aimed to achieve this by assessing ventilation heterogeneity at two different lung volumes, namely the lung volume most commonly reported – end-inspiratory tidal volume (EIVt) and compare this to images acquired at TLC. A further aim was to also assess whether any changes in ventilation were related to baseline metrics of lung function. 

[bookmark: _Toc27382911]Methods

Detailed methods for ventilation MRI at the two lung volumes - EIVt and TLC are documented in Chapter 2.3.1 (Ventilation imaging breathing manoeuvre, p84). The methods for MBW, body plethysmography and spirometry can also be found in Chapter 2.2 (Methodology for lung function tests). For this analysis patients from the MMAVIC study at visit one were assessed.

The inhaled bag volume was titrated based on patients standing height. Bag volume was fixed for 10cm height increments, with each increase in bag volume aiming to achieve an imaged lung volume of approximately 60% of the patients predicted TLC. This was calculated from predicted FRC and TLC values in children [261]. For each height interval of 10cm we calculated the volumes based on the middle value of the interval and calculated the mean predicted FRC and TLC values. We then subtracted 20% from the FRC values to compensate for the natural reduction in FRC that occurs in the supine position, when compared to the upright posture. Then titrated the inhaled bag volume to give a total predicted EIVt volume of ~60% of predicted TLC. 

e.g. For the 150-160cm interval: based on a height of 155cm the predicted TLC is ~3.9L and FRC is ~1.9L. The FRC -20% is ~1.52L. 1.52L + inhaled bag volume of 0.8L = 2.32L = 59% of the TLC. 

The inhaled bag volume consisted of a scaled dose of helium-3 (3He) balanced with nitrogen (N2). The total bag volume inhaled for TLC was the same as for the EIVt scan but it contained an increased proportion of 3He, in order to provide sufficient image signal-to-noise ratio, due to the effect of gas concentration dilution at the higher lung volume. The bag volume versus height chart can be seen in Table 4‑5.

[bookmark: _Ref419721137]

[bookmark: _Ref21986360][bookmark: _Toc27382984]Table 4‑5: Hyperpolarised 3He MR imaging bag volume chart.
	Patient Height
	Total Bag Volume
	Gas doses

	
	
	EIVt
	TLC

	160cm +
	1.0 L
	150 ml 3He + 850 ml N2
	200 ml 3He + 800 ml N2

	150-160cm
	800 ml
	140 ml 3He + 660 ml N2
	180 ml 3He + 620 ml N2

	140-150cm
	650 ml
	130 ml 3He + 520 ml N2
	160 ml 3He + 490 ml N2

	130-140cm
	500 ml
	120 ml 3He + 380 ml N2
	140 ml 3He + 360 ml N2

	120-130cm
	400 ml
	110 ml 3He + 290 ml N2
	120 ml 3He + 280 ml N2



The primary metrics analysed were VDP and VHI at EIVt to TLC. Secondary metrics include the reversible-volume index, LCI, Scond, Sacin and FEV1. A detailed description of the reversible-volume index and how it is calculated can be found in Chapter 2.3.1 (Reversible-volume index, p97). Wilcoxon matched pairs signed rank test was used to compare ventilation MRI metrics between EIVt and TLC. Spearman correlation was performed to correlate MRI metrics with lung function values.


[bookmark: _Toc27382912]Results

Ventilation images at both EIVt and TLC were successfully acquired from 30/35 patients assessed at visit one of the MMAVIC study (Table 4‑6). Three patients were excluded due to acquisition errors and two patients could not successfully coordinate the TLC breathing manoeuvre. The median (range) TCV measured from 1H MRI at EIVt was 78.2% (61.2, 95.0%) of the TCV at TLC, which was significantly correlated to the FRCpleth/TLC ratio (a marker of lung hyperinflation) measured during body plethysmography (r=0.68). The TCV at TLC was 97.7% (85.0, 107.7%) of the TLC measured during body plethysmography. 

[bookmark: _Ref419466881][bookmark: _Toc27382985]Table 4‑6: Ventilation MRI metrics for the 30 patients with images acquired at both end-inspiratory tidal volume (EIVt) and total lung capacity (TLC). 
Data is presented as median (IQR). VDP = ventilation defect percentage (%). VHI = ventilation heterogeneity index. TCV = thoracic cavity volume.  * denotes p<0.05 between lung volumes.

	
	EIVt
	TLC

	VDP (%)
	8.5 (3.0, 32.6)
	4.2 (1.0, 17.1)*

	VHI  (%)
	15.1 (9.8, 19.8)
	9.6 (7.2, 15.0)*

	Largest defect size (%TCV)
	3.3 (0.9, 16.1)
	2.0 (0.3, 9.5)*

	Ndefects
	9 (3, 15)
	8.5 (4.5, 12.3)

	Reversible-volume index
	1.1 (1.0, 1.6)

-4.1 (-2.6, -5.7)

	ΔVHI
	



At TLC, there was a marked reduction in ventilation abnormalities. Signal intensity in ventilated regions of the lungs appeared more homogeneous, and in most patients some areas of un-ventilated lung became ventilated at TLC. This resulted in fewer ventilation defects at TLC for some patients (Figure 4‑5) whilst in others ventilation abnormalities remained (Figure 4‑5 and Figure 4‑6). 
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[bookmark: _Ref419470204][bookmark: _Toc27383067][bookmark: _Ref419470166]Figure 4‑5: Ventilation images acquired at EIVt and TLC in four patients with normal spirometry. 
For these four patients, ventilation defects apparent at EIVt largely (but not always completely) disappear at TLC.
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[bookmark: _Ref419470213][bookmark: _Toc27383068]Figure 4‑6: Ventilation images acquired at EIVt and TLC in four patients with abnormal spirometry.
 For these four patients, some of the ventilation defects at EIVt have become ventilated, but large areas of the lung without any ventilation remain.

At TLC when compared to EIVt, there was a significant decrease (p<0.001, Figure 4‑7) in MRI metrics (expressed as median difference (95% confidence interval)) including: VDP -4.7 (-11.0, -2.2)%, VHI  -4.1 (-5.6,-3.1)%, volume of the largest defect -47.3 (-160.1, -17.1)mL and largest defect expressed as a percentage of TCV -1.7 (-4.3,-0.8)%. 
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[bookmark: _Ref419471230][bookmark: _Toc27383069]Figure 4‑7: Plots depicting the changes from EIVt to TLC in VDP and VHI. 
For both VDP and VHI there is a significant reduction from EIVt to TLC (p<0.001).

11/30 patients had a reduction in Ndefects at TLC, all of whom had normal FEV1, but this was not significant (p=0.2). The reversible-volume index, but not ΔVHI, significantly correlated with VDP at EIVt (r=0.85) and with LCI (r=0.82, Figure 4‑8), Sacin (r=0.75) and FEV1 (r=-0.74). The reversible-volume index was significantly higher in patients with abnormal spirometry, compared to those within the normal range (p<0.001).  Examples of ventilation images at EIVt and TLC and how the reversible-volume index was calculated for these images can be seen in Figure 2‑21. ΔVHI was not significantly different between these two spirometric groups.
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[bookmark: _Ref419721979][bookmark: _Toc27383070]Figure 4‑8: Spearman correlation of LCI and VDP at both EIVt and TLC, against the reversible-volume index. 
The data have been segregated to visualise two groups: those with an FEV1 <-1.64 (black dots) and those with an FEV1 >-1.64 (open circles). The dashed line represents the LCI upper limit of normal. There is a strong correlation between the reversible-volume index and both LCI (r=0.82) and VDP at both lung volumes (r=0.85 at EIVt and r=0.75 at TLC) (p<0.001). The data points highlighted by a red circle represent a patient with a low reversible-volume index, but relatively large values for VDP. Images for this patient are shown in Figure 4‑9.
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[bookmark: _Ref419723011][bookmark: _Toc27383071]Figure 4‑9: EIVt and TLC 3He MRI and 1H anatomical MR imaging for a patient with CF. 
At EIVt this patient has a large ventilation defect in the right upper lobe (defect size = 10 %TCV, total VDP = 16.6%), which is in the same area as the evident bronchiectasis. At TLC, this ventilation defect only achieves a small amount of ventilation and reduces in volume by 103ml (defect size = 5.7 %TCV, total VDP = 9.5%). As a result, this subject has a low reversible-volume index of 1.1. This patient however has an arguably lower than anticipated LCI of 8.3, when compared to the FEV1 z-score of -3.1. These data suggest that the low LCI is due to this large defect being almost completely obstructed and therefore not contributing to ventilation during MBW.

VDP at TLC significantly correlated with LCI (r=0.85), Sacin (r=0.77), FEV1 (r=-0.79) and RV/TLC (r=0.86). VHI at TLC significantly correlated with LCI (r=0.82), Sacin (r=0.74), FEV1 (r=-0.84) and RV/TLC (r=0.86).



[bookmark: _Toc27382913]Discussion

This analysis demonstrates the distinct effect that lung volume has on ventilation MRI. These data highlight that for all patients, irrespective of lung disease severity, ventilation becomes more homogeneously distributed at higher lung volumes. When larger volumes are inhaled, some apparently obstructed airways open and allow gas to ventilate previously un-ventilated areas. For some patients, this results in the complete resolution of ventilation defects, but for others ventilation defects remain. 

This observation has important implications from an imaging methodology perspective. Studies utilising hyperpolarised gas are often performed by inhaling fixed gas volumes, with one litre of gas inhaled from FRC being common [227, 234, 235, 237, 260]. This however results in the lungs of smaller subjects being closer to their TLC than taller subjects, potentially reducing VDP and making cross-sectional comparisons challenging. Recent paediatric lung MRI studies have titrated the inhaled volume based on measured or predicted lung volume [105, 246, 247, 249] and from the data described here this practice is recommended for all patients with CF. It is important to note however, that a direct comparison of the inhaled volume given in this analysis to a fixed 1 litre inhalation has not been performed.

The finding that only some ventilation defects decrease in size at TLC implies that regions of volume-reversible airways obstruction and regions of complete airways obstruction (that are fixed on the time-scale of the imaging session) co-exist in CF lungs. The reversibility of defects with deep inhalation highlights the probable value of physiotherapy and exercise in opening these lung regions, and also the potential for ventilation MRI to aid targeted therapies to be applied to specific lung regions. The change in ventilation from EIVt to TLC was not uniform across the population, with some patient’s ventilation remaining distinctly abnormal at TLC. Assessing the transient nature of these lung-volume dependent ventilation defects longitudinally may provide insight into the progression of disease pathophysiology.

There is an intuitive relationship between ventilation MRI and MBW metrics, as they both assess the distribution of inhaled gas within the lungs. These data suggest this relationship is stronger when MRI was performed at EIVt when compared to TLC, due to the EIVt manoeuvre most closely representing the end-inspiratory cycle of quiet breathing performed during MBW. Ventilation MRI has the advantage that the exact regional nature of this ventilation distribution can be assessed, including lung regions that are entirely blocked (and hence silent to MBW testing). In this cohort, LCI and Sacin had strong relationships with VDP and VHI and also with reversible-volume index. Scond however showed poor correlations due to the ‘plateau effect’ evident in Figure 3‑8, which occurs with increasing disease. 

Higher values for the reversible-volume index indicate that a greater proportion of EIVt ventilation defects receive ventilation at TLC, implying volume-reversible airway obstruction. Reversible-volume index showed significant correlations with both LCI and Sacin. It could be hypothesised that this positive correlation may indicate that ventilation defects present at EIVt, which become ventilated at TLC, may be lung regions responsible for delayed gas washout during MBW. On the other hand, patients with large VDP but relatively low LCI may be explained by the presence of defects that are unable to achieve ventilation at TLC (i.e. low reversible-volume index). Therefore, these defects may not significantly contribute to the dynamic LCI signal (see Figure 4‑8 and Figure 4‑9 for an example patient). The reversible-volume index may therefore help explain why an unpredictable LCI response is seen with treatments in more severe and acute CF lung disease, despite clinical and spirometric improvements. 

It can be postulated that a lower reversible-volume index in a subject with significant ventilation abnormalities will result in a relatively low LCI for their level of lung disease (Figure 4‑9). In response to treatment using this hypothesis, both the reversible-volume index and the LCI would increase in this case, caused by the opening of previously blocked lung regions to the MBW signal. The reversible-volume index may help to explain why a sometimes lower than expected LCI value is found and may aid in better understanding the unpredictable LCI response to therapy. The red data point in Figure 4‑8 is an example of a patient with relatively low LCI but with high VDP at both EIVt and TLC. This subject has low reversible-volume index and the MR images are shown in Figure 4‑9. This subject is a good example and has one predominantly large single defect in the right upper lobe, which does not reverse at TLC and therefore has largely non-reversible lung function in this context. 

Other subjects who have a mixture of reversible and non-reversible defects demonstrate this less clearly. For example, a subject who had an LCI of 11.3 had VDP values of 36% at EIVt and a reversible-volume index of 1.35. This LCI may be low for the degree of lung disease as highlighted by a comparable patient with an LCI of 17.8, similar VDP of 39% and a reversible-volume index of 2.0. The former patient may still have large areas of non-communicating lung (and therefore low LCI), whereas the latter has a much larger proportion of reversible lung ventilation (and therefore larger LCI). To further illustrate this, the former patient has similar reversible-volume index to another patient (reversible-volume index = 1.33), who has a similar LCI also of 10.3, but a significantly lower VDP at EIVt of 7.9%. Further examples of this can be found in Figure 4‑10.
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[bookmark: _Ref419724311][bookmark: _Toc27383072]Figure 4‑10: EIVt and TLC 3He ventilation MRI comparison with 1H MRI, from three patients with CF. 
Subject A: FEV1 z-score = -0.5, LCI = 7.7, RV/TLC = 22.4%. This subject has ventilation defects present at EIVt (VDP=5.4%), which largely disappear at TLC (VDP=0.4%), reversible-volume index = 1.2. Subject B: FEV1 z-score = -3.7, LCI = 17.8, RV/TLC = 50.3%. This subject has ventilation defects present at EIVt (VDP=39.5%), some of which remain at TLC (VDP=18.2%), reversible-volume index = 2.0. Subject C: FEV1 z-score = -1.1, LCI = 7.4, RV/TLC = 24.8%. This subject has ventilation defects present at EIVt (VDP=6.5%), which largely remain at TLC (VDP=5.3%) and therefore has a low reversible-volume index (1.0). The cause of part of the non-reversible ventilation can be seen in the 1H image in the left lung where an area of significant mucus is present, corresponding to the ventilation defect seen on both EIVt and TLC images (see arrow).

For the whole cohort, the average lung volume EIVt ventilation images were acquired at, was 78% of the patient’s measured TLC (from body plethysmography). This is higher than we initially calculated for when assessing the inhaled bag volumes for a given height (Table 4‑5). One reason why this value is likely higher than initially predicted is that patients with CF and worse lung disease have chronic hyperinflation, meaning their resting FRC is higher than predicted. Therefore, an inhalation on top of a raised FRC will result in an imaged lung volume higher than predicted. The ratio of TCV/TLC correlated well against the FRC/TLC ratio measured directly from body plethysmography, which supports this hypothesis. When analysing this in only the patients with normal spirometry (and unlikely to be significantly hyper-inflated), the ratio of TCV to TLC was still 73% on average. The data highlights that at higher lung volumes ventilation defects reduce and here the imaged lung volume is higher than expected. There is therefore the potential to increase the degree of ventilation abnormalities present by reducing the lung volume imaged at. This could be achieved by breathing in a smaller volume of inhaled gas, or possibly by first exhaling to residual volume prior to inhaling the bag volume. Healthy lungs have been shown to have ventilation defects when imaged at lung volumes below FRC [313, 314]. These are achieved by first exhaling to RV prior to inhaling the hyperpolarised gas. These healthy lungs have ventilation defects due to airways, which are closed at RV, not having sufficient volume to re-open. It could be hypothesised that in the presence of airways obstruction, that this technique would cause ventilation defects to be more distinct than seen at higher lung volumes.

In conclusion, ventilation abnormalities evident on ventilation MRI are lung volume dependent. At TLC, there is a marked reduction in ventilation abnormalities in all patients, this results in an eradication of defects in some patients, whilst in others defects remain. This comparison highlights areas of volume-reversible and non-reversible ventilation defects. 
Chapter 4: Physiological interventions and the effect on ventilation
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[bookmark: _Ref21782242][bookmark: _Toc27382914]The effect of acute maximal exercise on ventilation distribution

[bookmark: _Toc27382915]Introduction

Exercise is increasingly being recognised as a key element of CF patient management [146]. Alongside the health benefits associated with exercise in the general population, exercise appears especially important for people with CF. Since the early 1990’s it has been recognised that patients with CF who were fitter had better long-term outcomes than those who were more sedentary [75]. In particular the maximal amount of oxygen that a person can consume during maximal exercise (VO2peak) is highly predictive of long-term morbidity and mortality, Nixon and colleagues originally showed this finding in the early 1990s [75], but has since been shown in separate cohorts, including in populations reflecting the current overall CF population [76, 77]. 

VO2peak and other metrics calculated from a lab-based cardio-pulmonary exercise test (CPET), including the maximal oxygen uptake and carbon dioxide production per minute ventilation (Ve/VO2 and Ve/VCO2), are strong predictors of death and lung transplantation [77] and also an increased likelihood of hospitalisation [317]. These predictors are as strong if not better predictors than FEV1, which as previously discussed is often poorly related to CF-related outcomes. As a result, there is an increasing emphasis on performing routine lab-based CPET assessments in CF due to the detailed physiological profiling the interpretation can provide [84, 318-320]. A maximal CPET provides detailed progressive physiological data, with increasing exercise intensity, and assesses in detail the response of the ventilatory, cardiovascular and metabolic systems. CPET data in CF therefore is not only about prognostication, but also about highlighting the source of any exercise intolerance [84]. 

One of the acute effects of exercise in general is the increase in tidal volume and respiratory rate in order to address the increased load on the system caused by exercise. For people with CF this can be particularly challenging due to the effect of airflow obstruction. During exercise in a patient with airflow obstruction the tidal flow/volume curve will quickly approach flows that are limited by the shape of the maximal flow/volume curve [83], as a result the patient will not be able to increase their tidal volume further as they are limited by the degree of airflow obstruction (Figure 4‑11). To compensate for this, patients will begin to tidally breathe at higher lung volumes in order to have the capacity to increase their tidal volume, this process is called dynamic hyperinflation. Dynamic hyperinflation is a common feature of obstructive lung disease in general and whilst it allows patients to perform more intense exercise, the hyperinflation places an increased load on the respiratory system, which contributes to an increased feeling of breathlessness [60]. 
[image: ]
[bookmark: _Ref419454964][bookmark: _Toc27383073]Figure 4‑11: Two examples of maximal flow/volume curves and the effect of increasing tidal volume. 
The first plot, a) Is from a healthy subject and b) is from a patient with airflow obstruction. The thick black line within the graph demonstrates the maximal flow/volume relationship achieved during a maximal exhalation and inhalation in a subject without airflow obstruction. Within the maximal flow volume curve, the dark grey circle represents resting tidal flow/volume characteristics and the dotted circles highlight how flow and volume increase in health during exercise. It is therefore evident in health how much space within the maximal flow/volume curve there is for tidal breathing to increase and therefore in health it is rarely the capacity of the lungs that limit exercise. In a patient with airflow obstruction, as highlighted in b), the tidal flow/volume curve is already approaching the limits of flow during rest, therefore when this patient needs to increase their tidal volume to cope with the increased load on the respiratory system, they are forced to tidally breathe at higher lung volumes (see red arrow). By increasing FRC in this way the tidal flow/volume curve (blue circle) has more space within the maximal flow/volume curve in which to increase (dotted blue lines). The consequence of this is that patients become breathless more quickly due to the increased load on the respiratory system that dynamic hyperinflation causes. They are also much more likely to be ventilatory limited in their exercise performance.

Assessing ventilation during exercise in CF is therefore intuitive to understanding the exercise response. As ventilation MRI is a direct visualisation of the distribution of ventilation it may be anticipated that the degree of ventilation heterogeneity observed would be related to the degree of exercise impairment in CF. This has been reported when comparing LCI to exercise outcomes in a large cohort of Greek children with CF, which found that LCI was significantly correlated to VO2peak and that LCI was predictive of exercise ventilation outcomes [321].

There is also an increasing interest in the utility of exercise as a form of chest physiotherapy [91]. The increased minute ventilation associated with exercise, as well as the upper body movement that accompanies exercises such as running, will cause increases in positive pressure within the lungs. The effect of this improves the clearance of mucus from the lungs, by applying positive pressure distal to the mucus and helping to move mucus proximally [91]. As such many patients with CF use exercise as a primary form of physiotherapy [146] and is recognised as one of the most important questions that patients with CF are interested in [90]. Previous studies have highlighted that maximal exercise causes an improvement in LCI [92], suggesting ventilation heterogeneity is improved as a result of exercise. In contrast however, attempts at measuring long-term improvements in lung function to exercise have not demonstrated significant changes [93]. This study however utilised FEV1 as the primary outcome for assessing change in lung function, which, as has been highlighted, is not a sensitive enough measure to monitor the effects of chest physiotherapy in general [322]. 

Ventilation MRI has the advantage of highlighting the areas of the lungs most affected by mucus and is significantly more sensitive to small lung function changes than FEV1 [105, 249]. Previous studies have examined the effect of chest physiotherapy using 3He ventilation MRI and concluded that whilst the physiotherapy caused a re-distribution of ventilation there was no net change in overall ventilation [227, 229, 233]. Since these studies occurred, imaging resolution has significantly improved resulting in improved quantification of abnormality, this and the results of these previous MRI studies puts ventilation MRI in an ideal position to compare the effects of maximal exercise on ventilation heterogeneity.

The aims of this analysis were therefore to: 
i) Assess the effects of maximal exercise on ventilation MRI and MBW. 
ii) Assess the same-session repeatability of 129Xe ventilation MRI. 
iii) Assess the relationship of CPET metrics with ventilation MRI and MBW metrics.



[bookmark: _Toc27382916]Methods

The exercise protocol was offered to patients at one of the three MMAVIC visits. It was not compulsory and for some patients the exercise test could not be fitted into the time-scale of the three visits. The first two patients to perform the exercise assessment inhaled 3He for ventilation MRI, and the remaining patients changed to 129Xe MRI. The sequence of testing for the exercise assessment is detailed in Figure 4‑12. This sequence was the same for the two patients who inhaled 3He except for the second pre-CPET ventilation scan which did not occur.
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[bookmark: _Ref419706081][bookmark: _Toc27383074]Figure 4‑12: Flow diagram describing the sequence of testing for the CPET protocol. 
The sequence depicted is for the 11 patients who inhaled 129Xe for ventilation MRI. For the two patients that performed ventilation MRI using 3He, the only difference is that the second pre-CPET scan did not happen. Spirometry occurred after this sequence of testing.

CPET, Ventilation MRI, MBW and spirometry were performed as detailed in Chapter 2. The primary metrics used for analysis were VDP, LCI and VO2peak. Secondary metrics include VO2AT, Ve/VO2 and Ve/VCO2 at peak exercise, VHI, Scond, Sacin and FEV1.

Wilcoxon matched pairs signed rank test and Bland-Altman analysis were used to assess the same-session repeatability of 129Xe MRI. The 95% limits of agreement of 129Xe repeatability from Bland-Altman were used as the threshold above which, a significant post-exercise response was determined. Wilcoxon analysis was performed to compare the initial baseline 129Xe scan with the post-exercise scan and Friedman test with Dunn’s multiple comparison test was performed to compare baseline 129Xe MRI to repeatability to post-exercise. Spearman’s correlation was performed to compare exercise outcomes to ventilation MRI and lung function.



[bookmark: _Toc27382917]Results

Thirty out of the total 35 patients were eligible to take part in the CPET protocol (all five none-eligible patients were <10 years) and 13 patients completed the ventilation imaging and CPET protocol. Of the remaining 17 patients, the primary reason for not performing the protocol was due to the lengthy nature of the entire MMAVIC protocol. This had two factors, firstly patients were already fatigued from performing the full MMAVIC protocol and as a result two patients declined to perform the exercise test on the day. The second was allowing for enough protected scanner time to perform the whole protocol. In order to achieve the primary aim of collecting longitudinal data within the pre-determined time-frame patients had to be offered research visits when the exercise test could not be accommodated.

[bookmark: _Ref418409373]Two out of the 13 patients who completed CPET visits performed the CPET with pre and post 3He as the ventilation imaging comparator and did not have a repeatability image performed. The remaining 11 patients performed pre and post-CPET imaging with 129Xe   as the ventilation imaging comparator and also performed a pre-CPET 129Xe ventilation repeatability scan. 7/13 patients performed this methodology on their third visit to the MMAVIC study, 3/13 on their second visit and 3/13 on their first visit. The demographics and pre and post exercise metrics for the 13 patients are detailed in Table 4‑7. The 13 patients assessed represented the spread of the MMAVIC cohort well. Patients were aged between 10.2 to 43.7 years at the visit where CPET was performed and had a spread of FEV1 values ranging from -4.4 to 0.92 z-score. At the CPET visit 6/13 patients had an FEV1   within the normal range and 5/13 had a normal LCI value (all of whom also had normal FEV1). 



[bookmark: _Ref21988541][bookmark: _Toc27382986]Table 4‑7: Baseline demographics, lung function, CPET and MRI metrics for the 13 patients who performed the CPET.
 * denotes Wilcoxon-signed rank test p<0.05 when comparing baseline to post-CPET metrics. Metrics are displayed as mean (SD) or median (IQR) depending on whether the data was normally distributed.

	
	Baseline
	Post-CPET

	N (% female)
	13 (38)
	

	Age (years)
	25.2 (10.1)
	

	FEV1 (z-score)
	-1.8 (1.7)
	

	RV/TLC (%)
	35.1 (12.6)
	

	VO2peak (ml/min/kg)
	38.2 (8.1)
	

	VO2 at AT (ml/min/kg)
	16.5 (3.2)
	

	LCI
	8.2 (7.3, 13.5)
	7.8 (7.0, 12.0)*

	Scond
	0.10 (0.03)
	0.09 (0.04)

	Sacin
	0.17 (0.1)
	0.18 (0.11)

	VDP (%)
	7.3 (2.3, 25.8)
	7.1 (2.4, 24.8)*

	VHI  (%)
	12.3 (9.6, 19.0)
	11.4 (9.8, 16.8)


[bookmark: _Ref21782255]
[bookmark: _Ref21986880]129Xe ventilation MRI: Baseline and Repeatability

At baseline, all ventilation MR images had ventilation defects present with varying degrees of severity, which was reflected in the range of VDP values from 1.5 to 45.7%. For the 11 patients who performed two baseline 129Xe ventilation images to assess same-session repeatability, median (IQR) VDP for scan 1 (baseline) = 7.3% (2.5, 30.8%) and for scan 2 (repeatability) = 6.3% (2.5, 31.9%). There was no significant difference between Scan 1 and 2 (p=0.4) and Bland –Altman analysis highlighted that there was no significant bias between the two measurements (-0.2%), with 95% limits of agreement = 1.4, -1.8% (Figure 4‑13). There was also good visual agreement between the two images, examples of which can be found in Figure 4‑14. 
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[bookmark: _Ref418414663][bookmark: _Toc27383075]Figure 4‑13: The repeatability of 129Xe VDP on the same day. 
Spaghetti and Bland-Altman plots comparing 129Xe VDP values between two scans performed during the same-session without intervention. The Spaghetti plot highlights individual patient values from scan 1 to 2. The Bland-Altman plot highlights the bias (dotted line) and the 95% limits of agreement (dashed lines).

[image: ]
[bookmark: _Ref418415140][bookmark: _Toc27383076]Figure 4‑14: Representative 129Xe ventilation MR images from six patients (labelled a-f). 
Each patient has a comparable image slice highlighted demonstrating the repeatability of 129Xe ventilation distribution during the same session.

Ventilation MRI and MBW: Post-CPET comparison

Post-CPET all patients successfully performed a repeat ventilation MRI and two seated MBW trials. Overall, there was a small but significant reduction in both VDP (p=0.04, Figure 4‑15.) and LCI (p=0.05, Figure 4‑16) post-CPET when compared to baseline, but no significant change in VHI, Scond   or Sacin when using a Wilcoxon signed rank test. The median difference (and approximate 95% confidence intervals) for VDP = a reduction in VDP of 1.5% (-0.4 to 3.0%) and for LCI = a reduction in LCI of 0.4 (-0.2 to 1.1). Friedman (ANOVA) test (with Dunns multiple comparisons) analysis however showed no significant differences in groups when comparing, baseline, repeatability and post-CPET scans (p=0.26). 
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[bookmark: _Ref418496796][bookmark: _Toc27383077]Figure 4‑15: Plot depicting VDP values at baseline, repeatability and post-CPET for individual patients. 
Red stars indicate the two patients where 3He was used as the inhaled gas. These two patients also did not perform the repeatability scan. Black circles indicate patients where 129Xe was used as the inhaled gas for ventilation MRI. There was a small but significant reduction VDP when comparing baseline to post-CPET (p=0.04)
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[bookmark: _Ref418497271][bookmark: _Toc27383078]Figure 4‑16: Spaghetti-plot depicting the baseline and post CPET values for LCI. 
There was a small but significant reduction in LCI post-CPET (p=0.046).

Using the Bland-Altman limits of agreement for repeatability of 129Xe VDP, a threshold of absolute change for VDP of ±1.6% was used to determine if a significant change in VDP had occurred. Seven of the 13 patients had a change in VDP of ±1.6%. Of these seven, six had a significant improvement in ventilation distribution (see Figure 4‑17 for examples) and one had a significant worsening in the ventilation distribution. 
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[bookmark: _Ref418497913][bookmark: _Toc27383079]Figure 4‑17: Representative 129Xe ventilation image slices from four patients (a-d) at baseline and post-CPET. 
Each patient has two ventilation slices (each slice covers 10mm of the lung) for comparison depicting the improvement in ventilation that has occurred post-CPET. Red arrows in the post-CPET image slices highlight some of the areas of improvement in ventilation. Patient a) had a reduction in absolute VDP of 3.7% (baseline to post-CPET VDP = 45.7 to 41.9%). Patient b) had a reduction in absolute VDP of 3.0% (baseline to post-CPET VDP = 45.2 to 42.2%). Patient c) had a reduction in absolute VDP of 5.9% (baseline to post-CPET VDP = 17.8 to 11.9%). Patient d) had a reduction in absolute VDP of 1.9% (baseline to post-CPET VDP = 3.7 to 1.8%).

Of the remaining six patients with a change in VDP of <1.6, only two had no clear visual change in the distribution of ventilation. The remaining four had clear changes in ventilation, one had a clear visual worsening in overall ventilation (see Figure 4‑18 for the two patients with a worsening in ventilation post-CPET), whilst the remaining three had a mixture of areas of ventilation that had improved and some that had worsened and as a result the net change in VDP was low. 
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[bookmark: _Ref418498245][bookmark: _Toc27383080]Figure 4‑18: Representative 129Xe MRI for two patients with a worsening in ventilation post-CPET. 
The two patients assessed (a and b) where a clear worsening of the ventilation distribution was observed post-CPET. Only patient b had a significant change in VDP >1.6. For both patients, the areas of worsening ventilation post-CPET appear to be in areas where a ventilation defect was already present at baseline. 

Figure 4‑19 highlights one of the patients with a significant change in VDP in 3D (see Chapter 2.3 (Analysing individual ventilation defects, p92 for details on methodology). This patient has two large ventilation defects (one in each lung), the change in size of which is larger than the overall change in VDP. Figure 4‑20 highlights a different patient, one who did not have a significant change in VDP but did have a change in the distribution of ventilation. In this patient, the largest contiguous ventilation defect at baseline has reduced in size post-CPET and is no longer the largest defect, also the second largest defect at baseline has increased in size post-CPET and is now the largest defect. The result of some contiguous ventilation defect increasing in size whilst others decrease is no overall net change in VDP, however the effect of exercise has resulted in a change in the distribution of ventilation regardless. The patient depicted in Figure 4‑20 and two others (including patient b in Figure 4‑18) had a change in size of a single contiguous ventilation defect that was larger than their overall net change in VDP.
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[bookmark: _Ref418499833][bookmark: _Toc27383081]Figure 4‑19: 129Xe ventilation image from one patient pre and post-CPET, with the ventilation defects added. 
Images are shown in 3D. Each individual contiguous ventilation defect is depicted by a colour. Only the four largest are depicted here. The largest defect is blue, the second largest is red, the third is green, the fourth is yellow. Post-CPET there is a net overall reduction in VDP for this patient and there is also a reduction in both the two largest defects. However, the reduction in the two largest defects is larger than the net overall reduction, highlighting that some areas of the lung have a worsening in ventilation despite the net improvement. 
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[bookmark: _Ref418499835][bookmark: _Toc27383082]Figure 4‑20: 129Xe ventilation image from one patient pre and post-CPET, with the ventilation defects added. 
Images are shown in 3D. Each individual contiguous ventilation defect is depicted by a colour. Only the five largest are depicted here. The largest defect is blue, the second largest is red, the third is green, the fourth is yellow and the fifth is pink.  In this patient, the order of the size of ventilation defects has changed post-CPET. What was the largest defect at baseline has become the second largest post-CPET and the second largest defect at baseline has become the largest post-CPET. This patient has no overall net change in VDP, however by analysing individual ventilation defects it is possible to assess regional changes to exercise. In this case, the two largest defects have changed, one has become larger and the other has become smaller. The third largest defect has remained in the same location, but is also larger post-CPET. The result is no overall change in net VDP, but there has been a change in the distribution of ventilation. 

CPET metric comparisons with ventilation MRI and lung function

All patients assessed were deemed to have performed a maximal exercise test with all patients having an end-exercise RER >1.05. VO2peak only demonstrated significant weak-moderate correlations with RV/TLC (r=-0.64, p=0.02) and FEV1 (r=0.57, p=0.047), whilst VO2AT also demonstrated weak-moderate correlations with RV/TLC (r=-0.64, p=0.02) and LCI (r=-0.63, p=0.02). Ve/VO2 at peak exercise did not correlate with any imaging or lung function metrics: however, in contrast Ve/VCO2 at peak exercise demonstrated significant correlations against VDP (r=-0.72, p=0.007), RV/TLC (r=-0.70, p=0.01), LCI (r=-0.69, p=0.01), FEV1 (r=0.68, p=0.01) and VHI (r=-0.72, p=0.02).

Figure 4‑21 demonstrates the relationship between VDP and VO2peak and VO2AT. There are two patients that appear as outliers in that they have low values for VO2 and for VDP. These two patients therefore have similar levels of aerobic fitness to those with much higher levels of VDP and significantly worse lung disease, suggesting that these two patients are deconditioned. These two patients are also the two patients highlighted in Figure 4‑18 where the distribution of ventilation became worse post-CPET. When these two patients are removed from the analysis, the correlation of VDP against VO2peak and VO2AT   is highly significant (r=-0.78, p=0.006 and r=-0.92, p<0.001 respectively), a finding that is consistent for LCI (r=-0.76, p=0.01 and r=-0.92, p<0.001 respectively), FEV1 (r=0.81, p=0.004 and r=0.93, p<0.001 respectively) and RV/TLC (r=-0.86, p=0.001 and r=-0.92, p<0.001 respectively).
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[bookmark: _Ref418517863][bookmark: _Toc27383083]Figure 4‑21: Scatter plots showing the relationship of VO2peak and VO2AT with VDP, LCI, FEV1 and RV/TLC. 
The two patients highlighted in red are the patients with a significant worsening in the distribution of ventilation post-CPET. These two patients appear to be outliers that have low fitness levels for their given degree of lung disease. When these two patients are removed from analysis the strength of correlations dramatically increases for all metrics.
[bookmark: _Toc27382918]Discussion

In this sub-group of CF patients from the MMAVIC cohort, which represented the broad range of age and lung disease within the whole cohort, we have demonstrated that VDP calculated from 129Xe ventilation MRI has high intra-session repeatability and excellent visual repeatability. We have also demonstrated that by performing a CPET protocol and encouraging patients to make a maximal exercise effort, that we can demonstrate significant quantitative and visual changes in the distribution of ventilation in most patients, changes that were above and beyond the 95% limits of agreement of intra-session repeatability for the whole cohort. This data highlights the potential of exercise as a method for airway clearance. 

There is increasing evidence and awareness of the effects of exercise on patients with CF [92, 93, 95, 323-325]. It is now well understood that the fitter a patient with CF is the less likely that that patient will have adverse outcomes, patients with reduced fitness have a greater risk or morbidity and mortality [75-77] and a greater risk of hospitalisation [317]. When performing exercise, the natural physiological response is to breathe with larger tidal volumes and greater respiratory rate, which increase with increasing exercise intensity. The result of this is the potential to open partially obstructed airways due to increased positive pressure and airflow through the airways (as shown in chapter 4.2 (The effect of acute maximal exercise on ventilation distribution, p181)). This natural response to exercise gives a theoretical benefit to improving mucus clearance from the airways and was recognised by a patient focused research study as one of the key questions important to patients with CF: ‘Can exercise replace chest physiotherapy for people with CF?’ [90]. The data presented here suggests that even by performing a short bout of maximal exercise (a CPET takes approximately 10 minutes) we can see and measure significant changes in the distribution of ventilation.

For most patients (85%) the CPET caused a visual change in ventilation, which was significantly greater than the group intra-session repeatability for 7/13 (54%) of the patients. For six of these patients and for a further three without a significant change in VDP there was a clear overall visual improvement in the distribution of ventilation. To achieve an improvement in ventilation post-exercise, areas of the lung previously obstructed (and therefore not allowing 129Xe to pass through) must at least have partially opened. One likely reason for this is that exercise and the resultant increase in minute ventilation has caused a redistribution of mucus with in the airways. 

One advantage of ventilation MRI is that it provides detailed information as to the location and size of the regions of the lung that have changed post-exercise. Metrics of lung function which assess the function of the lungs as a global measure will demonstrate minimal change in patients who have some areas of the lung ventilation that change positively and others negatively, as the hypothetical average will be close to zero. We have highlighted here that patients without a significant net change in VDP may still have large positive and negative changes in individual ventilation defects. Ventilation MRI can quantify ventilation defects in 3D providing regional lung function metrics, which may more accurately reflect the regional effects of interventions.  

The two patients highlighted in Figure 4‑18 were the only two patients assessed where there was a clear visual worsening of ventilation post exercise. New ventilation defects appeared for one patient and previously visible defects also became more defined (patient a) whilst the other patient (b) developed a significant solitary large defect in the right lung, which was partially visible pre-exercise. For ventilation to become adverse post-exercise in patients with no-known asthma, then the re-distribution of mucus into larger airways is a plausible explanation. A mucus plug in a more proximal airway would theoretically cause a larger ventilation defect to appear distal to the mucus plug. In this scenario, despite a worsening in overall ventilation, the effect may be positive due to the movement of mucus proximally, ready to be coughed out of the lungs. We cannot prove this hypothesis from the data here, but irrespective of this, the worsening of ventilation, as with the patients with improved ventilation highlights that exercise has a potential role in airway clearance in CF.

These two patients remain outliers in this cohort when comparing the main CPET markers of fitness. VO2peak is the maximal volume of oxygen uptake within the body at peak exercise and is one of the key physiological predictors of mortality in CF [75-77]. VO2AT is the volume of oxygen uptake within the body at the point of anaerobic threshold, which is the inflection point during exercise when the body starts producing more carbon dioxide than oxygen is consumed. Both of these metrics relate to the underlying fitness of the patients, with lower values highlighting lower fitness levels. The two patients described that have a worsening of ventilation post-exercise have low fitness levels compared to relatively preserved lung function (Figure 4‑21). In this cohort of patients, their fitness levels are comparable to those with much more severe disease suggesting they are deconditioned and may help explain their ventilation MRI response. With regular exercise these two patients may find that airway clearance is more productive for them. With only 13 patients assessed it is difficult to draw firm conclusions, however with these two patients excluded from correlation analysis, the relationship of VDP with these two fitness metrics is highly significant suggesting that there is a relationship between underlying lung disease and fitness.

Whilst VO2peak is the CPET metric most utilised, a recent study highlighted other key prognostic CPET metrics [77]. Of the reported metrics from this large retrospective analysis, we found that Ve/VCO2 at peak exercise to be highly correlated to VDP. This is an intuitive relationship as Ve/VCO2 at peak exercise is a metric of ventilatory efficiency and higher values for VDP would infer ventilatory inefficiency due to increased physiological dead-space within the lungs. 

The data reported here adds to the limited evidence base for exercise as a method of airway clearance. One study reported, using LCI, Scond and Sacin as the outcome measure that in healthy trained subjects there was no change in ventilation heterogeneity following CPET [326]. This finding as well as the high repeatability of 129Xe reported here, suggests that the changes we observed in VDP, LCI and overall visible ventilation heterogeneity are clinically significant and relate to the underlying CF pathophysiology. The observation here that there were visual changes in ventilation heterogeneity for some patients with no net change in VDP, is in keeping with previous studies where chest physiotherapy was performed pre and post 3He ventilation MRI in children with CF [227, 229, 233]. These studies concluded that whilst a net change in VDP was not observed, the physiotherapy had a clear effect on the distribution of ventilation. In this study, a significant change in VDP was observed for >50% patients, which could suggest that exercise is a more effective form of chest physiotherapy than the methods previously assessed. These previous studies however did not use methods of airway clearance that are now commonplace and it is possible that if modern methods such as PEP were assessed, a similar response to that observed here may be seen. 

In this study, we observed a mean decrease in LCI post-exercise of -0.5, this is similar to the reduction in LCI reported previously post-CPET, where the authors reported a reduction in LCI of 0.7 [92]. It is recommended that all patients with CF perform some form of airway clearance as part of their routine management [146], but the evidence for one single method over another is limited [31]. One reason for this is that the outcome measures to detect whether any single intervention is superior, or even to assess the efficacy of individual methods is usually change in FEV1 [31].  The work presented throughout this thesis, adds to the body of evidence which highlights the lack of sensitivity of FEV1 to measure small meaningful changes in the lungs [52, 105] and may be a reason why exercise trials in CF have not demonstrated a significant improvement in lung function [93]. The work demonstrated here highlights that ventilation MRI can measure acute change to exercise, both quantitatively and visually, making it an ideal method for assessing the response to physiotherapy techniques in general.

Limitations

This analysis has some limitations. One limitation is that not all patients were scanned using the same inhaled gas. Two patients inhaled 3He and 11 inhaled 129Xe, which could have an effect on the outcome. The data presented in Chapter 3.4.3 (A comparison of 3He and 129Xe ventilation MRI, p131) however demonstrates that the differences between 3He and 129Xe in CF are minimal and therefore the differences in pre and post-CPET metrics here between these patients should be minimal. Similarly, patients scanned with 3He did not perform a repeatability scan pre-CPET as this was a method employed when switching to 129Xe, the threshold of repeatability from 129Xe was therefore used in the 3He patients when assessing the quantitative change post-CPET. Without knowing the exact repeatability for 3He, the 129Xe threshold may be inaccurate for comparing 3He images pre and post exercise. Finally, spirometry was only performed post-CPET and therefore the effect of exercise on FEV1 cannot be assessed. The reason for this is because spirometry is a forced manoeuvre and often causes patients to cough, which may well affect the distribution of ventilation. Due to this and because we did not want spirometry to affect the ventilation imaging throughout the MMAVIC study, spirometry was performed last in every single research visit, irrespective of whether it was an exercise visit or not.

Conclusion

In conclusion, the data presented here highlights that 129Xe ventilation MRI has high intra-session repeatability across the spectrum of CF lung disease and that maximal exercise has an acute effect on the distribution of ventilation in CF. There is an increasing body of evidence highlighting the importance of exercise in CF in the maintenance of overall fitness. This work demonstrates that increasing VDP is related to decreasing exercise tolerance, which highlights the importance of underlying lung function in determining exercise tolerance. This work also highlights that exercise has a productive role in airway clearance and should be encouraged. Ventilation MRI is the ideal methodology for assessing the re-distribution of ventilation caused by physiotherapy and should therefore be considered as a primary outcome in future clinical trials.





Chapter 5:
The longitudinal relationship between ventilation imaging with lung function
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[bookmark: _Ref21785044][bookmark: _Toc27382919]The longitudinal relationship between ventilation imaging and lung function

This chapter focuses on assessing the longitudinal MRI and lung function data collected during the MMAVIC study. There are very limited published longitudinal data using ventilation MRI in CF, or in any lung diseases. The larger evidence base of cross-sectional analysis has shown the sensitivity of the methods to detect lung disease, but can only generate hypotheses in terms of detecting changes in an individual. Longitudinal analysis of a broad range of patients with CF is therefore required in order to determine the clinical utility of ventilation MRI and to understand how changes seen on ventilation MRI relate to the changes measured in clinical standards such as spirometry and MBW.


[bookmark: _Ref21772558][bookmark: _Toc27382920]Introduction

Advances in therapies for patients with CF have caused the natural rate of decline in lung function across the whole patient population to decrease [54]. Spirometry and the FEV1 have traditionally been utilised clinically to assess this rate of decline and to determine decline during exacerbations and the recovery towards the patient’s own baseline [113, 327, 328]. Historically, the rate of decline has been such that changes in FEV1 have been measurable over relatively short intervals of time. The therapies on offer to patients with CF and modern clinical management have however slowed the natural decline of FEV1 in patients with CF to a rate that is within the normal day to day variability of the test itself [329]. A positive consequence is that patients with CF now often have maintained normal FEV1 values into adulthood [6].

Whilst FEV1 remains the clinical gold standard for the day to day clinical management of patients with CF it has long been recognised that tests such as LCI may better reflect longitudinal lung deterioration and response to treatment [113, 130, 132, 137, 330-332]. There is now an increasing body of evidence highlighting that longitudinally monitoring the LCI allows for a more sensitive signal to be measured than FEV1 [106, 166, 333], especially so in children and in those with milder lung disease [329, 334, 335]. In those with more severe lung disease, where structural lung disease is more prevalent, the LCI signal is less repeatable [106] and less predictable than in those with milder disease [134] such that an improvement in lung disease can cause both an increase or a decrease in LCI [336].

Currently there is very little published data on repeated hyperpolarised gas MRI in CF. Most longitudinal data are short term and usually in reference to the change in ventilation MRI after intervention. Three prior studies have looked at the short term effects of physiotherapy on ventilation MRI [227, 229, 233] The conclusions were that ventilation MRI could detect short term responses to a variety of forms of physiotherapy and also bronchodilators [227], but quantitatively this was difficult to assess. More recently image quality and image segmentation methods have significantly improved which allow for accurate quantification of metrics such as VDP. A recent study by Rayment et al [239] in 15 children (median age = 14 years) with largely preserved FEV1, showed that a significant reduction in 129Xe VDP occurred following treatment for acute exacerbation in patients with CF. Altes et al also demonstrated relatively large changes in 3He VDP in eight children with CF after administration of Ivacaftor, which correlated with the change in FEV1 observed [238].

There are however few observational longitudinal data as to the natural variability of ventilation MRI with time in CF, or indeed in other obstructive lung diseases. One study looked at the variability of 3He MRI in five patients with CF at weekly intervals for four weeks and concluded that 3He MRI was highly repeatable with no significant differences occurring between the visits for VDP [235]. Another study repeated 3He MRI in five patients four years after an initial assessment and demonstrated that two patients in particular had significantly worse ventilation at four years without any significant change in FEV1. The other three patients however had similar images to baseline [260]. More recently a study by Nyilas et al, examined the 24 hour repeatability of ventilation MRI, but did not use a hyperpolarised gas technique. Instead the authors used a 1H MRI Fourier-decomposition technique called ‘Matrix-Pencil’ acquired during tidal breathing [209]. The authors had previously demonstrated that this technique was sensitive to detect ventilation abnormalities in children with CF [207], and here they documented the high repeatability of the fraction of ventilation performed 24 hours apart with high intra-class correlation coefficient, and narrow Bland-Altman limits of agreement.

There is therefore little evidence as to the natural variability of ventilation MRI over longer periods of time. Prior to the initiation of MMAVIC, the cohort of patients described by Marshall et al [105], were analysed again at a follow up visit approximately two years later at our centre. 

[bookmark: _Ref21772584]Two year follow up analysis of children with CF and normal FEV1

As previously described, the MMAVIC study was organised and initiated as a result of an original study in school aged children with CF, where the sensitivity of 3He and 1H MRI was compared to CT, LCI and FEV1. The result of this was that 3He MRI was highly sensitive at identifying ventilation abnormalities that were not necessarily detected by other methods [105]. This cohort was then followed up at a second time point approximately two years later, which gave the first longitudinal analysis of school aged children with CF and was analysed during the course of this PhD. The results of which were published in the American Journal of Respiratory and Critical Care Medicine [249]. The methods and results of this study are detailed below.

Methods

Fourteen children with CF from the cohort previously reported [105] were re-assessed at a second time point at a mean follow up of 1.8 years (range = 1.3-2.0 years) after baseline using 3He ventilation MRI, MBW, spirometry and body plethysmography using the same methods as described in Chapter 2.2 (Methodology for lung function tests, p71) and as previously published [105]. Patients were clinically stable for at least four weeks prior to both visits (free from exacerbation and needing no new treatments) and were on stable chronic medical regimens. From the ventilation images two indices were calculated: (i) the ventilation defect percentage (VDP), which quantifies the fraction of the lung volume that is not ventilated, and (ii) the mean co-efficient of variance of ventilated image signal intensity (CVmean), a metric of ventilation heterogeneity. At the time of analysis, the mean value for the coefficient of variance was reported, whereas the inter-quartile range (IQR) is calculated within the rest of this thesis. The move from reporting the mean value to the IQR to describe the heterogeneity of the ventilated voxels was due to the later realisation that the generated histograms were non-normally distributed and with a left-shifted peak in health (See Figure 2‑20, p96). As ventilation heterogeneity increased the histogram moves to the right and progressively becomes a more Gaussian distribution. Due to this change from non-normal towards a normally distributed histogram with increasing disease, the IQR was felt to best represent the spread of the histogram data across the whole cohort.

The percentage change (Δ) from baseline to visit two was calculated for all metrics. Wilcoxon matched-pairs signed rank test and Spearman correlations were performed due to the small sample size. 

Results

Patient demographics, lung function and MRI metrics at visit one (baseline) and visit two are presented in Table 1. At baseline, all children with CF had visible ventilation defects, and VDP and CVmean were greater in CF patients than healthy controls (as reported previously [105]). From baseline to visit two there were significant group increases in VDP, CVmean and LCI, but not in any of the spirometric indices (Table 5‑1). 

[bookmark: _Ref14257361]

[bookmark: _Ref21988623]Table 5‑1: Mean (standard deviation) CF patient demographics, lung function and ventilation imaging metrics at visit one and visit two.
P-values from Wilcoxon signed-ranks test are given for baseline and visit two group comparison. Results are presented as mean (SD).

	
	Visit 1
	Visit 2
	P-value

	Age (years)
	10.30 (2.26)
	12.07 (2.28)
	<0.001

	Height (cm)
	139.2 (13.89)
	148.3 (12.88)
	<0.001

	Weight (kg)
	35.41 (13.26)
	40.85 (12.42)
	<0.001

	FEV1 (z-score)
	-0.12 (0.80)
	-0.26 (0.66)
	0.349

	FEV1/FVC (z-score)
	-0.57 (0.65)
	-0.47 (0.59)
	0.903

	RV/TLC (%)
	26.80 (4.58)
	25.94 (4.38)
	0.636

	LCI
	7.29 (0.85)
	8.09 (1.44)
	0.029

	LCIsupine
	7.64 (1.03)
	8.77 (1.99)
	0.042

	Scond
	0.048 (0.025)
	0.055 (0.029)
	0.318

	Sacin
	0.132 (0.076)
	0.129 (0.076)
	0.985

	VDP (%)
	4.37 (1.89)
	10.8 (4.62)
	<0.001

	CVmean (%)
	15.31 (2.30)
	17.94 (3.33)
	0.042



Longitudinal changes in ventilation MRI

VDP increased over time in 13/14 children (Figure 5‑1), whilst 10/14 children showed increased CVmean at visit two compared to baseline. There was no single pattern of disease progression: in some patients, multiple small ventilation defects became apparent that were not visible at baseline (Figure 5‑2, subjects A and B). Other patients had a visible progression in regions of ventilation abnormalities that were already present at baseline but had minimal new defects (Figure 5‑2, subjects’ C and D). One child showed improvement in VDP (and LCI) between baseline and visit two: in this individual the ventilation defects evident at baseline were either completely resolved or had reduced in size.
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[bookmark: _Ref424812434][bookmark: _Toc27383084]Figure 5‑1: The change in FEV1, FEV1/FVC, LCI and VDP from visit one to visit two. 
The mean duration of follow up between visits one and two = 1.8 years (range = 1.3, 2.0 years). The p value represents the result of Wilcoxon analysis comparing visit one to visit two. There was a significant increase for the whole cohort from visit one to visit two for both LCI and VDP, but not for spirometric metrics. The dashed line on the FEV1 and FEV1/FVC plots represent the lower limit of normal, whilst on the LCI plot the dashed line represents the upper limit of normal.
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[bookmark: _Ref424812372][bookmark: _Toc27383085]Figure 5‑2: Representative ventilation MRI from four separate CF subjects. 
All four subjects had normal FEV1 at both visits. Subjects A and B demonstrated widespread ventilatory defects visible at visit two. VDP increased from 3.1% to 19.7%, CVmean from 15.9% to 20.1% and LCI from 6.6 to 8.7 for subject A. VDP increased from 3.4% to 19.4%, CVmean from 11.9% to 24.5% and LCI from 6.6 to 9.1 for subject B. Subjects C and D demonstrated localised ventilatory defects that largely increased in size from baseline to visit two (as shown by white arrows). VDP increased from 4.4% to 9.4%, yet CVmean demonstrated a small decline from 15.2% to 14.9%, LCI increased from 6.2 to 6.6 but remains well within the normal range for subject C. VDP increased from 7.5% to 10.3%, CVmean from 13.3 to 16.6% and LCI from 7.6 to 7.8 for subject D.



Longitudinal change in lung physiology

6/14 children had an abnormally elevated LCI (>7.4) at baseline. By visit two, LCI values had increased in 11/14, with eight children demonstrating abnormal LCI values (Figure 5‑1). At baseline, all children had normal spirometry (FEV1 and FEV1/FVC z-score >-1.96) and only one child had an FEV1 <-1.64. At visit two all children had an FEV1 z score >-1.64 and 13/14 children had an FEV1/FVC z-score >-1.96 (Figure 5‑1). 

Correlation between imaging and physiology

At both baseline and visit two there were statistically significant correlations between VDP and LCI (r=0.66, p=0.013, r=0.82,p=0.001 respectively) and a significant correlation between LCI and CVmean was observed at visit two (r=0.62, p=0.02). There was no significant correlation between FEV1 and FEV1/FVC with LCI or MRI metrics. % change in LCI showed significant strong correlations with the % change in CVmean (r=0.75, p=0.003) and the % change in VDP (r=0.6, p=0.025). ΔFEV1 and ΔFEV1/FVC demonstrated no significant correlation with other metrics.

Discussion

From this small study in children with very mild CF lung disease, ventilation MRI was shown to be capable of detecting significant lung function changes in the follow up of children with CF and normal spirometry which was not always demonstrable using MBW. There was a significant group mean increase in LCI values between visits, however LCI was abnormal in only two more children at visit two (8/14) compared to baseline (6/14).  Ventilation MRI however was visually abnormal in all children at both time-points, and showed increased ventilation heterogeneity over time, quantified by a significant increase in VDP. The nature of increased ventilation abnormalities varied between subjects, with new unventilated regions present at visit two in some patients and others showing an increase in the volume of unventilated regions, which were already present at baseline. 

These were the first data to compare ventilation MRI and LCI for longitudinal assessment of lung disease progression in children with CF. The conclusions taken from this original data suggested that, in children with CF and clinically stable lung function and normal spirometric values, hyperpolarised gas ventilation MRI appeared to identify longitudinal changes in early lung disease, prior to other physiological methods of early lung disease detection. 

One of the primary motivations of the follow on MMAVIC study was to extend this analysis using a new cohort of patients with CF, to assess if these findings were consistent across a wider range of CF lung disease and ages. There was no overlap in data between this original study and MMAVIC. All of the second visits from this original study occurred prior to the initiation of MMAVIC, however some of the patients (n=six) were re-recruited into MMAVIC. The rest of this chapter will discuss in detail the longitudinal analysis of the MMAVIC cohort.




[bookmark: _Toc27382921]Aims

Following on from the small study described above, the aims of this chapter are:

1. To review longitudinal trends in hyperpolarised 3He MRI in the MMAVIC cohort of patients and to analyse these trends in comparison with MBW, spirometry, body plethysmography and quality of life.

2. To analyse the quantitative change in 3He MRI metrics with time to assess the sensitivity to changes in lung function and to compare these changes to the same clinical metrics as above.

3. To longitudinally track the most significant ventilation defects present and to analyse whether this type of analysis provides additional information to the global summary ventilation metrics.

4. To compare the change in 3He with the change in 129Xe ventilation MRI to assess whether the two different gases produce the same outcomes, and whether 129Xe ventilation MRI detects changes in lung function not detected by a change in FEV1 or LCI.

5. To perform power calculations for 129Xe VDP as a marker of change in lung ventilation, for the potential adoption as an outcome metric in clinical trials.


[bookmark: _Toc27382922]Methods

During a period of time spanning 2.5 years, from November 2016 to April 2019, patients were recruited into the MMAVIC study and assessed at a maximum of three time-points. Each time point was aimed to be approximately six - nine months following the previous visit, but if patients were unable to agree a date to attend due to illness then the visit could be performed up to one year post the previous visit. If at the second visit the patient could not attend within one year of the first visit, then visit two was omitted and the patient was invited to attend for the visit three only. 

At each visit patients attempted both 3He and 129Xe ventilation MRI, with 3He MRI performed at lung volumes of both EIVt and TLC (as documented in Chapter 2.3 (Ventilation imaging breathing manoeuvre, p84).  There was no fixed order in which 3He and 129Xe was performed and was decided in practice by the order of gas polarisation on the day. Ventilation MRI or MBW was always performed first but in no set order, and then always followed by the other. This ensured that the distribution of ventilation was not affected by maximal exertion tests such as spirometry. Body plethysmography was always performed after MRI and MBW and the CFQ-R was completed prior to any imaging or lung function testing. Spirometry was always performed last. For detailed methods of each please see Chapter 2.

Ventilation MRI was segmented and assessed to calculate VDP and VHI, as well as the size and number of individual 3D ventilation defects. MBW was analysed to calculate the LCI, Scond and Sacin. Spirometry was calculated primarily for the FEV1, but also for FEV1/FVC and FVC and converted into z-scores, with the lower limit of normal set at -1.64 z-scores as recommended [51]. Body plethysmography was primarily analysed for the RV/TLC ratio. The CFQ-R was assessed to calculate the ‘Respiratory’ domain of quality of life.

Currently, a clinically significant change in 3He MRI VDP or VHI is not known, however results from the same day repeatability of 129Xe was reported in Chapter 4.3 (129Xe ventilation MRI: Baseline and Repeatability, p186). The threshold for a significant change in 129Xe VDP was therefore set at  1.6%. This threshold represents the repeatability for patients assessed on the same day and is therefore the narrowest estimate of repeatability. A wider threshold may occur when longer time periods are assessed, due to the effects of natural physiological changes (such as mucus redistribution), treatments and exacerbations. Since this threshold was narrow, the equivalent thresholds for LCI and FEV1 were also set at similarly low levels, despite higher values being reported in the literature [329]. There is also no consensus on what manifests as a significant change in either FEV1 or LCI. Both tests have inherently higher intra-subject variability in CF when compared to health [101, 333, 337] and a significant clinical change in both metrics is likely to be affected by the underlying disease severity [329]. A change in FEV1 of 10 percent predicted has been suggested as being significant [113], but this relies on a change in percent predicted to be linear through the range of disease [329]. A similar finding occurs with LCI as well, where the short-term significant change in LCI may be >1.0 [337]. This again assumes the change in LCI is linear throughout the range, which has led others to suggest a significant change in LCI may be as high as >25% from baseline values [338].  As a result, a significant change in FEV1 was set deliberately low at  0.5 z-scores and for LCI a  10% change in LCI from baseline was deemed significant for comparison purposes.

In order to track individual ventilation defects at multiple visits over time, additional steps were required to those described in Chapter 2.3.1 (Analysing individual ventilation defects, p92). Firstly, ventilation defects were segmented and calculated as described in Chapter 2.3.1 (Analysing individual ventilation defects, p92) at each visit. The largest five ventilation defects in volume were always labelled the same colour regardless of whether they were located in the same place between visits. In order of size, the first largest defect was always light blue, the second – red, third – green, fourth – yellow and fifth – pink. Using Scan IP software, the baseline and follow up images were opened in parallel, allowing a slice by slice comparison of ventilation defects. As the colours were fixed depending on size, the first analysis was to determine whether the largest baseline ventilation defects were still visible at follow up and whether the largest defects at baseline were still the largest defects at follow up. For the determination of the change in size of ventilation defects, in order to assess the feasibility of whether the tracking of ventilation defects was possible, the analysis was limited to the largest two ventilation defects. 
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[bookmark: _Toc27383086]Figure 5‑3: Screen shot from ScanIP software, of the set up required to track ventilation defects over time. 
The left side of the screen shows a MMAVIC patient at baseline and the right side shows the same MMAVIC patient at follow up. The matching slices could be aligned by starting at the central slice and aligning the baseline and follow up images based on the slice with the carina, trachea and main bronchi visible. On the example shown the defects are filled in colour and equate to an individual mask which has a volume associated with it, these masks are listed in blue on the bottom left of each Scan IP window.

To perform this type of analysis, the largest two ventilation defects at follow up were tracked backwards to compare to baseline. From this it was recorded whether these two defects were present at baseline and whether the largest defect was also the largest at baseline and likewise for the second largest defect. If the defects were not the same colour between follow up and baseline (in order of their size), then the size order of the baseline defect was recorded. As an example, if the patient’s largest defect at follow up was originally the second largest defect at baseline, the defect had existed at both visits but had changed from being the second largest to the largest defect. By recording which defect the largest and second largest defects were at baseline, then the change in size in these specific defects, both in volume and as a proportion of the lung volume (%TCV) could be calculated. Then, by working through the image slice by slice it could be worked out whether the largest and second largest defects at follow up had amalgamated with any smaller defects that were already present at baseline (see, Figure 5‑4). 

Once these amalgamated smaller defects were highlighted, their volume could be recorded. From this, the number of amalgamated defects could be counted and the individual and total size of amalgamated defects could be assessed. Next, the proportion of the change in the large defect that came from smaller defects (present at baseline) could be assessed. For example, in one patient the largest defect at follow up had increased in size by 500mL. This defect had amalgamated (at follow up) three old defects that were present at baseline. These three defects added up to equal 51mL. Therefore, of the 500mL increase in the largest defect, 51mL already existed at baseline, meaning that 449mL (89.8%) of the change in defect was originally ventilated at baseline.

[image: ]
[bookmark: _Ref13574188][bookmark: _Toc27383087]Figure 5‑4: One MMAVIC patient imaged at visit one (baseline) and visit two (follow up). 
At follow up the largest defect (light blue) is in the left lung and was also the largest defect at baseline. The second largest defect (red) is located in the right lung at follow up and was partly the same defect at baseline. At follow up the second largest defect had significantly increased in size and in doing so had amalgamated with some smaller defects, which in this case refers to the green and yellow masks which are circled. 

Statistical analysis

All datasets were assessed for normality using the Shapiro-Wilks test. Depending on the results of the normality test, both parametric and non-parametric analysis were performed. When a non-normally distributed metric was compared to a normally distributed metric, then non-parametric analysis was performed. When comparing metrics across the three visits, either a one-way ANOVA or a Friedman test with Dunn’s multiple comparison test were performed, depending on the underlying distribution of the metric. Bland-Altman plots were used to assess the inter-visit repeatability of metrics and also the difference between 3He and 129Xe metrics [339]. The intra-class correlation coefficient (ICC) was also calculated to assess the inter visit repeatability [340]. Spearman correlation was performed to assess the relationship between the change in metrics between two time-points. Mann-Whitney analysis was performed to assess whether patients with and without a significant change in FEV1 or LCI had a significantly different change in VDP. Wilcoxon analysis was performed to assess whether patients had significant change in metrics between two time points. All analyses were performed using Graphpad Prism (V7.0) except for the ICC which was calculated in SPSS (V23.0).

129Xe VDP power calculations were performed using three separate populations [341]. Firstly, the sub-group that performed same-day repeat 129Xe MRI (and described in Chapter 4.3 (The effect of acute maximal exercise on ventilation distribution, p181). Secondly, the whole MMAVIC population who had two 129Xe VDP visits approximately one year apart. Thirdly, the same population as previous, but this time only including patients with a normal FEV1. To perform the power calculations firstly the standard deviation (SD) of the differences between pairs was calculated. To calculate the sample size required to achieve 80% power for an effect size (ES), the following equation was used [341]:



 and to achieve 90% power the following equation was used:



A VDP effect size of 1.6% was chosen based on the same-day repeatability of 129Xe VDP outlined in Chapter 4.3 (129Xe ventilation MRI: Baseline and Repeatability, p186). Further sample size calculations were performed to assess effect sizes of 2, 5 and 10%. These different effect sizes were documented as clinical thresholds for a significant change in VDP in patients with CF are not yet known. 


[bookmark: _Toc27382923]Results

[bookmark: _Ref21869847][bookmark: _Toc27382924]Longitudinal analysis of hyperpolarised 3He ventilation MRI

At the time of closing the database for data collection 35 children and adults were recruited into the MMAVIC study and assessed at baseline (and described in detail in Chapter 3 (Cross-sectional comparisons of MRI and lung function from the MMAVIC cohort, p106). At visit two, 29 children and adults were assessed. Of the six patients not assessed, two patients had to withdraw as they had become too unwell to be clinically stable enough for follow up visits, and one patient had died prior to follow up. The remaining three patients could not be followed up in the required time frame for visit two due to a mixture of illness and work commitments, however they were followed up in the time frame of eligibility for visit three. At visit three, 26 children and adults were assessed up to the point of analysis for this thesis. One further patient had to be withdrawn from the study due to the patient being diagnosed with mycobacterium abscessus after visit two. The remaining five patients are due to be followed up in the future but could not be followed up in the required time-frame for this analysis. A summary of the patient demographics and key lung function and imaging metrics at the three time points for every study visit recorded can be found in Table 5‑2.

It would be challenging to perform analysis on this dataset as the patient numbers are not equal for each visit. The longitudinal analysis was therefore assessed in three sub-groups. Firstly, a sub-group who completed all three study visits will be assessed for trends in the individual metrics with time. Secondly, a sub-group of patients who completed at least one follow up visit were assessed to compare the change in MRI metrics with the change in lung function metrics. Thirdly, a final sub-group was assessed of patients who had at least one follow up visit and paired 3He and 129Xe ventilation MRI at both visits. This sub-group compared the relative sensitivity of two gas ventilation images and also to assess the longitudinal change in 129Xe MRI. For the second and third sub-group, the follow up visit was determined as the visit with the longest time from the baseline visit and detailed specifically in the sub-sections.

[bookmark: _Ref12453211]

[bookmark: _Ref21986753][bookmark: _Ref21986735][bookmark: _Toc27382987]Table 5‑2: Demographics, and summary of the main lung function, 3He MRI and CFQ-R metrics for all of the study visits performed to date. 
Data is presented as mean (SD), or median (range) depending on whether the data was normally or non-normally distributed.

	
	Visit 1
	Visit 2
	Visit 3

	Number of patients
	35
	29
	26

	Age (years)
	16.9 (6.4, 47.5)
	17.5 (7.1, 48.3)
	18.0 (7.8, 44.3)

	FEV1 (z-score)
	-2.0 (2.1)
	-1.9 (1.8)
	-2 (1.9)

	FEV1/FVC (z-score)
	-2.0 (1.7)
	-2.0 (1.5)
	-2.2 (1.3)

	LCI
	8.5 (6.0, 22.2)
	8.2 (6.7, 21.0)
	8.5 (5.7, 17.4)

	Scond
	0.07 (0.03)
	0.08 (0.03)
	0.08 (0.02)

	Sacin
	0.14 (0.04, 0.89)
	0.15 (0.06, 0.68)
	0.15 (0.06, 0.39)

	RV/TLC (%)
	26.7 (17.8, 57.6)
	27.6 (17, 57.6)
	31.1 (17.8, 57.1)

	VDP (%)
	7.9 (0.2, 45.0)
	7.1 (0.3, 47.8)
	6.1 (0.3, 43.5)

	VHI (%)
	15.0 (6.7, 22.2)
	12.6 (6.3, 20.9)
	13.3 (5.4, 20.2)

	CFQ-R Respiratory
	72.2 (38.9, 100.0)
	83.3 (55.6, 100.0)
	88.9 (55.6, 100.0)



3He MRI in patients with three completed study visits

In total 24 out of the original 35 patients had three fully completed study visits that are detailed in Table 5‑3. Two out of the 26 patients with a recorded visit three could not attend within the time frame for visit two and therefore were excluded from this sub-analysis. The median (range) follow up time at visit two was 7.6 months (5.8, 10.4) and between visit two and visit three was 8.4 months (6.4, 15.4). The median (range) follow up therefore between visit one and visit three was 16.3 months (13.8, 22.4).

Comparing each metric across the three visits, there was no significant group differences for any of the metrics assessed, with the exception of VHI which had a significant decrease with time (p<0.001). 3He ventilation MRI metrics can be viewed for both EIVt and TLC in Figure 5‑5, for each patient at each visit. From these plots there is no distinct pattern that patients follow with time with regards to VDP. 
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[bookmark: _Ref21987006][bookmark: _Toc27382988]Table 5‑3: Patient demographics and summary lung function metrics for the 24 patients who had completed all three visits at the time of analysis. 
Spirometry, MBW, body plethysmography, 3He-MRI metrics and CFQ-R Data is presented as mean (SD), or median (range).

	
	Visit 1
	Visit 2
	Visit 3

	Number of patients
	24
	24
	24

	Age (years)
	16.1 (6.4, 43.1)
	16.7 (7.1, 43.7)
	17.4 (7.8, 44.3)

	FEV1 (z-score)
	-1.7 (1.9)
	-1.7 (1.8)
	-1.7 (1.8)

	FEV1/FVC (z-score)
	-1.9 (1.3)
	-2.0 (1.3)
	-2.1 (1.2)

	LCI
	8.4 (6.7, 15.5)
	8.2 (6.7, 17.1)
	8.1 (5.7, 17.4)

	Scond
	0.08 (0.03)
	0.09 (0.03)
	0.08 (0.03)

	Sacin
	0.14 (0.05, 0.4)
	0.13 (0.06, 0.5)
	0.13 (0.06, 0.37)

	RV/TLC (%)
	26.7 (17.8, 52.6)
	27.3 (17.0, 57.6)
	29.7 (17.8, 52.8)

	VDP (%TCV)
	7.6 (0.2, 42.2)
	6.6 (0.3, 47.8)
	5.5 (0.3, 43.5)

	VHI (%)
	15.2 (6.7, 21.5)
	12.4 (6.3, 20.9)
	12.4 (5.4, 20.2)**

	CFQ-R Respiratory
	80.6 (44.4, 100.0)
	83.3 (61.1, 100.0)
	88.9 (55.6, 100.0)



Four out of the 24 patients have a VDP that increases at each visit (examples of which can be seen in Figure 5‑9 and Figure 5‑11), whilst for seven out of the 24, VDP consistently decreases with each visit (examples of which can be seen in Figure 5‑10 and Figure 5‑11). The remaining 13 patients had a change in VDP at each visit which was not consistent. In total, 12 patients had a VDP value at visit three higher than visit one and a more detailed assessment of this is performed in the next sub-group.

For LCI, six patients showed an increase at each successive visit, two of which also had a successive increase in VDP. Six patients also showed a successive decrease in LCI, three of which also showed a successive decrease in VDP. In total therefore, five out of the 12 patients with a consistent change in LCI had a concurrent change in VDP. During the study period, no patient had an LCI increase above the upper limit of normal at visit three when their baseline LCI was within the normal range. In contrast, five patients had an LCI drop below the upper limit and back into the normal range at the final visit compared to the start of the study.

For FEV1, five patients showed a worsening in FEV1 at each successive visit, of which none showed an associated worsening of LCI and only one showed an associated worsening in VDP. Six patients also showed an improvement in FEV1 at each successive visit, of which four showed an associated improvement in LCI and three showed an associated improvement in VDP. Individual patient plots for LCI and FEV1 at each visit can be found in Figure 5‑6. Only one patient had an FEV1 or FEV1/FVC (the same patient) that crossed the lower limit of normal during the study. This patient’s FEV1 decreased from -1.2 to -1.7 z-scores, but this patient’s VDP improved from 1.5 to 0.7%.
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[bookmark: _Ref12454680][bookmark: _Toc27383088]Figure 5‑5: 3He MRI metrics at both EIVt and TLC for each patient at each visit. 
Each individual patient is connected across the three visits. 
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[bookmark: _Ref12456945][bookmark: _Toc27383089]Figure 5‑6: Multiple breath-washout and spirometry metrics for each patient at each visit. 
Each patient is connected across the three visits. For LCI, the dotted line represents the upper limit of normal (7.4). For FEV1, FEV1/FVC and FVC the dotted line indicates the lower limit of normal (-1.64 z-score).

For the CFQ-R respiratory domain only one patient had a worsening in HRQOL across the three successive visits (Figure 5‑7). This patient also had a worsening LCI value, but FEV1 and VDP did not follow the trend. In contrast six patients had an improvement in the CFQ-R respiratory domain at successive visits (or plateau at 100 which is the maximal value), of which three also had an associated improvement in VDP, three also had an associated improvement in LCI and two had an associated improvement in FEV1.
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[bookmark: _Ref12459757][bookmark: _Toc27383090]Figure 5‑7: The CFQ-R respiratory domain for each individual patient at each visit.

The change from baseline at visit two and visit three can be visualised for VDP, VHI, FEV1, LCI and the CFQ-R in Figure 5‑8. There were 14 occasions out of 48 (representing the total number of patient visits at visit two and three only, not including visit 1) when there was a change in FEV1 > 0.5 z-scores (Figure 5‑8), but no occasions when the change in z-score was > 1.0. There were also no occasions when the change in FEV1 percentage predicted was larger than 10%. In contrast, there were 20 occasions out of 48 when the change in LCI was > 10% (Figure 5‑8), but only two occasions when the change in LCI was > 15% and none > 25%. There is currently no benchmark for determining a significant change in 3He VDP for CF and therefore a variety of thresholds are presented. There were 31/48 occasions where the change in VDP was > 1.0%, 21/48 occasions when the change in VDP was > 2.0%, 7/48 occasions when the change was > 4.0%, 5/48 occasions > 5.0% and one occasion where the change in VDP was > 10.0%. 
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[bookmark: _Ref12461283][bookmark: _Toc27383091]Figure 5‑8: Plot depicting the change from baseline in individual metrics at visit 2 and 3.
The dashed lines on the % change LCI and FEV1 z-score, represent a significant change of 10% and 0.5 respectively.
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[bookmark: _Ref12461673][bookmark: _Toc27383092]Figure 5‑9: 3He ventilation MRI examples of two patients with normal spirometry values at each visit. 
Both patients have an increase (worsening of ventilation heterogeneity) in both VDP and LCI at visit three compared to the previous visits. 
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[bookmark: _Ref12461702][bookmark: _Toc27383093]Figure 5‑10: 3He ventilation MRI examples of two patients with normal spirometry values at all visits. 
Both patients have a successive decrease (improvement in ventilation heterogeneity) in both VDP and LCI at each visit that is not reflected in the change in direction of FEV1.
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[bookmark: _Ref12462172][bookmark: _Toc27383094]Figure 5‑11: 3He ventilation MRI examples of two patients with abnormal FEV1. 
The top row demonstrates a patient where VDP continuously increases (worsens) at each visit, which is not clearly represented by the FEV1 or LCI. In contrast the bottom row demonstrates a patient where VDP and FEV1 consistently demonstrate an improvement in lung function between visits over time. LCI here is not as consistent as VDP and FEV1, but still demonstrates an overall decrease at visit three compared to visit one. 

Inter-visit repeatability of 3He VDP in comparison to LCI and FEV1

Bland-Altman analysis was performed between all visits (V2-V1, V3-V2 and V3-V1) to determine the 95% limits of agreement (LoA) of inter-visit repeatability for 3He VDP, LCI and FEV1 (Figure 5‑12). There was no significant bias at any visit for the three metrics. VDP bias was 0.03%, 0.1% and 0.1% at each visit, FEV1 (z-score) = 0.006, -0.06 and -0.07 and LCI = 0.2, -0.2 and -0.04 respectively. The 95% LoA for VDP between V1 and V2 were -4.9 to 5.0% and between V2 and V3 were -5.9, to 5.9%, which appear relatively consistent. These visits were approximately eight months apart each and show the consistency of the metric. The LoA between V1 and V3, which was on average 16 months later, for VDP were wider at -7.2 to 7.9%. This was the only comparison of the three metrics to be wider than any other visit as FEV1 and LCI showed consistent LoA between all visits regardless of the time-duration, as is shown in Figure 5‑12.  
The intra-class correlation coefficient (ICC) of the inter-visit repeatability for FEV1, LCI and 3He VDP is detailed in Table 5‑4. All ICC values are highly significant (p<0.001), with VDP showing the highest degree of repeatability of the three.

[bookmark: _Ref14336658]Table 5‑4: Inter-visit intra-class correlation coefficient (95% confidence intervals) for 3He VDP, LCI and FEV1. 
	
	Visit 1 – Visit 2
	Visit 2 – Visit 3
	Visit 1 – Visit 3
	All visits

	VDP
	0.98 (0.96, 0.99)
	0.98 (0.95, 0.99)
	0.96 (0.92, 0.99)
	0.98 (0.95, 0.99)

	LCI
	0.95 (0.89, 0.98)
	0.94 (0.87, 0.98)
	0.94 (0.87, 0.97)
	0.94 (0.89, 0.97)

	FEV1
	0.97 (0.92, 0.99)
	0.97 (0.94, 0.99)
	0.97 (0.93, 0.99)
	0.97 (0.94, 0.99)
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[bookmark: _Ref14277200][bookmark: _Toc27383095]Figure 5‑12: Inter-visit Bland-Altman plots for VDP, LCI and FEV1. 
Bland-Altman plots depict the difference compared to the average of VDP, FEV1 and LCI at V2 compared to V1, V3 compared to V2 and V3 compared to V1. There was no significant bias for any plot (all within 0.2) and the 95% limits of agreement are highlighted in each plot by dotted lines.


A direct comparison of the change in 3He MRI metrics against lung function

To compare the change in MRI and lung function metrics, 31 patients were assessed who had at least two visits. For the same 24 patients as above, this meant comparing visit three to visit one. For two more patients who did not have a formal visit two, but did have a visit three, visit three was compared to visit one. The remaining five patients at the time of analysis had not had a visit three and therefore the comparison was made between visit two and visit one. Visit one is referred to as baseline and the latest visit at which data was collected was described as follow up. For VDP and VHI at TLC, only 26 patient comparisons could be made due to incomplete data acquisition occuring at one of the visits for five patients.

The median (range) follow up duration between visits was 15.1 (7.0, 22.4) months. Between the baseline and follow up there were no significant group differences for any of the metrics assessed, with the exception of VHI at EIVt and at TLC, which both significantly decreased with time (p<0.001 and p=0.01 respectively). 

Table 5‑5: Demographics and a summary of the main lung function and 3He MRI metrics for the 31 patients with at least one follow up visit. 
(#) For VDP and VHI at TLC, only 26 comparisons could be made due to incomplete data acquisition occuring at one of the visits for five patients. Data is displayed as mean (SD) or median (range). * denotes a significant change at follow up when compared to baseline (p<0.05).

	
	Baseline
	follow up

	Number of patients
	31
	31

	Age (years)
	16.9 (6.4, 47.5)
	18.2 (7.8, 48.3)

	FEV1 (z-score)
	-2.0 (2.0)
	-2.1 (1.9)

	FEV1/FVC (z-score)
	-2.0 (1.6)
	-2.2 (1.5)

	LCI
	8.5 (6.7, 22.2)
	8.2 (5.7, 21.0)

	Scond
	0.08 (0.03)
	0.08 (0.03)

	Sacin
	0.14 (0.05, 0.89)
	0.15 (0.06, 0.68)

	LCIsupine
	9.6 (6.2, 17.4)
	9.6 (7.0, 20.8)

	RV/TLC (%)
	26.7 (17.8, 57.6)
	30.3 (17.8, 57.1)

	VDP @ EIVt (%)
	7.9 (0.2, 45.0)
	6.6 (0.3, 46.0)

	VHI @ EIVt (%)
	15.2 (6.7, 21.9)
	13.2 (5.4, 20.2)*

	#VDP @ TLC (%)
	4.2 (0.2, 35.3)
	3.2 (0.3, 27.8)

	#VHI @ TLC (%)
	9.3 (6.0, 17.7)
	8.7 (5.7, 16.3)*

	CFQ-R Respiratory
	75.0 (38.9, 100.0)
	84.5 (55.6, 100.0)



In this cohort, there was no significant change in VDP between baseline and follow up as the median difference in VDP was 0.02%. This is the result of an even split between patients with an increasing VDP (16 patients) and decreasing VDP (15 patients). When analysing only the patients where VDP increased above the baseline value over time (with no threshold set), the median difference (and approximate 95% confidence intervals) was 1.8% (0.3 and 4.8%). In this sub-analysis, the median (range) VDP at baseline was 11.6% (0.2, 42.2%) and at follow up was 14.0% (0.3, 46.0%). Conversely, when only analysing patients where VDP decreased at follow up, the median difference (and approximate 95% confidence intervals) was -3.1% (-4.9, -1.5%). For these patients, the median (range) VDP at baseline was 7.9% (1.5, 45.0%) and at follow up was 4.3% (0.6, 40.1%). When comparing the group with an increased VDP at follow up to those that decreased, there were no significant differences in VDP, age, FEV1, FEV1/FVC, LCI, RV/TLC or CFQ-R respiratory (p>0.05) at baseline.

There were also no significant group differences between baseline and follow up for any of the other metrics assessed, with no clear trends identifiable. For example, for FEV1 the median difference between visits (follow up – baseline) was -0.1 z-score and for LCI was 0.07. The exception for this was for VHI at both EIVt and TLC, which showed a significant reduction at follow up when compared to baseline. Figure 5‑13 shows that irrespective of whether VDP (at EIVt) increased or decreased, most patients had a reduction in VHI (at EIVt) at follow up when compared to baseline.
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[bookmark: _Ref428799596][bookmark: _Toc27383096]Figure 5‑13: The difference () in VDP versus the difference in VHI at EIVt. 
This scatter-plot shows that most patients have a reduced VHI at follow up compared to baseline (and have a negative value), irrespective of whether VDP increases or decreases.

The difference () in VDP (EIVt) or the % change in VDP from baseline did not significantly correlate with the  or the % change in LCI (or LCIsupine), FEV1, RV/TLC, Sacin or Scond. There was however good concordance (both metrics either increasing or decreasing with time) between the change in VDP and LCI of 65% of patients (Figure 5‑14), but when VDP was compared to FEV1 the concordance was only 54%. The same degree of concordance (54%) was seen when comparing the change in FEV1 to the change in LCI. Figure 5‑14 shows that in those patients where the change in VDP and LCI are concordant, there appears to be a larger change in VDP for a given change in LCI. Analysing VDP at TLC (instead of EIVt), the concordance again was poor between the change in VDP at TLC and both the change in LCI and FEV1 (both 54%, but out of 26 patients rather than 31, as not all patients successfully completed two 3He TLC MRI scans). The change in VDP at TLC also demonstrated no significant correlations with the change in lung function metrics. There was a significant correlation between VDP at EIVt and TLC (r=0.66, p<0.001), with concordance in the direction of change in 77% of patients. Figure 5‑15 shows that it appears that on average the change in VDP at EIVt with time, was larger than the change at TLC. However, this wasn’t always the case, with two patients in particular who seem to have clear discordance between an increase in VDP at EIVt and a decrease in VDP at TLC. This suggests a worsening in partial airflow obstruction over time but an improvement in fixed airflow obstruction over the period of observation. 

When comparing the change in VDP at EIVt to the change in reversible-volume index (Figure 5‑16). Patients in the top right quadrant, have increased VDP at EIVt and increased reversible-volume index over time. This implies that although the amount of defect has increased at EIVt, these defects can become ventilated by breathing in deeply (causing an increase in reversible-volume index), suggesting that the increase in VDP is due to partial airflow obstruction. Patients in the bottom right quadrant, with increased VDP at EIVt but reduced reversible-volume index, have increased fixed obstruction within the airways because the amount of defect has increased and this defect cannot be ventilated by breathing in deeply (thus causing a decrease in reversible-volume index). Patients with reduced VDP at EIVt at follow up should have reduced reversible volume index because the amount of defect available to be reversed has reduced, these patients are in the lower left quadrant. Patients in the top left quadrant have reduced VDP at EIVt and increased reversible-volume index, this could be attributed to two mechanisms, firstly it could be caused by the reduction in VDP at EIVt being out of proportion to the reduction in VDP at TLC and secondly it could be caused by a decrease in VDP at EIVt and an increase/no change in VDP at TLC.
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[bookmark: _Ref14340967][bookmark: _Toc27383097]Figure 5‑14: Scatter plots of the change in VDP and VHI with the change in LCI. 
VDP and VHI are plotted with LCI ( is the difference from follow up to baseline) and the % change in VDP and VHI with the % change in LCI. Spearman correlations are displayed on each plot.
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[bookmark: _Ref14342574][bookmark: _Toc27383098]Figure 5‑15: Scatter plot of VDP from follow up to baseline for VDP at EIVt compared to TLC. 
Spearman correlation values are displayed as is the regression line (R2=0.26). 
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[bookmark: _Ref14345611][bookmark: _Toc27383099]Figure 5‑16: Scatter plot of VDP at EIVt compared to reversible-volume index (follow up - baseline). 
There is no correlation between the change in metrics (r=0.26, p=0.2), but the four quadrants of the plot can be related to the nature of the change in lung function. 

As depicted in Figure 5‑17, when comparing the change () in VDP between those who had a change in FEV1 > 0.5 z-scores to those who didn’t, there was no significant difference seen in VDP. This was also true when comparing the change in VDP between those who had a change in LCI of > 10% from baseline and those that didn’t (p>0.05). Figure 5‑17 also shows that the largest changes in VDP came from those patients without significant changes in FEV1 or LCI. These changes in VDP are evident when visually inspecting the images, examples of which can be seen comparing visit 1 to visit 3 in Figure 5‑9, Figure 5‑10 and Figure 5‑11.
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[bookmark: _Ref14360168][bookmark: _Toc27383100]Figure 5‑17: VDP in patients with and without a significant change in LCI and FEV1. 
Plot depicting the difference (∆) in VDP from follow up to baseline in patients with and without a change in FEV1 z-score > 0.5 (left plot) and with and without a significant change in LCI of > 10% (right plot).  Whilst there were no significant differences between the gorups in either plot, the largest changes can clearly be seen in those patients without a significant change in FEV1 or LCI.
[bookmark: _Ref21869861]Tracking individual ventilation defects with time

At baseline and follow up one of the patients had no significant ventilation defects present, leaving 30 patients where individual ventilation defects could be tracked over time. 

At follow up: 
· 19 of the 30 patients still had the same original three largest defects that were present at baseline, including six patients with a normal FEV1 (including the patient shown in Figure 5‑18). 
· Six of the 30 patients still had two of the original defects left that were present at baseline and all but one patient here had a normal FEV1. 
· Three of the 30 patients only had one of the original defects left that were present at baseline, all of which had a normal FEV1. 
· The remaining two patients had none of the original defects that were present at baseline and both patients had a normal FEV1. 
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[bookmark: _Ref12381557][bookmark: _Toc27383101]Figure 5‑18: Ventilation MRI and ventilation defects for a patient with improving lung function over time. 
Baseline (visit 1) and follow up (visit 3) single image slice of 3He ventilation MRI and 3D reconstruction of the whole ventilation series with the five largest contiguous individual ventilation defects added in colour. This patient has an overall reduction in VDP from 9.0% to 4.3%, a reduction in LCI from 8.5 to 7.9 and a reduction in FEV1 z-score from -1.06 to -0.54, from baseline to follow up. Despite these overall improvements in lung function, the same five largest ventilation defects that can be seen at baseline are still present at follow up. At baseline, the second largest defect (red) has become the largest at follow up (light blue) despite a reduction in size (from 1.7 to 1.6%TCV). The largest defect at baseline (light blue) has decreased in size from 3.5 to 0.65%TCV and has become the third largest defect at follow up (green). This example highlights that despite significant improvements to lung function, that ventilation defects persist with time and the change in size of regional defects can add additional detail to the overall change in VDP.
The largest individual ventilation defect remained the largest defect at follow up (when compared to baseline) in 20 out of the 30 patients. For five out of the remaining 10 patients the largest defect at follow up was originally the second largest defect at baseline (see Figure 5‑18 for an example). Only one out of the remaining five patients had no ventilation defect present at baseline where the largest defect was located at follow up. 

For 18 patients, the largest ventilation defect at follow up had increased in size from baseline. For these patients, the median (range) change in defect size was 48.0mL (2.9, 500.0mL), which equaled a change in TCV of 1.1% (0.1, 11.0%). As these ventilation defects increased in size, on average the defect amalgamated 6.5 small ventilation defects that were present at baseline. On average, these 6.5 amalgamated defects accounted for 19% of the difference in size of the defect and therefore 79% of the increase in size was from areas that were ventilated at baseline. 

In contrast, the largest individual defect at baseline had decreased in size at the follow up visit in 14 out of 30 patients (this was irrespective of whether it was still the largest defect at follow up, for some patients at follow up this defect may have been the second largest or even smaller). The median (range) decrease in size of these defects was -39.1mL (-9.4, -131.0mL), which equaled a change in TCV of -1.3% (-0.2, -3.2%). On average, as this defect shrunk in size, 5.5 small ventilation defects were left where the single old ventilation defect used to be located. These 5.5 small defects were on average 12.0mL in combined total size. On average, this equated to 22.6% of the old defect still being present in the form of smaller individual defects and 77.4% of the decrease in size had become ventilated.
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[bookmark: _Toc27383102]Figure 5‑19: 3He ventilation MRI data from one patient with worsening lung function at three visits. 
Plot i is the central 5mm ventilation MRI slice at all visits. Plot ii is the same slice but with the individual ventilation defects highlighted by different colours. Plot iii represents the 3D reconstruction of all the ventilation slices and plot iv is the same but with the defects superimposed. This patient has an increase in VDP from 22.0% to 28.0% to 33.7% across the three visits. The largest ventilation defect (light blue) is the same at all visits and has increased in size from 14.6% to 17.1% to 26.3%. The second largest defect is also the same in part across all three visits and increases in size from 4.7% to 9.5% at visit 2 before decreasing in size at visit 3 to 5.2%. These two defects may reflect two different active processes within the different lungs/lobes of this patient, processes which may respond differently to treatment options. This highlights the added value of tracking the change in regional ventilation defects. In this instance, the change in the largest defect from visit 1 to 3 is 11.4% which is 97% of the total change in VDP.


The change in size over time of individual contiguous ventilation defects was sometimes greater than the overall net change in VDP. At follow up, the largest defect had changed in size to a greater degree than the change in overall VDP in seven of the 30 patients (Figure 5‑20 and Figure 5‑21). This was also true of the change in the second largest defect in eight of the 30 patients. In total, when combining the change in size of the largest and second largest defects, the change in size was greater than the net change in VDP in 23/30 patients.
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[bookmark: _Ref12454325][bookmark: _Toc27383103]Figure 5‑20: Plot of VDP, largest defect and second largest defect in patients (follow up – baseline). 
Each patient is depicted by a single connected data point. This plot shows how the change in global VDP is linked to the change in individual ventilation defects. 
[image: ]
[bookmark: _Ref12383573][bookmark: _Toc27383104]Figure 5‑21: 3He ventilation MRI example from a patient with both normal FEV1 and LCI at both visits. 
Plot i depicts a relatively anterior ventilation slice with the ventilation defects added in colour. Plot ii depicts the 3D ventilation reconstruction with added ventilation defects and plot iii is only the 3D ventilation defects. At baseline, the largest defect present (light blue) is in the apex of the right lung with the second largest defect (red) present in the left lung. This patient has a small increase in net VDP of 0.3% (from 3.1 to 3.4%), yet the distribution of ventilation defects is very different. At follow up, the ventilation defect that was present in the right lung apex is still present but has reduced in size. The largest defect (light blue) at follow up is 2.3% in size, which represents 67% of the total VDP, this defect has amalgamated some of the smaller defects that were present at baseline (7 defects in total), but these old defects only account for 7% of the size of the new defect, and thus 93% of the new defect was ventilated at baseline. In this example, the reason that there is no overall change in VDP from baseline to follow up is because all of the ventilation defects present in the left lung have become ventilated at follow up, therefore the left lung has had an overall improvement in lung function whilst the right lung has had an overall worsening of lung function.


A comparison of 3He and 129Xe MRI longitudinal change

Of the 31 patients with at least one follow up visit that are discussed above, 27 had both a successful 3He and 129Xe ventilation image assessed at both visits. For 26 patients, this meant comparing visit one to visit three and the remaining patient compared visit two to visit one. All four of the patients without a 129Xe image which are excluded from this analysis, were excluded due to 129Xe image acquisition failures on the day of the visit. Patient demographics, selected pulmonary function and 3He and 129Xe metrics at baseline and follow up are detailed in Table 5‑6.

[bookmark: _Ref12385278]Table 5‑6: Patient age and summary lung function metrics in the 27 patients who had at least one follow up visit and paired 3He and 129Xe images at both visits.
Demographics and lung function metrics are displayed for baseline and follow up, alongside the 3He and 129Xe ventilation MRI metrics. Data is displayed as either mean (SD) or median (range).

	
	Baseline
	Follow up

	Age (years)
	21.8 (10.6)
	23.1 (10.5)

	FEV1 (z-score)
	-2.1 (2.1)
	-2.2 (2.0)

	RV/TLC (%)
	31.6 (17.8, 57.6)
	32.0 (17.8, 57.1)

	LCI
	8.9 (6.7, 22.2)
	8.9 (5.7, 21.0)

	VDP (%)
	3He
	9.0 (0.2, 45.0)
	7.5 (0.3, 47.5)

	
	129Xe
	8.0 (0.4, 49.5)
	8.8 (0.5, 55.9)

	VHI (%)
	3He
	15.3 (4.8)
	13.7 (4.4)

	
	129Xe
	13.8 (4.3)
	13.6 (4.4)




In this sub-group of the MMAVIC population, followed up on average 1.3 years apart, there was no significant group change from baseline to follow up for FEV1, LCI and RV/TLC. Nine patients had a > 0.5 change () in FEV1 z-score, but none had a z-score change > 1.0. Thirteen patients had a change in LCI > 1.0, but only nine of these equated to a change in LCI > 10%. 

The changes observed in 3He ventilation MRI were broadly similar to those seen on 129Xe MRI (see Figure 5‑22 for examples). The median (range) 3He VDP = 0.1% (-8.7, 11.7%) and for 129Xe = 0.02% (-5.9, 11.9%). The difference between 3He and 129Xe VDP was not significantly different, and Bland-Altman analysis (Figure 5‑23) did not demonstrate a significant bias (bias = 0.4%). The 95% limits of agreement from Bland-Altman for 129Xe - 3He VDP were -7.1 to 8.0% and there was a moderate correlation (r = 0.57, p=0.003, see Figure 5‑24). 
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[bookmark: _Ref12385482][bookmark: _Toc27383105]Figure 5‑22: A comparison of 3He and 129Xe ventilation MRI for two patients at baseline and follow up. 
Both patients (a and b)  have a visible worsening in ventilation at follow up which is reflected by an increase in VDP for both patients and for both gases (Patient A - VDP for 3He = 11.7% and for 129Xe = 10.7%. For patient B - VDP for 3He = 2.1% and for 129Xe = 1.6%).
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[bookmark: _Ref12386771][bookmark: _Toc27383106]Figure 5‑23: Bland-Altman analysis of VDP for 129Xe – 3He. 
There was no significant bias (dotted line) across the population, but the 95% limits of agreement (dashed lines) are wide. 
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[bookmark: _Ref428803147][bookmark: _Toc27383107]Figure 5‑24: Scatter plot of VDP comparing 3He with 129Xe ventilation MRI. 
There is a moderate correlation evident (Spearman r = 0.57, p=0.003) between the two gases.

The same-day repeatability of 129Xe VDP was detailed in Chapter 4.3 (129Xe ventilation MRI: Baseline and Repeatability, p186), demonstrating VDP limits of agreement of 1.6%. When using this repeatability threshold to determine agreement between 129Xe and 3He, there was agreement in the change in VDP for both gases in 16 (59%) patients (both >±1.6% or within the range of >-1.6% and 1.6%<). Of these 16, six patients had increased VDP, four had reduced VDP and six had no change in VDP. Of the remaining 11 patients, only two had non-agreement expressed as a change in VDP in opposite directions. Agreement increased to 74% if only the direction of change in VDP was considered (see Figure 5‑24).

When comparing the change in ventilation MRI to the change in lung function over time, the % change in LCI and the difference in LCI (LCI) did not significantly correlate with the change in VDP for 129Xe and agreement in the direction of change was 52% (Figure 5‑25). For 3He however, there was a weak-moderate correlation between the % change LCI and % change VDP (r=0.40, p=0.04), but not for LCI and VDP (r=0.24, p>0.05), agreement in the direction of change however was good (70%) (Figure 5‑25). 

In contrast, the correlations were stronger against VHI. Percentage change in LCI versus % change in 129Xe VHI demonstrated a good correlation (r=0.60, p=0.001) with excellent agreement in the direction of change of 74% (Figure 5‑26). The correlation of % change LCI against 3He VHI was also good (r=0.47, p=0.01), however the agreement in change was not as good as for 129Xe at 52%. ΔFEV1 and the % change in FEV1 did not significantly correlate with any MRI metrics, which was also true for RV/TLC, Sacin and the CFQ-R respiratory score. The only lung function metric to significantly correlate with 129Xe VDP was Scond (Figure 5‑27) with excellent agreement of 74%.
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[bookmark: _Ref12441831][bookmark: _Toc27383108]Figure 5‑25: Scatter plots comparing the difference () and the % change in 3He and 129Xe VDP against LCI. 
Spearman correlations are displayed. The relationship between 129Xe VDP and LCI does not appear to be correlated. The correlations for 3He against LCI again are not very strong, however the agreement in terms of the direction of change with time is better for 3He than for 129Xe.
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[bookmark: _Ref12441877][bookmark: _Toc27383109]Figure 5‑26: Scatter plot of the % change in VHI for both 3He and 129Xe against the % change in LCI. 
129Xe data points are depicted by black dots, whilst 3He are depicted by open circles. The Spearman correlation of 129Xe in particular is strong with excellent concordance with the change in LCI as demonstrated by the number of patients in the upper right and lower left quadrant.

[image: ]
[bookmark: _Ref12447713][bookmark: _Toc27383110]Figure 5‑27: Scatter plots showing the relationship of  129Xe VDP against : Scond, Sacin, FEV1 and RV/TLC. 
The only correlation of significance was against Scond, where there was also good concordance.

129Xe VDP clinical utility

The intra-class correlation coefficient for 129Xe VDP, performed at two-time points on average 1.3 years apart, was 0.97 with 95% confidence intervals of 0.93 to 0.99.  Over this time-course the Bland – Altman analysis shown in Figure 5‑28 showed no significant bias for VDP (bias = 0.5%) and limits of agreement of -7.8 to 8.8%. This is in comparison to the same day 129Xe VDP comparison performed in Chapter 4.3 (129Xe ventilation MRI: Baseline and Repeatability, p186), which showed limits of agreement of -1.8 to 1.4%. 
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[bookmark: _Ref14361403][bookmark: _Toc27383111]Figure 5‑28: Bland Altman analysis of the change in 129Xe VDP (follow up – Baseline). 
The 95% limits of agreement are marked with dotted lines. The bias was minimal (0.5) and plotted with a dotted line.

Using the same-day 129Xe VDP repeatability threshold of 1.6%, 17 (63%) patients had a significant increase (worsening) or decrease (improvement) in 129Xe VDP (>±1.6%), see Figure 5‑29. In contrast to 10/27 (37%) with a significant change in LCI (defined as >10% change from baseline, although only two patients had an LCI change >15%) and 9/27 (33%) with a significant change in FEV1 (>0.5 z-score, although no patient had a change in FEV1 >1.0). Of the 17 patients with a significant change in 129Xe VDP, nine had an increased and eight had a reduced VDP. Also, for these 17 patients only six had a corresponding significant change in LCI, and four had a corresponding significant change in FEV1. 
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[bookmark: _Ref12450142][bookmark: _Toc27383112]Figure 5‑29: Plots depicting 129Xe VDP, the % change in LCI and the change in FEV1 over time.
At baseline, all data points are normalised to zero. For 129Xe VDP, the dashed lines represent the threshold used for a significant change of 1.6, for LCI this threshold is 10% and for FEV1 this is 0.5 z-score.

In the nine patients with a significant worsening of VDP the median (range) 129Xe VDP was 3.2% (1.63, 11.9%), in contrast the % change in LCI for this sub-group was 5.4% (-5.9, 13.3%), for LCI = 0.7 (-1.2, 1.9) and for FEV1 = -0.4 z-score (-0.6, 0.4 z-score). In this sub-group, two patients had a significant change in FEV1 and two patients had a significant change in LCI. In the sub-group of eight patients with a significant improvement in VDP the median (range) 129Xe VDP was -3.0% (-5.9, -2.0%), in contrast the % change in LCI for this sub-group was 4.4% (-13.5, 13.1%), for LCI = -0.2 (-1.4, 1.4) and for FEV1 = 0.0 z-score (-0.7, 0.7 z-score). In this sub-group, two patients had a significant change in FEV1 and four patients had a significant change in LCI.

129Xe VDP power calculations

Power calculations were performed to calculate sample sizes required to detect both 80 and 90% power for different effect sizes, based on VDP as detailed in Table 5‑7. Power calculations were performed on three different populations. Firstly, the population discussed in Chapter 4.3 (129Xe ventilation MRI: Baseline and Repeatability, p186) who performed two 129Xe images on the same day were assessed. Secondly, the whole MMAVIC population discussed in this chapter who had two 129Xe images performed on average 1.3 years apart and thirdly the MMAVIC patients in this chapter with normal FEV1 and had two 129Xe images performed on average 1.5 years apart.
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[bookmark: _Ref21987138][bookmark: _Toc27382989]Table 5‑7: Sample size power calculations for different effect sizes, based on 129Xe VDP and different patient populations. 
Population 1 is patients who underwent same-day 129Xe repeatability scans. Population 2 is the MMAVIC cohort with two 129Xe images approximately 1.5 years apart and population 3 is the same cohort, but with only those included who had normal FEV1. P = population number. N = number of patients measured. VDP (S.D) = the standard deviation of the difference in VDP between two time-points.

	P=
	N=
	VDP (S.D)
	Sample size required to assess different effect sizes with 80% and 90% power

	
	
	
	Effect size

	
	
	
	1.6%
	2%
	5%
	10%

	
	
	
	80%
	90%
	80%
	90%
	80%
	90%
	80%
	90%

	1
	11
	0.82
	4.2
	5.6
	2.7
	3.6
	0.4
	0.6
	0.1
	0.1

	2
	27
	4.22
	109.3
	146.3
	69.9
	93.6
	11.2
	15.0
	2.8
	3.7

	3
	14
	2.13
	27.9
	37.3
	17.9
	23.9
	2.9
	3.8
	0.7
	1.0
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As expected in an observational longitudinal study, where no intervention was performed, there was no significant group differences between the three time points in the 24 patients who at the time had completed the MMAVIC study. These patients were clinically stable for four weeks prior to each study assessment but were not controlled for their clinical course in between the study visits. It is therefore expected that patients will have increased and decreased patterns of lung function (and static patterns) due to the diverse and complex range of contributing physiological factors that can affect lung function in a patient with CF. At a group level, there were no significant changes between visits, however at an individual level there is evidence here that ventilation MRI can measure changes in lung function (both improving and worsening) that are not detected by other methods, this is both in patients with mild disease and in patients with more severe disease.

Inter-visit changes

When comparing the MRI and lung function metrics across three time-points, the majority of metrics measured did not show a statistically significant increase or decrease at any time-point, this highlights the clinical stability of the overall population studied. Over the whole cohort there was a relatively even split between patients who had increased 3He VDP, LCI and FEV1 and those who had decreased results. This again emphasises that there was no one true pattern of disease progression seen during the time-course of this study. 

The only metric with a statistically significant change was VHI, which at both EIVt and TLC dropped significantly over the time course of the study. Due to the pattern of change in other metrics it seems unlikely that this reduction is due to the patient population becoming systematically healthier in the form of a more homogeneous distribution of ventilation. VHI in theory can be affected by the underlying SNR of the image, with VHI likely to increase in the same image in the face of reduced SNR. The image quality of these 3He ventilation images however was always high, with no poor-quality SNR images. Further to this there was no correlation with the change in VHI and the change in SNR over time.  The more likely explanation is that VHI can go down in both patients where lung disease has improved and worsened as shown in Figure 5‑13. 

In the face of improving lung disease as measured by a decrease in VDP, a reduction in VHI is also intuitive as the patient has become healthier and ventilation heterogeneity is reduced. A reduction in VHI in the face of an increased VDP is less intuitive (as seen in Figure 5‑13). This scenario could occur if the areas of lung that have worsened and contribute to increased VDP over time, at baseline were areas of high VHI. Now, at follow up, these areas are no longer measured in the VHI calculation as they are no longer ventilated (hence the increase in VDP). In this scenario, if the ventilated regions of the lung are relatively unaffected by the worsening in lung disease, then VHI would decrease as the remaining ventilated lung regions are overall more homogeneously distributed than at baseline. Further investigations are therefore required to establish whether this hypothesis is correct.

VDP is currently the most widely established and studied ventilation MRI metric in the literature and the data gathered from the MMAVIC cohort across all visits demonstrates it has high inter-visit repeatability. VDP had ICC values of 0.96-0.98 across all the time points, which was similar but higher than the ICC values for LCI and FEV1 (Table 5‑4). The ICC values here for LCI are very similar to those reported in the literature in a similar patient population and using the same MBW apparatus [106, 342], but higher than those reported in pre-school children [334] and school aged children [338] when using N2 based MBW apparatus. The ICC for LCI values here are also higher than reported by a recent study comparing LCI to a novel MRI technique for obtaining ventilation and perfusion form 1H MRI during free breathing by Nyilas et al [209]. The study by Nyilas also looked at the ICC for the ventilation maps that were produced in patients performed 24 hours apart. They found that the ICC for ventilation images was 0.87 in children with CF, which is lower than the ICC values acquired here. This is perhaps not surprising as the fractional ventilation maps produced by Nyilas et al are acquired during tidal breathing over a period of 4-8 mins, with the ventilation maps derived from the averaged signal over the resultant breaths [207]. The resulting ventilation maps are therefore susceptible to any variations in tidal breathing. In contrast, hyperpolarised gas MRI involves the single inhalation of the same volume from FRC, which in theory is a less variable breathing manoeuvre and may explain the increased repeatability seen here.

The inter-visit limits of agreement for VDP (Figure 5‑12) were consistent when comparing the smaller interval visits (approximately 7-8 months apart) at approximately -5.0 to 6.0%, but slightly wider when assessing the longer time interval between visits one and three. In contrast, the limits of agreement between all visits for FEV1 z-score was relatively consistent between any visit at approximately -1.0 to 1.0, which is similar to that reported previously [106, 334, 338, 343]. Also, the limits of agreement for LCI were relatively stable between any visit at approximately -2.0 to 2.0. This is similar to the values reported previously by others using the same equipment [106] and by others using N2 MBW [337, 338, 343]. For LCI, the between-visit repeatability in pre-school children with CF was similar 24 hours apart when compared to 3 months, with the conclusion that a 15% change from baseline could be deemed clinically significant for a change in LCI [334]. Other studies suggest that this threshold should be higher at 17 [343] to 25% [338]. 

The increased limits of agreement seen for VDP that occur with increasing time intervals, and with the known increased sensitivity of ventilation MRI to detect lung disease, could indicate sub-clinical worsening or improvement that other tests are not detecting. This hypothesis can be supported by the qualitative visual evidence of comparing longitudinal images where clear trends can be seen in both improved and worsened ventilation heterogeneity, as seen for example in Figure 5‑9, Figure 5‑10 and Figure 5‑11. One future method to quantify this would be to get a radiological scoring system based on expert visual analysis. 

One limitation to this longitudinal analysis is the lack of data on exacerbations and treatment changes in between clinic visits. At study visits patients were free from hospitalisation or intra-venous antibiotics for four weeks, however this was not necessarily the case for those on oral antibiotics. During the study, it became clear that patients would often be on oral antibiotics unbeknown at the time to the clinical team and in some cases not disclosed until halfway through study visits. Some patient visits will therefore be whilst the patient was taking oral antibiotics and in some cases may mean that the patient was not completely clinically stable. Future work should attempt to record this data in more detail, including new treatments and exacerbations, to account for visit to visit changes. 

[bookmark: _Toc27382927]Longitudinal 3He MRI compared to lung function 

Comparing MMAVIC to the AJRCCM published cohort

The data presented in this chapter from the MMAVIC study does not exactly replicate the findings from the small study originally published in the AJRCCM [249] and detailed in the introduction of this chapter (Two year follow up analysis of children with CF and normal FEV1, p202). In the study published in AJRCCM, 13/14 (93%) children with CF had an increased VDP at a second visit approximately 2 years on from when originally assessed. The remaining patient had a reduced VDP. The original study showed that there was good concordance between the change in VDP and the change in LCI (86%), where 11/14 patients also had an increased LCI. These changes were observed despite a stable and unchanged FEV1. In the MMAVIC study the data shows a more heterogeneous response to the change in 3He VDP with time, whereby only 54% of the MMAVIC cohort having increased VDP and the remaining 46% had reduced VDP, with the mean change in VDP being close to zero. Despite this, the agreement between the change in 3He VDP and LCI was good (68%). 

One clear difference between the two cohorts is the degree of underlying lung disease. The cohort published in AJRCCM, only consisted of children with an FEV1 within the normal range, as opposed to the broad spread of FEV1 within the MMAVIC cohort. However, when only looking at the MMAVIC patients with a normal FEV1 (18 in total), only 44% of the patients had an increase in 3He VDP, but the concordance between 3He VDP and LCI remained at 67%. The MMAVIC patients with normal FEV1 at baseline, when compared to the cohort published in AJRCCM, at baseline appear older, with higher LCI values and lower group FEV1 (Figure 5‑30). These observations however are not statistically significant. For LCI, only 43% of patients in the cohort published in AJRCCM had an abnormal LCI as opposed to 72% of the MMAVIC cohort with normal FEV1. This suggests that one reason that the pattern of VDP response described in the AJRCCM cohort is different, is because they were younger patients with milder disease at baseline and were potentially studied at a point where disease was progressing more rapidly.

The fact that more of the MMAVIC cohort had abnormal LCI suggests that these patients were more likely to have had established disease for a while and potentially following a more complex treatment regime to treat the underlying disease. Also, the good agreement seen between LCI and VDP in both cohorts reinforces the validity of the change in VDP in both studies. The differences therefore are likely to be due to the cohorts on average being at different stages of disease management, with the cohort published in AJRCCM likely to be a milder, younger cohort who were more likely to have disease progression rather than improvement. These patients potentially had such mild disease at baseline, that there could be little improvement.
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[bookmark: _Ref424827011][bookmark: _Toc27383113]Figure 5‑30: A comparison of Age, LCI and FEV1 between the AJRCCM and MMAVIC cohorts. 
This is a sub-group of the MMAVIC cohort who had a normal FEV1 at the baseline visit.

Comparing the change in metrics over time

In the 31 patients who had at least two visits for comparison, there were no significant group changes for any of the metrics assessed, meaning that on average the lung function of this cohort of patients were relatively stable throughout the follow up period. This is a phenomenon previously reported when analysing longitudinal trends in LCI over the course of 3 years [166]. This however does not reflect the heterogeneity of patterns experienced in the ventilation MR images. Approximately half of the 31 patients had increased VDP and the other half decreased, patterns which can be visually seen when assessing the images themselves. When visually assessing the images, it is clear that for some patients there are significant worsening patterns of ventilation and conversely in others there are consistent improvements in ventilation over time. In a cohort of patients where the aim was to follow up routine patients, being managed separately from the study, it is understandable that some patients will be progressing and some will be improving due to the variety of factors that can affect the lung health of patients with CF. Visual interpretation reveals details and subtleties in lung disease patterns which may be lost when surmising these images into global metrics.

The data presented here on ventilation MRI shows a much more heterogeneous longitudinal response than previously published. As a result, these are the first data that highlight that not only can 3He MRI detect worsening lung disease in the face of a normal FEV1 (and sometimes LCI also), but it can also detect improving lung function in the face of a normal and unchanged FEV1 (again LCI also for some). This is especially important when considering the use of ventilation MRI in clinical trials and clinical decision making, where the expected response is an improvement with treatment. Here, a proportion of the patients with normal and static FEV1, showed clear visual trends of improving lung function on 3He MRI. VDP often showed large changes when there was no significant change in either FEV1 or LCI as highlighted in Figure 5‑10, Figure 5‑11 and Figure 5‑18. 

The change in VDP with time was not correlated with the change in other lung function metrics, a finding previously reported when looking at the change in 129Xe VDP, FEV1 and LCI after treatment for pulmonary exacerbation [239]. One reason for this is that it is likely that the three-metrics highlighted (VDP, FEV1 and LCI), are measuring different aspects of lung function. FEV1 is largely measuring the airway resistance within the largest conducting airways, whilst LCI is measuring ventilation heterogeneity of ventilated lung regions. LCI in more severe lung disease is a much more unpredictable test than it is in milder lung disease. The intra-subject repeatability is worse in more severe disease and the response to treatments is much more unpredictable. A patient can have a positive response to therapy, but the LCI in more severe disease can get better (due to an overall reduction in ventilation heterogeneity). Or the LCI could get worse due to the opening of airways, which allows ventilation to previously diseased areas of the lung. In this example ventilation heterogeneity increases as does LCI. 

In contrast, VDP reflects the amount of non-ventilated lung in a binary fashion. Therefore, if a patient is treated, regardless of their underlying lung function and if the treatment is successful, then VDP should always improve. In this cohort of patients, the concordance in the change in VDP and LCI was 65%, showing that for 2/3 patients the metrics are reflecting the nature of lung disease progression. In contrast, the agreement with FEV1 was poorer for VDP at 54%, which demonstrates the insensitivity of FEV1 to detect underlying changes in lung function. 

Changes in VDP imaged at EIVt and TLC were not always concordant, which provides further evidence that measuring VDP at both lung volumes provides additional insight into the nature of volume-reversible lung function. On average the change in VDP was larger at EIVt than at TLC, which reflects the fact that at higher lung volumes it is more likely that airway obstruction can be overcome due to increased intra-thoracic pressure. Change in VDP at TLC suggests changes in fixed airway obstructions, caused by mucus plugs for example. An increase in VDP at TLC may reflect a worse scenario than an increase in VDP at EIVt alone. VDP at EIVt is perhaps more sensitive to change than at TLC, but a change in VDP at EIVt may detect less severely diseased obstructed airways in addition to the lung areas affected at TLC. 

Assessing these two VDP measures as well as the change in the reversible-volume index allows for clinical interpretation as to the nature of lung function changes. For example, an increase in VDP at EIVt and an increase in the reversible-volume index shows that although there has been an increase in the amount of non-ventilated lung at EIVt, these areas of defect can still be accessed by breathing in deeply, demonstrating reversible ventilation. In contrast, an increased VDP at EIVt in the presence of a reduced reversible-volume index indicates that these increased areas of non-ventilation cannot be readily accessed when breathing in deeply, indicating less reversible ventilation obstruction. This latter pattern is arguably more serious than the former.
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These are the first data presented on tracking ventilation defects imaged in 3D over time. Here, the data highlights: 
1) That it is possible to track individual ventilation defects over time in 3D.
2) That the largest ventilation defects present largely persist with time, even in patients with normal FEV1 who have clinically improved over time. 
3) That the change in size of individual ventilation defects can often be larger than the overall net change in VDP. 
4) That the change in size of ventilation defects is mostly dominated by either new defect appearing in previously ventilated areas (in the case of increasing lung disease), or by newly ventilated regions in the case of lung disease improving.

In Chapter 3 (Ventilation defect analysis, p125), the distribution of ventilation defects throughout the lungs of the MMAVIC cohort was detailed. This showed that as lung disease progressed and VDP values had increased, the number of defects (that contributed to >1% of total VDP) significantly decreased and the size of the largest defect almost directly correlated to the total VDP. It was hypothesised from this that as lung disease progressed in an individual patient, that the number of significant ventilation defects would decrease, but the size of the remaining defects would increase, possibly caused by separate defects merging together. In the time frame (less than two years) that the current patient cohort has been followed up, this reduction in defects with increasing disease has not been seen. This may be because the time-frame is insufficient to see milder patients become more severely diseased. The data in Chapter 3 (Ventilation defect analysis, p125) highlights that a VDP of 10% was associated with the lower limit of normal for FEV1, a threshold that also separated patients with numerous small defects and those with fewer large defects. In this longitudinal cohort, all patients with an FEV1 within the normal range at baseline stayed within the normal range at follow up visits. Nor did any patient have a VDP that increased above 10%. This suggests that a longer time-frame of follow up is needed to assess the hypothesis that smaller more numerous ventilation defects become fewer but larger ventilation defects.

An important finding from this analysis is that the largest ventilation defects largely persist with time. In all of the patients with an abnormal FEV1, the largest three ventilation defects that were present at baseline were still present at the follow up visit, which was also true for 6 of the 16 patients with normal FEV1. This includes patients where VDP decreases over time and where FEV1 was stable (and within the normal range) as is shown in Figure 5‑18. The patient in Figure 5‑18, over time, has clearly improved, as highlighted by decreasing VDP, LCI and increasing FEV1, yet the same five largest ventilation defects that were present at baseline are still all in the same location. The impact of this is that once significant ventilation defects appear they are likely to be the areas within the lung that continue to be significant. Further follow up visits of this individual would determine whether these defects ever disappear or if they are fixed defects that disease progresses from.

One of the intrinsic strengths of ventilation MRI is being able to regionally locate lung disease. The method employed here for measuring individual ventilation defects allows for a quantitative regional assessment of lung disease previously not available. These data show the potential of regional versus global summary metrics of lung function and the change in size of individual ventilation defects was often larger than the global change in VDP. This is possible because the change in VDP is the sum of all the individual defect changes, therefore whenever one defect increases and a different ventilation defect decreases in size to an equal amount, the net change in VDP is equal to zero. In this situation, the interpretation of the change in VDP is that no change in lung disease has occurred, whereas the interpretation of these two defects is that one defect has worsened whilst the other has improved. This is important when considering the approach to optimal delivery and the subsequent assessment of treatment response, where the treatment effect may be relatively large in a certain region of the lung, but which may get diluted when assessing VDP if the rest of the lung does not respond in the same way. This type of approach may be particularly effective when assessing treatment strategies designed to regionally target specific lung regions, such as physiotherapy. Assessing the efficacy of different physiotherapy techniques has proved challenging [31] and this may be due to using global metrics of lung disease (such as FEV1) instead of regionally sensitive methods.

In an era of CF therapies where expensive treatments are difficult to assess from an efficacy perspective (due to normal FEV1 values being increasingly common), accurately assessing the smallest drug response is key. VDP has already been highlighted to be sensitive to change in these circumstances, but the ability to measure the individual defects that contribute to VDP potentially increases this sensitivity further.

[bookmark: _Toc27382929]Comparing 3He with 129Xe

The data presented demonstrates that there is good concordance between the change in 3He and 129Xe MRI metrics with time. The change however is not identical which is likely due to two main factors. First is the effect of gas diffusivity on partially obstructed diseased airways which is discussed below.  The second is related to image acquisition (as discussed in Chapter 3.5 (The utility of 3He and 129Xe MRI in CF, p148) whereby a 129Xe MRI ventilation voxel has twice the thickness of a 3He voxel and therefore has averaged the signal over twice the spatial length.
The data presented highlights differences between the relationships of 3He and 129Xe MRI with SF6 LCI. There are moderate correlations between the change in MRI metrics and LCI, but not equally so for both MRI gases and not equally for VDP and VHI when compared to LCI. The relationship between the change in LCI and VDP was stronger for 3He than for 129Xe, however the change in VHI compared to LCI was stronger with 129Xe than 3He. There are hypothetical physiological reasons for this, relating to the degree of obstruction present in airways and the different relative diffusivities of the three gases in question. In relation to each other and in the concentrations used, 3He is the most diffusive gas, followed by 129Xe and then SF6 (0.2% in air).

Table 5‑8 details the diffusion coefficients (D0) of the three different gases in air and the mean free diffusion length (calculated as: mean free diffusion length = , where D is the diffusion coefficient and t is time). The diffusion coefficients for 3He and 129Xe were calculated by Chen et al [344] and the diffusion coefficient for SF6 in air was calculated by Ruiz-Cabello et al [345]. The mean free diffusion length is the theoretical distance a gas can diffuse freely in air. Whilst it is acknowledged that the lung has multiple internal structures, the free diffusion length gives an approximation for the relative length of diffusion that a gas could travel within the lung. For 3He and 129Xe, the acquisition time of six and 10 seconds refers to the breath-hold time over which the ventilation images are acquired. MBW tests however are not acquired over a fixed timescale and the duration differs depending on the underlying size of the lungs and the degree of disease severity. Increased test duration therefore occurs in larger lung sizes and in more advanced disease. As a result, the table details the mean free diffusion length for a variety of timescales over which MBW commonly takes place. Despite being the least diffusive in air, SF6 has the advantage that the time course of the MBW test causes a larger mean free diffusion length than both 3He and 129Xe, regardless of how long the MBW test would take.
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[bookmark: _Ref21988952]Table 5‑8: Table of gas diffusivity values in air for 3He, 129Xe and SF6. 
For 3He, 129Xe and SF6, the diffusivity (D0) values in air are displayed [344, 345]. The acquisition time refers to the time the individual methods take to complete (I.e. To perform a 3He ventilation MRI, the acquisition is approximately six seconds and for 129Xe it is 10 seconds). A range of times are displayed for SF6 due to MBW tests needing longer durations for different sized lungs and in more advanced lung disease. The mean free diffusion length combines both the gas diffusivity in air and the time over which the methodology is acquired. 

	Gas Mixture
	D0 (cm2/second)
	Acquisition time (seconds)
	Mean free diffusion length (cm)

	3He in air
	0.86
	6
	3.2

	129Xe in air
	0.14
	10
	1.7

	SF6 in air
	0.09
	150
	5.3

	
	
	300
	7.5

	
	
	600
	10.6

	
	
	1200
	14.9



The change in VDP is largely in agreement between 3He and 129Xe MRI, but on average the change in 3He VDP appears larger than the change in 129Xe VDP. This is potentially due to 3He being more diffusive than 129Xe, allowing it to penetrate more distally than 129Xe in the case of partially obstructed airways (see Figure 5‑31 for illustrated examples). There will be a point when the degree of airway narrowing (due to disease) will restrict 129Xe diffusion (during the time-course of the image acquisition), through which 3He will continue to diffuse distally. In this situation 129Xe VDP will be larger than 3He VDP (Figure 5‑31 A). If this airway becomes more diseased over time and this partial obstruction narrows to the point that 3He can no longer pass through, there will be an increase in 3He VDP. 129Xe VDP however will increase to a lesser degree because it had already reflected this obstruction at baseline (Figure 5‑31 B). In contrast, when patients improve over time and airways become less obstructed, 3He will diffuse more rapidly than 129Xe through smaller airways, causing the improvement in 3He VDP to be larger than that of 129Xe. 

3He is highly diffusive and more diffusive than SF6 within the lung, though SF6 has more time through which to diffuse due to the long test times of the MBW test in comparison to ventilation MRI. 3He is therefore likely to have penetrated all areas of the lung that SF6 can during the MBW test. There is good agreement between the change in LCI and the change in 3He VDP. If this agreement is due to the same underlying physiology, then the areas of the lung that have become worse with time and now appear non-ventilated (contributing to an increased VDP after inhaling a single dose of 3He), may still be slowly ventilating over the course of time (and multiple breaths) and hence on the MBW test the LCI is increased (Figure 5‑31 B). This could occur if the diseased airways were only partially obstructed, in which case the single inhalation of 3He may be insufficient inhaled volume to open these airways and therefore the regions distal to these appear non-ventilated. On the MBW test, which utilises a relaxed tidal breathing pattern over time, there are many tidal breaths with which the tidal volume may be larger than the ventilation MRI method. If these breaths were of large enough volume to open partially obstructed airways then SF6 could penetrate distal to obstructions and cause an increased LCI as a result. Conversely, in the case of decreased VDP and LCI, when ventilation defects disappear over time the airway obstruction is no longer present. This area has improved ventilation which will cause a concordant decrease in LCI and VDP (Figure 5‑31 D).

129Xe is less diffusive than both 3He, however has slightly higher diffusivity than SF6. SF6 however has a larger mean free diffusion length than 129Xe, over the duration of the different methodologies. SF6 may therefore be able to penetrate areas of the lung which are partially obstructed that 129Xe cannot during the time course of the MRI scan (Figure 5‑31 A and B). There is less agreement between the change in 129Xe VDP and the change in LCI than was present for 3He against LCI. As a result, there are patients where 129Xe VDP increases whilst LCI decreases with time. This could suggest that the areas of the lung that have become worse with time and now appear non-ventilated on 129Xe MRI (contributing to an increased VDP), are areas that are completely obstructed to SF6 and no matter how long the test takes and how many tidal breaths are performed, SF6 cannot penetrate a region of the lung that it previously could (Figure 5‑31 C). In this situation, where VDP has increased, LCI will decrease because the SF6 can no longer penetrate a previously poorly ventilated lung region that is now closed off. In this circumstance, where the patient subsequently improves over time with treatment, VDP would decrease because the obstruction is removed, but LCI would increase because the removal of the obstruction allows SF6 to ventilate a diseased region of the lung.
Chapter 5: The longitudinal relationship between ventilation imaging with lung function
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[bookmark: _Ref18239091][bookmark: _Toc27383114]Figure 5‑31: Four scenarios of varying degrees of airflow obstruction and the effect on gas diffusivity. 
In scenario A, 3He can diffuse more distally than 129Xe and therefore 129Xe VDP would be larger. SF6, despite being less diffusive than 3He, can still penetrate these regions due to the multiple breaths that occur during MBW. Scenario B is the same as scenario A, except that airflow obstruction has increased. In scenario B, 3He VDP increases as 3He can no longer diffuse through the obstructed airway.  SF6 however can still diffuse through because of the multiple tidal breaths and the increased airway narrowing present will cause an increase in LCI. Scenario C shows a complete mucus plug in the region shown by scenario A and B. This plug causes both 3He and 129Xe VDP to increase. LCI decreases because SF6 cannot penetrate this region and under-represents lung disease. Scenario D shows a resolution of lung disease in the region depicted. When compared to scenario A, B and C, both 3He and 129Xe VDP decrease. LCI will decrease in comparison to scenario A and B.

Chapter 5: The longitudinal relationship between ventilation imaging with lung function
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The primary imaging outcome metric used during the MMAVIC study has been 3He VDP and the change over time in 3He VDP. Historically 3He has been the hyperpolarised gas of choice for ventilation imaging due to the large signal that can be generated. As has been previously discussed, there has been a shift in the centres performing hyperpolarised gas imaging towards 129Xe instead. 129Xe is more readily available than 3He and is significantly more cost-effective than 3He, making it an attractive gas for imaging. In Chapter 3.4.3 (A comparison of 3He and 129Xe ventilation MRI, p131), the cross-sectional comparison of 129Xe and 3He MRI showed that there is no systematic bias when comparing VDP values between the two gases, and any differences do not affect the clinical interpretation as the significant ventilation defects are evident in both gas images. In Chapter 3.4.4 (129Xe and 1H MRI in patients with normal FEV1, p135), data was also presented that compared healthy children to patients with CF and FEV1 values within the normal range (and some patients with normal LCI also). The CF patients had significantly higher values for VDP when compared to healthy controls, which demonstrates that 129Xe VDP is highly sensitive to early lung disease. This finding is consistent with other small cross-sectional studies of 129Xe MRI in CF [247, 248] and in keeping also with studies using 3He in CF [105]. 

The data reported in this chapter are the first longitudinal follow up of patients with CF using 129Xe MRI. 129Xe and 3He are largely concordant with respect to the direction of change over time in VDP even if the magnitude of change is not always the same. As discussed in Chapter 3.5 (The utility of 3He and 129Xe MRI in CF, p148), regardless of the scale of VDP changes, the visual change in 129Xe MRI was similar to that seen on 3He MRI, therefore the clinical interpretation of the change in ventilation MRI would be unaffected. 

129Xe VDP was also demonstrated to be highly repeatable. Chapter 4.3 (129Xe ventilation MRI: Baseline and Repeatability, p186) demonstrates the high level of same-day repeatability of 129Xe VDP, data which suggests that any short term-change in VDP greater than  1.6% could be viewed as being significant. The ICC repeatability of the change of 129Xe VDP over the course of approximately 1.3 years is high (and greater than FEV1 and LCI). Bland-Altman limits of agreement for 129Xe VDP over this time course suggest that a change in VDP of greater than  8.3% is clinically significant. This however assumes that the patients assessed were clinically stable throughout the course of the study. Whilst patients were assessed at a clinically stable time (defined as 4 weeks free of any hospitalisation or IV antibiotics), they are unlikely to be clinically stable in between visits. 129Xe VDP has repeatability thresholds of  1.6% for the same day and  8.3% for long-term follow up, therefore, the change of VDP of  8.3% is likely to reflect significant changes in lung function that are not necessarily detected by other lung function tests.129Xe VDP is more sensitive than LCI and FEV1 at detecting disease and it is therefore intuitive that it is more sensitive to detect changes in lung function not detected by LCI and FEV1. 

When comparing different lung function metrics, the thresholds chosen for a significant change were deliberately small (10% change for LCI and 0.5 z-score for FEV1) as the threshold of 1.6% VDP represents the short-term (highest) repeatability of 129Xe VDP. Using these thresholds 64% of patients had a significant change in VDP as opposed to 37% and 33% for LCI and FEV1 respectively. Of interest, is that of the 64% (17 patients) with a significant change in VDP only 5/16 patients had a corresponding change in FEV1 and or LCI, which emphasises that the metrics may be measuring different aspects of lung disease. 

A recent study assessing 129Xe MRI (alongside LCI and FEV1) in children with CF before and after an exacerbation, demonstrated that VDP significantly improved (decreased) after treatment for the exacerbation, as did the LCI (decreased) and FEV1 (increased) [239]. The average reduction in VDP was -3.0% (on average a 40% change from baseline) and the average change in LCI was -9% from baseline and +17% from baseline for FEV1. In the data presented here, 9/31 patients had a longitudinal change in 129Xe VDP greater than the reported treatment response of  3.0% from the work presented by Rayment et al [239]. These nine patients did not have a significant change in FEV1 or LCI, which again illustrates the sensitivity of 129Xe VDP to assess sub-clinical changes in lung function. 

The follow up data of 129Xe VDP presented here allows for the calculation of a variety of sample sizes in which clinical trials could be based for different effect sizes. The choice of sample size based on the data here should reflect the question being asked. For example, if measuring the short-term effectiveness of a therapy then the sample required to assess a VDP effect size of 1.6% could be as low as 5 patients, however to measure the long-term effectiveness of a therapy (over 1.5-2 years for example), then a sample of 109 patients would be required to assess the same effect size. To assess long-term therapies, larger changes in VDP are more likely to be seen and the sample required to assess a 2, 5 and 10% VDP change is 69, 11 and 3 patients respectively. As Rayment et al [239] observed a short-term change in VDP to antibiotics of -3%, then a long-term change of 5% to a therapy does not seem unrealistic for a spread of lung disease, meaning a sample size of 11 patients could be used. In the current era of CFTR therapies targeted at progressively milder lung disease and younger patients with CF, cohorts where FEV1 does not show a measurable signal to therapies, utilising ventilation MRI as an outcome method is attractive due to its high sensitivity. In this specific cohort of patients with normal FEV1 values, the power calculations indicate that a sample of 28 patients would be required to assess a VDP effect size of 1.6%, this is a modest sample size, which makes the methodology appealing as an outcome measure when considering the considerable costs of clinical trials. The data presented in Chapter 3.4.2 (Correlations between lung function and 3He MRI at EIVt, p121) and in this chapter, shows that it is unlikely patients with normal FEV1 will have a VDP greater than 10%, and therefore looking for effect sizes of 5 and 10% is impractical, but using an effect size of 2% VDP, the sample size can be reduced further to 18 patients.


[bookmark: _Toc27382931]Summary

In summary, the MMAVIC data presented here is the first large cohort of children and adults with CF to be followed – up in the longer-term using hyperpolarised gas 3He and 129Xe MRI, alongside MBW and other lung function metrics. The results show that both 3He and 129Xe VDP are highly repeatable and track changes in lung function trends that both FEV1 and LCI do not always reflect. VDP therefore, alongside the visual analysis of the images, provide a highly sensitive means of detection of new lung disease and the improvement in lung disease. The results also demonstrate, for the first time, that it is possible to track ventilation defects over time in 3D. In doing so these data show that regardless of whether lung function patterns are improving or worsening, and regardless of the underlying severity of disease, ventilation defects largely persist with time. Often these individual ventilation defects provide additional complimentary quantitative analysis to VDP and the change in size of individual defects is often larger than the global summary metric – VDP.

Finally, this chapter highlights that 129Xe MRI is ready to be utilised in clinical management and clinical trials. It is highly related to the traditionally used 3He when assessed over time and is sensitive to change when compared to FEV1 and LCI. The longitudinal analysis of 129Xe VDP on the same-day and over the duration of the study, has allowed for the calculation of a variety of different sample sizes that can be utilised when designing clinical trials. These cohorts would largely be small in number, especially when comparing to the traditionally used FEV1. This makes 129Xe MRI a cost-effective option when designing trials.
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[bookmark: _Toc27382932]The utility of ventilation MRI in other paediatric respiratory disorders

[bookmark: _Toc27382933]Introduction

The principle findings from ventilation MRI studies, in children with CF, are that it is sensitive to early lung disease and sensitive to change in lung disease, however the role of ventilation MRI is not limited to patients with CF. When combined with the visual analysis of regional lung disease, ventilation MRI has a potential role in assessing different paediatric lung diseases. This is especially pertinent in children where identifying early changes in lung function is needed to guide treatment to preserve long-term lung health. There is increasing recognition that lung diseases such as COPD have their origins in childhood [346]. In children identified as being at high risk for the development of lung disease, ventilation MRI may have a role in screening for early lung disease. To date only children with CF and asthma [347, 348] have been reported in the literature using hyperpolarised gas, whilst ventilation imaging has also been documented using 1H free-breathing ventilation MRI in children with primary ciliary dyskinesia (PCD) [349]. The routine use of ventilation imaging using hyperpolarised gas is currently limited to school age children, due to established protocols requiring breath-holding in order to achieve successful images. However, a feasibility study assessing free-breathing 3He MRI has been performed in infants with CF, asthma and who were born prematurely as young as two-months old [350].  

During the course of this work a clinical license was granted to the POLARIS lung imaging group at the University of Sheffield to perform clinical hyperpolarised gas imaging. The close working ties with Sheffield Children’s Hospital NHS Foundation Trust and history of assessing children with CF, has led to a variety of paediatric lung conditions to be referred and assessed as part of routine clinical management. POLARIS holds research governance permission for retrospective analysis of clinical images and associated data for research purposes. The largest cohort of children referred had a diagnosis of PCD and the analysis of this cohort was published in the Annals of the ATS [254] and is described separately below. Also detailed below is a summary of the number and diagnosis of the paediatric clinical referrals received to our centre. Some of these children have particularly interesting histories and are detailed as case-studies, where MRI was key in the clinical management of these children. 

Finally, in this chapter the preliminary analysis of a collaborative study with the University of Cardiff is presented. In this analysis, children with a history of premature birth as well as healthy control children were assessed in Sheffield with ventilation MRI and MBW.


[bookmark: _Toc27382934]Primary Ciliary Dyskinesia

This work is published in the Annals of the American Thoracic Society (AnnalsATS) journal [254].

[bookmark: _Toc27382935]Introduction

Primary ciliary dyskinesia (PCD) is a rare genetic condition causing progressive lung disease, which starts during early childhood. PCD is a disease which affects the cilia in the airways, causing either or both structural or functional defects to the cilia [351]. It is diagnosed through a combination of clinical presentation and symptoms and assessment of abnormal function of ciliary motility. More than 30 different genes have been identified that are associated with PCD and identification of these genes may be used to aid diagnosis [352]. The presence of PCD in the population is estimated to be approximately one in 10,000 [353], with this prevalence increasing in certain ethnic populations [354]. Despite this knowledge, the age of diagnosis of PCD is often delayed, with the median age at diagnosis being 5.3 years [353]. Approximately 50% of patients with PCD also present with situs inversus (also known as Kartagener syndrome) [355], which is where the visceral organs are reversed in the body and appear on the opposite side to the normal presentation. For example, on thoracic imaging the heart is on the right-hand side of the cavity in situs inversus.

The result of functionally abnormal cilia throughout the airways is the potential failure to remove mucus from the airways. This mucus accumulation then causes localised infection and inflammation, which in turn can lead to bronchiectasis [351]. The result of this process is increasing airflow obstruction and therefore spirometry is currently the gold-standard assessment of lung function in PCD [356]. Lung disease in PCD begins early in childhood causing impairments to lung function [357]. Lung disease is then progressive throughout life, with approximately 98% of adults with PCD having evidence of bronchiectasis and 38% of adults living with an FEV1 of <40% predicted [358].

Identifying early lung disease is therefore important for the initiation and assessment of early intervention to maintain lung health [356, 359]. Assessment of lung function in PCD may have a significant clinical overlap with cystic fibrosis (CF) [112], the aim being to identify small, but clinically significant airways obstruction within the lung. Spirometry is insensitive to early lung abnormality in CF and PCD [360], however the lung clearance index (LCI) derived from multiple breath washout (MBW) can detect early ventilation heterogeneity in patients with CF [52]. Recent studies utilising LCI in PCD have however highlighted that the relationship between the pathophysiology and functional changes in PCD may not be entirely consistent with those of CF [112, 361, 362]. 

In this analysis, patients with a confirmed diagnosis of PCD who were referred to our centre for clinical assessment, were retrospectively reviewed. PCD and CF have similar pathophysiology in that excess mucus builds in the small airways due to the failure of the muco-ciliary escalator [363]. Excess mucus leads to inflammation and bronchiectasis, which causes airflow obstruction. Imaging comparisons have shown that patients with PCD and CF have common comparable findings on 1H structural MRI [364]. A recent study using 1H ‘Matrix-Pencil’ MRI techniques to create surrogates of ventilation maps in PCD demonstrated that ventilation defects were prevalent in PCD [349], but that the amount of defects did not correlate with LCI, which was unlike their previous work in CF [207]. 

The aim of this exploratory retrospective analysis was therefore to see if the same relationships between hyperpolarised gas MRI and lung function existed for patients with PCD as is described for CF.

[bookmark: _Toc27382936]Methods

This is a retrospective analysis of children diagnosed with PCD, referred to our centre for clinical assessment to further investigate their lung function. These patients were referred from either Sheffield Children’s Hospital NHS Foundation Trust, or from Leeds Teaching Hospital NHS Foundation Trust.  These patients had either normal FEV1 or mild to moderate airflow obstruction [45, 51] but with on-going symptoms that required further investigation. On the day of testing all subjects were free from pulmonary exacerbation (for the previous four weeks), were not undergoing any new acute treatments and felt well on the day of testing. Each child performed hyperpolarised gas 3He ventilation MRI, MBW and spirometry. This analysis was performed under clinical research governance for retrospective research using clinical data. 

3D volumetric hyperpolarised 3He ventilation MR images and 1H anatomical images were acquired during the same breath-hold at end-inspiratory tidal volume (EIVt), as detailed in Chapter 2.3 (Ventilation imaging breathing manoeuvre, p84) [212]. The ventilation defect percentage (VDP), and the ventilation heterogeneity index (VHI) were recorded as described in Chapter 2.3 (Hyperpolarised 3He ventilation MRI metrics, p94). 1H steady state free precession MR images were separately acquired for assessment of lung morphology and mucus [185]. Previous CT imaging was also reviewed for comparison when available. This was retrospectively assessed and therefore the most recent CT image was acquired.

MBW was performed as described in Chapter 2.2.3 (Multiple breath Washout, p73) [101] and the metrics of LCI, Scond and Sacin calculated. The upper limit of normal for LCI was defined as >7.4 [101].

Due to the small sample size, Spearman correlations were performed between lung function and MRI metrics. A p-value <0.007 was deemed to be statistically significant after correction for multiple comparisons.



[bookmark: _Toc27382937]Results

MRI findings in PCD

Eleven children with PCD (eight female) were assessed and their individual demographics, lung function and MRI metrics are summarised in Table 6‑1. Each patient is referred to as an individual letter throughout this text. Seven children had situs inversus. All 11 children had ventilation defects on ventilation MRI (and are shown in Figure 6‑1). Defects were mostly small and heterogeneously distributed, with multiple defects present on most image slices throughout the lungs. One subject (B) had significant mucus plugging evident in the left lower lobe on 1H MRI and on previous CT, which was associated with a large ventilation defect evident in all image slices (see Figure 6‑2).

[bookmark: _Ref21978108]Table 6‑1: Patient demographics, lung function and ventilation MRI metrics for all 11 patients.
	Patient
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	Mean

	Sex
	F
	F
	F
	F
	F
	F
	F
	F
	M
	M
	M
	

	Age (years)
	14.7
	9.4
	14.4
	12.1
	12.2
	17.0
	17.3
	10.1
	7.3
	16.5
	15.7
	13.3

	Height (cm)
	160.6
	140.2
	165.0
	155.5
	154.5
	151.9
	146.6
	125.9
	120.3
	162.5
	179.2
	151.1

	Weight (kg)
	39.0
	26.0
	66.0
	66.0
	44.5
	45.0
	45.0
	24.0
	21.0
	56.0
	86.5
	47.2

	FEV1 z-score
	-2.1
	-3.2
	-0.7
	0.6
	0.7
	0.6
	-2.4
	0.2
	-3.0
	-1.5
	-2.1
	-1.1

	FEV1/FVC z-score
	-1.7
	-3.2
	-0.5
	-1.0
	-1.4
	-1.5
	-2.3
	0.5
	-3.1
	-3.0
	-1.7
	-1.7

	LCI
	8.8
	7.8
	6.9
	6.0
	6.8
	7.35
	7.3
	6.4
	11.1
	10.7
	8.6
	8.0

	Scond
	0.03
	0.10
	0.06
	0.03
	0.02
	0.05
	0.06
	0.05
	0.07
	0.06
	0.09
	0.06

	Sacin
	0.29
	0.08
	0.12
	0.07
	0.06
	0.03
	0.18
	0.07
	0.28
	0.17
	0.14
	0.12

	VDP (%)
	13.2
	11.8
	4.7
	2.6
	2.1
	6.6
	7.5
	3.2
	20.1
	20.7
	5.0
	8.9

	VHI (%)
	14.1
	9.6
	9.7
	10.7
	7.0
	9.2
	10.0
	8.4
	15.0
	19.2
	11.8
	11.3
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[bookmark: _Ref19609174][bookmark: _Toc27383115]Figure 6‑1: Representative 3He MRI ventilation slices from the 11 patients with PCD assessed. 
Each patient is assigned a letter (patient A-K) and referred to this throughout the text.
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[bookmark: _Ref19609703][bookmark: _Toc27383116]Figure 6‑2: 3He MRI from two patients with PCD and representative 1H MRI and CT slices for patients’ B and J.
 The patient letter corresponds to Table 1 and throughout the text. The two examples demonstrate the types of ventilation defects seen. Patients B and J had abnormal spirometry and LCI. Patient B has a collapsed left lower lobe with dilated bronchi (see arrows) and mucus plugs (arrowhead) evident on 1H MRI (B*) (the arrow on 1H MRI points to a dilated bronchus containing high signal mucous) and CT (coronal 4mm minimal intensity projection CT - B**). These findings correspond with the clear-cut ventilation defects on 3He MRI (the CT image was performed approximately 8 months prior to MRI). Patient J has bronchiectasis evident on both 1H MRI (J*) and CT (J**) (see arrows) in the left middle lobe and right lingular segment where ventilation defects are apparent on 3He MRI. It is worth noting however that the CT image in this patient predates the MRI by 3.5 years and it may be the case that structural abnormalities may be more prevalent if CT were to be performed at the time of the MRI.


Lung Physiology in PCD

Five children (A, B and I-K) had abnormal LCI and six (A, B, G and I-K) had mild-moderate airflow obstruction on spirometry (FEV1/FVC z-score <LLN and FEV1 z-score >-3.02). All children with abnormal LCI also had abnormal FEV1 and one child had abnormal spirometry with LCI just below the upper limit of normal. The six children with airflow obstruction also had the highest VDP values.

Correlations

There were only significant correlations between VDP and LCI (Figure 6‑3), and also FEV1/FVC (r=-0.83, p=0.003). VHI significantly correlated with Sacin only (r=0.77, p=0.007, see Figure 6‑4) and demonstrated a likely correlation with LCI (r=0.71, p=0.01, Figure 6‑3). VHI did not significantly correlate with FEV1 or FEV1/FVC. With a larger sample size, it is likely that the correlation between VDP and FEV1 would be significant, which is also the case for the relationship between FEV1 and LCI (see Figure 6‑5). The only metric that FEV1 was significantly correlated against was Sacin (r=-0.83, p=0.003, Figure 6‑4). The age of the patients was not significantly correlated to any lung function or imaging metrics.
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[bookmark: _Ref14798949][bookmark: _Toc27383117]Figure 6‑3: Spearman correlations between LCI and both VDP and VHI for the patients with PCD. 
The dashed vertical line at an LCI value of 7.4 represents the upper limit of normal [101].
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[bookmark: _Ref19607299][bookmark: _Toc27383118]Figure 6‑4: Spearman correlations for Sacin with both FEV1 (z-score) and VHI  (%) for patients with PCD.

[image: ]
[bookmark: _Ref19607339][bookmark: _Toc27383119]Figure 6‑5: Spearman correlations for FEV1 (z-score) with both LCI and VDP (%) for patients with PCD. 
The dashed horizontal line at an LCI value of 7.4 represents the upper limit of normal [101]. The dashed vertical line represents the lower limit of normal for FEV1.

Previous CT findings

Seven children (B-D, F, H-J) had comparable CT imaging performed within 3.5 years prior to MRI (for patient B the CT was acquired – 1 year prior to MRI, C – 8 months, D - 3.4 years, F - 3.4 years, H - 3.4 years, I – 1 year, J - 3.5 years prior). Patient H and I had normal CT images. Patients C, D and F had bronchial wall thickening present on CT. Patient B, C and J had CT findings of mucus plugging (B, J) or bronchiectasis (C, J) that visibly correlated with 3He and 1H MRI.


[bookmark: _Toc27382938]Discussion

In children with PCD, lung ventilation abnormalities were evident on hyperpolarised gas ventilation MRI despite the presence of normal LCI and FEV1. When compared to the healthy control cohort of 10 children (aged 7.1-15.6 years) previously reported [105], none of the healthy controls had visible defects and all had VDP values <1.88% and LCI values <7.4, whereas the healthy control children detailed in Chapter 3.4.4 (129Xe and 1H MRI in patients with normal FEV1, p135) had 129Xe VDP values <0.7%. In this cohort of patients with PCD therefore, all patients had significantly elevated VDP of at least 2%. Computed tomography imaging in PCD suggests a predominance of middle and lower lobe disease [365]. In the group we present, ventilation defects were observed in these lung regions, but there were often additional ventilation defects present in the upper lobes, possibly caused by mucus plugging that precedes structural change.

Ventilation MRI has been proven to be more sensitive than LCI and FEV1 for detection of ventilation abnormalities in CF [105]. The ventilation images we report suggest that this finding also occurs in children with PCD. LCI and FEV1 inherently reflect global lung function averaged across the whole lung, this potentially masks mild ventilation heterogeneity. Ventilation MRI however provides high spatial resolution assessment of ventilation abnormalities at a given static lung volume, providing assessment of both the size and nature of un-ventilated lung regions and also the heterogeneity of ventilation. The imaging metric VDP appears to be sensitive to lung disease in PCD and, despite the small patient numbers, correlates with LCI, a pattern consistent with CF [105, 248, 268], suggesting that the two techniques may be reflecting similar pathophysiology.

The relatively small sample of patients assessed with PCD here, limit the comparisons with the MMAVIC CF cohort. One distinction that can be seen in this cohort of children with PCD, is that the relationship between FEV1, LCI and VDP is not always the same as in CF. For example, patient G has an abnormal FEV1 (-2.4 z-scores), but with an LCI within the normal range (LCI = 7.3). This pattern is not seen in the MMAVIC cohort and is not often reported in the literature [52, 101, 102, 362]. The study by Irving et al, which compared LCI and FEV1 in both CF and PCD, however shows the same discrepancy in patients with CF. This study showed multiple CF patients assessed having normal LCI in the presence of an abnormal FEV1 [112]. The authors also reported that, unlike in CF, there was no correlation between the LCI and FEV1 in PCD. 

Further to this, patient G, despite having normal LCI, had clear ventilation defects and a VDP value of 7.4%. This is another difference between the PCD and MMAVIC cohort. In the MMAVIC cohort all patients with an FEV1 outside the normal range had a VDP greater than 10% and all patients with normal FEV1 values were less than 10%. Three of the PCD patients do not fit this pattern. Two patients had abnormal FEV1 values and relatively low VDP in comparison to MMAVIC patients (patients’ G and K). One patient (patient J) had a VDP of 20.7% in the presence of a normal FEV1 (but abnormal LCI), which contrasts with any MMAVIC patient. In the MMAVIC study, this degree of VDP severity was not seen until FEV1 reached approximately -3.0 z-scores. 

This discordance between ventilation MRI, LCI and FEV1 was also found by Nyilas et al [349]. In this study Nyilas et al used a free-breathing 1H MRI protocol called ‘Matrix pencil’ [205] to create ventilation maps in children with PCD. The authors found that there was no correlation with the amount of abnormal ventilation and LCI, which was in direct contrast to the authors work assessing the same techniques in CF [207]. Studies assessing the relationship between structural abnormalities on CT and 1H MRI in PCD, have largely found that the two modalities are comparable at detecting lung disease [366] and that structural 1H MRI largely shares similar findings between CF and PCD [349, 364]. 

The relationship between structure and function is therefore not the same when comparing PCD to CF. Structural similarities between the two diseases are reported, however PCD patients have a complex interaction of functional abnormalities, which is more discordant than in CF. Ventilation MRI in the PCD patients reported here, shows that many patients (A-D, F-K) have distinct wedge-shaped defects, possibly suggesting the presence of more proximal obstruction. The ventilation images acquired in MMAVIC (see Figure 3‑1, Figure 3‑2 and Figure 3‑3), show patterns of abnormalities that are perhaps more heterogeneous in the distribution and shape of abnormalities, than the PCD images. There is potentially therefore different ‘phenotypes’ in the ventilation images between the two diseases that could help to explain the discrepancy in lung function. Further work to explore this is required. It should ideally this should also include adults with PCD and more advanced lung disease. In doing so a more complete comparison of CF and PCD could be made, which may help understand why patients with PCD have a better prognosis in general than patients with CF [367].

A limitation of this analysis is that CT imaging was not performed in all patients at the same time for comparison. However, it has been previously shown that 3He MRI has greater sensitivity to mild lung disease than CT [105] and the radiation burden of CT is a concern in this group of young patients. Indeed, avoiding exposure to ionising radiation was a key factor in the referral for ventilation MRI. With recent advances in 1H MRI the sensitivity of structural MRI to detect lung disease has also increased [195, 364].  When employed alongside hyperpolarised gas MRI, this would allow detailed sensitive assessment of both functional and structural lung disease without the need for sedation or ionising radiation. The small sample size is a limitation of this analysis, which may restrict the generalizability of these findings to all people with PCD.

In conclusion, ventilation defects are present in children with PCD even in the presence of normal LCI and FEV1. This pattern is consistent with findings in patients with CF, and suggests that hyperpolarised gas ventilation MRI is a sensitive method for detecting lung disease in children with PCD.
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[bookmark: _Ref21867919][bookmark: _Ref21867923][bookmark: _Ref21867926][bookmark: _Toc27382939]MRI and MBW to assess ventilation in ex-pre-term born children the:  Respiratory Health Outcomes In Neonates (RHINO) study

[bookmark: _Toc27382940]Introduction

There are increasing rates in the number of children born prematurely [368], with an estimate that in the year 2010, 15 million of the children born worldwide that year, were born pre-term (<37 weeks’ gestation) [369]. These children born pre-term are at higher risk of respiratory complication in the first years of their lives [370]. 

When children are born pre-term the normal growth of the pulmonary-vascular system may be affected. Depending on the extent of the prematurity and the immediate clinical presentation, a variety of assistance may be required to support the infant throughout the first few weeks-months-years of their lives. Such interventions can include mechanical ventilation and long-term oxygen therapy. These interventions sometimes lead to the development of a condition called bronchopulmonary dysplasia (BPD). The definition of BPD is controversial, without a clear consensus. The definition has often involved the amount of supplemental oxygen the infant requires at 36 weeks corrected gestational age and also the type of mechanical ventilatory support required [371].

This early life insult to normal lung growth and the assistance required to support the infant often results in impaired lung function [372]. Studies of infants and also school-aged children born preterm have often demonstrated that these children have reduced FEV1 and FEF25-75 and often preserved FVC [373-376]. This infers that a degree of airway remodelling occurs during the child’s early life that is relatively fixed in nature. A proportion of these children with reduced FEV1 may additionally have a degree of reversibility to bronchodilators [374], which possibly suggests an asthma phenotype. 

There is increasing evidence that children born pre-term have sustained lung function impairments throughout their life, which puts them on a lower trajectory when considering their normal lung growth/deterioration throughout life [377, 378]. Whether these people born at preterm are then at more risk of developing COPD or asthma when they reach adulthood is a key question to be answered. To date evidence suggests that the effect of prematurity on long-term lung function can cause airway obstruction (reduced FEV1 and FEF25-75) [373, 374, 376], increased airways resistance [375], gas trapping (increased RV/TLC), reduced gas transfer (reduced TLco [372]and TLno [379]) predominantly caused by alterations to the alveolar-capillary membrane (reduced Dm component to the gas transfer equation) [379].  However, a different study comparing preterm children to controls found no difference in gas transfer despite significant airflow obstruction in the preterm group [380].

Evidence of ventilation heterogeneity is not consistent and may depend on how premature the child was born. Studies in school aged children born at less than 25 weeks showed a raised LCI when compared to healthy controls [372] and this was also found in a study assessing children born at less than 28 weeks [379]. Whilst these LCI values were significantly higher on average than the controls the LCI values were on the whole relatively small with considerable overlap with the control group. Evidence therefore of increased ventilation heterogeneity is still not clear, with three further studies finding that LCI was not abnormally raised and compared to healthy controls [380-382]. 

To date there have been no studies examining hyperpolarised gas ventilation MRI in children born pre-term. The reports of increased LCI in preterm children infers that ventilation defects would be also evident in these children on MRI. Also, as is documented in this chapter and in the literature, children with other airways diseases that cause reduced FEV1 (CF, PCD, asthma), all have evidence of ventilation abnormalities on ventilation MRI. The Respiratory Health Outcomes in Neonates (RHINO) study was designed to assess the nature of obstructive lung disease in children born pre-term in comparison to healthy children born at term. 

The RHINO study was designed and initiated by the University of Cardiff, with the University of Sheffield (POLARIS group) playing an integrated role in the study. The role of POLARIS was to utilise hyperpolarised gas MRI to assess ventilation MRI and lung microstructure and to perform LCI in these children. The aim of this was to assess whether the degree of abnormality in FEV1 was reflected by abnormal ventilation and to assess whether children born preterm without any known respiratory complications had evidence of any ventilation abnormalities.

[bookmark: _Toc27382941]Methods

Children aged 7-12 years from South Wales were invited to participate in the RHINO study by post. This included sending out 7000 questionnaires to 4200 children born pre-term (< 34 weeks’ gestation) and 2800 children born at term (>37 weeks’ gestation). Volunteers were excluded if they: had any congenital abnormalities, any severe cardiopulmonary defects, neuromuscular disease or severe neurodevelopmental impairment. 

If the contacted family were keen to participate, then the protocol briefly comprised of three parts. Part one included a screening home visit where amongst other assessments spirometry was performed. If the FEV1 recorded from spirometry was <85 % predicted, volunteers were invited to take part in part two. Part two included two visits to the pulmonary function laboratory in Cardiff where a wide range of pulmonary function and exercise testing was performed. The second visit was part of randomised double-blind trial of different inhalers followed by a repeat of the laboratory tests performed at visit one. If the screening FEV1 was >85% or if the gestational age was >37 weeks, then only one of the laboratory visits was performed, without inclusion into the randomised trial.

Part three involved an invitation to attend Sheffield for assessment with hyperpolarised gas MRI and multiple-breath washout (MBW). If the invitation was accepted patients travelled to Sheffield for assessment with 129Xe ventilation and 129Xe diffusion-weighted MRI (which assesses the lung microstructure), alongside 1H MRI for lung structure.

The protocol divided volunteers into three groups. Group 1 involved volunteers born pre-term (< 34 weeks) and with an FEV1 <85% predicted. Group 2 involved volunteers born pre-term but with an FEV1 >85% predicted. Group 3 included volunteers born at term without any medical history as described above in the exclusion criteria.

Invitation, screening and parts one and two were run by the sponsor - the University of Cardiff. For part three, Sheffield was blind to the volunteer’s medical background. During the preliminary analysis included in this chapter, Cardiff provided the gestational age of volunteers, alongside their birth weight and the spirometry values recorded during screening. 

For the purpose of this chapter, the 129Xe diffusion-weighted MRI was not analysed. At the time of this analysis 129Xe diffusion-weighted MRI was being assessed by Dr Fung Chang (POLARIS), an expert in this field of MRI. 129Xe ventilation MRI was segmented and analysed by Dr Alberto Biancardi (POLARIS) to calculate VDP and VHI as is described in Chapter 2.3 (Image Segmentation, p85) for all volunteers. All children who attended for MRI in Sheffield were coached inside the scanner by myself and I also administered the instructions for the individual MRI scans. MBW was performed and analysed by myself, as detailed in Chapter 2.2.3 (Multiple breath Washout, p73), in order to calculate the LCI, Scond and Sacin. Spirometry metrics were provided by Cardiff during the screening visit and adjusted by Cardiff to give the percentage predicted values using the Quanjer et al (2012) Global Lung Initiative equations [51], this data could not be converted to z-scores as the full patient demographics were not avilable. This study is still ongoing at the time of writing this thesis.



Statistical analysis

All metrics were assessed for normality using the Shapiro-Wilks test. If the resulting data were normally distributed they were expressed as mean (SD) and if they were non-normally distributed they were expressed as the median (range). To assess whether metrics were different across the three pre-determined groups, either a one-way ANOVA (for normally distributed metrics) or a Kruskal-Wallis test (non-normally distributed data) was performed. A significance level was set at a p-value of p<0.05.

To compare how one metric related to another, either Pearson or Spearman correlation analysis was performed on the following metrics: FEV1 and FVC %predicted, VDP, VHI, LCI, Scond, Sacin, gestational age and birth weight. Due to this exploratory correlation analysis using nine metrics, the p-value deemed to be statistically significant was adjusted to be <0.006. If the resultant correlation was >0.006 but <0.05 it was noted due to the preliminary nature of this analysis.

[bookmark: _Toc27382942]Results

The birth details, current age, height and weight of the first 40 volunteers are detailed in Table 6‑2, for the whole cohort and separately for the volunteers in the three pre-determined groups. Also, detailed in Table 6‑2 are the lung function and MRI metrics. At the time of analysis 12 volunteers from group 1 had been assessed in Sheffield for the part 3 of the RHINO protocol, along with 19 volunteers from group 2 and nine volunteers from group 3.

The age range of the whole cohort of children was narrow with the youngest of the 40 volunteers assessed being 9.9 years and the oldest was 13.5 years. As a result, there was no significant difference between groups 1, 2 and 3 for age. Also, there was no significant group differences for height and weight between groups (Figure 6‑6).  

[bookmark: _Ref21444718]Table 6‑2: RHINO volunteer demographics, spirometry, MBW and ventilation MRI metrics. 
Data are displayed as mean (SD), or median (range). Spirometry values are recorded in % predicted rather than z-scores as the data was provided externally from Cardiff with insufficient detail to convert.

	
	Whole cohort
	Group 1
	Group 2
	Group 3

	No. of volunteers
	40
	12
	19
	9

	Age at visit (years)
	11.9 (0.8)
	12.1 (0.7)
	11.8 (0.9)
	11.6 (0.6)

	Height (cm)
	151.4 (8.9)
	150.6 (8.8)
	152.3 (10.1)
	150.1 (6.9)

	Weight (kg)
	40.5 (28.5, 74.0)
	40.0 (28.5, 62.0)
	42.5 (29.5, 69.0)
	38.0 (31.9, 74.0)

	Gestational age (weeks)
	31.5 (25.0, 42.0)
	28.5 (26.0, 33.0)
	31.0 (25.0, 34.0)
	41.0 (38.0, 42.0)

	Birth Weight (g)
	1860.0 (765.0, 4900.0)
	932.5 (765.0, 2300.0)
	1820 (775.0, 3405.0)
	3742 (2580.0, 4900.0)

	FEV1 (%)
	92.0 (17.1)
	70.6 (11.1)
	99.2 (9.4)
	105.3 (6.7)

	FVC (%)
	99.8 (12.1)
	89.4 (7.7)
	103.4 (11.2)
	105.8 (10.8)

	LCI
	6.0 (5.4, 8.7)
	6.1 (5.5, 8.7)
	6.0 (5.4, 7.5)
	6.0 (5.6, 7.6)

	Scond
	0.02 (0.01, 0.07)
	0.03 (0.02, 0.07)
	0.02 (0.01, 0.06)
	0.02 (0.01, 0.06)

	Sacin
	0.09 (0.04)
	0.11 (0.04)
	0.08 (0.03)
	0.09 (0.04)

	VDP (%)
	0.3 (0.01, 5.1)
	0.4 (0.04, 5.1)
	0.3 (0.01, 0.8)
	0.1 (0.01, 0.7)

	VHI (%)
	8.1 (1.6)
	9.1 (1.9)
	7.9 (1.3)
	7.2 (1.0)
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[bookmark: _Ref13765287][bookmark: _Toc27383120]Figure 6‑6: One-way ANOVA (age and height) and Kruskal-Wallis group comparison of age, height and weight. 

Group 1 had a range of low FEV1 values, with the lowest value being 54% predicted. As expected, there was a significant group difference when comparing FEV1 and FVC between groups (p<0.001). Group 1 had a significantly lower FEV1 and FVC than groups 2 and 3, but there was no significant difference between groups 2 and 3 (Figure 6‑7). Both gestational age and birth weight were lower in groups 1 and 2 when compared to 3, but there was no difference between groups 1 and 2 (Figure 6‑8). 

For MBW, there was no significant group differences for LCI, Scond and Sacin, although there is a suggestion of higher Scond values in group 1 (Figure 6‑7). For 129Xe MRI, again there was no significant difference between the groups for VDP, though all of the highest VDP values were in group 1. No volunteer in group 3 had a VDP greater than 0.7% and in group 2 the highest VDP was 0.8%, whilst in contrast 4/12 volunteers in group 1 had a VDP >1%. This is evident when reviewing the ventilation MR images, where ventilation defects are present in some of the volunteers in group 1 and highlighted in Figure 6‑9. Whilst there were ventilation defects evident in some, there were also examples where there was discordance between low FEV1 values and normal VDP with no visible ventilation defects in many, as also highlighted in Figure 6‑9. An example of a solitary ventilation defect evident in a volunteer in group 2 is shown in Figure 6‑10, but otherwise volunteers in groups 2 and 3 (examples of group 3 ventilation images are shown in Figure 3‑20) had a homogeneous distribution of ventilation.

VHI however was significantly different between the groups with group 1 being significantly higher than group 3, but not group 2. There was no difference between groups 2 and 3 but there is a visible trend towards higher values in group 1 versus 2 versus 3. 
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[bookmark: _Ref13765750][bookmark: _Toc27383121]Figure 6‑7: Kruskal-Wallis group analysis of FEV1, FVC, LCI, Scond, VDP and VHI. 
Spirometry values are recorded in % predicted rather than z-scores as the data was provided externally from Cardiff with insufficient detail to convert.
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[bookmark: _Ref13765964][bookmark: _Toc27383122]Figure 6‑8: Kruskal-Wallis group analysis of gestational age and birth weight.
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[bookmark: _Ref13767325][bookmark: _Toc27383123]Figure 6‑9: 129Xe ventilation MRI in eight volunteers from group 1. 
The four volunteers in the top half of the figure have visible ventilation defects, whereas the bottom four volunteers have no visible ventilation defects, despite low values for FEV1.

[image: ]
[bookmark: _Ref13768399][bookmark: _Toc27383124]Figure 6‑10: 129Xe ventilation MRI from four volunteers in group 2. 
The volunteer in the top left has a single ventilation defect evident, but with a VDP value below the level of healthy volunteers as measured in group 3. The other three volunteers have no evident ventilation defects, but the volunteer in the bottom left has a raised LCI (>7.4). 
As expected there was a significant correlation between both gestational age and birth weight with FEV1 % predicted (r=0.44, p=0.004 and r=0.51, p=0.001 respectively). But there were no correlations with FEV1 against, VDP, LCI, Scond or Sacin. There was a borderline significant correlation between FEV1 and VHI however (r=0.42, p=0.008). There was also a weak correlation between VDP and birth weight (r=0.37, p=0.02), but a stronger correlation between VDP and Scond (r=0.51, p=0.001), but not with LCI (Figure 6‑11).
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[bookmark: _Ref13770506][bookmark: _Toc27383125]Figure 6‑11: Scatter plots of the relationship between lung function, MRI metrics and birth weight. 
Spearman correlation values are also reported.

[bookmark: _Toc27382943]Discussion

This is the first reported analysis of ventilation MRI in children born prematurely (<34 weeks). In total 31 children born at <34 weeks’ gestation were assessed and split into those with an FEV1 <85% predicted and those >85% predicted. We have shown that in those patients who are born <34 weeks and have an FEV1>85%, there appears to be no significant ventilation abnormalities present, and have images resembling those of the healthy control children also assessed. Also, in those children born <34 weeks and with a reduced FEV1 of <85%, there is discordance in the degree of ventilation abnormalities seen and the degree of airflow obstruction as assessed with the FEV1. 

Patients in group 1 often had FEV1 values as low as ~50% predicted, yet the maximum VDP value in this group was 5.1%. When compared to the MMAVIC CF patients with similar FEV1 values the degree of VDP ranged from approximately 20-40%. To emphasise this discordance further, only some of the volunteers within group 1 had ventilation defects, however as shown in Figure 6‑9, there were volunteers with an FEV1 of 59% and 62% predicted for example, where no ventilation defects were evident. Therefore, the relationship of the reduced FEV1 and ventilation abnormalities in preterm children is different to the other airways diseases that are described in this thesis. This suggests that the pathology causing low FEV1 values in these children with a history of prematurity is very different to those with progressive conditions such as CF and PCD.

These findings are consistent when considering the MBW metrics calculated here. Despite some volunteers having a raised LCI value, suggesting a degree of ventilation heterogeneity, on the whole the majority of values recorded from all three groups were within the normal range, and there was no separation between groups. This is largely consistent with other results reported in the literature. Yammine et al looked at a very similar population of individuals born between 24 and 35 weeks’ gestation and assessed them at the ages of 6-16 years old [381]. They also found no significant differences between preterm born children and controls for LCI and Sacin, though they did note that the Scond was increased when compared to controls. This finding is interesting because there appears to be visible increase in Scond in Group 1 studied here, also Scond demonstrated a weak correlation with VDP, in that those patients with increased VDP also had raised Scond. Bianu et al also reported no difference in LCI between controls and preterm born children (aged 6-12 years), but these children were in the strict gestational age range of 34-36 weeks [383]. Sorenson et al report that those born pre-term with a diagnosis of bronchopulmonary dysplasia had a raised LCI when compared to controls, but noted that the children born preterm without BPD did not have raised LCI [379]. The children reported by Sorenson et al were only those born <28 weeks’ gestation, which reflects an earlier born population than is recorded here on the whole. Lum et al measured even more extremely preterm born children by only analysing those born <25 weeks’ gestation at the age of 11 years. These children often had raised LCI and were higher than the healthy control children [372]. But it must be noted that both the data reported by both Lum et al and Sorenson et al, the LCI values are only slightly abnormally raised above the upper limit of normal, with large overlap between groups.

There is a trend towards increasing values for VHI when comparing values across the groups. At the present this finding is not statistically significant, but with more volunteers, combined with the fact that some patients in group 3 do have raised VDP, it may be possible to ascertain whether children born preterm do have ventilation abnormalities that persist throughout childhood. At present, there are very few extremely pre-term children in this cohort, but those children studied with the lowest recorded birth-weights are also the ones with raised values for VDP.

This analysis has limitations at the present. It is currently only a preliminary analysis and recruitment is still on-going, therefore conclusions should not be formed until this point. As a result, there is also limited volunteer history on these individuals as this will be released only when the study is completed. Despite this, it appears that children born pre-term and have a preserved FEV1 value, do not have any underlying ventilation heterogeneity. Also, those with an abnormal FEV1, have significant discordance between the severity of FEV1 and any ventilation abnormalities present.


[bookmark: _Toc27382944]Paediatric clinical referrals

[bookmark: _Toc27382945]Introduction

Since January 2016, the POLARIS lung imaging group at the University of Sheffield has been performing clinical hyperpolarised gas assessments using initially 3He and now 129Xe as the standard clinical gas imaging choice. As well as performing ventilation scans, patients also receive a variety of 1H MRI scans to assess structural abnormalities within the lungs. More recently the standard clinical referral protocol has settled to be to perform a 129Xe ventilation MRI at a lung volume of EIVt and also at TLC. 1H MRI sequences then include 3D SPGR images performed at approximately RV and TLC and also a UTE sequence. Additional sequences are added should the clinical question require further assessment. For example, a patient referred for asthma, will often have a second ventilation scan performed post bronchodilator.

Clinical referrals have primarily come from the adult and paediatric NHS Trusts in Sheffield, however referrals have come from other centres from further afield, including Manchester, London and Leeds. For the purpose of this summary, details will only be provided as to the paediatric referrals to date, with this section mainly emphasising a few case reports where the ventilation images have guided clinical practice.

[bookmark: _Toc27382946]Results

From January 2016 – July 2019 the unit has performed 49 paediatric clinical referrals, predominantly from Sheffield Children’s Hospital NHS Foundation Trust. Referrals have come from a variety of clinical backgrounds and for a variety of clinical questions being asked. The breakdown of the underlying diagnosis for the referrals is as follows: Out of the 49 referrals, 15 had a diagnosis of CF, 16 had a diagnosis of PCD, eight patients had non-CF bronchiectasis, three had asthma, two had Fanconi Anaemia, and then one patient each with the following underlying diagnosis: obliterative bronchiolitis, congenital diaphragmatic hernia, pulmonary vaso-occlusive disease, Ligase deficiency with poor lung function and one patient with an unknown diagnosis (history of systemic immune deficiency with long standing respiratory illness). This last patient as well as three others were unable to be exposed to ionising radiation and therefore had no clinical imaging prior to referral. 1H and 129Xe MRI were therefore the only imaging options available to these patients. The youngest referral performed was five years old, and was well tolerated at this age, with good image quality achieved. It would be difficult to perform successful imaging younger than this with the current protocols, however some four year olds would be able to perform successful ventilation imaging with suitable coaching. Despite this, there is a successful preliminary report from a centre in the United States in pre-school children [350]. In the study by Altes et al, pre-school children performed successful ventilation imaging using a free-breathing protocol utilising 3He. Further to this 1H free-breathing sequences such as UTE have recently been repeatedly performed in infants and pre-school children with great success [192, 193, 196, 199, 289]. 

The referrals for PCD have been largely summarised already in this chapter, but a further clinical example is detailed below. Also, detailed below are two children with CF, one with non-CF bronchiectasis, one case where MRI was the only safe imaging option for a symptomatic patient and one example of a patient referred for a query of non-CF bronchiectasis.

Patient A - PCD

Patient A was a 13 year old boy with a diagnosis of PCD. Patient A was referred due to a question as to the clinical effectiveness of his standard physiotherapy. The patient felt that they were not gaining much benefit from their standard regime and therefore a referral for ventilation imaging pre and post physiotherapy was received.

At baseline, the spirometry pattern showed a mixed obstructive/restrictive defect, suggesting an obstructive pattern with a significant gas-trapping component causing the reduced FVC (Body plethysmography was not performed, but the spirometry pattern infers an increased RV). The pre and post physiotherapy ventilation images are shown in Figure 6‑12. The physiotherapy performed was using a PEP device (positive end expiratory pressure) in different postural positions under the guidance of the patient’s physiotherapist. The initial ventilation image shows clear evidence of ventilation defects in the bases of the both lungs. 
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[bookmark: _Ref425418542][bookmark: _Toc27383126]Figure 6‑12: Pre and post physiotherapy 129Xe ventilation MRI. 
Four comparative slices are shown highlighting the heterogeneity of ventilation abnormalities from posterior to anterior. 

Post physiotherapy there was a marked improvement in the degree of ventilation defects, although ventilation defects were still evident. VDP decreased from 9.0 to 3.5%, but there was no obvious change in VHI. Spirometry performed post physiotherapy and post repeated-MRI showed an increase in FEV1 of 8.4% from 1.48 L to 1.6 L, but no change in FVC. The spirometry values suggest that because FVC is unchanged there may still be significant gas trapping. Figure 6‑13 however demonstrates that at RV there was a visible decrease in gas-trapping in the locations where ventilation defects improved.
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[bookmark: _Ref425418548][bookmark: _Toc27383127]Figure 6‑13: 3D SPGR 1H MRI performed at approximately RV pre and post physiotherapy. 
Pre-physiotherapy, gas trapping is evident in the bases of both lungs. Post-physiotherapy the gas trapping appears to have visibly improved in the left lung, but the gas trapping in the right lung is still evident.

The images demonstrate the benefits of performing the physiotherapy regime in this patient. Despite only small improvements in FEV1, ventilation abnormalities have clearly improved on 129Xe MRI and a significant reduction VDP was observed.

Patient B - CF

Patient B has a diagnosis of CF and has been involved in the original longitudinal study published and detailed in Chapter 5 (Two year follow up analysis of children with CF and normal FEV1, p202) [105, 249]. This original study is independent from the MMAVIC study and the patient came back for the final visit recently. The patient’s serial ventilation and 1H MR images can be seen in Figure 6‑14. The time course between visit 1 and 3 was approximately four years. At visit 1 and visit 3, the patient (as part of the protocol) also had a CT scan performed. 

In the summer-autumn of 2018 the patient had multiple clinical events. Firstly, at the annual review, a chest x-ray was performed which showed a right upper lobe collapse and also at the same period of time was diagnosed with ABPA. During the summer, the patient then had a chest CT performed which confirmed the right upper lobe collapse and as a result the patient was admitted for two weeks of intra-venous antibiotics and had a bronchoscopy performed. The report from the bronchoscopy was that a considerable amount of mucus was removed from the right upper-lobe which was consistent with ABPA. The patient later had a repeat x-ray which was inconclusive as to whether there was significant change. At this stage, the clinical team knew that the patient had never reported any clinical symptoms and repeat measures of FEV1 showed no deviation from the patient’s baseline (all FEV1 measures were reportedly between 100-105% predicted). The clinical team decided to wait for the third study visit, knowing a repeat CT would be performed as part of the protocol. This was in January 2019, where upon reviewing the CT images the report still showed the right upper-lobe collapse. 
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[bookmark: _Ref425430304][bookmark: _Toc27383128]Figure 6‑14: Longitudinal 3He ventilation MRI from patient B alongside 1H SSFP MRI. 
The images were collected as part of the original CF longitudinal study performed by the POLARIS group at the University of Sheffield and described in Chapter 5 (Two year follow up analysis of children with CF and normal FEV1, p202). 

At this stage, the CF team referred the patient back for an MRI assessment of both ventilation and structure after deciding to perform another bronchoscopy. The reason for this referral was because the team were un-willing to perform another CT scan, FEV1 was always unchanged and the patient never reported symptoms. As the patient had serial MRI scans and the service was available to the team, the question was ‘Could MRI detect whether the bronchoscopy was a success?’.  The MRI scans were then performed approximately six weeks after the third study visit in February 2019, a few weeks after the bronchoscopy, which had again been successful in removing significant mucus. The resulting images are shown in Figure 6‑15.

129Xe ventilation MRI showed a large ventilation defect present in the right upper lobe, which does not ventilate at TLC, suggesting a complete obstruction. The 1H UTE and SPGR images clearly show the cause of the ventilation defect, with a large mass of mucus-filled airways present in the right upper lobe. Both the 1H UTE and SPGR MR images show the gas trapped in this lung region also. Upon reviewing these images, the clinical team decided that another bronchoscopy was warranted, as was a repeat MRI referral post bronchoscopy. 

The post-bronchoscopy images are shown in Figure 6‑16 and were performed approximately six weeks later (in April 2019), approximately two weeks post bronchoscopy. The images firstly show that there is still a large ventilation defect present at EIVt, but that there is some increased ventilation compared to the pre-bronchoscopy visit, especially so at TLC. The 1H MR images however clearly demonstrate the immediate results of the bronchoscopy. Where a large mass of mucus was pre-bronchoscopy, now the airways are clear and appear mucus-free, however the resultant airways are clearly damaged and remain functionally impaired. 

This clinical case is interesting because MRI has played the key role in dictating this patient’s clinical management. Standard monitoring methods were either insensitive (FEV1 and symptom perception) or involved too much ionising radiation for this patient. The history of this patient shows that a ventilation defect has been evident in the right upper lobe for over 4 years and has progressively grown over this time course. In this case, the ventilation abnormality was present prior to any structural abnormality (the original CT for this patient was normal). This generates the question of whether the ventilation defect was a result of undiagnosed ABPA, or whether the ventilation abnormality was a result of normal CF lung disease which then provided the location for ABPA to develop. The post-bronchoscopy 1H MR images clearly show the effect of the successful bronchoscopy, however the ventilation abnormality remains, which highlights that functional abnormalities still persist.
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[bookmark: _Ref425432207][bookmark: _Toc27383129]Figure 6‑15: Baseline MR images performed in February 2019 to review the effects of bronchoscopy. 
MR image A = 129Xe ventilation MRI at EIVt, B = 129Xe MRI at TLC, C = 1H UTE MRI, D 1H SPGR MRI at TLC, E = 1H SPGR MRI at RV.
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[bookmark: _Ref425432466][bookmark: _Toc27383130]Figure 6‑16: Post-bronchoscopy MRI performed in April 2019 to assess the effect of a repeated bronchoscopy. 
MR image A = 129Xe ventilation MRI at EIVt, B = 129Xe MRI at TLC, C = 1H UTE MRI, D 1H SPGR MRI at TLC, E = 1H SPGR MRI at RV.


Patient C - CF

Patient C also has a diagnosis of CF and was also in the original CF longitudinal study. The patient is a highly competitive semi-elite sprinter (and other track and field events) and basketball player. Who also regularly performs many other sports. This patient always has an FEV1 of approximately 110% predicted without significant variation. The images achieved are shown in Figure 6‑17. The baseline image shows a relatively homogeneous pattern to the distribution of ventilation with a small ventilation defect evident in the lower left portion of the image. The second image is performed approximately 2 years later and shows a significantly more heterogeneous pattern of ventilation. Upon highlighting this to the clinical team (as per protocol) it was highlighted that approximately 2 months prior to the second image the patient had broken his pelvis in a sporting accident. This had resulted in a normally highly active individual being wheel-chair bound for two months.

The clinical team decided not to intervene with any new therapies because he was due to start exercising again. Instead a repeated 3He MRI was requested in a clinical referral capacity. The third MRI shown in Figure 6‑17 shows the resulting ventilation image acquired approximately one month after starting exercise again without any new therapies. There is a visible improvement in the distribution of ventilation although a few small ventilation defects persist. Throughout FEV1 did not significantly alter from approximately 110% predicted.
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[bookmark: _Ref14791216][bookmark: _Toc27383131]Figure 6‑17: Baseline and follow-up 3He MRI from a patient in the original longitudinal study. 
The third MRI was performed as the clinical referral post injury recovery.

This case, as well as the exercise intervention sub-analysis reported in Chapter 4.3 (The effect of acute maximal exercise on ventilation distribution, p181), highlight the positive role exercise can play as a method for maintaining and improving lung function. The images also helped the clinical team to choose a more conservative management approach, rather than administering new therapies.

Patients D and E

Patients D and E both had a similar clinical course in that they both had a diagnosis of Fanconi Anaemia and had received a bone-marrow transplant. Due to the underlying diagnosis and the additional risks posed to these specific patients from ionising radiation, the transplant team were reluctant to perform CT scans. Both patients reported respiratory symptoms and had been referred to the respiratory consultants. Patient D unfortunately had not been able to perform good-quality spirometry (aged 5 years) and patient E had normal spirometry and gas transfer (TLco).  The two patient’s images are shown in Figure 6‑18. As can be seen the two different patients had very different patterns of underlying ventilation. Patient D had significant ventilation defects present throughout the lungs, whilst patient E had a clear, homogeneous ventilation pattern. Both patients had similar presenting histories and the MR images in both cases facilitated a management plan to be created. Patient D had underlying respiratory pathology matching the documented symptoms, whilst patient E had normal spirometry, TLco and 129Xe ventilation MRI. Without MRI, these two patients may not have had any imaging performed and therefore the underlying pathology of their respective symptoms may not have been identified.
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[bookmark: _Ref14794571][bookmark: _Toc27383132]Figure 6‑18: 129Xe MRI of two patients (D and E) with a diagnosis of Fanconi anaemia. 
Both patients had previously received a bone-marrow transplant. For both patients, a central slice is shown alongside a more posterior (left) and more anterior slice (right).

Patient F
Patient F had a diagnosis of non-CF bronchiectasis in the year leading into the clinical referral. The patient was a keen athlete and competed at a county level in athletics. The patient developed a chronic productive cough and amongst other treatments had a two-week course of IV antibiotics, approximately three months prior to the referral. The patient’s FEV1 was always >90% predicted with little evidence as to the efficacy of any therapies given. As the patient was due another course of two-weeks of IV antibiotics, the referral requested that a ventilation MRI be performed before and after the therapy. The images can be seen in Figure 6‑19.  At baseline the patient’s FEV1 was 94% predicted, however there are large ventilation defects evident in the baseline 3He MRI, in both lungs. Post therapy, the patient’s FEV1 had decreased to 89% predicted, which contrasts with what the 3He image shows. Post therapy the 3He MRI shows a resolution of the significant ventilation defects that were present at baseline, although a new ventilation defect has appeared in the right lung. This case highlights the benefit of having regional lung function assessment in children being treated for therapies and further highlights the insensitivity of FEV1 to detect these changes.
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[bookmark: _Ref14896878][bookmark: _Toc27383133]Figure 6‑19: Baseline and post two weeks of IV antibiotics 3He MRI in patient F (non-CF bronchiectasis). 



[bookmark: _Toc27382947]Summary

The evidence generated from the MMAVIC study and the other paediatric studies documented in the literature suggest that ventilation MRI has a significant role to play in the monitoring of paediatric lung disease. The evidence detailed in this chapter suggests that this role can be extended from CF and asthma to respiratory conditions with an on-going airway pathology. PCD has significant clinical overlap with that of CF and the data here suggests that ventilation MRI may have the same clinical utility to that documented for CF. Similarly, the experience gained from a heterogeneous group of children referred through our centre, suggests that ventilation MRI can detect significant abnormalities in children with non-CF bronchiectasis and in children at risk of developing respiratory complications post-transplant. Ventilation and 1H MRI can be useful in guiding treatment decisions and monitoring the response to treatment.
Chapter 6: The utility of ventilation MRI in other paediatric disorders
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Chapter 7:
Conclusions, limitations and future work



[bookmark: _Toc27382948]Conclusions, Limitations and Future Work

[bookmark: _Toc27382949]Conclusions

[bookmark: _Toc27382950]Cross sectional comparisons of MRI and lung function from the MMAVIC cohort

It is important to understand how ventilation MRI compares to more widely utilised clinical metrics of lung disease. In this study patients were recruited with a broad range of both age and underlying lung disease in order to see how quantitative ventilation MRI related to lung function metrics. Both VDP and VHI, for both 3He and 129Xe, correlated strongly with FEV1 and LCI. This shows that in addition to being highly sensitive to early lung disease (as shown in previous studies [105, 247]), VDP and VHI are related to the level of underlying lung disease in people with CF. Further to this, patterns of lung disease on ventilation MRI are evident and these patterns are dependent on the underlying lung disease severity. Patients with normal FEV1 in MMAVIC showed a VDP <10%, which consists invariably of numerous small volume defects, scattered throughout the lung. In contrast patients with abnormal FEV1 invariably have a VDP >10%, which consists of only few large volume defects, with the posterior and lung apexes particularly affected. In further work with other centres it will be interesting to see if this threshold remains consistent.

It is important to understand how 3He and 129Xe ventilation MRI compare. 129Xe MRI is likely to be employed for future studies due its cheaper cost and greater availability. In CF, when comparing the two gases, unlike in COPD [243] and asthma [245], there was no systematic offset in VDP and the bias was close to zero. The limits of agreement for VDP however highlighted that the two gases do not always quantitatively compare, despite general qualitative agreement in the regional distribution of ventilation. This analysis suggested that 3He VDP might be more sensitive than 129Xe VDP at detecting lung disease in patients with normal FEV1. However, when compared to healthy controls, patients with CF and normal FEV1 have raised 129Xe VDP. These same patients also had prevalent structural abnormalities on 1H MRI, which provides further evidence for MRI in the routine management of patients with CF.
    


[bookmark: _Toc27382951]Physiological Interventions and the effect on ventilation

Clinical respiratory physiology measurements are dependent on good quality control and ensuring protocols are adhered to. This is to combat the effect of a variety of factors that will affect the measurement outcomes, such as FEV1 being reduced in the event of a sub-maximal effort for example. Ventilation MRI manoeuvres have much in common with lung physiology measures and therefore the same degree of standardisation should be considered. MBW metrics have been shown to differ when measured in different postures, likely due to the effects of gravity on the diaphragm and the distribution of ventilation. In the supine posture when compared to sitting, FRC is decreased and LCI is increased in both healthy subjects and in patients with CF. The impact of moving from sitting to supine on LCI is more heterogeneous in CF than in healthy controls and these differences appear to increase with increasing disease severity. It is therefore important to consider posture when comparing lung function and parallel imaging studies of ventilation in patients and healthy subjects.

From the data collected during the MMAVIC study, it can be concluded that the lung volume that patients are imaged at has an effect on the distribution of the resultant ventilation image. Increasing lung volumes from EIVt to TLC significantly reduces both VDP and VHI, and therefore care should be taken to report the lung volume imaged and to standardise in cohort studies. This work also highlights that maximal exercise in the form of a CPET, can have a significant effect on the distribution of ventilation seen on MRI. From the patients assessed it is not clear whether this effect is always positive as for some patients, VDP increased. These data add to the growing body of evidence showing the impact of exercise in CF and show that interventions aimed at moving mucus throughout the lung can have a significant effect on the distribution of ventilation.



[bookmark: _Toc27382952]The longitudinal relationship between ventilation imaging and lung function

The data collected during this study on the longitudinal change in MRI and lung function showed multiple findings. Using both 3He and 129Xe VDP, the intra-class correlation coefficient between any time point showed excellent repeatability, which was greater than both LCI and FEV1. Unlike our earlier study in a cohort of patients with mild lung disease published in the AJRCCM [249], there wasn’t a clear trend of lung disease progression in the MMAVIC patients. The interval of follow up (1.2-2 years) may be too short a time frame to see consistent changes in lung disease for the whole cohort. Despite this, there were many examples of patients where both 3He and 129Xe ventilation MRI had either significantly worsened or improved. These changes in ventilation were often associated with a concordant change in LCI, but the changes in LCI were usually small. The change in FEV1 was not related to the change in ventilation on MRI. 

These are the first data to report significant improvements (and worsening) in lung function (as measured by VDP from MRI), which were un-detected by LCI and FEV1. This latter point is important because often this improvement in VDP occurred in patients with normal FEV1. Sensitive metrics of change in lung function are required in order to assess the efficacy of new therapies, which are increasingly targeted at these patients with normal FEV1 in clinical trials. 129Xe ventilation MRI is an attractive methodology to use in this context in clinical trials. From the data collected during MMAVIC, power calculations show that relatively small sample sizes can be used to assess changes in VDP, especially in those patients with normal FEV1.

Finally, Chapter 5.3.1 (Tracking individual ventilation defects with time, p231) documents the first study to track ventilation defects in 3D over time. The location of these ventilation defects in all patients is largely consistent over time, showing that regardless of whether the ventilation image is improving or worsening, ventilation defects persist with time. These defects are quantifiable and the change in the size of individual contiguous defects can be calculated. The result of this analysis demonstrates the importance of considering regional abnormalities in 3D, as the change in size of individual defects was often larger than the net change in global VDP. Previous studies have considered ventilation defects in 2D analysis only, which results in the overestimation of the number and an underestimation in the size of ventilation defects.



[bookmark: _Toc27382953]The utility of ventilation MRI in other paediatric disorders

These are the first data on ventilation MRI in children and adolescents with PCD, a condition that has significant clinical overlap with CF. As with patients with CF, ventilation MRI in PCD invariably showed ventilation defects in the patients referred for clinical assessment. Many of the patients referred had both normal FEV1 and normal LCI, which therefore demonstrates similar sensitivity to early lung disease as is seen in CF. The relationship between ventilation MRI, FEV1 and LCI however, may not be the same as in CF. In these children with PCD, there were examples where FEV1 was abnormal but VDP was much lower than an equivalent FEV1 in CF. Conversely there was an example of a patient with normal FEV1 and VDP values equivalent to those with FEV1 z-scores of -3.0 in the MMAVIC CF cohort. Ventilation MRI therefore is a sensitive method for the detection of early PCD lung disease, but may not reflect disease severity in the same way that it does in CF lung disease.

This was also the first time that ventilation MRI has been performed to investigate the effects of prematurity on lung function. Children born <34 weeks’ gestation with reduced FEV1 were compared to children born at the same gestational age but with a normal FEV1 and also to children born at term. Pre-term children with a low FEV1 value sometimes had significant ventilation abnormalities present. However, perhaps more significantly, there was mostly discordance between low FEV1 values and homogeneously distributed ventilation images in children born pre-term. This suggests that the low FEV1 observed is not necessarily causing any on-going functional impairment in ventilation for these children. The reduction in FEV1 may therefore be primarily due to the early-life insult and not an active on-going disease process. The few children with significant ventilation defects may be the children who do still have an active on-going process in relation to their prematurity. Future work analysing the alveolar microstructure using diffusion-weighted hyperpolarised gas MRI may provide further insights into the underlying lung function of these children.

Finally, paediatric clinical referrals for 129Xe and 1H MRI are being routinely taken at our centre, which is the only centre worldwide to do this. The cases presented demonstrate how these images have played a key role in the management of lung disease in a variety of different lung diseases.

[bookmark: _Toc27382954]Limitations

MMAVIC Study design limitations

One limitation from the MMAVIC study is that it was not possible to complete all three visits, for all recruits, in the time frame prior to the writing of this thesis. There were two main factors contributing to this. Firstly, the final two MMAVIC patients to be recruited were assessed at their baseline visit, 14 and 18 months after the first MMAVIC subject was assessed. This was due to these two patients agreeing to take part in clinic and then requiring a delayed baseline visit due to illness. These two patients had already verbally agreed to take-part and therefore their study number remained reserved for them, as opposed to trying to recruit any more patients. The second reason was due to cancelled visits for various patients during the study. Patients occasionally cancelled at short notice due to illness, or had to be cancelled due to technical faults with the scanner. Allocating time slots on the MRI scanner often was complicated due to the volume of studies and clinical referrals occurring. The result of this was that repeated visits often had to be delayed by weeks and or months. 

In total four patients dropped out of the study. One patient died after visit one, two patients were too unwell during the follow up windows and therefore only completed the first visit. The final patient developed mycobacterium abscessus after their second visit, which was a contra-indication to the study. Therefore, at the time of analysis 93 study visits out of 105 possible visits were completed. It is encouraging for this methodology in the future that no patients voluntarily withdrew from the study. Study visits were lengthy, patients were in the department for a minimum of five hours, with an extra couple of hours added for any technical issues, or if the CPET visit was performed. Despite this, all patients when asked if they would consider taking part in an extension or future studies said that they would, with many volunteering their time to help inform future studies and be involved in ‘patient and public involvement’ work.

The study duration of measuring patients within two years was practical and allowed the study to be mostly completed during the course of this PhD. The results generated from the longitudinal analysis show that in this time frame there was a large degree of heterogeneity to disease progression/improvement. A longer time frame would therefore be required to see more systematic changes in the cohort as a whole. A recent REC/HRA extension to the study has therefore been approved for the MMAVIC patients, enabling five more visits to be performed for each patient, one per year. Unfortunately, routine clinical data was not collected during the study, which may help to better understand the heterogeneity of change in the study patients. This is something that can be retrospectively captured and will be prospectively captured during the extension study.

One final limitation, is that relatively few young children were recruited into the study. This was not due to any specific factor other than the random chance in the order in which patients were approached. Only one patient in the cohort had a normal ventilation image, this patient happened to be the youngest in the study. A larger sample of young children aged five to ten years may help to better understand the very earliest changes in lung function seen in CF using the techniques in this thesis. A future objective would be to perform MRI in pre-school aged children with CF to try to measure the very earliest changes in measurable lung disease. Pilot studies using ventilation MRI [350] and 1H MRI [196] in this age range have been performed in CF with success.

Technical limitations

A large volume of time during this study was spent segmenting and analysing ventilation images. Each image took between 1.5-2.5 hours depending on the underlying disease severity, to calculate VDP and VHI (over 300 images were segmented in total). Ventilation defect analysis then took a further 20-30 minutes.  Despite computational advances that enabled this process to be semi-automated [263], manual editing was still required for accuracy of the recorded metrics. For routine assessment, this process could benefit from updated image processing, which is current work in progress within the POLARIS group. It is possible that machine learning may be helpful in the future [384]. Another solution that is viable is the method by which the low ventilation was calculated in Chapter 3.3 (Methods, p112) [385]. This approach utilises a ‘binning’ approach to the analysis, where by the signal intensity of ventilated and non-ventilated voxels are categorised into equal bins. This is an automated approach and is currently being implemented in-house. It will reduce segmentation time and the need for manual adjustment. This is important as it allows for the standardisation of the metric VDP. Despite being the most widely reported of ventilation MRI metrics, each research centre utilises a different approach to calculating VDP. In order for adoption in multi-centre standardisation a unified approach is needed. The recent study by Rayment et al [239], utilised this same binning method and the same centre also performed inter-observer analysis of VDP with a different research centre [386]. This standardisation is currently being developed.




[bookmark: _Ref21867879][bookmark: _Ref21867880][bookmark: _Ref21867881][bookmark: _Toc27382955]Future Work

The original aim of the MMAVIC project and the HEE/NIHR doctoral fellowship was to assess 35 children and adults with CF at three time points over the course of two years. At the time of analysis, five patients were still due back for a third visit and therefore the immediate work to be performed in the future is to complete the original protocol and analyse these remaining five patients. 

Once the analysis is complete for these five extra individuals alongside the data presented in this thesis, the plan is to publish the relevant results, which have not yet been submitted. Papers will be written on the following:

· The effect of maximal exercise on ventilation MRI and LCI in CF
· A comparison of 3He and 129Xe ventilation MRI in CF and the clinical utility of 129Xe including repeatability and power calculations
· The longitudinal findings of ventilation MRI compared to MBW and spirometry, with relation to repeatability, change in metrics over time and tracking ventilation defects
· The sensitivity of 129Xe and 1H MRI to detect CF abnormalities in patients with normal FEV1 

One of the major findings from this study is that the time frame patients have been within the study has potentially been too short to see longitudinal disease progression, highlighted by the fact that no patient within the study had a change in FEV1 larger than a z-score of ±1.0. As a result, we recently received REC and HRA approval to extend MMAVIC so that patients have the option to attend at an annual visit over the course of a further five years, to be primarily assessed with 129Xe ventilation MRI, MBW and spirometry. As part of this extension, data will be collected as to the clinical status of patients in order to work out the prognostic ability of ventilation MRI to predict exacerbations and hospitalisations. This will also make it possible to establish the effects of CFTR modulator therapies as they become more established within the CF community, as well as when patients start any new therapy.


[bookmark: _Toc27382956]On-going work 

The methods detailed within this thesis generated data that could not be analysed as part of the scope of this PhD but will be addressed moving forward. These data refer to novel imaging techniques that were implemented at various time points during the study but were not part of the primary aims of the project. The following are brief descriptions of some of the questions generated that will be assessed further.

[bookmark: _Toc27382957]Can 1H MRI replace CT as the standard structural imaging choice? 

Chapter 3.4.4 (129Xe and 1H MRI in patients with normal FEV1, p135) documents a sub-analysis of the sensitivity of 1H MRI to detect CF related abnormalities and showed good sensitivity. CT imaging was not performed and therefore a direct comparison could not be performed. Figure 7‑1 however shows a comparison of a UTE image (a) taken approximately two years after the CT scan (b), which demonstrates good visual comparability.

[image: ]
[bookmark: _Ref16101035][bookmark: _Toc27383134]Figure 7‑1: A visual comparison of 1H UTE MRI and CT in a CF patient. 
Image a, is a UTE image acquired prospectively as part of the study. Image b is a CT image acquired approximately 2 years previous to the UTE image (and was acquired as part of the pilot study [105, 249]. Cystic bronchiectasis is evident in both images in the left lung in particular. Evidence of bronchiectasis is also evident in the right lung.

In order to perform a more direct comparison more CT images are needed, which the extension to the MMAVIC study will enable moving forward. For UTE to be utilised effectively, a PRAGMA style scoring system may be required to grade disease severity. UTE imaging was performed on all patients in the study once the sequence was initiated (approximately half way through the study), the images presented in Figure 7‑2 are taken from the spectrum of patients studied during MMAVIC and show the range of CF pathologies that would be expected to be found on equivalent CT images.
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[bookmark: _Ref16101354][bookmark: _Toc27383135]Figure 7‑2: A selection of 1H UTE MR images taken from patients with CF and with a range of disease severity. 
Each image is from a different patient, with a range of different CF related pathophysiology visible.

The data presented in Chapter 3.4.4 129Xe and 1H MRI in patients with normal FEV1, p135) and these images in Figure 7‑1 and Figure 7‑2 suggest that a range of 1H MRI sequences may be deployed routinely in CF patient management.

[bookmark: _Toc27382958]Linking structure to function

In further work, the assessment of whether functional or structural abnormalities develop first and whether certain structural abnormalities are related to certain ventilation patterns will be assessed. Figure 7‑3 and Figure 7‑4 show examples of patients where the relationship between structural abnormalities and ventilation abnormalities are visually correlated. A more detailed approach may allow for the prediction of ventilation or structural abnormalities to be predicted over time depending on the abnormality present.

[image: ]
[bookmark: _Ref16101759][bookmark: _Toc27383136]Figure 7‑3: A comparison of 1H UTE and 3He ventilation MRI in a CF patient. 
Comparable slices are depicted in the axial (i), coronal (ii) and sagittal (iii) planes. There is a visible correlation between the ventilation defects and areas of structural disease. 

[image: ]
[bookmark: _Ref16101763][bookmark: _Toc27383137]Figure 7‑4: A comparison of 1H SSFP and 3He ventilation MRI in two patients with CF (a and b). 
Comparable slices are depicted in the coronal plane. There is a visible correlation between the ventilation defects and areas of structural disease.



[bookmark: _Toc27382959]Ventilation compared to perfusion

A 1H perfusion MRI was an optional extra on the MMAVIC consent form. It was optional due to the need for a cannula to be inserted and a bolus of gadolinium to be injected (to act as the perfusion contrast agent). As a result, only a small sub-group of patients had this type of image performed. Moving forward with long term follow up of patients originally assessed in MMAVIC, will allow this sub-group of patients to have longitudinal perfusion imaging to be performed. This may allow for the assessment of whether ventilation or perfusion defects are present first, and whether one then precedes the other. Figure 7‑5 compares the ventilation MRI (ii) and the MIP (maximal intensity projection (i)) of the perfusion image in a patient with CF and with normal FEV1. Comparing these two images shows a visual correlation between the ventilation and perfusion defects present in the right lung.
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[bookmark: _Ref16102081][bookmark: _Toc27383138]Figure 7‑5: A comparison of contrast enhanced perfusion (i) and 3He ventilation MRI (ii) in a MMAVIC patient. 
Areas of both ventilation and perfusion defect are evident in a similar location in the right lung of the patient.

[bookmark: _Toc27382960]Hyperpolarised gas versus 1H ventilation MRI

It is possible to create images from 1H MRI, during free-breathing to create surrogates of ventilation. Using a Fourier decomposition approach, two methods have been proposed to obtain both ventilation and perfusion maps during free breathing and using a standard 1H sequence [207, 266]. Both methods compute a ventilation map from the change in signal intensity within a voxel over the course of the respiratory cycle to give a surrogate of fractional ventilation. These techniques have the potential to be used widely as they require no special hardware aside from the standard MRI scanner and coils. During this study, a number of patients performed the PREFUL 1H MRI sequence developed by the research group from Hannover [266] and a preliminary analysis was presented in abstract form at the ERS congress in 2018 [387]. The initial qualitative results were mixed when comparing the PREFUL technique to 3He MRI, with some patients demonstrating good comparability of ventilation abnormalities whilst others showed discordance. 

A more detailed comparison of 129Xe and PREFUL is required to assess any differences in these two potential clinical methods. An initial exploration of these two methods suggests that the conclusions may be similar. In patients with normal FEV1 where ventilation defects are larger, there is some concordance (Figure 7‑6), but in other mild patients with less distinct ventilation defects the concordance is poorer.
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[bookmark: _Ref16107430][bookmark: _Toc27383139]Figure 7‑6: A comparison of ventilation MRI using PREFUL (a) and 129Xe MRI (b) techniques. 
The comparison is made for two patients with CF (patients 1 and 2) and normal FEV1. For both patients, there is a degree of visible concordance in the location of ventilation abnormalities.

Patients with more severe disease, who have more distinct ventilation abnormalities may have better agreement (Figure 7‑7). A more detailed qualitative and quantitative comparison is required to better understand the applicability of both methods.
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[bookmark: _Ref16107597][bookmark: _Toc27383140]Figure 7‑7: A comparison of ventilation MRI using PREFUL (a) and 129Xe MRI (b) techniques. 
The comparison is made for two patients with CF (patients 1 and 2) and abnormal FEV1.For both patients there is a degree of visible concordance in the location of ventilation abnormalities.



[bookmark: _Toc27382961]Summary

The role of MRI is yet to be fully determined in assessing CF lung disease. The degree of functional and structural information that can be generated in a short period of time (30-45 minutes) is substantial. By utilising a variety of MRI sequences, MRI has a significant role to play in the future management of patients with CF of all ages and disease severities. 

The data presented in this study represents the largest known study of ventilation MRI in CF to date. There are several key findings from this thesis that help to better understand the underlying nature of lung disease in CF. These key findings include:

· Ventilation MRI and lung function metrics are highly correlated. 
· Patients in this cohort, with normal spirometry, had numerous small volume ventilation defects on MRI, whilst patients with abnormal spirometry had fewer large volume ventilation defects. 
· A VDP of 10% was found to be a threshold for detecting abnormal spirometry. 
· When lying supine, LCI increased in CF and controls when compared to sitting. 
· Ventilation defects on MRI are sometimes reversible during deep inhalation inferring partial and complete airway obstruction. 
· Maximal exercise causes changes to the distribution of ventilation on MRI in CF. 
· Over time ventilation MRI is highly repeatable. 
· There was no single trend of disease progression as measured by any method. 
· Large changes in ventilation on MRI were often observed without change in other lung function methods. 
· Ventilation defects can be tracked in 3D and often provide additional regional lung function detail. 
· In addition to CF, ventilation MRI is a valuable method for assessing lung function in children with other lung diseases.

Extensions to this study have been granted, which allows for a greater exploration of the role of MRI in assessing CF lung disease and other respiratory disorders in the future.
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[bookmark: _Ref16107872][bookmark: _Toc27383141]Figure 7‑8: Functional and structural MRI acquired from different sequences for one patient with CF. 
The range of images shows the large degree of clinical information that can be gathered safely in a relatively short time-frame. Each row shows a different MRI sequence with each column depicting a similar anatomical slice. a) 3He ventilation at EIVt, b) 3He ventilation at TLC, c) 1H PREFUL, d) 1H perfusion (gadolinium), e) 1H UTE, f) 1H 3D SPGR at TLC, g) 1H 3D SPGR at RV.
Chapter 7: Conclusions, limitations and future work
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[bookmark: _Toc27382965]Research papers published as first author in peer reviewed journals
Directly related to this PhD

1. Smith L, Marshall H, Aldag I, Horn F, Collier G, Hughes D, et al. Longitudinal Assessment of Children with Mild Cystic Fibrosis Using Hyperpolarized Gas Lung Magnetic Resonance Imaging and Lung Clearance Index. American journal of respiratory and critical care medicine. 2018;197(3):397-400.
2. Smith LJ, Collier GJ, Marshall H, Hughes PJC, Biancardi AM, Wildman M, et al. Patterns of regional lung physiology in cystic fibrosis using ventilation magnetic resonance imaging and multiple-breath washout. European Respiratory Journal. 2018;52(5).
3. Smith LJ, Macleod KA, Collier GJ, Horn FC, Sheridan H, Aldag I, et al. Supine posture changes lung volumes and increases ventilation heterogeneity in cystic fibrosis. PLoS One. 2017;12(11):e0188275.
4. Smith LJ, West N, Hughes D, Marshall H, Johns CS, Stewart NJ, et al. Imaging Lung Function Abnormalities in Primary Ciliary Dyskinesia Using Hyperpolarised Gas Ventilation MRI. Annals of the American Thoracic Society. 2018; 15(12):1487-90.

Published during PhD but not directly related to thesis

5. Smith L, Reilly CC, MacBean V, Jolley CJ, Elston C, Moxham J, et al. Physiological markers of exercise capacity and lung disease severity in cystic fibrosis. Respirology. 2017;22(4):714-20.

[bookmark: _Toc27382966]Research papers published as co-author during the PhD

· De Brandt J, Smith L. ERS International Congress 2017: preview of the “innovation in diagnosing and monitoring respiratory disease” symposium from the allied respiratory professionals assembly. J Thorac Dis. 2017;9(12):4942-6.
· Hughes PJC, Smith L, Chan H-F, Tahir BA, Norquay G, Collier GJ, et al. Assessment of the influence of lung inflation state on the quantitative parameters derived from hyperpolarized gas lung ventilation MRI in healthy volunteers. J Appl Physiol. 2018.
· Marshall H, Horsley A, Taylor CJ, Smith L, Hughes D, Horn FC, et al. Detection of early subclinical lung disease in children with cystic fibrosis by lung ventilation imaging with hyperpolarised gas MRI. Thorax. 2017;72(8):760-2.
· Morton RW, Elphick HE, Rigby AS, Daw WJ, King DA, Smith LJ, et al. STAAR: a randomised controlled trial of electronic adherence monitoring with reminder alarms and feedback to improve clinical outcomes for children with asthma. Thorax. 2017;72(4):347-54.
· Weatherley ND, Stewart NJ, Chan H-F, Austin M, Smith LJ, Collier G, et al. Hyperpolarised xenon magnetic resonance spectroscopy for the longitudinal assessment of changes in gas diffusion in IPF. Thorax. 2018.

[bookmark: _Toc27382967]Research abstracts presented at conference
As first author – Oral presentation

· Laurie Smith DH, Ho-Fung Chan, Kevin M. Johnson, Jody Bray, Oliver Rodgers, Guilhem Collier, Graham Norquay, Alberto Biancardi, Paul Hughes, Sailesh Kotecha, Martin Wildman, Noreen West, Alex Horsley, Jens Vogel-Claussen, Harm Tiddens, Helen Marshall, Jim Wild. 1H and 129Xe MRI to detect functional and structural lung disease in sub-clinical cystic fibrosis. European Respiratory Society Congress, Madrid 2019.
· Smith L, Hughes D, Chan H-F, Johnson K, Bray J, Rodgers O, et al. WS17-2 The sensitivity of MRI to detect both functional and structural lung abnormalities in sub-clinical cystic fibrosis. Journal of Cystic Fibrosis. 2019;18:S32. (ECFC conference, Liverpool 2019)
· Laurie J Smith PJCH, Helen Marshall, Guilhem J Collier, Noreen West, Martin Wildman, Alex Horsley, Jim M Wild. Hyperpolarised gas MRI shows a decrease in lung ventilation volume and  heterogeneity at increased inspiratory lung volumes in Cystic Fibrosis. ISMRM international conference, Paris 2018.
· Smith L, Collier G, Marshall H, Hughes P, Bray J, Rodgers O, et al. The effect of inhaled lung volume on ventilation heterogeneity in CF using 3He MRI. European Respiratory Journal. 2018;52(suppl 62):OA4990 (ERS Congress, Paris 2018) 
· Laurie Smith IA, Paul Hughes, Felix Horn, Helen Marshall, Graham Norquay, Guilhem Collier, David Hughes, Chris Taylor, Alex Horsley, Jim Wild. Longitudinal monitoring of disease progression in children with mild cystic fibrosis using hyperpolarised gas MRI and lung clearance index. ARTP conference, Belfast 2017.
· Smith L, Aldag I, Hughes P, Horn F, Marshall H, Norquay G, et al. Longitudinal monitoring of disease progression in children with mild cystic fibrosis using hyperpolarised gas MRI and lung clearance index. ISMRM international conference, Hawaii 2017.
· Smith L, Horn F, Marshall H, Aldag I, Taylor C, Wild J, et al. Effect of posture on lung clearance index (LCI) and lung volumes in children with early stage cystic fibrosis lung disease. European Respiratory Journal. 2015;46(suppl 59):OA307 (ERS congress Amsterdam 2015)

As first author – Poster presentation

· Smith L, Collier G, Marshall H, Hughes P, Biancardi A, Norquay G, et al. P213 A comparison of ventilation MRI using hyperpolarised 3He and 129Xe to assess cystic fibrosis lung disease. Journal of Cystic Fibrosis. 2019;18:S117. (Appendix 7, p354)
· Smith L, Collier G, Marshall H, Hughes P, Biancardi A, Norquay G, et al. P212 Ventilation MRI tracks longitudinal lung function changes in patients with cystic fibrosis and clinically stable FEV1 and Lung Clearance Index. Journal of Cystic Fibrosis. 2019;18:S117. (Appendix 7, p354)
· Smith L, Marshall H, Norquay G, Collier G, Rodgers O, Hughes P, et al. P211 129Xe ventilation MRI and LCI to assess acute maximal exercise as a method of airway clearance. Journal of Cystic Fibrosis. 2019;18:S116-S7. (Appendix 7, p354)
· Laurie Smith, David Hughes, Ho-Fung Chan, Kevin M. Johnson, Jody Bray, Oliver Rodgers, Guilhem Collier, Graham Norquay, Alberto Biancardi, Paul Hughes, Sailesh Kotecha, Martin Wildman, Noreen West, Alex Horsley, Pierluigi Ciet, Piotr Wielopolski, Harm Tiddens,  Helen Marshall, Jim Wild. 129Xe ventilation and 1H anatomical MRI to detect functional and structural abnormalities in sub-clinical cystic fibrosis lung disease. ISMRM international conference 2019.
· Laurie Smith, Guilhem Collier, Helen Marshall, Paul Hughes, Alberto Biancardi, Graham Norquay, Jody Bray, Oliver Rodgers, Martin Wildman, Noreen West, Alex Horsley, Jim Wild. Comparison of hyperpolarised 3He and 129Xe ventilation MRI to assess lung disease in cystic fibrosis. ISMRM international conference 2019.
· Laurie Smith, Guilhem Collier, Helen Marshall, Paul Hughes, Alberto Biancardi, Graham Norquay, Jody Bray, Oliver Rodgers, Martin Wildman, Noreen West, Alex Horsley, Jim Wild. Clinical applicability of 3He and 129Xe ventilation MRI in cystic fibrosis: longitudinal follow up European Respiratory Society Congress 2019. (Appendix 7, p354)
· Smith L, Hughes P, Marshall H, Collier G, West N, Wildman M, et al. Hyperpolarised Gas MRI Shows Reversibility of Lung Ventilation Defects at Increased Inspiratory Lung Volumes in Cystic Fibrosis.  A72 WHAT'S NEW IN CYSTIC FIBROSIS, BPD AND OTHER CONGENITAL PEDIATRIC LUNG DISEASES: American Thoracic Society; 2018. p. A2313-A.
· Smith L, Aldag I, Hughes P, Horn F, Marshall H, Norquay G, et al. Longitudinal monitoring of disease progression in children with mild CF using 3-helium MRI and LCI. Pediatr Pulmonol; 2016
· Smith L, Horn F, Marshall H, Collier G, Hughes P, Aldag I, et al. Comparison of phase III slope analysis from MBW with hyperpolarised gas MRI in children with mild CF. European Respiratory Journal. 2016;48(suppl 60):PA4410.

[bookmark: _Toc27382968]Abstracts as co-author
Presented on behalf of lead author

· Marshall H, Voskrebenzev A, Biancardi A, Smith L, Tahir B, Wild J, et al. Comparison of 1H MRI and 3He MRI ventilation images in patients with cystic fibrosis and patients with lung cancer. European Respiratory Journal. 2018;52(suppl 62):PA387
· West N, Smith L, Chan H-F, Horn F, Chetcuti P, Moya E, et al. Hyperpolarised gas ventilation MRI detects early lung ventilation heterogeneity in children with primary ciliary dyskinesia. European Respiratory Journal. 2017;50(suppl 61):PA3342.
· Wild J, Smith L, Horn F, Collier G, Swift A, Stewart N, et al. Hyperpolarised gas MR lung imaging – Breaks through to clinical practice. European Respiratory Journal. 2015;46(suppl 59):OA4992.
· Hughes P, Smith L, Horn F, Biancardi A, Collier G, Stewart N, et al. Ventilation heterogeneity assessed in patients with mild cystic fibrosis and asthma using Hyperpolarised gas MRI histogram analysis. European Respiratory Journal. 2017;50(suppl 61):OA4645

Other abstracts as co-author

· Whitfield C, Horsley A, Jensen O, Horn F, Smith L, Collier G, et al. WS07-2 Inferring the distribution of ventilation in the lung from Multiple Breath Washout: a validation study in cystic fibrosis. Journal of Cystic Fibrosis. 2019;18:S13.
· Matthew Austin LS, James Eaden, Helen Marshall, Jim Wild. Validation of nitric oxide transfer factor predicted equations in a UK population. European Respiratory Society Congress 2019
· Jim M Wild  AMB, Ho-Fung Chan , Laurie J Smith , Jody Bray , Helen Marshall , Paul J C Hughes , Guillem C, Collier  GN, Andrew J Swift , Kylie Hart , Michael Cousins , and Sailesh Kotecha. Imaging functional and microstructural changes in the lungs of children born prematurely. ISMRM international conference 2019.
· Grace T Mussell HM, Laurie Smith, Alberto Biancardi, Paul JC Hughes, Jim M Wild and Ian Sabroe. Correlations of ventilation heterogeneity and spirometry in asthma; initial experience with hyperpolarised gas MRI in a clinical setting European Respiratory Society Congress 2019.
· James A. Eaden NDW, Paul JC. Hughes, Guilhem J. Collier, Matthew Austin, Laurie J. Smith, Jim Lithgow, Maya H. Buch, Colm T. Leonard, Sarah Skeoch, Nazia Chaudhuri, Geoff JM. Parker Stephen M. Bianchi, Jim M. Wild. Longitudinal change in hyperpolarised 129-xenon MR spectroscopy in interstitial lung disease. European Respiratory Society Congress 2019.
· James A. Eaden NDW, Paul JC. Hughes, Ho-Fung Chan, Matthew Austin, Laurie J. Smith, Jim Lithgow, Maya H. Buch, Colm T. Leonard, Sarah Skeoch, Nazia Chaudhuri, Geoff JM. Parker, Stephen M. Bianchi, Jim M. Wild. Hyperpolarised 129-xenon diffusion-weighted MRI in interstitial lung disease. European Respiratory Society Congress 2019.
· Alberto Biancardi LA, Helen Marshall, Bilal Tahir, Paul Hughes, Laurie Smith, Nicholas Weatherley, Guilhelm Collier, Jim Wild. A paired approach to the segmentation of proton and hyperpolarized gas MR images of the lungs. ISMRM international conference 2018.
· Kirkby J, Barker N, Smith L, Thevasagayam R, Ugonna K. Investigating Exercise Induced Laryngeal Obstruction (EILO): A review of a specialist paediatric service. European Respiratory Journal. 2018;52(suppl 62):OA314.
· Nicholas David Weatherley HM, Paul Hughes, Jody Bray, David Capener, Matthew Austin, Laurie Smith, Stephen Renshaw, Stephen Bianchi, and Jim Wild. Dynamic contrast-enhanced MRI for the evaluation of perfusion heterogeneity in idiopathic pulmonary fibrosis. ISMRM international conference 2018.
· Weatherley N, Marshall H, Hughes P, Austin M, Smith L, Renshaw S, et al. Dynamic Contrast-Enhanced Magnetic Resonance Imaging for the Evaluation of Perfusion Heterogeneity in Idiopathic Pulmonary Fibrosis.  C97 DIFFUSE PARENCHYMAL LUNG DISEASES: EVALUATION, OUTCOMES, AND TRIALS: American Thoracic Society; 2018. p. A5925-A.
· Weatherley N, Stewart N, Chan H, Hughes P, Marshall H, Austin M, et al. S73 Probing diffusion and perfusion in idiopathic pulmonary fibrosis with hyperpolarised Xenon and dynamic contrast-enhanced magnetic resonance imaging. BMJ Publishing Group Ltd; 2018.
· Guilhem Collier LA, Helen Marshall, Laurie Smith, Alberto Biancardi and Jim Wild. Linear binning maps for image analysis of pulmonary ventilation with hyperpolarized gas MRI: transferability and clinical applications. ISMRM international conference 2018.
· Chan H-F, Collier G, Smith L, Marshall H, Hughes P, Parra-Robles J, et al. Longitudinal monitoring of lung microstructure with HP gas diffusion-weighted MRI in mild cystic fibrosis children. European Respiratory Journal. 2017;50(suppl 61):OA4399.
· Horsley A, Smith L, Samaraj P, Bell N. WS19. 2 Rapid and reliable analysis of multiple breath washout using custom built offline software. Journal of Cystic Fibrosis. 2017;16:S32.
· Waller I, McNaughton C, Johnson S, McVean R, Smith L, Horsley A. WS04. 3 Exercise capacity and lung clearance index (LCI) in adults with CF. Journal of Cystic Fibrosis. 2017;16:S7.
· Weatherley N, Chan H-F, Stewart N, Norquay G, Rao M, Collier G, et al. Late Breaking Abstract - Hyperpolarised gas MRI demonstrates sub-clinical progression in IPF over 6 months. European Respiratory Journal. 2017;50(suppl 61):OA4642.
· Aldag I, Marshall H, Taylor C, Horsley A, Hughes D, Smith L, et al. WS15. 2 Multiple breath washout and imaging with 3He MRI and CT scans to monitor early-stage lung disease in patients with cystic fibrosis. Journal of Cystic Fibrosis. 2016;15:S24-S5.
· Horn F, Marshall H, Siddiqui S, Horsley A, Smith L, Aldag I, et al. Comparison of ventilation heterogeneity (VH) measured with multiple breath washout (MBW) imaging to whole lung MBW LCI and FEV1; in asthma and cystic fibrosis (CF). European Respiratory Journal. 2015;46(suppl 59):OA2946.
· Wild JM, Collier G, Marshall H, Smith L, Norquay G, Swift AJ, et al. Hyperpolarised Gas Mri - a Pathway to Clinical Diagnostic Imaging. Thorax. 2015;70:A220-A1.
· Horsley A, Marshall H, Smith L, Hughes D, Horn F, Armstrong L, et al. WS13. 5 Visualising ventilation heterogeneity in mild CF using hyperpolarised 3He MRI, and comparison with lung clearance index (LCI). Journal of Cystic Fibrosis. 2014;13:S28.



[bookmark: _Toc27382969]Research awards

1. European Respiratory Society award for Best Abstract in Paediatric Cystic Fibrosis – ERS congress, Madrid 2019.

· 1H and 129Xe MRI to detect functional and structural lung disease in sub-clinical cystic fibrosis

2. European Cystic Fibrosis Conference award for the best poster in Immunology, Pulmonology and Inflammation – Liverpool 2019.

· Ventilation MRI tracks longitudinal lung function changes in patients with cystic fibrosis and clinically stable FEV1 and Lung Clearance Index.

3. European Cystic Fibrosis Conference - Chiesi sponsored educational bursary award, Liverpool 2019 .

· The sensitivity of MRI to detect both functional and structural lung abnormalities in sub-clinical cystic fibrosis.

4. International Society for Magnetic Resonance in Medicine (ISMRM) Magna Cum Laude award – Montreal 2019.

· Comparison of hyperpolarised 3He and 129Xe ventilation MRI to assess lung disease in cystic fibrosis.

5. Association of Respiratory Physiology and Technology national conference, Sue Hazard award for best abstract, Belfast 2017.

· Longitudinal monitoring of disease progression in children with mild cystic fibrosis using hyperpolarised gas MRI and lung clearance index.

[bookmark: _Toc27382970]Invited talks

1. Association of Respiratory Physiology and Technology national conference, Brighton 2018
‘Assessing lung physiology with hyperpolarised gas MRI’

2. South Yorkshire Cystic Fibrosis network, Sheffield 2019
‘Functional and structural assessment of lung disease in CF using MRI – Ready for the clinic?’

3. International Workshop in Pulmonary Functional Imaging international conference, New Orleans 2019
‘Longitudinal MRI in cystic fibrosis’

4. North American Cystic Fibrosis international conference, Nashville 2019
‘Helium MRI in cystic fibrosis’
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	MMAVIC No.
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25
	26
	27
	28
	29
	30
	31
	32
	33
	34
	35

	V1
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	3He ventilation
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	129Xe ventilation
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	3He ventilation
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	CPET visit
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	1H perfusion
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


Key:      Patient attended the visit, or the type of scan was acquired, or the CPET visit was performed
Patient did not attend
	Patient missed the time-window for this visit, but was not withdrawn from the study
	Still awaiting a final study visit at the time of writing this thesis (edit MMAVIC 25, 29 and 32 have since completed their final visit)
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NHS

Health Research Authority

Professor Jim Wild

Professor in Magnetic Resonance Physics Email: hra.approval@nhs.net
University of Sheffield

Department of Academic Radiology, C Floor

Royal Hallamshire Hospital

Sheffield

S10 2JF

12 October 2016

Dear Professor Wild,

Letter of HRA Approval

Study title: Hyperpolarised gas magnetic resonance imaging and
multiple breath inert gas washout to improve management
and understanding of cystic fibrosis lung disease

IRAS project ID: 205670
REC reference: 16/YH/0339
Sponsor Sheffield Childrens NHS Foundation Trust

| am pleased to confirm that HRA Approval has been given for the above referenced study, on the
basis described in the application form, protocol, supporting documentation and any clarifications
noted in this letter.

Participation of NHS Organisations in England
The sponsor should now provide a copy of this letter to all participating NHS organisations in England.

Appendix B provides important information for sponsors and participating NHS organisations in
England for arranging and confirming capacity and capability. Please read Appendix B carefully, in
particular the following sections:

e Participating NHS organisations in England — this clarifies the types of participating
organisations in the study and whether or not all organisations will be undertaking the same
activities

e Confirmation of capacity and capability - this confirms whether or not each type of participating
NHS organisation in England is expected to give formal confirmation of capacity and capability.
Where formal confirmation is not expected, the section also provides details on the time limit
given to participating organisations to opt out of the study, or request additional time, before
their participation is assumed.

e Allocation of responsibilities and rights are agreed and documented (4.1 of HRA assessment
criteria) - this provides detail on the form of agreement to be used in the study to confirm
capacity and capability, where applicable.

Further information on funding, HR processes, and compliance with HRA criteria and standards is also

provided.
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Do | have to take part? 4 e . o

Before you decide if you would like to take part, it is important
What happens if | change my mind? 4 for you to understand why this research is being done and what
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Are there any risks from taking part? 4 Please take your time to read the information carefully.
What happens if something goes 5 Your participation is entirely voluntary so you do not have to
wrong? take part if you do not want to.
Additional information 5]

. . Please ask a member of the research team if there is anything

Contact information 5]

that is not clear, or if you would like more information before
considering taking part.

Thank you for reading this information. We hope this research
will be of interest to you.

If you have any questions about this study

please talk to Mr Laurie Smith:

Department of Academic Radiology
Royal Hallamshire Hospital

This study is using the most advanced methods of lung function
including hyperpolarised gas magnetic resonance imaging (HP
MRI) and multiple breath washout (MBW), to better
understand changes in lung function over time.

Glossop Road . o .
Sheffield HP MRI involves taking images of the gas in your lungs after
S10 2JF breathing in a harmless gas (Helium). MBW is a breathing test

Tel: 0114 2265393
Email: laurie.smith@sheffield.ac.uk

used to calculate lung clearance index (LCI).

By measuring these tests on the same day, alongside more
standard lung function tests, we aim to understand lung
function in greater detail than ever before.

We are looking for up to 35 patients with cystic fibrosis to take
part and attend 3 visits over the course of 2 years.

You can opt out of the study at any time without giving a
reason.

Version 2.0 - 22.08.2016 1
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This study is a part of a research fellowship funded by
Health Education England/National Institute for Health
Research. We are looking at the value of hyperpolarised
gas magnetic resonance imaging (HP MRI) and a
breathing test called multiple breath washout (MBW) in
the assessment of lung function in CF.

HP MRI is an advanced imaging technique that takes
images of the air inside your lungs. It involves breathing
in a harmless gas (Helium) and holding your breath for
about 10 seconds whilst lying in an MRI machine. MBW
is a non-invasive breathing test of lung function that is

performed during simple relaxed breathing. Both of

these tests are better at picking up early changes in the
lungs than spirometry (“blows”), the lung function test
used in conventional clinical practice. Both of these
tests have been shown to pick up small changes in lung
function, but we don’t know how the tests change over
time or relate to each other. HP MRI has the added
advantage that you can see from the created image,
where in the lungs the breathing problems are.

HP MRI and MBW have previously been measured in
many adults and children with CF. They are particularly
useful in those with mild CF, where spirometry is often
less good at picking up changes in lung function. This
study will look in detail at these two advanced tests,
alongside more standard lung function, over 2 years, to
try to better understand how lung function changes in CF
and using HP MRI to visualise where the changes are
happening.

We will not make any changes to your care or
treatments should you choose to take part in the study.
We would however like to better understand these
measurements in CF by performing these tests at 3 time-
points spread over 2 years to understand how lung
function changes with time.

You have been invited to take part in this research
because you are a patient at either the Northern General
Hospital or the University Hospital of South Manchester
under the care of the CF team and are eligible to take
part.

__ Phaws

POLARised Imaging Systems

Sheffield Teaching Hospitals [\

NHS Foundation Trust

An experienced researcher will explain the study to you
in more detail and give you the opportunity to ask any
questions before asking you to sign a consent form.

Hyperpolarised gas MRI (HP MRI), multiple breath
washout (MBW) and conventional lung function testing
will take place in the Department of Academic
Radiology, Royal Hallamshire Hospital, Sheffield. We
anticipate the visit to complete all the tests taking
approximately 3 hours.

Measurement of HP MRI

Hyperpolarised gas MRI is performed in a standard
MRI scanner. Before going into the scanner a trained
physiologist will describe the test to you and practice
the breathing procedures with you. The MRI scans will
take approximately 1hour, but we can give you breaks
to walk around or take a drink if you need it.

During the hour we will be taking different images of
your lungs. Some of these images involve breathing in
a gas from a bag. This will be delivered to you by a
physiologist whilst you are lying in the scanner. After
breathing in the gas (a mixture of nitrogen and either
helium or xenon) you will be asked to hold your
breath for up to 15 seconds, during which the images
are taken.

You will be asked before any MRI scans if you are
happy to have a cannula (thin tube) put into a vein. If
you are, during one of the scans 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.

Measurement of MBW
The test is performed during simple relaxed breathing.
You will breathe in and out of a mouthpiece whilst sitting

2
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down. A nose-clip will be used to ensure no air leaks
through your nose.

The first part of the test involves breathing air mixed
with a small amount of a tracer gas, called SFs (sulphur
hexafluoride). This gas is present in very small amounts,
is inert (meaning it has no effect on the body), odourless
and colourless and is not taken up by the body. It has
been used for many decades in assessing lung function in
similar tests. You will breathe the air and tracer gas in
and out for a few minutes until it is evenly mixed with
the air in your lungs (this phase of the test is known as
the wash-in).

Your mouthpiece will then be switched to breathing
room air, and we will measure how the tracer gas is
breathed out of your lungs. This second phase is known
as the wash-out. We will repeat the test three times
sitting and then three more times with you lying down.

Additional measurements

Your usual outpatient assessments will also be
conducted, including spirometry and height and weight.
You will be asked to perform 2 extra breathing tests
called body plethysmography and transfer factor. Body
plethysmography (sometimes called body box) is
performed in a phone-booth shaped box and involves
breathing into a mouthpiece with a nose peg on during
relaxed gentle breathing. Transfer factor is performed on
similar equipment to spirometry and involves breathing
through a mouthpiece with a nose peg on and requires
you to hold your breath for approximately 10 seconds in
the middle. We will perform 3 attempts of each test and
both take approximately 10minutes each to perform.
Both of these tests are standard measures of lung
function and are used worldwide to assess how healthy
patients lungs are.

You will also be asked to fill out a questionnaire
specifically designed for people with CF that measures
different aspects of quality of life. This questionnaire will
help us understand how our advanced tests relate
specifically to aspects of how you feel on a day to day
basis. It is called the ‘Revised Cystic Fibrosis
Questionnaire’ (CFQ-R) and has been extensively used in
research and clinical practice.

1
POLARIS

Sheffield Teaching Hospitals

At 1 of the 3 visits only we will ask you to perform an
exercise test on an exercise bike. The type of test is
called a cardio-pulmonary exercise test (CPET). You may
have already performed a CPET as part of normal clinic
assessment as the test tells us how your lungs and your
heart respond to exercise, which is useful when
understanding the symptoms that you feel.

The test involves wearing a mask that covers your nose
and mouth to measure your breathing and also an ECG,
which involves having stickers placed on your chest to
measure your heart. Once set up you will be asked to
cycle at a steady speed whilst we make the pedals
steadily more difficult to turn. You will be cycling for
approximately 10 minutes during which the cycling will
feel easy to begin with but you will be cycling as hard as
you can by the end of the 10 minutes. The exercise test
is designed to make you out of breath, which is a
completely normal response.

We are performing this test for 2 reasons. Eirstly it will
allow us to compare how fitness levels and your
breathing response to exercise relate to the HP MRI
scans and the MBW breathing test.

Secondly, exercise is often used by your physiotherapists
to help you clear mucus from your lungs. By breathing
heavily and deeply it may help to move the mucous
towards the top of the lungs where you can cough it up.
HP MRI and MBW may be able to measure how the
mucous has moved during exercise. We would therefore
like to measure how our exercise test affects the mucous
in your lungs by repeating HP MRI and MBW after the
exercise test. We will perform a shortened version of the
HP MRI and MBW tests by only measuring the most
relevant HP MRl images and MBW.

We will only ask you to perform this exercise test on 1 of
the 3 visits. It will take an extra 1 hour to perform. If you
don’t wish to perform the test on the first visit we can do
it on any of the other visits instead. If you are interested
in taking part in the rest of this study but do not wish to
take part in the exercise test, then we can leave the
exercise test out.

Version 2.0 - 22.08.2016
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In order to help us understand what information we can
get from hyperpolarsied gas MRI and multiple breath
washout, we need to repeat the measurements over
time. We therefore ask that you consider attending 3
times over 2 years. Each separate visit should be
approximately 6-9 months following the previous visit.

No, you do not have to take part if you do not wish to.
Your decision will not affect the standard of care you
receive from your CF team.

It is okay if you agree to take part in the study but later
change your mind. You do not need to give a reason. If
you decide to pull out of the study we will continue to
use the data and samples that you have already
provided, unless you expressly ask us not to.

There will be no direct benefit for participants in this
study. The measurements will not be provided to you or
your doctors at first. However, later in the study, when
we have more information on how HP MRI and MBW
works, we will provide details to your CF doctors.

There are no risks from performing multiple breath
washout. The tracer gas (SFe) has been used for many
decades and at much higher concentrations than we are
using in lung function testing in infants, children and
adults. It is already licensed for use in this way. Infection
control precautions include use of a filter and sterile
wipes to clean equipment.

The risks of performing MRI are small and safety is our
primary concern. To ensure your safety we will fill out a
screening form on the day that highlights people who

piiLARIS

POLARised Imaging Systems

Sheffield Teaching Hospitals INHS|

NHS Foundation Trust

are not suitable. Some patients with claustrophobia may
find it difficult to lie in the MRI scanner, which is quite
narrow.

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.

The Exercise test involves you exercising near to your
limit, which means your heart and lungs are put under a
lot of stress. Whilst this can feel temporarily
uncomfortable, it rarely causes any problems. We will
carefully screen you before and will not ask you to
perform the exercise if you have any known heart
problems that would be dangerous. We will also be
monitoring your heart closely during the test and will
stop the test straight away if anything unexpected
occurs. You are also free to stop the exercise test
yourself if you do not want to continue.

We perform this test routinely in cystic fibrosis when
needed and also in many other conditions that affect the
heart and lungs.

If we find an abnormality on any of the tests that wasn’t
expected and requires attention, we will contact your CF
team to discuss any findings.

Version 2.0 - 22.08.2016
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If you have a concern about any aspect of the study,
please speak to the research team in the first instance.
If you remain unhappy and wish to complain formally,
you can do so through the NHS complaints procedure.
Details can be obtained from the Patient Experience
Team on 0114 2712400.

Will I receive a payment for taking part?

We will be able to compensate you for your
parking/travel expenses for travelling to Sheffield. We
will provide expense for lunch and you will receive a
generic £20 gift token for your time. These will be
provided to you at every visit you attend.

Will taking part affect my health insurance?

If you have private medical insurance, please check with
your insurance company to see if your policy will be
affected by taking part in this clinical study.

Will my details be kept confidential?

We follow strict ethical and legal guidance regarding
patient confidentiality. Any information we have about
you will be handled in confidence. All data recorded will
be coded and your name will remain anonymous.

When taking part in research it is occasionally necessary
for your details to be made available to authorised
research staff who are bound by the same duty of
confidentiality. This may include people who conduct
quality assurance and quality control checks to confirm
that the research was done correctly. These people may
include research ethics committees, inspectors, monitors
and auditors.

Who has reviewed this study?

This study is funded by a Health Education England
(HEE)/National Institute for Health Research (NIHR)
fellowship awarded to Mr Laurie Smith. This fellowship
was extensively reviewed by a panel of experts to its
suitability and concept as a fellowship.

1
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All research in the NHS is looked at by an independent
group of people called a Research Ethics Committee.
The Research Ethics Committee is made up of experts,
non-experts and members of the general public.
Together they review research applications to ensure
your safety, rights, wellbeing and dignity are protected
at all times.

This study has been reviewed and given favourable
opinion by the Yorkshire and the Humber — Leeds West
Research ethics committee.

What will happen to the study results?

This work forms part of a research fellowship funded by
the HEE/NIHR. It is intended that the results of the study
will be presented at conferences and published in
medical journals so that we can explain to the medical
community what our research results have shown. Your
name will never appear in any report or publication
arising from this study.

We may also write about the results or findings of this
study in a newsletter that will be circulated to your CF
team.

Who is organising and funding the research?

Mr Laurie Smith, an experienced respiratory physiologist
and doctoral research fellow at Sheffield Children’s
Hospital and at the University of Sheffield, is carrying out
this research. The study is being supervised by Dr Alex
Horsley - a University of Manchester Senior Lecturer and
Honorary Consultant with University Hospital of South
Manchester and Professor Jim Wild, a Professor of
Magnetic Resonance Physics at the University of
Sheffield.

The funding for this study is supported by an HEE/NIHR
doctoral research fellowship awarded to Mr Laurie Smith

For more information about this study, you can speak to
a member of the research team on 0114 2265393
(between 9am and 5pm) who will be happy to answer
any questions or concerns you might have.

Thank you for reading this information sheet.
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BLOW
Nvurse  THEO A study about how people with cystic fibrosis breathe
BREATHE

RESEARCH Information Leaflet (Cystic Fibrosis)

DOCTOR
For children aged 5 to 10 years
S P OX Z PP PEGBMDHLH
D UUSPNOTGBTIKTEBTPDWQJI
B DDOCTORHTFRMYDT
HS CIVXVYWQTIAQNTE X
D B AF AXPIKMEFTLTGBG6 B
L NP AEVG6GWNZTTCTTETF
S PFHWTITQVEBVHGFPW
WHTUBBRTEA ATHTETRTEJTR Hello, T'm Theo.
XHc¢c6e0QUskeéeéNOTOEB We are looking for
PNEBENITWCOCVMDMY MG children to help us
J UAJWOLUV SQBCHR
learn more about
QR CXLUVYRLXVEFGTTF My
CYSTIC rosis.

D S TBQDJ KMLUNGSF Z AL
R ETJBTISRIXOSGURCW
F RESEARTCHTETSMOAX

VIC - Child (5-10) Information Sheet - version 1.0 - 15/07/16

IRAS ID: 205670




image161.png
Hello!
You are invited to take part in the MMAVIC

research study. This leaflet will tell you what the

study is about and what taking part would mean for you.

What is research?

Research involves collecting information to generate knowledge

about the area being studied. It’s a bit like homework for grown-ups.

Why are you doing this research?
Your lungs help you to breathe. When you were born a doctor told your

mum or dad, or an adult looking after you, that you have a lung problem
called cystic fibrosis which causes you to produce mucus (moo-cus).
Mucus makes your lungs sticky which makes it hard for you to breathe.

Measuring your breathing properly is very important.

We want to help adults and children who have cystic fibrosis. To do this
we need to measure the breathing of children with cystic fibrosis with

new breathing tests.

Why have I been asked to help?

We would like your help because you have cystic fibrosis.

MMAVIC - Child (5-10) Information Sheet - version 1.0 - 15/07/16
d’
|RAR)920!6kave to help?
No, only if you want to and your mum, dad or grown up looking after
you say it’s ok too.

What will I need to do if I help?

If you would like to help we will ask your mum or dad, or a grown up
looking after you, if you can take partin 2 new breathing tests called

magnetic resonance imaging and multiple breath washout.

You will be used to being asked to do a ‘spirometry test’ (the one where
you blow as hard as you can into a mouthpiece). We think these new

tests may help the cystic fibrosis team to learn more about children’s
breathing than the spirometry test. In order to prove it, we need children

to try the new tests for us.

One of these new tests (called magnetic resonance imaging) involves you
lying down in an MRI scanner (it looks like a big doughnut) whilst we take

pictures of your lungs. We will take these pictures after you have
breathed in a special gas from a bag. The other new test (called multiple

breath washout) involves breathing into a tube with a special gas in it

whilst watching t.v. Your mum, dad or a grown up looking after you will
be with you the whole time. You might get asked what you thought about

the test afterwards.

Will anything hurt me?

Children with cystic fibrosis have tried the tests before and did not tell us
that it hurt them.

Will anyone else know I am doing this?

Only your mum, dad or adult looking after you needs to know you are

helping us with our research. If you want to tell your friends and
other people in your family that’s okay.
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THE UNIVERSITY OF SHEFFIELD ACADEMIC DEPARTMENT OF
RADIOLOGY
Magnetic Resonance Imaging Unit at the Royal Hallamshire Hospital

PATIENT & VOLUNTEER SCREENING FORM

Please complete this form prior to having your scan. Please circle the appropriate
answer.

Surname

First names

Date of Birth

Address

Home Tel Work Tel

Have you ever had any surgery to your heart or chest e.g. cardiac pacemaker,

replacement valves, stents or filters inserted? Yes
Have you ever had any operation to your brain, .g. aneurysm clips or shunts inserted? Yes
Have you EVER had any metal fragments in your eyes? Yes
Are you or could you be pregnant? Yes
Do you have an electronic or breast implant in your body? Yes
Have you had any surgery of any type in the last 2 months? Yes

'YOU MUST RING THE UNIT IF YOU HAVE ANSWERED ‘YES’ TO ANY OF THE ABOVE
QUESTIONS. FAILURE TO DO SO MAY MEAN THAT YOU CANNOT BE SCANNED.
TELEPHONE No. 0114 215 9595

Do you suffer from any heart disease or rhythm disorder? Yes
Do you have any hearing problems, e.g. tinnitus? Yes
Do you have any kidney problems? Yes
Do you wear any removable metal dental work? Yes
Do you suffer from epilepsy or diabetes? Yes
Do you have any allergies? Yes

Do you have any other metallic object in your body, e.g. metal fragments or surgical clips? ~ Yes

I so, please specify

No
No
No
No
No
No

No
No
No
No
No
No
No

Please remove all credit cards and loose metallic objects, e.g. watches, wallets, keys,
money, glasses, jewellery (including body piercing), hearing aids, hair clips and skin
patches.

Lockers for your valuables are provided in the waiting area.

How much do you weigh?

If you have read and understood the above restrictions please sign below.

Signature Date

or signature of consenting adult





image11.png




image163.png
{8 078.) 1810 so0epIcou0D i s8>
P00 2111 300 3 s Um0 L Poad € sem AL
d0h 9 13800

1 380 M1 OB 00 oM AL+

14

nuassom) don posear Py —
PPN ——

TA34 0 1 posessesou aseasp. 57020380731 S R 1990 U 40N W 03

£ sBesane o s seacs o ¥ G o) € popune e+
aeesdn k> + s wased o2 o s
asean By pr o v @+ . a b . > (1) o ueseap oy e
T R——
‘Asewing
san 30 500 3 G SO PO OB 2+
o Jre—
40 9% 0 Aatpamieods Aep-owes

eBueys [eupnyBuo - synsey D P ————

- Suepagau0 o e 0 08 3 Pt €3
o o e e e s s o e £ 85 N

ssessp Sy 13,0 391 € o ek URLPED 5

- e
03 hep e a4 00 ket augerguns ot &

{45003 poreaues Kons aam sase o 2 pue (2
70.) e, P 3, 99410 44 SR USRI+

et iz -

1 0 ssom o e oo oo xc, - s 2 sessp o

S A (3H) € POSOSGA SrSh R VOSERUIA. -

‘sejdwex3 — aBueys [eUIPNYBUO] I OXezs

:uoponposu|

an TEyy——— PSS, W PSS AP PONS: A DRSS PSS o A SI0d
(PIIM WiF A3[SIOH XaIY ‘;1SIM UIRION ‘:UBLIPIIM UILIEI *;5193p0Y JINIO ‘cAeig APOF AENDION Weyesn ‘IpIesueIg 0LAGIY *;SAYINH Ned ‘[eySIeI UIIoH *

dn mojjo} jeuipniSuo)
:s1501qy 21SAd Ul [YIAI UOLIB|UBA 3Xg,; PUB BH¢ JO AYijiqedrjdde |ed)





image164.png
e A comparison of ventilation MRI using hyperpolarised
University 3He and '29Xe to assess CF lung disease

of
Laurie Smith'2, Guilhem Collier!, Helen Marshall?, Paul Hughes?, Alberto Biancardit, Graham Norquay?, "

Sheffield.
Jody Bray?, Oliver Rodgers?, Martin Wildman?, Noreen West?, Alex Horsley?, Jim Wild!
1POLARIS, University of Sheffield, UK 2Sheffield CI

P, ‘LARIS
Pulmasasy, Ling s Rspiratory haging
el
ed |

ren’s Hospital, UK, *Sheffield Teaching Hospitals, UK, *Manchester CF Centre, UK

Introduction

« Ventilation MRI using hyperpolarised
helium-3 (*He) is highly sensitive to early
cystic fibrosis (CF) lung disease®

Aims Methods
* Compare image quality and quantitative Children and adults with CF were recruited from three UK centres
analysis on the same day for both

hyperpolarised *He and “*Xe-MRI

*He and e Ventilation MRI was performed on the same day and within 1hr of the other

+ Due to limited availability & cost of *He and

« ina cohort of children and adults with a
advances in polarisation techniques;

A sub-set of patients performed a second *Xe scan within 15 minutes of the first
range of CF lung disease .

Multiple-breath washout was performed using an open-circuit Innocor to calculate lung

* *He has been largely replaced by clearance index (LCI)

+To assess the same day repeatability of
xenon-129 (*°Xe)

10 MRI « Spirometry was also performed at the end of each patient visit
+ 12%e ventilation MRI has also been +To assess patients at a second time point to .
demonstrated to be sensitive to early CF lung  evaluate the concordance between the two

disease * gases over time

Patients also attended a follow up visit to repeat the previous methods

Ventilation images were segmented to calculate the ventilation defect percentage (VDP), the
ventilation heterogeneity index (VH,) and both the number of individual ventilation defects
and the size of the largest defects

+ Adetailed direct comparison of *He and Xe

+To assess the sensitivity of 12%Xe-MRI to
MRI has yet to be performed in CF

longitudinal changes in lung ventilation

xe

1. Marshall & Horsley et 1 2017, Thorax

2
The numberand
sizeofindiicalcontiguous
ventiatin defects
cskulated n 30

PR ——r)
JCystic Firosis

Ventiltion defect
Percentage (VOP) The
proportion of non
ventiated lung

Ventiltion heterageneity
inde (VH):The local ceffcent o

varance ofsgnal ntensity. VHI = inter
quartie range of the distibution

7% Scan 1 e scan2
+ 31 children and adults were assessed at baseline

27 were followed up at a median (range) duration of 1.2 (0.8, .

1.8) years

Comparing *He to *%Xe:

No significant difference in VOP, the size of the largest

16 had a normal FEV1 (>-1.64 z-scores) defect or the number of defects

- 4hada normal LCI (<7.4) * Anexcellent correlation for VDP (r=0.97) The same-session

repeatability of Xe
was high for the 11
patients assessed: Bias
0.2and 95% LoA =
18,14
Using a change in VDP of either +1.6 (based on the
repeatability above)
Atfollow up there was concordance in the change in
VDP between *He and 'Xe in 56% of patients
* Increased to 70% when only considering the
direction of change in VDP

No significant offset for VDP, the size of the largest defect
orthe number of defects using Bland Altman analysis

Height (cm)

Weight (ke)

FEV: (z-score)
Lo

He metrics 17%e metrics

VDP (%) 5002 150) T0(04,500)

VH (%) 138(65.2

Naces (0.24) 9 (2.2

Largest defect size (%TCV) (00,268) 32(0.1,300)

30 patients had visible ventilation defects evident on both *He and

Figure 2: Bland - Altman analysis of *He and 2%Xe ventilation MRl metrics
129 images

The dotted line on each graph ndicates the bias and the dashed lines
indicate the 95% imits of agreement. Graph i) VOP. i) VH, il Largest
29 of which had visibly similar patterns of ventilation distribution individual defect. iv) Number of ndividual defects
The exception was patient D below. This patient had significantly .
more ventilation defects on 2*Xe than *He, but still had the main
two predominant ventilation defects evident in the upper lobes.
Each of these two defects were significantly larger on *2*Xe than .
*He. Further to this this patient was also the oldest and with the
largest LCI .

VHI had a significant offset with *He being on average
higher than 2*Xe
likely due to image resolution
Correlations between *He and *Xe against both LCl and
FEV, were similar
Both gases demonstrated excellent correlation

Figure 4: Examples of *He and e ventilation MRI for 2 patients (a
&b)at baseline and follow up
« Atfollow up there was no correlation between %
change in LCI against % change in 2%Ke VDP

* There wasa good
correlation between the %
change in LCI and % change in
VH,with concordance of 81%

+15/27 (56%) patients had a significant increase or

decrease in '2*Xe VDP (>£1.6 VOP)
Figure 1: Baseline *He and 2'Xe ventilation MR images performed on the same day

in four different subjects (A-D) with CF. In subjects A-C VP is slightly higher for *He
than !Xe, but the ventilation abnormalities are qualitatively similar and evident in
both Subject D is the only subject in the cohort where the distribution of ventilation
was visibly different for *He and 2%Xe. In this example %X VOP is higher than He.

+8 had increased VP (worsening lung disease)

+7 had reduced VOP (improving lung disease)

Figure 3: Scatter plots of both *He and X ventiation MR imaging

metrics against lung clearance index and FEV, . Spearman r values
are reported for each graph (allp<0.001).

+Only 4/15 had a corresponding significant change in LCI
or FEV,

Summary
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129%e ventilation MRI gives similar & comparable results to *He and is highly repeatable, is sensitive to
early lung disease and is sensitive to changes in lung disease not assessed by LCI or FEV,

Highly repeatable Sensitive to early disease Sensitive to disease progression
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Introduction

« Exercise is increasingly recognised as a key element of CF patient management

Methods

Maximal exercise was performed via CPET, changes in ventilation were assessed
using #Xe ventilation MRI and multiple-breath washout (MBW) in the order below

Exercise capacity as measured during a cardio-pulmonary exercise test (CPET) has
repeatedly been shown to be a strong predictor of morbidity and mortality

« Exercise, as an aid to airway clearance, is often prescribed as a form of
physiotherapy, but its efficacy is not fully known

ventiation MRI using
Measuring the efficacy of any form of physiotherapy however is challenging MRI [ MRI *He anddid not have a

repeatabilty scan
Hyperpolarised gas ventilation MRI is highly sensitive at detecting small areas of
regional lung disease, both visually and quantitatively.

—
MXEH To%e s

Ventilation MRI may therefore be a sensitive method for assessing physiotherapy | | * The same session repeatability of ‘2Xe MRI was performed prior to CPET and used
techniques which aim to directly affect ventilation. to determine the threshold for a significant post-CPET change

. + The primary metrics from 2%Xe MRI were the ventilation defect percentage (VOP)
Aims and the ventilation heterogeneity index (VH,)

To assess the effect of maximal exercise on ventilation in children and adults with CF

)
+ To assess the same-session repeatability of ventilation MRI metrics Percentage (VOP). The Y Ventilation heterogeneity
copertonof non ventiated
To assess the relationship of ventilation MRI metrics with CPET metrics of exercise s 9 &l
]

index (VW The local coeficint of |
ung highlghted by th red Varincef signal ntensty. VHI
mask
capacity N

intercuarte range ofthe
ditibution

Baseline
N ¢ femate)

Agelyears) A
eV, (escore)
RY/TIC (%)
Oz, (mifminke)
023t AT (i min/ba)

Figure 1(Above): "X VOP same-session repeatability and Bland-Altman analysis

- aisosy Figure 2 (Right): 129Xe ventilation MRI repeatability in six patients (a-f)
Vo (%)

H, ()

24,208 The same session repeatabilty of *Xe VOP was good. There was no significant

bias on Bland-Altman and good visual agreement n the images. A threshold of +

S ——— L6VDPwas et rom the I of agreament o the epesabity to deermine 7 D, 4
Resuits are mean (5D).* denotes p<0.05 comparing pre and post CPET slgnificant post exercise change in VDP.

25,16

Baseline PostCPET Baseline Post-CPET
« Post-CPET there was a small but significant group reduction in

both VDP and LCI
* 11/13 patients had areas where the lung had either become
ventilated post-CPET or become non ventilated (Figure 4, 5)

4

sw-aibe gt -

a)

‘8
« 7/13 patients had a significant change in VDP greater than + 1.6

Posterior
+ 4 patients had a change in size of individual ventilation defects

greater than the net change in VDP. See Figure 3 for an example
+ 1 patient had a significant worsening in VP which is highlighted
by the images in the Figure 5 which highlight this patient and ]

another who also had visibly worse ventilation post-CPET. S S

« These two patients had mild disease and reduced levels of fitness. - {-Yl
They are highlighted by red data points in Figure 7. We . »

hypothesise that this means that they are deconditioned and the

maximal exercise has caused mucus to move proximally, which

e V
& F4 )

resulted in larger areas of ventilation defect. \ -8
5 -5

= Figure 6 (Above): Pre and post
CPETVOP. Red stars inicate
Anterior patients scanned with *He

« There is a strong relationship between MRI, and lung function e 4 1Above): Sounciesof e st possCOET

metrics against VO,peak and VO, at anaerobic threshold (AT) only " vergistion Ml in4 patients (o) ek rrows

when these two patients are removed. Assessing further patients highlight improved ventiation post exercise
would identify whether there is a relationship between CPET

metrics and ventilation MRI.

Baselne post exevce

£ A - ,i b {x a a
1S L Posterior -‘Q
;5 0 st ksh ﬁ 1

Lo Figure 3 (Left): Quantitative regional

L defect analysis from one patient pre and

st CRET Change nVOP doca ot

rovide reional iy For the 6

ptients wthout a sgfcart change In

VD?, 4 demanstated hanges n

indhidlvenslaton defec. 3 these

defcts bt nereased and decressed

e the et change was ot scant

v
Figure 5 (Below): Pre and post CPET 120¥e
MRIin two patients with visibly worse
ventilation post-CPET

Baseline Post.cPET Baselne Post cPET

Figure? (Above): Scatter plots of MRI
and lung function metrics against CPET

Summary
« Short-duration maximal exercise largely improves the distribution of ventilation within the R e gy

lungs in people with CF, likely due to the movement of mucus Sheffield Children’s m

Exercise therefore appears to be an effective form of airway clearance

Acknowledgements P, 'LARIS
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MRC | <einéi

In deconditioned patients, exercise may be particularly beneficial for airway clearance

National Institute
« 129%e ventilation MRI is a sensitive method for assessing regional and global changes in for Health Research
ventilation
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Introduction

* Hyperpolarised helium-3 (3He) ventilation MRI
is highly sensitive to small changes in lung
disease

* Ventilation MRI provides 3D visual and
quantitative analysis of regional and global
lung disease

* In cross-sectional analysis there is a good
correlation between MRI metrics of global
lung disease and metrics of lung function such
aslung clearance index (LCI) and FEV, (which
remains the clinical gold standard). Despite
MRI metrics often being abnormal when LCI
and FEV, are within the normal range

* There s an increasing evidence base
highlighting the sensitivity of ventilation MRI
to detect early lung disease, but there is
limited longitudinal data published

+ The relationship between the change in MRI

3He ventilation MRI tracks longitudinal lung function
changes in patients with cystic fibrosis and clinically

P, 'LARIS

Pulmanary, Lung and Respiratory Imaging.
Sheffeld

stable FEV, and LCI

, Graham Norquay", Jody Bray', Oliver Rodgers",
Martin Wildman?®, Noreen West?, Alex Horsley*, Jim Wild"
Hospitals, UK, Manchester CF Centre, UK

Methods

Children and adults with CF were recruited from three UK centres

Aims
To assess a cohort of children and adults with .

CF at 2 time-points + He-MRI was performed at a lung volume = to FRC + the vol. of inhaled gas (0.4-1 litre)

* Toassess the magnitude of change in
ventilation MRI metrics and compare this to
the change in FEV, and LCI .

* MBW was performed using an open-circuit Innocor and 0.2% SF to calculate LCI
Spirometry was also performed at the end of each patient visit

* Totrack individual ventilation defects over .
time to determine whether defects become
larger or disappear with time

These were repeated at a follow up visit between 0.8 - 1.8 years later

* Ventilation images were segmented to calculate the ventilation defect percentage (VDP), the

ventilation heterogeneity index (VH,) and both the number of individual ventilation defects and
* Toassess whether the change in size of the size of the largest defects
individual ventilation defects provides

regional information additional to the 810bal || . on desec

4 ,;} 1 & ) peperioncf - uﬂ\ Feontn
n LA B X non-ventiated d - ventilation defects

cosficient o variance o sign ntersity. Vi
Inter-quortie rnge of the distrbution

N > .

The change in metrics was calculated as the difference from follow-up to baseline or as the

and without a change in L0l >10%

VDP, highlighting the importance of regional measurements

Figure 1a & b (above): Scatter plots depicting the change in VOP.

and VHI compared to the change in LCL. Figure 1c compares the
change in VDP in patients with and without o change in FEV1 50.5
zscores. Figure 1d compares the change in VOP in patients with

Figure 3: Plot depicting the relationship between the change in VDP with the change in both
the largest (blue) and second (red) largest ventilation defects for all patients. VOP s a global
measure of abnormaliy, the change in individual defects wos often larger than the change in

metrics and the change in lung function b3 a
melr\(ssu(hasl(landgﬂ\/ augussabmad % > = AN Y '\\ percentage change from basefine
Tange of CF lung disease s not known AP Asq 2ng + Asignficant change in FEV, was deemed to be 0.5 z:scores and for LCI >10% change from
Cystic fibrosis with abnormal FEV. baseline

Agelyears)  16.9(64,47.5)
RV, (rscore)  1.1(54,22)
w 85(67,22)

182(7.8,48.3)
15(53,15)
82(57,21.0)

13(08,18)
01(08,07)
01(19,18)

vop (% 79(02,450)  66(03,460) 002(87,117) W7o s e )
W ) 152(67,219)  132(54,202) 16(60,39) Jie8 Ps S
9§ " @) /
+ 31 children and adults with CF were assessed at baseline and 7 1
follow-up. Follow-up duration = mean (SD) of 15 (3.8) months ";,‘ ’»"l 15 ' 1%
+ At follow-up 52% of patients had an increase in VDP, whilst i bonie L “
48% had a decrease in VOP (675 T vor e

+ The difference in VDP and LCI (follow-up - baseline) and the %
change in LCI and VH, demonstrated significant (moderate)
correlations. Concordance was good when comparing delta
VDP and LCI, but there was greater non-concordance when

comparing % change VH, to LCI (Figure 1) vor = s4% )
+ There was no significant difference when comparing delta VP /-
inpatients with and without an FEV, change of > 0.5 2scores. | * 44/ 18
+ There was no significant difference when comparing dekta VDP | g oS8
in patients with and without a change in LCI of >10% b "i
vop=00%
In patients without a significant change in FEV; or LCI there e ),

were often large changes in VOP and the visual distribution of

Figure 2: Longitudinal *He MRIin 4 patients with normal FEV, (a-d) and 4 with
ventilation on MRI (Figure 2)

abrormal FEV, (e-h), but allwithout a significant change in FEV,. Allexamples
show the relationship in the change between VDP and LCI

T o \

Atfollow-up ~63% patients still had the original 3 largest defects from baseline, including
20% with normal FEV, (Figure 4b) h

20% had 2 original defects left. All but 1 patient had normal FEV, P
10% had only 1 original defect left. All had normal FEV, =
7% had none of the original defects left. All had normal FEV,

Folow-s
The largest defect had increased in size in 6% of patients L

In these patients where the largest defect increased in size over time
* Meanincrease in size = 2% (in absolute units) g

On average this defect when increasing has absorbed 7 old defects which were present at
baseline. These old defects averaged 10mL in total volume (small defects)

On average the increase in defect size is 81% new defect and 19% absorbed from old defects /3,
23% patients had a change in the largest defect greater than the change in VDP (Figure 3) |
27% patients had a change in the 2* defect greater than the change in VOP

For 77% patients the combined change in defects 1and 2 was greater than the change in
voP

Follow-up
Figure 4 (right): Patient o) at follow-up has no net change in VOP.
However the lorgest defect at follow-up hos increased i size light blue),
whilst defects in the lft lung have disoppeared. Patient b) hos the 5
lorgest defects coloured ot baseline (largest = blue, 2% = red, 3 = green,

st e s o | ‘

4.3% the same 5 largest defects are stil present at follow-up.

Summary \
* 3He ventilation MRI s sensitive at detecting changes in the distribution of ventilation in patients with CF
* In this cohort of children and adults approximately 50% had improved and 50% worsening VDP

* Changes in ventilation were largely tracked by LCI, but the changes in LCl were small

« There was no correlation in the change in MRI metrics and FEV,. FEV, mostly remained unchanged despite
large changes in ventilation

« Irrespective of whether lung ventilation improves or worsens - ventilation defects largely persist
* Measuring ventilation defects provides additional regional information to VDP

P, LARIS
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Visit 1
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* CFQ-R
* 3He & 129Xe MRI
* HMRI
- MBW
* Body Plethysmography
e Spirometry

Visit 2: 6-9 months post V1

* CFQ-R
* 3He & 129Xe MRI
* 'HMRI
 MBW
* Body Plethysmography
* Spirometry
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Visit 3: 6-9 months post V2

At 1/3 visits only and post the routine protocol above:

- CPET
- Repeat Ventilation MRI
- Repeat MBW
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Worked example
e EIVt: TCV=6.1L,VV=3.7 L (VDP =39.3%)
e TLC:TCV=7.2L,VW=5.9L(VDP=18.1%)
¢ AVW=59-37=22L
*« ATCV=7.2-6.1=1.1L
* Reversible-volume index = 2.2/1.1=2.0

Worked example
e EIVt: TCV=5.6L,VV=3.6L(VDP =35.7%)
e TLC:TCV=7.4L,VW=6.0L(VDP = 18.9%)
* AVWW=6.0-3.6=241L
* ATCV=74-56=180L
¢ Reversible-volume index = 2.4/1.80=1.3

Worked example
e EIVt: TCV=4.4L,VV=4.0L(VDP =9.1%)
e TLC:TCV=6.2L, VW =6.0L(VDP =3.2%)
¢ AVW=6.0-4.0=20L
* ATCV=6.2-44=18L
¢ Reversible-volume index = 2.0/1.80=1.1
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