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Abstract

Functional lung assessment using hyperpolarised xenon gas magnetic
resonance imaging
Tahreema N H Matin, Green Templeton College, Trinity Term 2016
Submitted in fulfilment of the requirements for the degree of Doctor of Philosophy at the
University of Oxford

Purpose

Chronic obstructive pulmonary disease (COPD) is a leading cause of mortality
worldwide. The standard method for assessing lung function in COPD is
spirometry, which provides global lung function information but is a poor
predictor of disability and quality of life. The overall aim of this thesis is to
develop utility of hyperpolarised xenon gas magnetic resonance imaging (HP
129X e-MRI) as a technique to evaluate regional lung function.

Methods

Studies were approved by the National Research Ethics Service (NRES). Eleven
volunteers and 25 patients with COPD underwent HP 129Xe-MRI, pulmonary
function tests (PFTs) and quantitative computerised tomography (QCT).
Gravitational-dependent gradients of HP 129Xe-MRI were compared between
prone and supine postures in healthy volunteers. Lobar quantification of HP
129X e-MRI was completed in COPD patients, who also underwent time-resolved
HP 129Xe-MRI and HP 129Xe-MRI pre- and post-salbutamol to determine
feasibility of detecting regional delayed ventilation and post-intervention
change. The relationship between study measures was assessed using Pearson’s
correlation coefficient.

Results

HP 129Xe-MR ventilation gradients were more marked in the supine than prone
posture in healthy volunteers, whereas diffusion-weighted gradients were more
uniform. HP 129Xe-MRI was successfully quantified according to pulmonary lobes
and correlated with lobar lung anatomy (QCT) and global functional transfer
capability (TLCO) (r=-0.61, p<0.005). Delayed ventilation was observed with
time-resolved breath-hold HP 129Xe-MRI. Differential regional ventilation change
was detected with HP 129Xe-MRI post-salbutamol.

Conclusion

These data demonstrate technical optimisation of HP 129Xe-MRI in healthy
volunteers and COPD patients. Successful generation of lobar HP 129Xe-MRI
parameters offers an automated analysis method that can be adopted into the
clinical workflow. Finally proof-of-principle data have identified roles for HP
129X e-MRI in evaluating regional treatments and assessing therapeutic response.
Future work will evaluate the role of HP 129Xe-MRI in patient selection for lung
volume reduction therapy and as a surrogate end-point in drug development
studies.
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Chapter 1: Introduction

1 Introduction

In this chapter, Part 1 provides an overview of chronic respiratory disease and
the standard methods for lung function assessment. Part 2 provides a review of
lung function evaluation using clinical imaging modalities. Part 3 introduces the
background to hyperpolarised noble gas magnetic resonance imaging (MRI)
using helium-3 and xenon-129 and provides a review of research functional

pulmonary MRI techniques.

1.1 Part1

1.1.1 The burden of chronic respiratory disease

Respiratory disease is responsible for one in five of all UK deaths(1). The
estimated annual National Health Service (NHS) cost for respiratory disease is
£6.6 billion(1). Chronic respiratory disease such as chronic obstructive
pulmonary disease (COPD) leads to disabling symptoms that impair quality of

life, with breathlessness, reduced exercise tolerance and social isolation.

COPD accounts for more than one fifth (23%) of all respiratory deaths(1),

making it the fifth leading cause of death in the UK and fourth worldwide(2, 3).
[t is characterised by progressive airflow limitation caused by a combination of
small airways disease (obstructive bronchiolitis) and parenchymal destruction

(emphysema)(4). Itis currently estimated that over three million people in the
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UK are affected by COPD, although 2 million remain undiagnosed(5). In contrast
to other chronic diseases, the prevalence of COPD continues to rise, with a steady
increase in females(5) making it a disease of equal importance in both men and
women. COPD places a significant burden on the NHS accounting for
approximately 1.4 million GP consultations and greater than 1 million hospital
bed days each year(1). One in eight (130, 000) emergency admissions to hospital
are due to COPD, making it the greatest cause of emergency admission in the
UK(5). The estimated direct cost of COPD to the NHS is between £810-£930m per
annum(1). Indirect costs of COPD are also significant with approximately 24

million lost work-days each year(6).

1.1.2 Standard methods for assessment of pulmonary function

in COPD

The standard method for assessing lung function in COPD is spirometry, which
combined with anatomical imaging (computed tomography, CT) can provide
structural information. Spirometry alone provides information on global lung
function. It does not provide information about the support ‘framework’ of the
lung itself (the parenchyma) or specific regions within the lung. The independent
contributions of airway(7) and parenchymal(8) abnormalities may be obscured

by whole lung measures, particularly in early stage disease.

Most importantly, changes measured by spirometric indices do not correlate
with patient symptoms, nor reflect deteriorating disease. This is particularly

disappointing, since symptomatic disability is a stronger predictor of mortality
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from COPD than spirometry alone(9). Current guidelines for COPD severity
assessment(5) have been updated in recognition that a combination of
multidimensional indices is a better predictor of clinical outcomes than the

forced expiratory volume in 1 second (FEV1) alone(9, 10).

CT can provide morphological information at high resolution but exposure to
ionising radiation renders it an unfavourable modality for multiple follow-up
scans. Nuclear medicine is able to provide functional information regarding lung
ventilation and perfusion but also exposes patients to radiation, is expensive and
time consuming, has limited availability, and has limitations in spatial and

temporal resolution.

Conventional MRI has limited use in respiratory disease since the lungs are
largely composed of air, which does not generate an MR signal. Emerging state-
of-the art functional MRI techniques using gas contrast agents include
hyperpolarised gas MRI, oxygen-enhanced MRI and fluorinated gas MRI, none of
which have been adopted into clinical practice. MRI using hyperpolarised xenon
gas (HP 129Xe-MRI) provides a unique strategy for evaluating regional lung
function by permitting direct visualisation of the lung airspaces. HP 12°Xe-MRI is
free from ionizing radiation making it safe and practical for diseases such as

chronic respiratory disease where repeat scans are necessary.
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1.2 Part 2

1.2.1 Assessment of pulmonary function with clinical imaging

modalities

1.2.1.1 Chest Radiograph

Chest radiographs form part of the standard diagnostic pathway for patients
with COPD(5) since they are easily obtained, inexpensive and involve minimal
exposure to ionising radiation. Chest radiography is performed primarily to
exclude other pathology since the accuracy and sensitivity for diagnosing
emphysema radiographically remains controversial(11-13). Previous work
compared radiographic appearances with post-mortem histology to determine
the sensitivity of chest radiography for emphysema detection(14-18). While
some of these studies demonstrated excellent(14, 15, 17) agreement between
radiographic and necroscopic findings, others reported a poor correlation(16,

18).

A variety of radiographic criteria have been proposed to aid the diagnosis of
emphysema; up to 90% accuracy was reported with the criterion over-
inflation(17) whereas arterial deficiency was deemed less useful(18). Consensus
of previous research(19-22) has suggested utility of the following radiographic
criteria in emphysema detection: -

¢ Increased radiolucency of the lung fields(23)

e Flattening of the diaphragms(24, 25)
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e Pruning of the peripheral vasculature
¢ Increased retrosternal airspace
e Widening of the intercostal spaces

e Narrowed and more vertical cardiac silhouette.

Despite the proposed radiographic criteria, there remains debate about the
usefulness of chest radiography to evaluate lung function impairment in patients
with COPD. Previous investigators have concluded that a radiological diagnosis
of emphysema can only be made in the presence of at least two criteria i.e.
pulmonary vessel attenuation and over-inflation (flattened diaphragm, increased
retrosternal space)(26). In contrast, other researchers have reported that
radiological evidence of over-inflation alone was sufficient for emphysema

diagnosis(17).

Whilst moderate and severe emphysema may be identified on chest
radiographs(27), early/mild emphysema is much more difficult to detect.
Furthermore the functional significance of localised changes on chest
radiographs cannot be determined. For these reasons, historical literature
supporting the use of all available clinical, radiological and functional data for

evaluation of emphysema(28, 29) likely still holds true.

It is now widely accepted that computed tomography (CT) is the most accurate
imaging method for diagnosing emphysema in vivo(30-37). Direct comparison of
chest radiography and CT for emphysema assessment demonstrated increased

sensitivity of CT over chest radiographs(34, 38, 39). Assessment of pulmonary
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vascularity(40) and pulmonary artery-bronchus ratios(41) on chest radiographs
may provide physiologic information about pulmonary vascular congestion,
however the radiographic evaluation of regional lung ventilation and perfusion

is not possible.

1.2.1.2 Quantitative Computed Tomography (QCT)

Quantitative CT (QCT) can provide reliable and valid measures of lung structure
including parenchymal attenuation, air trapping and airway dimensions(42-47).
These structural changes are important to the pathophysiology of many lung
disorders, such as COPD and asthma(48, 49). Co-registration of QCT with
functional modalities, for example HP 12°Xe-MRI, offers the potential for

comprehensive evaluation of both lung structure and function.

1.2.1.2.1 QCT-derived emphysema measurement

QCT has been most widely adopted for evaluation of emphysema in COPD using
the density mask technique with a threshold of -950 Hounsfield units (HU).
Muller et al.(45) initially validated the density mask technique, in which CT
pixels with attenuation below -910HU correlated with emphysematous holes
>5mm in diameter on pathology. Recent evaluation with thin-section, multi-
detector CT showed better correlation at lower thresholds(50). The threshold

most commonly employed in the literature is -950(51).

An alternative method is to determine the CT attenuation at a given percentile

along the frequency histogram of lung attenuation, most commonly the 15t
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percentile(52, 53). It has been reported that the percentile method is less
sensitive to changes in lung volume(53). Unfortunately the depth of inspiration,
scanner type and technical parameters may all influence both techniques and are

sources of variation that should be considered when evaluating images.

On expiratory CT, air trapping may be quantified by the percentage of lung
volume less than a given threshold (e.g. -856HU). Quantification of air trapping
using this method correlated significantly with spirometry(54). Other indices of

air trapping include: -

e Inspiratory to expiratory lung volume ratio

e Inspiratory to expiratory lung attenuation ratio (provided strongest
correlation with physiological air trapping(55))

e Expiratory to inspiratory relative volume change of voxels with

attenuation values between -860 and -950HU.

1.2.1.2.2 QCT-derived airway measurement

Radiologic assessment of the airways provides useful information about
bronchial inflammation and remodelling. There have been substantial recent
advances in quantitative evaluation of the segmental and subsegmental airways.
Three-dimensional airways can be reconstructed from volumetric CT to measure
dimensions e.g. external and internal diameters and airway wall thickness of

airways orthogonal to their long axes. Measurement of airway parameters
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correlated with the severity of airflow obstruction and history of COPD

exacerbation(56, 57).

1.2.1.3 Dual energy Computed Tomography (DECT)

Dual-energy CT (DECT) of the lungs can provide both anatomical and functional
information but has not yet been widely adopted into clinical practice(58). This
is largely due to concerns regarding associated radiation exposure, although this
is not supported by the published literature(58, 59). The technique involves the
simultaneous acquisition of data at two different tube voltages e.g. 140 kVP and
80 kVP/100 kVP. Various contrast materials and tissue components can be

selectively analysed via image reconstruction.

1.2.1.4 Dual-energy CT based assessment of lung perfusion

DECT-based pulmonary multi-detector CT angiography (MDCTA) has been
predominantly evaluated in the detection of pulmonary embolic disease, with
less focus on whole lung perfusion, although, in emphysema, it may have the
potential to assess regional lung perfusion changes and quantify disease

severity(60, 61).

1.2.1.5 Dual-energy CT-based assessment of lung ventilation

Ventilation in patients with various pulmonary diseases has been assessed using

xenon as an inhaled contrast agent using dual-energy CT (Xe-CT).
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Peripheral ventilation defects were demonstrated in 16 of 22 asthmatics who
underwent Xe-CT(62). The extent of ventilation defects correlated with lower

FEV1 values and thicker airway wall measurements in this cohort(62).

A recent study suggested that the ventilation abnormalities detected by Xe-CT in
asthma could be used as a novel parameter to reflect disease status and
severity(63). In a cohort of 43 asthmatic adults, Xe-CT demonstrated ventilation
defects and xenon trapping which increased and decreased after methacholine
and salbutamol inhalation, respectively(63). The ventilation abnormalities did
not correlate with spirometric indices but showed significant correlation with

asthma symptoms(63).

Goo et al.(64) evaluated Xe-CT in seventeen children with bronchiolitis
obliterans by comparing density values and ventilation defect volumes from the
xenon images with corresponding measurements from hyperlucent lung regions
in conventional CT. Xenon and CT density values correlated positively in the
whole lung in 16 children and for hyperlucent regions in 13 children(64). The
volume percentages of xenon ventilation defects were not significantly different
to those of CT hyperlucent regions but demonstrated variability of up to

33.3%(64).

The inherent disadvantages of DECT include radiation exposure and CT artefacts

due to motion and the contrast media itself.
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1.2.2 Nuclear medicine

Nuclear medicine lung scintigraphy (NM-V/Q) is an established modality for
assessing pulmonary ventilation and perfusion. It is routinely used in clinical
practice for detecting pulmonary emboli and has an evolving role in other
respiratory diseases(65, 66). Three-dimensional (3-D) ventilation/perfusion
single photon emission tomography (NM-V/Q SPECT) has largely replaced
planar scintigraphy and with the introduction of hybrid NM-V/Q SPECT/CT,
ventilation and perfusion SPECT data may now be combined with anatomical
information from CT acquired in a single session(67). NM-V/Q SPECT/CT has
been shown to improve the diagnostic accuracy for pulmonary emboli (PE)(68,
69). The addition of low-dose CT was reported to increase specificity of NM-V/Q
SPECT from 88% to 100%(68). A recent meta-analysis showed no difference in
performance between NM-V/Q SPECT and CT pulmonary angiography (CTPA)
for PE detection(70). The review stated that although CTPA was more cost
effective, NM-V/Q SPECT should still be considered when radiation dose is of

concern(70).

Application of NM-V/Q SPECT/CT as a clinical and research tool has been
described in the assessment of: -

e Ventilation post-lung resection(71)

e COPD ventilation heterogeneity(72)

e Regional change in asthma(73)

e Regional lung function in interstitial lung disease(74).
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1.2.2.1 NM-V/Q SPECT in COPD

NM-V/Q SPECT is not routinely used in the assessment of COPD, but has been
recommended in patients considered for lung volume reduction therapy
(LVRT)(75). NM-V/Q SPECT features previously described to represent
functional lung abnormality in keeping with COPD include: -

e Anuneven distribution of radiopharmaceutical

e Central and peripheral “hot spots”

e Mismatch (Q<V)

e Reverse mismatch (V<Q)

e Matched defects (reduction in V=reduction in Q)(76, 77).
The central and peripheral “hot spots” relate to increased resistance in the main
and small peripheral pulmonary airways, respectively that commonly occurs in
COPD(77). Obstruction to conductive airflow leads to impaction of
radiopharmaceutical particles, appreciated on imaging as “hot spots”. Although a
radiological feature associated with COPD, “hot spots” may also present with
asthma. In severe COPD, well-functioning lung regions have been previously
interpreted as relative “hot spots” but actually represent areas of preserved

matched ventilation and perfusion.

Regions of matched ventilation and perfusion reduction may be due to
emphysema or secondary to hypoxic vasoconstriction and blood flow diversion
from poorly ventilated lung. Mild COPD may be appreciated on NM-V/Q SPECT
by reverse mismatch (V<Q) defects(78) due to airway disease with incomplete

hypoxic vasoconstriction leading to shunting and hypoxaemia(79).
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NM-V/Q SPECT has also been reported to help identify comorbid disease in
COPD, for example PE and congestive heart failure. Redistribution of perfusion to
non-dependent lung zones may represent congestive heart failure(80).
Segmental mismatch (Q<V) is the well-recognised criterion for PE diagnosis(65).
In COPD, smaller areas of mismatch may indicate subsegmental PE or be caused
by local vascular remodelling or vascular obliteration, which also occurs in

COPD.

Conventionally, altered NM-V/Q SPECT patterns were considered to confound
image interpretation(81). However, the potential for identification of different
phenotypes in COPD has inspired renewed interest in the modality(82).
Previous studies have suggested that NM-V/Q SPECT is more sensitive to small
airway disease and emphysema than spirometry(76) and HRCT(83). The
correlation between NM-V/Q SPECT with symptoms, spirometry and QCT-
derived emphysema has been previously investigated in thirty patients with
moderate to very severe COPD(78). Whilst significant correlations between NM-
V/Q SPECT and emphysema and spirometry were reported, no correlation was
found with the Medical Research Council (MRC) dyspnoea questionnaire or

clinical COPD questionnaire(78).

1.2.2.2 Measurement of ventilation-perfusion (V/Q) distribution

Although compley, invasive and time-consuming, the multiple inert gas
elimination test remains the gold standard measure of V/Q in the lungs.

Principally used as a research tool, the technique involves analysis of the
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retention and excretion data of six inert gases as they pass through the
pulmonary circulation to provide a global measure of the V/Q relationship. NM-
V/Q SPECT provides data about the relative distribution of V/Q tracers. NM-V/Q
SPECT is limited by spatial resolution and has been reported as less sensitive
than the multiple inert gas elimination test in early disease(84). However, it does
provide regional topographic information and arguably V/Q inequalities
appreciated with NM-V/Q SPECT would relate to clinically significant

disruptions in gas exchange.

Extraction of regional functional information from NM-V/Q SPECT requires
universal analysis methods for defect volume and heterogeneity quantification
not yet fully developed. Abnormal distribution of ventilation may represent early
stage disease with NM-V heterogeneity quantification offering a potential disease
biomarker in COPD(85) and bronchiolitis obliterans(86). NM-V heterogeneity
may be measured using the coefficient of variation or textural image processing
methods, for example, the fractal dimension(87). Despite strong correlation
between fractal dimension and spirometry, this measure has been criticised for

lacking spatial information(88).

1.2.2.3 New roles for NM-V/Q SPECT/CT

An emerging role for NM-V/Q SPECT/CT, outside of pulmonary embolus
detection includes radiotherapy field planning for lung cancer treatment and
preoperative lung function assessment before surgery(82). In patients with lung

cancer and frequently co-existent emphysema, NM-Q SPECT/CT may be used to
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identify lung regions with preserved function and subsequently modify
radiotherapy fields. This enables well-functioning lung areas to be spared(89-
92) and more targeted administration of high dose radiotherapy to diseased
lung, aiming to reduce the risk of radiation pneumonitis and fibrosis in healthy

lung tissue(93, 94) whilst improving survival(95).

NM-Q SPECT/CT has utility in patients considered for lung reduction surgery by
estimating the impact of resection on pulmonary status. Conventional nuclear
medicine methods for assessing the contribution of individual lobes to overall
lung perfusion have been based largely on radiological scores and planar
scintigraphy(96-100). These are subject to interpretation errors, lack accuracy

and are not based on anatomical landmarks.

The most widely adopted method for regional analysis of nuclear medicine
perfusion (NM-Q) imaging uses two-dimensional (2-D) planar perfusion
scintigraphy (Figure 1.1). The 2-D method simply divides each lung into three
equally sized regions-of-interest (ROIs) corresponding to upper, middle and
lower lung zones without any reference to anatomic landmarks. Since the left
lung consists of two lobes, the left middle lung zone ROI is commonly divided
equally and added to the upper and lower lung zone ROIs respectively. This
results in five ROIs corresponding to the five lobes of the lung. The relative
perfusion contribution of each zone is considered representative of the different

lobes of the lung and is used to predict the effect of lobar resection.
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Figure 1.1: The 2-D method for regional analysis of planar perfusion
scintigraphy. The lung is divided into five regions-of-interest (ROIs) without
any reference to anatomic landmarks. The relative perfusion contribution of
each coloured ROl is considered representative of the different lobes of the lung

and is used to predict the effect of lobar resection.

Combined NM-Q SPECT/CT can provide 3-D images of the lung but even using
this technique, 3-D methods employed to analyse lobar perfusion have largely
been based on manual segmentation and drawing of 2-D ROIs which are summed
to provide a 3-D volume-of-interest (VOI)(101). Preliminary work completed
during this DPhil involved testing a newly available semi-automated software
analysis tool for combined NM-Q SPECT/CT, which allows precise definition of
lobar boundaries and anatomically accurate regional relative percentage
perfusion measurements (Hermes Medical Solutions, AB, Stockholm) (Figure

1.2). The preliminary research confirmed that lobar lung function can be
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calculated from hybrid NM-Q SPECT/CT and correlated with QCT-derived

emphysema in patients with COPD(102).

: Extract lung Define
(alsc—jrggrlster SPECT - boundaries on - interlobar
CT fissures on CT
\
Results = relative

|
Superimpose 3-D Delineate lobes
percentage perfusion -— lobar volumes _ of the lun
per lobe of lung from CT onto 9
SPECT

Perfusion (%)
Right Left
Upper |22 28.7
Middle | 11.8 N/A
Lower | 16.4 21

TOTAL | 50.3 49.7

Transverse Coronal Sagittal

Figure 1.2: The 3-D method of regional analysis of nuclear medicine

perfusion SPECT co-registered to CT.

Advances in regional analysis of NM-V/Q SPECT/CT presents an opportunity for
more accurate prediction of post-treatment lung function in patients considered
for lobar treatments. Further research is required to investigate the feasibility
and correlation between predicted NM-V/Q SPECT/CT and actual post-treatment

lung function.
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1.2.2.4 NM-V/Q SPECT compared with hyperpolarised gas MRI

Subjective, qualitative analysis of NM-V SPECT has been previously reported to
be comparable to hyperpolarised helium gas MRI (HP 3H-MRI) for evaluation of
regional ventilation in COPD(103). However, quantitative analysis showed
approximate two-fold greater ventilation signal with HP 3He-MRI than NM-V
SPECT(103). The discrepancy was suggested to relate to differences in gas
delivery methodes, i.e. single breath-hold for HP 3He-MRI and normal tidal

breathing for NM-V SPECT(103).

The ventilation radiotracer used in NM-V SPECT should be taken into account.
The distribution of °*mTc-labelled Technegas is chiefly via convective flow (along
pressure gradients) rather than along ventilation paths governed by diffusive
flow (diffusion gradients)(104). In gas exchanging compartments, at the lung
periphery, airflow is predominantly along diffusion gradients(105) secondary to
Brownian motion. This is particularly relevant in COPD, where emphysema and
airway narrowing results in large regions of ventilation occurring mainly via
diffusive flow. SPECT studies using inert gas radionuclides instead of ?°mTc-
labelled Technegas, for example 133Xe may help overcome this problem by
offering improved imaging of diffusive flow, including via collateral

pathways(106).

In comparison with NM-V/Q SPECT/CT, potential advantages of functional lung

assessment with HP 129Xe-MRI include improved spatial resolution, no ionising

radiation exposure, the possibility for temporal/dynamic imaging and provision
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of complementary information about pulmonary microstructure and gas transfer

in addition to static ventilation.

1.2.3 Conventional MRI

Conventional (1H) MRI has limited use in respiratory disease since the lung is
largely composed of airspaces that do not generate MR signal(107). Multiple air-
tissue interfaces within the lung create significant magnetic susceptibility
differences contributing to poor image quality. New optimised MR sequences, for
example ultrashort echo time (UTE) may enable imaging of the lungs(108) but
do not provide any functional information. Research into functional lung imaging
using conventional (1H) MR-based techniques, for example Fourier-
decomposition MRI(109), is still at a relative early stage and are only indirectly

sensitive to pulmonary ventilation(110).

1.2.4 Ultrashort echo time (UTE) MRI

UTE pulse sequences are capable of improving pulmonary MR signal to provide
information about lung structure(111). In patients with COPD, regions of
emphysema may be identified based on the difference between MR signal from
normal lung parenchyma and areas of tissue destruction (emphysematous
bullae)(112). Previous investigation of UTE sequences has shown correlation
between MR signal intensity and pulmonary tissue density(113). UTE methods
have been successfully applied to patients with emphysema to demonstrate a

relationship with histology(114). Further studies in patients with COPD reported
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UTE pulmonary signal intensity to correlate with pulmonary function tests and
CT-derived density measurements(115). Development of zero echo time MR
pulse strategies(116) aim to further minimise the effects of rapid MR signal
decay, compensating for inherent low pulmonary 'H abundance and generating

pulmonary images similar to CT(108, 117).

1.2.5 Fourier decomposition MRI

Fourier decomposition (FD) MRI is another approach that has been developed to
overcome the challenge of low pulmonary 'H signal(109, 118). The technique is
dependent upon 'H MRI signal oscillations that occur with differences in lung
volume during normal tidal breathing. The oscillation of 'H MRI signal intensity
related to the compression and expansion of lung parenchyma and blood flow
generates very weak but native contrast enabling ventilation and perfusion
images to be acquired(109). Successful acquisition of FD MRI has been
previously reported in animal studies(119) and patients with COPD(115). FD
MRI ventilation maps acquired in patients with COPD showed ‘ventilation
defects’ spatially correlated with those from HP 3He-MRI(115). FD MRI is
acquired during free breathing and therefore requires complex non-rigid
registration and analysis to generate ventilation/perfusion images. This coupled
with the inherent weak 'H MRI contrast are disadvantages associated with FD
MRI. Furthermore adoption of the technique is currently limited due to the lack

of validation.
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Inhalation of hyperpolarised xenon (12°Xe), an inert noble gas, can resolve the
problem of inherent low pulmonary 'H signal by enabling direct visualisation of
the lung airspaces on MRI. In addition, the high solubility of 12°Xe in biological
tissues(120) and associated chemical shifts(121), make hyperpolarised 12°Xe
ideal for evaluating gas exchange in the lung(122-130). The inherent properties
of 129Xe may be exploited to regionally quantify ventilation, diffusion and gas
transfer within the lung and provide comprehensive in vivo assessment of lung

function.

1.3 Part3

1.3.1 Hyperpolarised gas magnetic resonance imaging

The first hyperpolarised gas MR images were obtained using 12°Xe in a mouse
heart-lung preparation by Albert et al.(131), followed shortly by hyperpolarised
helium (3He) images of human lungs by MacFall et al.(132). In subsequent years,
hyperpolarised 3He MR imaging (HP 3He-MRI) became the focus of investigation
primarily because 3He provides a stronger MR signal due to a larger magnetic
moment than 129Xe. 3He has a gyromagnetic ratio of 203.782 MHz rad T-1 or 76%
of 1H, while 129Xe has a gyromagnetic ratio of 74.521 MHz rad T-1 or 28% of 1H.
Availability of 3He is limited by its production (only possible via the radioactive
decay of tritium(133)) and government sequestering of the isotope for use in
neutron detectors(133, 134). Until recently, polarisation methods were capable
of achieving 30-50% polarisation levels for 3He but only 10% for 129Xe(124,

135).
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However, recently new modified polarisation methods have been described
which achieve up to 55% polarisation levels of 129Xe(136, 137). These levels of
polarisation are comparable to those previously published for 3He. With demand
for 3He far exceeding supply(138) and high associated costs, 129Xe is an
increasingly attractive alternative, given its natural abundance and wider

availability.

1.3.2 Xenon (**°Xe)

Xenon (Xe) is an inert, non-toxic noble gas. 129Xe has a nuclear spin of %2, but in
contrast to protons, the nuclear spin arises from an unpaired neutron.
Atmospheric air contains approximately 0.04 mol% of xenon. The xenon isotope
129X e is employed for hyperpolarised xenon MR imaging. The natural abundance

of 129Xe in atmospheric Xe is 26%, and it can be extracted relatively easily.

Previous applications of xenon include use as an anaesthetic at much higher
concentrations (> 3 times, and at larger volumes) than employed in this thesis.
Xenon has also been used in scintigraphic and CT brain perfusion studies and as

an inhaled contrast agent in CT(139, 140).

The pioneering techniques employed to characterise lung function using HP 3He-
MRI(141-145) may be translated to HP 12°Xe-MRI(128, 129, 146-149). A
summary of progress to date with HP 129Xe-MRI is provided in the context of

previous HP 3He-MRI research.
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1.3.3 Ventilation imaging

Ventilation imaging is performed by acquiring images following inhalation of
hyperpolarised noble gas. Ventilation images typically show homogeneously
distributed high signal in normally functioning regions of the lung. Regions of
absent or relatively low signal are known as “ventilation defects” and correspond

to regions of obstructed airflow (132, 150).

1.3.3.1 Hyperpolarised *He-MR ventilation imaging

Ventilation imaging with HP 3He-MRI has shown utility in detection of functional
abnormalities in a range of obstructive lung pathologies e.g. chronic obstructive
pulmonary disease (COPD), cystic fibrosis (CF)(151, 152), asthma(150, 153, 154)
and bronchiolitis obliterans(155, 156). The size and extent of HP 3He-MRI
ventilation defects correlated with spirometry(151, 157). Furthermore, HP 3He-
MRI has shown increased sensitivity in detecting ventilation abnormalities

compared with spirometry and lung ventilation scintigraphy(135, 158).

Several methods for quantitative measurement of regional lung ventilation using
HP 3He-MRI have been suggested in experimental animal studies(159-161)
(162). In a rat model of emphysema, the ventilation abnormalities detected
preceded the histological changes seen in lung alveoli(163). This study supports
arole for hyperpolarised gas MR imaging in earlier detection of lung pathology.

Preliminary results in humans also have been reported(164, 165).
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1.3.3.2 Hyperpolarised 129 e-MR ventilation imaging

Albert et al. initially demonstrated imaging of lung airspaces using
hyperpolarised 12°Xe introduced into the trachea of a mouse heart-lung
model(131). This was followed by a combined imaging and spectroscopic
approach by Mugler et al.(166). Ventilation imaging acquired using 12°Xe clearly
depicts ventilation defects associated with functional lung abnormalities(147,
149, 167). HP 129Xe-MRI is safe and well tolerated. To date, no serious adverse
effects have been reported in small cohorts of healthy volunteers and patients

with respiratory disease imaged using HP 129Xe-MRI(128, 147, 167).

1.3.4 Diffusion-weighted imaging

The diffusion coefficient of a particular gas determines the average distance its
atoms move in a given period of time. The lung microstructure acts to restrict
diffusion of hyperpolarised noble gas atoms enabling the average short time
diffusion coefficient, (apparent diffusion coefficient, ADC) to be measured with

MRI(168).

1.3.4.1 Hyperpolarised *He-MR diffusion-weighted imaging

Increased ADC values have been reported with HP 3He-MRI in emphysema,
reflecting increased free movement of 3He gas atoms permitted by alveolar
tissue destruction(168-171). In this way, regional ADC values can be used as a
surrogate measure of alveolar airspace size. Precise correlations between

hyperpolarised gas MRI ADC measurements and histological measurements of
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alveolar size have been reported(172-174). ADC values with HP 3He-MRI have
proven highly reproducible(175, 176), and been shown to closely correlate with

lung function tests(169).

Subclinical smoking-related emphysematous changes might be revealed with
ADC measurements before they are demonstrated on high resolution
CT(HRCT)(177). In addition, gravity-dependent gradients and age-related
changes in alveolar size can be detected with diffusion imaging(178, 179).
Detailed analysis of the signal from diffusion imaging provides additional
information about lung structure. Model based(180, 181) and “q-space”(145,
182) techniques enable the estimation of underlying structural dimensions and

closely correlate with histological measurements.

129

1.3.4.2 Hyperpolarised “““Xe-MR diffusion-weighted imaging

ADC values may also be determined using HP 129Xe-MRI. However, 129Xe has a
much lower diffusivity than 3He and demonstrates a lower diffusion coefficient.

This may offer an advantage for assessment of the distal small airways and

alveoli(183).

The mean ADC value of 129Xe in eight patients with COPD was reported as
significantly elevated compared to those for ten age-matched healthy
controls(146). A gravity-dependent gradient in alveolar size and age-related

changes in ADC was also demonstrated in this study(146).
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Preliminary research findings support the utility of 129Xe diffusion imaging for

the assessment of lung microstructure(146, 149).

1.3.5 Hyperpolarised gas MRI to measure intrapulmonary

partial pressure of oxygen

In the presence of oxygen within the lung, hyperpolarised noble gases undergo
hastened loss of polarisation resulting in a predicted reduced MR signal(184).
This known paramagnetic effect of oxygen on 3He gas may therefore be utilized
to quantitatively measure intrapulmonary partial pressure of oxygen (P02)(159,
185). Reproducibility of intrapulmonary PO, measurements has been confirmed.
Regional ventilation-to-perfusion ratios may also be calculated from the partial

pressure data(186).

Hyperpolarised 12°Xe is also susceptible to the paramagnetic effect of oxygen
within the pulmonary airspaces. The resultant loss of polarisation and predicted
decay in MR signal may be used to measure intrapulmonary P0;(149, 187, 188).
However, this is slightly more complex than when measuring with 3He because
additional signal loss due to diffusion of 129Xe into alveolar tissue needs to be
taken into account(136). A correction for the effects of gas exchange and uptake

can be applied to POz measurements with HP 129Xe-MRI(128).

1.3.6 Other hyperpolarised gas MR imaging sequences

“Dynamic ventilation images” may be obtained with hyperpolarised gas MRI by
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employing ultrafast pulse sequences(141, 189-191). Dynamic ventilation
imaging allows the distribution and severity of air trapping to be assessed
directly(190, 191) and has been performed to evaluate air trapping in patients
with bronchial asthma(190) and CF(191). The optimisation of multiple breath
HP 3He-MRI techniques will enable wash-in/wash-out time constants and
fractional ventilation to be measured, which may prove complementary to
information from diffusion-weighted imaging and partial pressure of oxygen in

alveolar gas (Pa02) mapping(192).

1.3.7 Dissolved phase imaging

Following inhalation, 2% of hyperpolarised 2Xe dissolves through the alveolar
membrane into the parenchyma and blood. This results in an MR spectrum with
multiple peaks(122, 123, 193, 194) i.e. a single large peak corresponding to the
gas-phase of 129%Xe in the lung airspaces and two smaller peaks with chemical
shifts of about 200 ppm from the gas-phase, corresponding to the dissolved-
phase of 129Xe in the lung parenchyma and blood(122, 123, 193, 194). This
chemical shift difference between gas- and dissolved- phase enable
characterisation of gas exchange with HP 129Xe-MRI. Spectroscopic acquisitions

of dissolved-phase 129Xe have been produced in the human lung(128, 129).

The xenon polarisation transfer contrast (XTC) is a technique that uses the rapid,
diffusion driven exchange of 12°Xe between the airspaces and dissolved-phase
compartments, to indirectly image the otherwise limited dissolved-phase

signal(124, 195). XTC data may be used to derive values of alveolar surface area
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per unit volume of gas (S/V)(136, 196). In addition, the XTC method has been
used successfully to measure lung septal thickness in animals(125, 197) and

humans(136).

Preliminary results have shown that direct dissolved-phase imaging in humans
is feasible with HP 129Xe-MRI(198-200). Mugler et al.(199) simultaneously
acquired HP 129Xe-MRI ventilation and dissolved-phase images in six healthy and
five subjects with lung disease. Distributions of gas- and dissolved-phase signal
were uniform in healthy subjects. However, a gradient in dissolved-phase signal
intensity was demonstrated along the anterior-posterior direction, likely due to
the gravity dependent gradient in lung tissue density occurring in a supine
posture. In contrast, heterogeneous distribution of gas-phase and dissolved-
phase signal was observed in subjects with lung disease. Interestingly, the
variations in dissolved-phase signal did not match the variations in ventilation in
these subjects, highlighting the potential for HP 129Xe-MRI to detect underlying

pathology relating to lung tissue or regional blood flow.

1.3.8 Fluorine-19 magnetic resonance imaging of the lungs
(**F-MRI)

Functional MR images of the lungs may be acquired using inhaled inert
fluorinated gases (1°F-MRI)(201-203). This technique is of particular interest to
the functional lung imaging community because unlike HP noble gas MRI, inert
fluorinated gases do not require hyperpolarisation prior to imaging. The high

natural abundance (100%) and gyromagnetic ratio (251.662 MHz rad T-1) of 1°F,
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coupled with short longitudinal relaxation times (71)(204) allows signal
averaging and thus acquisition of 1°F-MR images with reasonable signal-to-noise
ratio (SNR) within a single breath-hold. 1°F-MRI can be performed with various
fluorinated gases; tetrafluoromethane (CF4), sulfur hexafluoride (SF¢)
hexafluoroethane (C2Fs) and perfluoropropane (C3Fs or PFP), all of which are

non-toxic and tolerated safely.

Wolf et al. obtained the first inert fluorinated gas MR images of human lungs in
2008 using a mixture of SFs and 02(205). Despite very poor image quality, the
feasibility and safety of 1°F-MRI was demonstrated. Subsequently, 1°F-MRI has
been reported in healthy volunteers(201) and patients with respiratory
disease(202). 1°F-MR ventilation images obtained from a healthy volunteer
showed fairly homogeneous distribution of signal throughout the lungs but with

substantial T2* blurring and phase artifacts around the lung edges(201).

1.3.8.1 Static *’F-MR ventilation imaging

19F-MR ventilation images have recently been acquired in a small number of
patients with COPD, asthma and lung transplant recipients(202). Signal voids,
qualitatively similar to HP noble gas MRI ventilation defects were demonstrated
in COPD. Further quantification and direct comparison with HP noble gas MRI

would be necessary for validation.
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1.3.8.2 Dynamic ’F-MR ventilation imaging

Inert fluorinated gases may be mixed with Oz without significant detriment to
image quality enabling continuous breathing of gas mixtures and the opportunity
for dynamic imaging(206). Dynamic 1°F-MRI uses a wash in/wash out approach
to quantify regional gas replacement and gas trapping and has been completed in
animals(206-208), healthy volunteers, patients with asthma and COPD(209).

The distribution of 1°F-MR ventilation signal was reported as homogeneous in
healthy volunteers, with similar wash-in/wash-out curves to those obtained with
Xe-CT(210). In contrast, patients with respiratory disease showed
heterogeneous 1°F signal distribution and variable wash in/wash out curves,

potentially indicative of gas trapping.

1.3.8.3 °F-MR diffusion-weighted imaging

The very short T>* values associated with inert fluorinated gases make diffusion-
weighted imaging particularly challenging. However, the use of a UTE sequence
has demonstrated significant differences in C2Fs ADC values between healthy

and emphysematous excised human lungs(211).

The substantially lower 1°F-MR image quality compared with HP noble gas
imaging and significant research efforts being made to advance HP 3He-MR and
129X e-MRI suggests 1°F-MRl is still an emerging technique and currently not
optimised to a level comparable with HP noble gas MRI. Nonetheless, the
viability of 1°F-MRI provides supplementary evidence that gas phase MRI may

play an important role in pulmonary imaging technology in the not too distant
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future(203).

1.3.9 Oxygen-enhanced MRI (O,-MRI)

Oxygen-enhanced MRI (02-MRI)(212) offers an alternative method for
pulmonary ventilation-imaging using molecular oxygen as an inhaled contrast
agent. Oxygen has the advantage of being relatively inexpensive, readily available
and safely tolerated during short-term inhalation. O2-MRI can be performed with
conventional proton MR sequences on commercially available scanners. O2-MRI
was first proposed over a decade ago and is based on the paramagnetic
properties of oxygen(213). Inhalation of pure O increases pulmonary partial
pressure of oxygen in arterial blood (PaO3) resulting in shortening of the T time

and subsequent increased signal of T1-weighted images(214).

Subtraction of images acquired while breathing room air (21% 02) from those
acquired while breathing 100% oxygen generate typical O2-MR ventilation
images. Although the change in T signal intensity between the two conditions is
generally considered to be predominantly ventilation-weighted, free diffusion of
Oz into blood suggests that there is a perfusion component unaccounted
for(215). The complex interaction between ventilation, diffusion and perfusion

makes accurate interpretation of 02-MRI challenging.

1.3.9.1 Steady state O,-MR imaging

Preliminary O2-MR images were acquired using a 2-D inversion recovery single-

53



Chapter 1: Introduction

shot fast spin echo (IR-SSFSE) sequence(213). Incomplete lung coverage,
susceptibility to cardiac and diaphragmatic motion artefacts and the relatively
small Ty shortening effect of oxygen (10%) resulted in poor image quality and
SNR. Despite these limitations, oxygen-enhanced signal was evident in healthy
lung regions, whereas signal was reduced in areas corresponding to

emphysema(216).

Advances in 02-MR sequence development include multislice imaging with dual
respiratory and cardiac gating(217) and 3D radial ultrashort echo time (UTE)
sequences(218). These 02-MR sequences offer the potential for complete lung

coverage, improved spatial resolution and higher SNR.

1.3.9.2 Dynamic O,-MR imaging

Quantitative measures that can be determined from dynamic O2-MR ventilation
imaging include wash-in/wash-out time constants(219) and the percentage

signal enhancement (PSE) relative to baseline.

1.3.9.3 V/Q assessment with O,-MRlI

By combining O2-MRI with two other conventional (1H) MR-based techniques,
regional V/Q(220) may be assessed: -
1) Arterial spin labelling - flow-sensitive alternating inversion recovery with
an extra radiofrequency pulse (ASL-FAIRER) sequence for measurement
of regional perfusion(221)

2) 02-MRI to quantify regional specific ventilation
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3) 1H-MRI to measure regional lung density.
This combined triple MRI technique was used to demonstrate more uniform V/Q
distributions in the prone compared with supine posture in a healthy
volunteer(222). In addition to the highly complex analysis required, the

technique only allows limited coverage of a single sagittal image slice.

ASL involves two acquisitions of a single pulmonary image slice approximately 5
seconds apart using an ultrafast spin echo pulse sequence. Before acquiring the
first image, slice-selective saturation is performed to diminish the imaged slice
MR signal. The time elapsed between this “tagging” preparation and actual image
acquisition is one systolic ejection period. Untagged blood from outside the
selected slice flows in during this time generating a blood-bright image. The
process is repeated but for the second image the tagging is spatially non-
selective resulting in diminished MR signal of the blood flowing into the imaged
slice and consequently generating a blood-dark image. MR signal from static
components are eliminated by subtraction of the blood-dark from the blood-
bright image yielding a final image of blood delivered to the pulmonary slice in

one systolic ejection period.

V/Q assessment with the triple MRI technique requires approximately 18
minutes to acquire a single pulmonary image slice. The slice-selective nature of
ASL tag preparation limits simultaneous application to multiple image slices and
the wash-in nature of 02-MRI requires lengthy observation times to measure

specific ventilation in a given region. Until the technique is further developed to
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enable volumetric coverage of the whole lung within a reasonable scan time, it

will remain largely within the domain of physiological research.

1.3.9.4 Clinical applications of O,-MRI

02-MRI remains predominantly a research technique despite promising results
from early clinical studies. Lower and more heterogeneous O2-MRI PSE was
reported in patients with emphysema compared to healthy volunteers(212). In
comparison to CT, O2-MRI PSE showed a stronger correlation with pulmonary

function tests(223).

Ohno et al. used 02-MRI to demonstrate a lower PSE in patients with lung cancer
compared to healthy volunteers(219). A further finding from this study was
significantly lower PSE in patients with co-existent lung cancer and emphysema

compared with those diagnosed with lung cancer alone.

For prediction of post-surgical FEV; in lung cancer patients undergoing
resection, O2-MRI was reported as equivalent to QCT(224). For COPD clinical
stage assessment, dynamic O2-MRI was also reported to be equivalent to
QCT(225, 226), whereas in asthma, mean O2-MRI wash-in times were shown to
correlate more strongly with disease severity than QCT(227). In addition, O2-
MRI-derived measures have been reported to decrease in asthma patients after
an allergen challenge(228). The ability of O2-MRI to differentiate between
patients with and without interstitial lung disease related to connective tissue

disease was reported as comparable to thin-section CT(229).

The availability of oxygen and lack of required dedicated hardware makes O2-
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MRI a potentially accessible technique for ventilation imaging. However, much
more research is needed to untangle the signal related specifically to ventilation,

diffusion and perfusion before 02-MRI can be considered for clinical use.

1.4 Hypothesis

Current methods for assessing lung function are inadequate. HP 129Xe-MRI
potentially offers comprehensive evaluation of regional lung function and
quantification of the relationship between gas delivery, exchange and transport.
Establishing this new technique will broaden our understanding of regional lung
disease pathophysiology and enable individual-tailored treatments by improved

assessment and potentially prediction of therapeutic response.

The utility of HP 129Xe-MRI may only be realised following rigorous validation of
the technique, comparison with current assessment tools to demonstrate its
advantages and identification of roles where the HP 129Xe-MRI can complement
or enhance clinical practice. To this end, the hypotheses of this thesis are that HP
129Xe-MRI: -
1) Is sensitive to gravitational effects on lung function and therefore an
imaging technique robust to normal physiology
2) Can be used to generate lobar measures of lung function following
automated non-rigid co-registration with 1H-MRI and CT
3) Is capable of demonstrating delayed/collateral ventilation indicating a

potential role in the assessment pathway for LVRT candidates
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4) Is capable of demonstrating regional lung function change post-
therapeutic intervention supporting a potential role in drug development

studies as a surrogate end-point.

1.5 Aims

This thesis therefore aims to systematically investigate: -

1) The normal range of HP 129Xe-MRI parameters and sensitivity to
gravitational effects in healthy volunteers

2) The generation of lobar HP 129Xe-MRI-dervied measures in patients with
COPD

3) The feasibility of time-resolved breath-hold HP 129Xe-MRI for detecting
delayed/collateral ventilation

4) The ability of HP 129Xe-MRI to detect regional lung function change post-

therapeutic intervention.
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2 Chapter 2: Materials and methods

2.1 Practical considerations - hardware

MRI scanners with broadband multinuclear capabilities may be used to perform
hyperpolarised gas imaging, provided the following additional pieces of
hardware are available: -
1. A polariser
2. Scanner modifications to operate at the resonance frequency of 12°Xe (at 1.5T
is ~17.7 MHz, compared to 63.9 MHz for protons)
3. A dedicated radiofrequency (RF) coil to permit imaging.
RF chest coils for hyperpolarised gases are not widely available from scanner

manufacturers and remain custom made for research purposes(165).

2.2 Performing HP *’Xe-MRI

All clinical research was carried out at the Radiology department, Churchill

Hospital, Oxford. Figure 2.1 is a flow diagram of a typical HP 129Xe-MRI scan.
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Figure 2.1: Flow diagram of HP 129Xe-MRI examination.

2.3 Hyperpolarisation

In their natural form, noble gases (12°Xe and 3He) have low magnetic moments
generating a weak MR signal. The nuclear polarisation of noble gases can be
increased dramatically using a method called optical pumping and spin exchange
(SEOP). This technique was developed over 50 years ago and has been

extensively applied within the field of physics research(230, 231).

Comprehensive details of hyperpolarisation methods have been previously
published(232-237). In brief, SEOP involves illuminating a heated glass cell
containing 129Xe and rubidium metal with circularly polarised laser light [Figure
2.2] SEOP results in a large net polarisation of 12°Xe, in turn giving rise to a large

MR signal.
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Figure 2.2: Simplified conceptual diagram of SEOP. Adapted from Mugler et
al.(238).

Challenges faced when imaging hyperpolarised noble gases include the
following: -

1. The hyperpolarisation generating the MR signal is “non-renewable”.
Some polarisation will be consumed during image acquisition and may
only be replenished by the introduction of additional hyperpolarised
gas.

2. The paramagnetic properties of oxygen within the lungs lead to a loss
of polarisation and decay of MR signal. However, this characteristic can
be utilized beneficially to measure intrapulmonary POx.

3. Noble gases are highly diffusive resulting in MR signal loss.
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Low flip angle gradient echo MR sequences have been developed to account for
the above factors. These MR pulse sequences only consume a small fraction of

the longitudinal magnetisation each repetition.

2.4 **’Xe polarisation and delivery

Isotopically enriched 129Xe gas (80% 12°Xe, Spectra Gases Inc., Alpha NJ, USA,
supplied by Littleport, Cambridgeshire, UK) was polarised to 4-12% by rubidium
vapour spin-exchange optical pumping (SEOP, Figure 4), and cryogenically
accumulated in 1 L doses using a commercial polariser (Polarean 9800, Durham,
NC, USA). Hyperpolarised 12°Xe was then thawed into a Tedlar bag (Jensen Inert
Products, Coral Springs, FL, USA), and the polarisation determined using a
polarisation measurement station (Polarean 2881). Hyperpolarised 12°Xe was
administered by first instructing patients, who were lying supine in the MRI
scanner, to exhale to functional residual capacity (FRC) and then inhale the 1 L
contents of the Tedlar bag through 0.95 cm inner diameter Tygon tubing (Cole-
Palmer Instrument Co Ltd., Hanwell, London, UK). Patients were then instructed
to hold their breath for up to 25 seconds for image acquisition. Study
participants were provided training and instruction for breath-hold imaging,
performing practice breath holds beforehand, to ensure lung volumes were as

reproducible as possible for all imaging.
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2.5 Calibration dose

Prior to acquisition of any HP 129Xe-MR imaging, all participants underwent a
calibration scan. This involved administration of a small volume (approximately
100 mL) of hyperpolarised 12°Xe gas mixed with medical grade nitrogen for a
total volume of 1 L. Patients were instructed to perform a standard breath-hold
for only a short period of time; 2 seconds. Calibration pulse sequence parameters
were: single slice thickness of 20 mm, FOV of 40 cm x 40 cm, resolution of 96 x

96 matrix, BW of 3.97 kHz, TE/TR of 3.1/20 ms, flip angle of 90°.

The calibration scan outputs are patient-specific control variables. These enable
optimisation of subsequent HP 129Xe-MR scanning sequences according to the

patient’s height and weight to ensure high quality image acquisition.

2.6 MRI

All MR scans were performed on a 1.5 T Signa HDx whole body MR system (GE
Healthcare, Milwaukee, WI, USA). Subjects were fitted with a flexible twin
Helmholtz quadrature transmit-receive coil (Clinical MR solutions, Brookfield,
WI) resonating at the 129Xe Larmor frequency (17.7 MHz). Scans were acquired
in the prone and supine position in healthy volunteers [Section 3] and supine

alone in patients with COPD [Section 4-6].
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2.6.1 Static HP **Xe-MR ventilation imaging

Following initial 1H MRI localisers, HP 129Xe-MR ventilation images were
acquired during an approximate 25-second breath-hold, in the anterior-to-
posterior direction using a broadbanded 2-D spoiled gradient echo sequence.
Pulse sequence parameters were: 15 mm coronal slices covering the whole lung,
field of view (FOV) of 40 cm x 40 cm, resolution of 96 x 96 matrix, bandwidth

(BW) of 4 kHz, echo time/repetition time (TE/TR) of 4.2 /20 ms, flip angle of 9°.

2.6.2 HP *’Xe-MR diffusion-weighted imaging

HP 129Xe-MR diffusion-weighted images were acquired using an interleaved 2-D
gradient echo sequence with two b-values (b=0, 20.855 sec/cm?). Pulse sequence
parameters were: 30 mm coronal slices covering the whole lung in the anterior-
posterior direction, FOV of 40 cm x 40 cm, resolution of 96 x 96 matrix, BW of 4

kHz, TE/TR of 13.2/20ms, flip angle of 7°.

2.6.3 Time-resolved HP ***Xe-MR ventilation imaging

This sequence was used in patients with chronic obstructive pulmonary disease
(COPD) who were investigated for delayed ventilation [Section 5]. All
participants who completed this HP 129Xe-MR sequence had previously
undergone static HP 129Xe-MR ventilation imaging which, enabled identification

of up to 3 coronal slices containing ventilation defects.

Time-resolved HP 129Xe-MR ventilation imaging adopted the same sequence
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parameters as static imaging (15 mm coronal slices, FOV of 40 cm x 40 cm,
resolution of 96 x 96 matrix, BW of 4 kHz, TE/TR of 4.2 /20 ms) with 3-second
delays; the selected coronal slices were imaged up to five times during a single

breath-hold with a flip angle of 4°.

2.6.4 Proton MR imaging

Anatomical proton (1H) MR images were acquired during a separate 15-second
breath-hold after each set of HP 129Xe-MR ventilation and diffusion-weighted
images. Subjects inhaled 1 L oxygen via a Tedlar bag from FRC prior to breath-
hold. These images were acquired using a multislice balanced steady-state free
precession sequence and image location copied from the preceding HP 129Xe-MRI
for co-registration purposes. Pulse sequence parameters were: 15 mm coronal
slices covering the whole lung, FOV of 40 x 40 cm, resolution of 128 x 128 matrix,

BW of 125 kHz, TE/TR=2.8/1.2 ms, flip angle 45°.

2.6.5 HP '**Xe-MRI reproducibility

A subgroup of patients with COPD [Section 4] returned within 6 weeks of initial
baseline imaging for repeat acquisition of HP 12Xe-MR imaging to enable
assessment of reproducibility. Reproducibility imaging (HP 12°Xe-MRIRr) was only
completed in patients with stable disease who remained exacerbation free since
initial imaging. Reproducibility HP 129Xe-MR ventilation and diffusion-weighted

MR images were acquired in exactly the same way as described above.
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2.6.6 MRI analysis

HP 129Xe-MRI analysis was performed using Pulmonary Toolkit (PTK)(239), an
open-source image processing kit that runs in the Matlab® environment
(Mathworks, Natick, MA). PTK builds on previous techniques developed in our
group(240) and is capable of fully automated lobar analysis of HP 129Xe-MR
ventilation and diffusion-weighted imaging. The output from PTK includes whole
lung and lobar HP 129Xe-MRI parameters; ventilated volume (%) and mean ADC

values. Key steps in the pipeline involving PTK are illustrated in Figure 2.3.
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Segment lung masks for
CT and proton MRI data.

Resample lung masks to
an isotropic voxel size
Resample aligned with the xenon
lung masks MRI data

Find a rigid translation to
initialise the registration

Create registration
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registration normalised distance

images transform to the lung
boundary

Solve CT-MRI fluid
Non-rigid registration using a curvature
regulariser to minimise the
sum of squared differences
between the distance

registration

transform registration images.

Xe-MRI
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Register CT lung and lobe
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combining non-rigid CT-
proton MRI registration with
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registering CT
and Xe-MRI

Figure 2.3: Schematic of pipeline for regional HP 129Xe-MR image analysis

using pulmonary toolkit (PTK). Reproduced from (241).

Regional analysis is performed by using image registration to apply lung and
lobar boundaries from CT data to 12°Xe-MRI. Direct registration between CT and

HP 129Xe-MRI is challenging due to the difficulty in identifying lung boundaries
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and other anatomical features from HP 129Xe-MRI data. For this reason,
registration is performed in two steps, using proton MRI as an intermediate
stage. Proton MRI provides an ideal intermediate stage, since the lung inflation
protocol can be matched, allowing images to be rigidly registered to HP 129Xe-
MRI data using image metadata, and the visible lung boundaries can be used to

perform a non-rigid registration with CT data.

HP 129Xe-MRI ventilation and ADC scan data were saved onto a dedicated
workstation for analysis. ADC values per pixel were calculated according to
published formula(242). PTK incorporates a graphic user interface (GUI) that
first completes automated segmentation of the lungs on CT and proton MRI, and
the lobes on CT data. The segmented lung masks are used to perform an inter-
modal registration allowing the CT lobe masks to be registered to proton and HP
129X e-MRI. This enables the computation of lobar masks on proton MRI and
subsequently HP 129Xe-MRI, which were then used to establish lobar ventilation
and ADC maps. The accuracy of image registration was ensured by confirming a

volume overlap index (DICE) value of >0.8.

For analysis of time-resolved HP 12°Xe-MR ventilation data, PTK was used to
measure the ventilation level (signal intensity) per pulmonary lobe for each time
point. HP 129Xe signal decay due to the imaging procedure and natural T;
relaxation processes were accounted for by normalisation of images at each time
point using a region of fully ventilated lung (243). Delayed ventilation was
defined as the quantifiable increase in ventilation level (signal intensity) in a lobe

showing ventilation defects at baseline.
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The method for automated segmentation of the lungs from proton MRI
comprises an initialisation based on 3-D region-growing with an adaptive
threshold. Contour refinement is then performed for each coronal slice using a 2-
D level-set algorithm with an image-gradient force, region-based speed term and

curvature regulariser.

The algorithm employed for automated CT lung segmentation is based on a
region-growing method with a global threshold to extract the initial lung
region(244) followed by left and right lung separation and boundary

refinement(245) both of which have been validated in the literature.

The automated algorithm for CT lobe segmentation combines a Hessian-based
filter for detecting pulmonary fissures with anatomical cues from segmented
lungs, airways and pulmonary vessels. This method is robust to small vessels
crossing the lobar boundary, requires no training or prior data and is robust to

incomplete fissures(246).

Registration between the CT and proton MRI is performed by first generating
normalised distance transforms to the lung boundaries for each lung mask. A
deformation field is computed by using a curvature regulariser to minimise the
sum of squared differences between the normalised distance transforms for each
modality. Non-linear fluid registration of multi-modality pulmonary imaging has

been previously reported to be superior to rigid registration(247).
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2.7 Quantitative computed tomography (QCT)

QCT was acquired on a 64-slice GE Lightspeed scanner (GE, Milwaukee, USA).
Images were taken 60 seconds post-administration of 100 mL of intravenous
iohexol contrast (equivalent to 300 mg of organic iodine per mL) with the
following CT parameters; 0.625 mm slice thickness, current 60 mA, voltage
120kV, tube collimation 40 mm and beam pitch 0.984:1, scan type helical full,
rotation time 0.5 seconds. QCT images were acquired post-intravenous contrast

as part of the patient’s clinical work-up according to local standard protocols.

QCT was acquired during suspended inspiration following inhalation of 1 L
oxygen via a Tedlar bag from FRC to ensure lung volumes were as similar to HP
129X e-MRI as possible. Subjects underwent breath-hold training by radiographer

instruction to ensure reproducibility. No data were acquired in expiration.

2.7.1 QCT analysis

QCT was analysed using Pulmonary Toolkit (PTK), to determine percentage
emphysema on a whole lung and lobar basis [Figure 2.4]. QCT-derived
emphysema was derived from the percentage of lung voxels with attenuation

less than -950 HU (%LAA).
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/ -‘a

Figure 2.4: Method used to quantify lobar percentage emphysema from

QCT. a) Coronal CT chest in lung windows. b) PTK determines the percentage of
lung tissue with attenuation below the threshold -950 HU (red areas)

corresponding to emphysema.

QCT was also analysed using commercially available software (GE Thoracic
VCAR) to measure average lumen diameter and wall area for 3rd to 6th generation
airways [Figure 2.5]. To reduce technical errors associated with small airways,
only airways with an internal perimeter greater than 6 mm were included. To
avoid potential inter-subject bias from different airway size distribution, a
standardised measure for airway wall thickness (Pi10) was derived for each
subject by plotting the square root of airway wall area against the internal
perimeter of each measured airway(248). The resulting regression line was used
to calculate the square root of bronchial wall area for a “theoretical airway” with
an internal perimeter of 10 mm (Pi10) within each lobe(249). This methodology

has been previously employed and is described elsewhere(248).
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Figure 2.5: Method used to quantify lobar airway wall thickness from QCT
using Pi10. Pi10 is the square root of wall area for a “hypothetical” airway with
internal luminal perimeter of 10 mm. a) 3-D airway segmentation from
volumetric CT data. b) Axial CT showing measurement of average airway
diameter and wall area. c) Regression line used to determine Pi10 for each

pulmonary lobe.

2.8 Nuclear medicine single-photon emission

computed tomography (NM SPECT)

Patients with COPD [Section 4] completed combined nuclear medicine perfusion
SPECT and quantitative CT (NM-Q SPECT/CT) on a 16-slice GE Discovery 670
SPECT/CT scanner (GE Healthcare, Milwaukee, USA). A subgroup of patients

with COPD who were investigated for delayed HP 129Xe-MR ventilation [Section
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5] also completed combined nuclear medicine ventilation SPECT and CT (NM-V
SPECT/CT) on the same GE Discovery 670 SPECT/CT scanner. Patients who
completed NM SPECT/CT did not undergo separate QCT on the 64-slice GE

Lightspeed scanner as detailed above [Section 2.7].

2.8.1 Nuclear medicine ventilation (NM-V SPECT)

For NM-V SPECT, patients were administered technetium-99 diethylene-
triamine-pentaacetate (°*"Tc-DTPA) aerosol produced by a SmartVent™
delivery system (Diagnostic Imaging Ltd, Welford, UK). The dose used was 500
MBq ?°mTc-DTPA in a volume of 0.8 mL. Patients were instructed to inhale ?°mTc-
DTPA aerosol via a mouthpiece, whilst wearing a nose-clip to prevent escape of
the inhaled gas through the nose. Patients practised breathing through the tube
beforehand to improve technique. Images were acquired for 20 seconds per step
using low energy high-resolution (LEHR) collimators. The SPECT images were
reconstructed onto a 64 x 64 matrix size using ordered subset expectation
maximisation (OSEM) using the CT for attenuation correction (Xeleris 3 GE
Healthcare, Milwaukee, USA). OSEM was performed with 2 iterations, 10 subsets

using a Butterworth filter with critical frequency 0.55 cycles/cm and power 10.

2.8.2 Nuclear medicine perfusion (NM-Q, SPECT)

For the NM-Q SPECT, subjects were injected with 200 MBq Technetium labelled
macro-aggregated albumin (°Tc-MAA) and images acquired for 30 seconds per

step using LEHR collimators. The SPECT images were reconstructed onto a 128
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x 128 matrix size using ordered subset expectation maximisation (OSEM) using
the CT for attenuation correction (Xeleris 3 GE Healthcare, Milwaukee, USA).

OSEM was performed as described for NM-V SPECT above.

2.8.3 SPECT/CT

For QCT, images were acquired 60 seconds post-administration of 100 mL of
intravenous iohexol contrast (equivalent to 300 mg of organic iodine per mL)
with the following CT parameters: 1.25 mm slice thickness, current 50-400 smart
mA, voltage 120kV, tube collimation 1.25 mm and beam pitch 0.938:1. QCT
images were acquired post-intravenous contrast as part of the patient’s clinical

work-up according to local standard protocols.

NM-V/Q SPECT was acquired during tidal breathing and QCT was acquired
during suspended inspiration following inhalation of 1 L oxygen via a Tedlar bag
from FRC. Subjects underwent breath-hold training by radiographer instruction

to ensure reproducibility.

2.8.4 NM-V/Q SPECT/CT analysis

NM-V/Q SPECT was analysed to determine lobar relative percentage ventilation
and perfusion using newly available semi-automated software analysis tool
(Hermes Medical Solutions, AB, Stockholm). Details of the 3-D method for
regional analysis of combined NM-Q SPECT/CT are provided in Section 1 [Figure

1.2]. NM-V SPECT/CT was analysed in exactly the same way. The software
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performed automated registration of CT and NM-V/Q and extraction of the lung
boundaries on CT. Delineation of the pulmonary fissures was completed in a
semi-automated fashion, whereby the operator (T. M.) placed markers on the
fissures in up to 5 image slices. The software used the markers to generate an
automated volume-of-interest (VOI) for each pulmonary lobe. The 3-D lobar
volumes from CT were superimposed onto SPECT to determine the relative
percentage of ventilation and perfusion respectively per lobe. The precise
definition of lobar boundaries by localisation of the interlobar fissures enabled
anatomically accurate regional relative percentage perfusion and ventilation

measurements to be generated.

The QCT component of the examination was analysed as detailed in Section 2.7.1
to derive lobar %LAA and Pi10. To enable direct correlation with NM-V/Q SPECT
lobar relative percentages, QCT-derived lobar percentage emphysema was
converted to lobar relative percentage emphysema by expressing this as a
percentage of total lung volume. Similarly for direct correlation between NM-
V/Q SPECT and HP 12°Xe-MRI, HP 129Xe-MRI lobar percentage ventilated volume
was converted to lobar relative percentage ventilated volume by expressing this

as a percentage of total lung volume.

2.9 Pulmonary function tests (PFTs)

Subjects completed pulmonary function tests (PFTs) on a Hypair compact plus
flowmeter pulmonary function testing station (Medisoft group, Sorinnes,

Belgium) and Masterscreen™ Body gold standard body plethysmography using
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Sentry Suite® software (Jaeger™, Carefusion, Hoechberg, Germany). PFTs
included spirometry (FEV1, FEV1/forced vital capacity - FVC) and
plethysmography (residual volume expressed as a percentage of total lung
capacity (RV/TLC), functional residual capacity - FRC and transfer factor of the
lungs for carbon monoxide - TLCO). Individual recordings were compared to

predicted values from standard published data.

For measuring the effects of intervention on HP 129Xe-MRI [Section 6], only

spirometry was performed i.e. plethysmography was excluded.

2.10 Dyspnoea-12 questionnaire

Participants completed the dyspneoa-12 questionnaire in reference to current
level of breathlessness according to standard methodology(250, 251). The
dyspneoa-12 questionnaire consists of 12 descriptor items on a scale of none (0),
mild (1), moderate (2), or severe (3). An example questionnaire has been
included [Appendix 1]. The questionnaire provides an overall score for
breathlessness severity that includes seven physical items and five affective
items. Total scores from the dyspnea-12 range from 0 to 36, with higher scores

corresponding to greater severity of breathlessness currently experienced.
The time reference period for “these days” captures the current level of

breathlessness experienced by patients as opposed to specifically on the day of

the test or in response to a specific activity.
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3 Chapter 3: Generating an atlas of
normal lung function with HP ‘*’Xe-

MRI

3.1 Background

3.1.1 Gravitational distribution of ventilation and perfusion

within the lung

The primary function of the lung is gas exchange. Under normal conditions,
passive mechanisms including the effects of gravity and pulmonary vascular
branching structures(252) are considered most important. These factors achieve
efficient ventilation-perfusion (V/Q) matching and gas exchange in the healthy
lung(253). The distribution of regional ventilation and perfusion, and their
dependence on gravity is an on-going area of research, primarily to improve the
understanding of V/Q matching in respiratory disease states. Previous
pulmonary modelling studies predicted that the gradient of intrapleural pressure
would be more uniform in the prone position compared with the supine posture
due to the shape of the lungs within the thorax(254). Therefore, it would follow,
that the gravitational distribution of ventilation and potentially V/Q matching

would also show greater uniformity when lying prone(255).
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The underlying mechanism for improved gas exchange in the prone posture has
not been fully elucidated(255, 256). Alternative factors excluding the effects of
gravity have been suggested, including dorso-ventral differences in lung
structure that balance out the gravitation forces in the prone posture(257).
Emerging evidence suggests that the underlying structure of the bronchial and
pulmonary vascular anatomy is a significant factor. The role of a non-
symmetrical bronchovascular branching pattern in the lung may be more
important than the gravitational influence on gas exchange. Despite the
contentious debate(258-260), the general consensus remains that the

predominant influence on ventilation and perfusion is gravity(256).

Several animal and human studies have demonstrated a dramatic difference in
regional ventilation between prone and supine postures. Predominant dorsal
ventilation was demonstrated when supine compared with more uniform
ventilation distribution when prone(255, 257, 261-266). However, there are
conflicting reports within the literature stating that there is no difference
between the gravitational gradient of ventilation in the prone or supine

position(267-269).

Gravitational gradients in pulmonary perfusion have also been reported in both
postures, but was larger in the supine compared with prone posture(267, 268,
270-272). Conflicting studies have shown pulmonary perfusion to conform to a
uniform distribution(255, 273), to follow similar gradients in both postures(270,
271) and produce a greater gradient(267, 274) in the prone than in the supine

posture. The gravitation influence on pulmonary perfusion varies with lung
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volume, being most significant at total lung capacity and least at residual

volume(275).

In addition to ventilation and perfusion, the effect of gravity extends to other
physiological factors including lung density and alveolar size(276, 277). Patient
posture alters pulmonary function tests, due to position-dependent changes in
respiratory dynamics(278). The gravitational influence on pulmonary ventilation
and perfusion, and its dependence on posture(279) are clearly pertinent to
imaging acquisition and interpretation. Cross-sectional imaging is commonly
acquired in supine and prone postures, which differ from one another and also

from the normal physiological upright position(279).

The application of HP 129Xe-MRI for evaluation of regional lung function requires
the definition of normal imaging parameters in healthy volunteers. It is
important to demonstrate the sensitivity of HP 129Xe-MRI to gravitational
influences on the distribution of ventilation to provide evidence that the
technique is robust and can be used in the clinical setting. Accurate
interpretation of HP 129Xe-MRI in respiratory disease requires the consideration
of normal parameters and the presence gravitational gradients. This is
particularly relevant when imaging respiratory diseases such as interstitial lung
disease (ILD) where the disease process itself may predominate in the
dependent lung regions. The potential to observe gravitational-dependent
gradients in ventilation and ADC using HP 129Xe-MRI in healthy individuals, may
also allow assessment of disease states where gradients are altered, for example

left-sided heart failure(280).
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3.1.2 Imaging methods to determine V/Q distribution

The vast majority of studies that previously demonstrated altered distribution of
ventilation and perfusion according to posture employed nuclear medicine(281-
283) or wash-in/wash-out techniques. Ventilation assessment with radioisotope
imaging is limited by spatial and temporal resolution. Xenon-enhanced CT (Xe-
CT) provides improved spatial resolution and enables determination of

ventilation from the wash-in and wash-out of stable 133Xe(263, 284, 285).

Xe-CT was previously used to determine the distribution of xenon wash-out in

the lungs of supine pigs(286). This study demonstrated increased ventilation in
the more dependent lung regions, despite pulmonary gas content being reduced
in these areas(286). Investigation of ventilation gradient in the antero-posterior
(AP) direction using Xe-CT in humans confirmed these findings, showing higher

ventilation in the dependent lung regions(287, 288).

Human studies involving nuclear medicine techniques, for example positron
emission tomography (PET)(267) and single-photon emission computed
tomography (SPECT)(268, 269) reported that the ventilation gradient due to
gravitational effect was not significantly different between supine and prone
postures. This conflicts with a large body of evidence and prior animal studies
concluding that ventilation and perfusion is more uniform in the prone
posture(255). The limited spatial and temporal resolution of nuclear medicine in

evaluation of ventilation may have contributed to these inconsistent findings.
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More recently, Henderson et al(222) employed a novel functional lung MR
technique [Section 1.3.9.3] involving arterial spin labelling for quantification of
pulmonary blood flow(289-291) and inhaled 100% oxygen as a contrast agent to
measure ventilation(213, 292). Single sagittal slice images were acquired for
seven healthy volunteers and demonstrated the gravitational distribution of

ventilation-perfusion ratio to be more uniform in the prone than supine posture.

3.1.3 Gravitational gradient in CT-derived lung density

A gravitational gradient in lung tissue density was reported in humans to be
reduced in the prone compared to the supine posture, although present in both
positions(254, 272). Using CT, Albert et al.(293) demonstrated up to 42% of the
left lung and 13% of the right lung are subject to compression by the heart when
lying supine. This effect was significantly reduced to less than 4% in both lungs
when lying prone(293) consistent with a lung tissue AP gradient that is greater

when adopting the supine rather than prone posture.

The observed lung tissue gradient is generally considered to be a result of heart
and mediastinal compression on dependent lung(272). However, even when the
heart and mediastinum are excluded in modelling studies, the effect remains

present(254). Alternative explanations for the difference in lung tissue gradient
between postures includes the shape of the lungs, which causes a larger volume

of dependent lung in the supine compared with prone position(254).

81



Chapter 3: Generating an atlas of normal lung function with HP **°Xe-MRI

CT-derived attenuation measurements demonstrated marked AP gradients on
imaging acquired in full expiration(294), which are significantly diminished on
imaging acquired at full inspiration(295). In a recent study, there was no
significant difference in lung density gradient related to posture, however this
only evaluated a single lateral sagittal lung slice(222). Collectively, these studies
highlight the inherent limitations in lung tissue gradient evaluation with cross-
sectional imaging, specifically that lung volume/inspiratory level must be

controlled and full lung coverage acquired to ensure reliable results.

3.1.4 Gravitational distribution of ventilation in

hyperpolarised *He-MRI

The dependence of ventilation on posture has been previously investigated in
small cohorts of animals and humans using HP 3He-MRI. Acquisition of a 3-D HP
3He-MR ventilation sequence in rats demonstrated a linear ventilation gradient
with elevated signal in the dependent regions when lying supine, whereas in the

prone position the ventilation distribution was more uniform(160).

Small gravity dependent ventilation defects were observed in healthy volunteers
in the most inferior, dependent regions of the lung when imaged supine with HP
3He-MRI. These ventilation defects subsequently resolved on prone
imaging(296). Similar findings have been reported in other small cohorts of

healthy volunteers and patients with asthma(154).
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Initial application of HP 3He-MR ventilation imaging in subjects with and without
respiratory disease showed a tendency towards higher signal intensities in the
lower and posterior lung fields, although these were not quantified(153). These
findings have been confirmed in twelve healthy volunteers including both
smokers and non-smokers(297). Significantly higher HP 3He-MRI ventilation
signal was demonstrated in posterior compared to anterior lung quadrants in

this cohort(297).

3.1.5 Gravitational distribution of ventilation in

hyperpolarised **Xe-MRI

Early dissolved-phase HP 129Xe-MR images in healthy volunteers showed
increased signal intensity towards the dependent lung(199, 200). In contrast,
three subjects with asthma and two with COPD showed spatially varied
distribution of ventilation and gas transfer using HP 12°Xe-MRI(199). Kaushik et
al. reported on signal intensity gradients in nine healthy volunteers imaged with
an interleaved 3-D radial sequence both prone and supine(198). This 12°Xe-MR
sequence enabled gaseous- and dissolved-phase image acquisition during the
same breath-hold. Similar to previous trends, gaseous- and dissolved-phase
signal intensities were greatest in the dependent, posterior lung and diminished
in the anterior lung(198). However, contrary to the uniform distribution of
ventilation shown with HP 3He-MRI in animals imaged prone(160), in healthy
volunteers the gaseous-phase 12°Xe-MR signal showed an intensity gradient that

favoured the dependent lung even when prone(198).
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3.1.6 Gravitational distribution of ADC values in HP >He-MRI

The distribution of ADC values relating to posture has been investigated in
healthy volunteers and subjects with respiratory disease using HP 3He-MRI(176,
298, 299). In the supine position, gravity appears to exert influence with
consistent findings of an AP gradient and lower 3He-MR ADC values in the dorsal
regions in healthy volunteers (176, 298, 299). Further investigation
demonstrated a larger AP gradient on scans obtained at full expiration(300),
which reduced significantly on full inspiration(176, 301). Fichele et al.(298)
evaluated the variation of ADC values in six healthy subjects in four postures:
supine, prone, left-lateral decubitus and right-lateral decubitus. For all postures,
lower ADC values were found in the dependent lung regions compared with non-
dependent lung regions, the largest variation present in the left-lateral decubitus
position(298). Comparison of healthy volunteers and subjects with COPD has
shown a reduced(299) or even absent(176) AP gradient of ADC values in the
presence of emphysema, presumed due to disease heterogeneity and gas-
trapping. Even in the absence of airflow limitation, AP gradients of HP 3He-MRI
ADC are smaller in ex-smokers with abnormal TLCO compared with normal

TLCO suggesting a high sensitivity of the imaging technique to regional gas

trapping.

3.1.7 Gravitational distribution of ADC values in HP **Xe-MRI

The AP gradient of HP 129Xe-MR diffusion-weighted imaging has been
investigated in 7 healthy volunteers when supine only(242). This study including

nine subjects with COPD, reported a decrease in ADC values in the AP direction
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for healthy volunteers but nearly absent AP ADC gradient in COPD subjects(242).
There are no reports within the literature regarding the distribution of HP 129Xe-

MRI ADC values in healthy volunteers when prone.

3.2 Hypothesis

To date, HP 12°Xe-MRI has only been acquired in small cohorts of predominantly
healthy volunteers primarily to determine the safety and tolerability of the
technique(147, 167). HP 129Xe-MRI offers the potential for regional evaluation of
ventilation, diffusion and gas transfer down to pulmonary lobe and segmental
level. Accurate HP 129Xe-MRI interpretation requires definition of the normal
imaging parameters and demonstration that the technique is sensitive to the
gravitational effects on lung function and therefore normal physiology. This will
enable an atlas of normal lung function to be generated, against which imaging

from other respiratory diseases can be directly compared to.

The hypothesis of this chapter is that HP 129Xe-MR ventilation and diffusion-
weighted imaging is sensitive to gravitational effects and shows a more uniform
distribution of ventilation signal intensity level and ADC values in the prone

compared to supine posture.

3.3 Aims

There are limited HP 129Xe-MRI data in healthy volunteers and systematic

evaluation of AP gradients for both ventilation and ADC in the same subjects is
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sparse. HP 129Xe-MR ventilation and ADC gradients have not previously been
compared with CT-derived lung density gradients in healthy volunteers using

imaging acquired at a single time-point.

The aims of this chapter are therefore: -

1. To establish the range of quantitative HP 129Xe-MR imaging parameters
(ventilation level and ADC) in healthy volunteers

2. To determine the AP gradient of HP 129Xe-MR ventilation in supine and prone
postures

3. To determine the AP gradient of HP 129Xe-MR ADC values in supine and prone
postures

4. To correlate the supine AP gradient of lung tissue density from QCT with the
supine AP gradients of HP 129Xe-MR ventilation and diffusion-weighted

imaging in healthy volunteers.

3.4 Materials and Methods

3.4.1 Subjects

The study was approved by the National Research Ethics Service (NRES) South
Central Committee (Berkshire) [Research ethics committee (REC) reference

11/SC/0487] and written informed patient consent was obtained.

Eleven adult males were enrolled into the study from a tertiary referral centre

over a 20-month period between November 2013 and June 2015. The study
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population were male (mean age 36.45+8.24 years, range 24-53 years, Table

3.1).

The study population consisted of healthy volunteers who had previous surgical
resection of testicular germ cell cancer but no other associated comorbidity.
Patients had not received chemotherapy or thoracic radiotherapy prior to study
entry, did not have a significant smoking (<10 pack years) or respiratory history,
and had normal spirometry (FEV; 280% predicted for age and height), normal
arterial oxygen saturations (Sa0z), no reported exercise limitation and a normal
thoracic CT. Patients were recruited from this cohort as they were fit and healthy
candidates who had already completed thoracic CT as part of their routine
clinical care avoiding the requirement for additional exposure to ionising

radiation.

The study inclusion criteria were: -

e Patients with previous histologically verified testicular germ cell tumour
who have successfully undergone resection with no evidence of
metastatic disease.

¢ Normal chest CT, confirmed subjectively by a Consultant thoracic
radiologist with 15 years of experience and no evidence of emphysema on
CT lung density mapping (<8%)(302-304).

e Normal spirometry indices (>80% predicted FEV1 for age and height),
normal arterial oxygen saturations (Sa0O:z), normal carbon monoxide

transfer factor, and no subjective exercise limitation.
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e Current non-smokers with no significant smoking history (<10 pack
years) and no history of respiratory disease.
e World health organisation (WHO) performance status 0 [Appendix 2].

e Over the age of 18 and able to give informed consent.

Study exclusion criteria included a prior history of significant chest trauma or
thoracic surgery, contraindications to MRI and epilepsy requiring on-going
medical treatment or a seizure within the year prior to completion of study

measures. The approved study protocol is appended [Appendix 3].

Participants completed pulmonary function tests (PFTs) and HP 12°Xe-MRI at a
single time point. Thoracic QCT was acquired on a 64-slice GE Lightspeed
scanner (GE, Milwaukee, USA) only if not previously obtained for routine clinical

care within the last 12 months.

Full details regarding QCT [Section 2.7] and HP 129Xe-MRI [Section 2.6]
acquisition including 129Xe polarisation and delivery [Section 2.4] are provided in

Section 2.

3.4.2 HP '*Xe-MRI analysis

The orientation and position of the flexible xenon chest coil remained at the
same position relative to the magnet for all experiments. HP 129Xe-MR ventilation

and diffusion-weighted images were acquired in the cranial-to-caudal direction
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in the axial plane, using a 15 mm and 30 mm slice thickness respectively to cover
the whole lung. All other sequence parameters are as described in Section 2.6. HP
129X e-MRI was acquired in the axial plane to account for natural T; decay
occurring during imaging acquisition, which would otherwise contribute to
inaccurate analysis since the last image slice acquired would have lower signal
intensity than the first. By reformatting axially acquired images to perform
analysis in the coronal plane, T; decay is averaged throughout the coronal slices.
This allows the effect of gravity to be determined without the loss of signal due

to T;influencing the results.

The normal HP 129Xe-MRI parameters were established by measuring the mean
whole lung ventilation signal intensity level (VSI) and mean whole lung ADC

value for each healthy volunteer.

Analysis of antero-posterior (AP) gradients in HP 129Xe-MR ventilation and
diffusion-weighted imaging were performed using the automated PTK software.
PTK reformatted images acquired in the axial plane by dividing each image slice
into 10 equal regions-of-interest (ROI) in the AP direction to generate 10 coronal
bins [Figure 3.1]. Coronal bins were then summed in the cranio-caudal direction
to generate coronal slices i.e. all coronal bins labelled A were summed to
generate the most anterior coronal slice, coronal bins labelled B summed to
generate the second coronal slice and the process repeated until coronal slices

for full lung coverage had been generated.
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Axially acquired HP 12°Xe-MRlI is divided into 10
equal bins (ROIs, labelled A to J) in the
anteroposterior direction. All bins labelled A are
then summed to generate a coronal image slice A.
This is repeated for bins labelled B to J generating 10
coronal image slices in total.

Coronal image slice A, E and J generated by
summing all bins labelled A, E and J respectively,
on axially acquired HP 12°Xe-MR images

Figure 3.1: Schematic of the PTK reformatting process for axially acquired

HP 129Xe-MRI to generate coronal image slices for analysis.

For HP 129Xe-MR ventilation imaging, PTK calculated the total VSI for each
coronal slice generated in the AP direction for imaging acquired in the prone and
supine posture. Irrespective of patient posture, ventilation signal intensity level
per coronal slice was plotted against distance from lung edge in the AP direction
i.e. most anterior (non-dependent) lung region to most posterior (dependent)
regions. Regression analysis and the slope of the line of best fit were used to
determine AP gradient values. The absolute difference in ventilation level in the
AP direction (AVSI) was calculated by subtracting the ventilation signal intensity
level of the most posterior (dependent) from the most anterior (non-dependent)

coronal slice. This was completed for both supine and prone imaging.
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Analysis of HP 129Xe-MR diffusion-weighted imaging was completed in exactly
the same way as described above but PTK calculated mean ADC values per
coronal slice generated rather than ventilation level. ADC values per pixel were
calculated according to published formula(242). The absolute difference of ADC
in the AP direction (AADC) was calculated by subtracting the ADC value of the
most posterior (dependent) from the most anterior (non-dependent) coronal

slice.

3.4.3 QCT Analysis

QCT was acquired only in the supine posture. PTK was used to analyse lung
density from QCT, in addition to percentage emphysema on a whole lung basis

(%LAA) as detailed in the Section 2.7.1.

Mean whole lung density was determined. In addition, mean lung density (g/mL)
was calculated for reformatted coronal image slices generated to match the ROIs
used for HP 129Xe-MRI gradient analysis. Mean lung density per coronal slice was
plotted against distance from lung edge in the AP direction and the slope of the
resulting regression line used to determine the AP gradient. The absolute
difference in lung density in the AP direction (ACT density) was calculated by
subtracting the mean density of the most posterior (dependent) from the most

anterior (non-dependent) coronal slice.
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3.4.4 Statistical Analysis

A priori analyses were completed to evaluate the influence of posture on HP

129X e-MR ventilation and diffusion-weighted imaging. To evaluate statistically

significant differences between prone and supine postures (gradients), p values

were calculated according to Student’s paired t-test (Excel 2011, Microsoft) for: -

1. HP 129Ke-MR ventilation signal intensity and ADC gradients in the supine
compared with prone posture

2. HP 129Xe-MR mean whole lung ADC and AADC supine compared with prone
parameters

3. HP 129Xe-MR mean whole lung ventilation signal intensity (VSI) and AVSI

supine compared with prone parameters

A priori analyses using linear least squares regression and the Pearson’s

correlation coefficient were undertaken to determine the relationship between: -

1. HP 129Xe-MRI VSI and ADC gradients and CT density gradients in the supine
posture only

2. Mean whole lung HP 12°Xe-MRI VSI and PFTs

3. Mean whole lung HP 12Xe-MRI ADC and PFTs.

P values less than 0.05 were considered significant.
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3.5 Results

3.5.1 Subject demographics

In total, 11 subjects underwent HP 129Xe-MR ventilation and diffusion-weighted
imaging over a 20-month period. The demographics of the study population are
shown in Table 3.1. HP 129Xe-MRI was well tolerated by all subjects with no

serious adverse events.

HP 129Xe-MR ventilation imaging was successfully acquired both supine and
prone in 10 subjects. HP 129Xe-MR diffusion-weighted imaging was successfully
acquired in 11 subjects in the supine posture and 9 subjects in the prone posture.
Failure for acquisition of HP 129Xe-MRI in these 3 subjects was due to technical
issues relating to the MR sequence acquisition and co-ordination of subject
breath-hold resulting in poor image quality not suitable for analysis. For this
reason comparative analysis for imaging gradients was performed in 10 subjects
for ventilation imaging and 9 for diffusion-weighted imaging. Descriptive

statistics were completed for all data acquired.

QCT had been acquired in all 11 subjects within the preceding 12 months for
routine clinical purposes. As such, repeat acquisition with breath-hold volume
control i.e. FRC + 1 L could not be performed due to the additional exposure to
ionising radiation involved. QCT had been acquired at suspended full inspiration
according to standard local protocols. QCT was included in analysis with the

acknowledgement of significant variability in lung inflation level between
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imaging modalities. For one healthy volunteer (OXN011), the QCT had been
acquired at a different regional NHS Trust within the preceding 12 months. The
images were therefore analysed for %LAA to confirm inclusion criteria and study
eligibility but not for QCT density, AQCT density or QCT density AP gradient as
the CT scanner, image acquisition parameters and lung inflation level were not

equivalent to standard departmental protocols.

Pulmonary function tests were completed in 11 volunteers. The
plethysmography equipment was broken on the study visit day for one subject
(OXNO014). Therefore, all pulmonary function parameters excluding RV/TLC and

FRC were obtained in this individual.
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Table 3.1: Characteristics of study population

Demographic Characteristics of study
population
Mean (SD)
Sex Male
Age (years) 36.5 (8.2)
Height (m) 1.81 (0.04)
Weight (kg) 96.2 (22.0)
FEV: (L, % predicted) 106.4 (16.2)
FVC 114.9 (15.2)
FEV1/FVC (%) 81.5(12.2)
RV/TLC (%) 36.5 (24.7)
FRC (L, % predicted) 115.3 (16.3)
TLCO (mmol/min/kPa, % predicted) 99.5 (9.1)
%LAA 0.7 (0.2/2.1)

If not otherwise stated, the figures are mean (SD)

FEV1= Forced expiratory volume in 1 second, FVC = Forced expiratory vital capacity, RV/TLC =
Residual volume expressed as percentage of total lung capacity, FRC = Functional residual
capacity, TLCO = Transfer factor of the lung for carbon monoxide, %LAA = Percentage low-

attenuation areas less than -950 HU

Table 3.2: Pulmonary function test results and %LAA for each healthy

volunteer included in the study

PatientID | Age | FEV; | FEV1/FVC | RV/TLC | FRC | TLCO | %LAA
0XN002 37 | 73 65 32 80 | 108 | 2.08
0XN004 44 | 107 71 23 99 94 6.09
0XN005 53 | 108 72 29 132 | 109 | 0.29
0XN006 24 | 115 85 16 118 | 92 0.25
0XN007 32 | 142 92 22 140 | 96 3.98
0XN008 30 | 113 79 28 128 | 113 | 212
OXN011 41 | 109 64 27 113 | 101 | 0.72
OXN012 29 | 107 90 18 108 | 79 0.16
0XN014 32 | 90 105 - - 100 0

0XN015 33 | 110 92 22 114 | 97 1.42
0XN016 46 | 96 81 28 121 | 105 | 1.09
Group Mean | 36.5 | 106.4 | 81.5(122) | 365 | 1153 | 995 | 1.56
(SD) (8.2) | (16.2) (24.7) | (16.3)] (9.1) | (1.85)

FEV; = Forced expiratory volume in 1 second (L, % predicted), FEV,/FVC = FEV;/Forced
expiratory vital capacity (% predicted), RV/TLC = Residual volume expressed as percentage of
total lung capacity, FRC = Functional residual capacity, TLCO = Transfer factor of the lung for
carbon monoxide, %LAA = Percentage low-attenuation areas less than -950 HU
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Table 3.3: HP 129Xe-MR ventilation and diffusion-weighted imaging mean whole lung parameters in the prone posture

Patient ID VSI AVSI VSI AP gradient ADC AADC ADC AP gradient
(cm?2sec?) (cm2sec1)

OXN002 _ _ _ 0.022 (0.008) 0.048 (0.034) -0.0007
OXN004 1.26 (0.65) 0.42 (0.30) 0.010 0.017 (0.003) 0.004 (0.003) 6x 10>
OXNO005 0.31 (0.06) -0.10 (0.07) 0.006 0.038 (0.013) -0.035 (0.025) 0.0011
OXNO006 0.96 (0.41) -0.44 (0.31) 0.027 0.025 (0.007) 0.020 (0.014) -0.0004
OXNO007 0.95 (0.31) -0.58 (0.41) 0.028 0.022 (0.006) 0.035 (0.025) -0.0002
OXNO008 1.02 (0.40) -0.79 (0.56) 0.038 0.029 (0.007) -0.019 (0.014) 0.0002
OXNO011 1.25 (0.54) -1.00 (0.71) 0.057 0.032 (0.006) -0.038 (0.027) 0.0003
OXN012 1.06 (0.44) -1.16 (0.82) 0.057 _ _ _
OXN014 1.21 (0.72) -1.78 (1.26) 0.103 0.033 (0.003) -0.012 (0.008) 0.0001
OXNO015 1.33 (0.67) -0.91 (0.65) 0.060 0.035 (0.009) -0.045 (0.032) 9x 10
OXNO016 0.93 (0.38) -0.85 (0.60) 0.052 _ _

Group mean 1.03 (0.27) -0.72 (0.57) 0.044 (0.027) 0.028 -0.005 (0.032) 6.11x10->(0.0005)

(0.007)

Figures are mean (SD)

VSI = Ventilation signal intensity, ADC = apparent diffusion coefficient, AP = Antero-posterior, A = absolute change

96




Table 3.4: HP 129Xe-MRI and QCT mean whole lung parameters in the supine posture

Chapter 3: Generating an atlas of normal lung function with HP **°Xe-MRI

Patient VSI AVSI VSI AP ADC AADC ADC AP QCT AQCT QCT density AP
ID gradient (cm2secl) | (cm2Zsec?) gradient density density gradient
OXN002 _ _ _ 0.019 -0.026 -4x10° 0.210 0.02 0.0005
(0.004) (0.018) (0.025) (0.014)

OXN004 1.75 -2.47 0.134 0.019 0.002 -0.0004 0.167 0.07 0.0038
(1.00) (1.75) (0.004) (0.001) (0.032) (0.049)

OXNO005 1.03 -1.17 0.055 0.036 0.035 -0.0008 0.186 0.01 0.0045
(0.46) (0.83) (0.007) (0.025) (0.030) (0.008)

OXNO006 1.21 -0.79 0.054 0.021 0.006 -0.0003 0.185 -0.02 0.0037
(0.44) (0.56) (0.005) (0.004) (0.025) (0.014)

OXNO007 1.42 -1.18 0.084 0.023 -0.001 -0.0004 0.192 -0.01 0.0058
(0.54) (0.83) (0.005) (0.001) (0.030) (0.008)

OXNO008 1.22 -1.33 0.074 0.031 0.013 -0.0006 0.223 -0.06 0.0058
(0.50) (0.94) (0.005) (0.010) (0.031) (0.042)

OXNO011 1.87 -3.44 0.176 0.033 -0.014 -0.0003 _ _ _
(1.02) (2.44) (0.006) (0.010)

OXN012 0.94 -1.22 0.043 0.033 -0.023 -0.0001 0.197 0.02 0.0046
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(0.33) | (0.87) (0.005) (0.016) (0.031) | (0.013)
0XNO014 0.93 -1.04 0.044 0.030 0.011 1x10°5 0.258 -0.09 0.0059
(032) | (0.73) (0.003) (0.008) (0.036) | (0.060)
0XN015 1.28 -1.87 0.101 0.033 0.016 -0.0007 0.153 0.01 0.0036
(0.74) | (1.32) (0.007) (0.011) (0.033) | (0.009)
0XNO016 0.92 -1.33 0.062 0.030 -0.015 3x10° 0.186 -0.003 0.0028
(0.45) | (0.88) (0.004) (0.011) (0.028) | (0.002)
Group 1.26 -1.59 0.082 0.028 0.0003 -3.29x 10 0.196 -0.005 | 0.0041 (0.0016)
Mean (032) | (0.77) (0.041) (0.006) (0.018) (0.0003) (0.028) | (0.041)

Figures are mean (SD)
VSI = Ventilation signal intensity, ADC = apparent diffusion coefficient, AP = Antero-posterior, QCT = Quantitative computed tomography, A = absolute change
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Table 3.5: Pearson’s correlation of whole lung HP 129Xe-MR parameters and pulmonary function tests

Pearson correlation coefficient HP 129Xe-MRI mean VSI HP 129Xe-MRI mean ADC QCT-derived mean lung
(r=) (cm2sec1) density
Prone Supine Prone Supine Supine
QCT-derived mean %LAA 0.27 (p=0.45) 0.63 (p=0.05)* -0.77 -0.62 (p=0.04)* -0.32 (0.37)
(p=0.01)*

FEV1 (L, % predicted) -0.14 (p=0.71) 0.37 (p=0.29) -0.07 (p=0.85) | 0.05 (p=0.89) -0.34 (p=0.34)

FVC (L, % predicted) -0.06 (p=0.87) 0.62 (p=0.06) 0.17 (p=0.67) | 0.37 (p=0.27) -0.60 (0.06)

FEV/FVC (%) 0.22 (p=0.54) -0.60 (p=0.07) 0.21 (p=0.59) | 0.17 (p=0.61) 0.33 (p=0.35)

RV/TLC (%)& 0.16 (p=0.65) -0.30 (p=0.40) 0.50 (p=0.17) | 0.32 (p=0.34) -0.0003 (p=0.99)

FRC (L, % predicted)& -0.62 (p=0.05)* -0.32 (p=0.37) 0.40 (p=0.29) | 0.43 (p=0.18) 0.01 (p=0.97)

TLCO (mmol/min/kPa, % predicted) -0.35 (p=0.32) -0.003 (p=0.99) 0.36 (p=0.34) | 0.11 (p=0.75) 0.26 (p=0.46)

& Data available in n=10, * Statistically significant p value, FEV; = Forced expiratory volume in 1 second, FVC = Forced expiratory vital capacity, RV/TLC =

Residual volume expressed as percentage of total lung capacity, FRC = Functional residual capacity, TLCO = Transfer factor of the lung for carbon monoxide, %LAA
= Percentage low-attenuation areas less than -950 HU, VSI = Ventilation signal intensity, ADC = Apparent diffusion coefficient.
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OXNOO06 HP 12°Xe-MR ventilation imaging PRONE OXNOO06 HP 12°Xe-MR ventilation imaging SUPINE

E

Figure 3.2: Axial HP 129Xe-MR ventilation imaging from OXNO0O06 in the prone and supine posture.
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OXNO006 HP 129Xe-MR ventilation imaging
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Figure 3.3: Graph showing ventilation signal intensity in the AP direction
for HP 129Xe-MR ventilation imaging acquired from OXNO0O6 in the prone

and supine posture.
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Figure 3.4: Graph showing mean ADC values in the AP direction for HP
129Xe-MR diffusion-weighted imaging acquired from OXNOO0G6 in the prone

and supine posture.
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OXNO006 HP 129Xe-MR diffusion-weighted imaging PRONE OXNO006 HP 29Xe-MR diffusion-weighted imaging SUPINE

Figure 3.5: Axial HP 129Xe-MR diffusion-weighted imaging from OXNO0O6 in the prone and supine posture.
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Figure 3.6: Axial thoracic QCT (supine) from OXNOO06. Figure 3.7: Graph showing mean density in the AP direction

Mean density (g/mL)

for QCT acquired from OXNOO6 in the supine posture.
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OXNOO7 HP 129Xe-MR ventilation imaging PRONE OXNOO7 HP 29Xe-MR ventilation imaging SUPINE
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Figure 3.8: Axial HP 129Xe-MR ventilation imaging from OXNOO7 in the prone and supine posture.

103



Chapter 3: Generating an atlas of normal lung function with HP **Xe-MRI

2.5

1.5

Ventilation signal instensity

OXNO0O07 HP 129Xe-MR ventilation imaging

L=
o @ *ete5e
’0
’0
® ¢ Vent supine
X
X XVent prone
X***Xxxxxx
X
* X
AN
ergrt
5 10 15 20

Anterior to posterior distance from the lung edge (cm)

Figure 3.9: Graph showing ventilation signal intensity in the AP direction

for HP 129Xe-MR ventilation imaging acquired from OXNOO7 in the prone

and supine posture.
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Figure 3.10: Graph showing mean ADC values in the AP direction for HP

129Xe-MR diffusion-weighted imaging acquired from OXNOO7 in the prone

and supine posture.
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OXNOO7 HP 12°Xe-MR diffusion-weighted imaging SUPINE
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Figure 3.11: Axial HP 129Xe-MR diffusion-weighted imaging from OXNOO7 in the prone and supine posture.
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Figure 3.12: Axial thoracic QCT (supine) from OXN0O7. Figure 3.13: Graph showing mean density in the AP direction

for QCT acquired from OXNOO7 in the supine posture.
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OXNO15 HP 12°Xe-MR ventilation imaging PRONE OXNO15 HP 129Xe-MR ventilation imaging SUPINE
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Figure 3.14: Axial HP 129Xe-MR ventilation imaging from OXNO015 in the prone and supine posture.
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OXNO015 HP 129Xe-MR ventilation imaging
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Figure 3.15: Graph showing ventilation signal intensity in the AP direction
for HP 129Xe-MR ventilation imaging acquired from OXNO015 in the prone

and supine posture.
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Figure 3.16: Graph showing mean ADC values in the AP direction for HP
129Xe-MR diffusion-weighted imaging acquired from OXNO15 in the prone

and supine posture.
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OXNO015 HP 12°Xe-MR diffusion-weighted imaging . . . . .
PRONE OXNO015 HP 129Xe-MR diffusion-weighted imaging
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Figure 3.17: Axial HP 129Xe-MR diffusion-weighted imaging from OXNO015 in the prone and supine posture.
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Figure 3.18: Axial thoracic QCT (supine) from OXNO015. Figure 3.19: Graph showing mean density in the AP direction
for QCT acquired from OXNO15 (supine).
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3.5.2 Whole lung HP ***Xe-MRI VSI and ADC

Representative QCT, HP 129Xe-MR ventilation and diffusion-weighted images
acquired from three subjects and corresponding gradient data analyses are
shown in Figures 3.2 - 3.4. Images and corresponding graphs for the other

subjects are appended [Appendix 4].

The mean whole lung HP 129Xe-MR ventilation signal intensity, ADC, QCT-derived
density and percentage emphysema for each subject are shown in Table 3.3 for
the prone position and Table 3.4 for the supine position. PFT results for each

subject are included in Table 3.2.

There was no significant difference between the mean whole lung HP 129Xe-MR
VSI or ADC in supine and prone positions (t(9)=2.12, p=0.063 and t(8)=0.64,

p=0.54 respectively).

3.5.3 Correlation between whole lung HP *’Xe-MRI and QCT-

derived emphysema

The correlation between mean whole lung imaging parameters, QCT-derived

%LAA and PFTs are shown in Table 3.5.

There was moderate correlation between whole lung HP 129Xe-MRI mean VSI
with QCT-derived %LAA in the supine position (r=0.63, p=0.05) but no

correlation in the prone position. There was moderate negative correlation

109



Chapter 3: Generating an atlas of normal lung function with HP **°Xe-MRI

between whole lung HP 129Xe-MRI mean ADC and QCT-derived %LAA in both

prone and supine postures (r=-0.77, p=0.01 and r=-0.62, p=0.04 respectively).

Whole lung HP 129Xe-MRI mean VSI correlated with FRC (r=-0.62, p=0.05) and
showed a trend towards correlation with the PFTs; FVC (r=0.62, p=0.06) and
FEV1/FVC (r=-0.60, p=0.07). Whole lung HP 129Xe-MRI mean ADC did not
correlate with any PFTs. Although not statistically significant, mean whole lung
QCT-derived density showed a trend towards correlation with FVC (r=-0.60,

p=0.06).

3.5.4 HP ‘*’Xe-MRI antero-posterior (AP) gradients

The supine gradient and absolute difference in the AP direction for HP 129Xe-MR
ventilation signal intensity, ADC and QCT-derived density for each healthy

volunteer are shown in Table 3.4. The prone gradient and absolute difference in
the AP direction for HP 12°Xe-MR ventilation signal intensity and ADC values are

shown in Table 3.3.

A trend for HP 12°Xe-MR ventilation signal intensity to increase from the anterior
to posterior lung resulting in positive gradient was demonstrated for both
supine and prone postures. However, the AP VSI gradient was more marked in
the supine posture (mean=0.082, SD=0.041) compared with the prone posture
(mean=0.044, SD=0.027). HP 12°Xe-MR AP AVSI was similarly larger in the supine

compared with prone position. There was significant difference between the HP
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129Xe-MR AP VSI gradient when supine and prone (t(9)=2.23, p=0.027) and

between HP 129Xe-MR AP AVSI when supine and prone (t(9)=2.53, p=0.016).

For HP 129Xe-MR diffusion-weighted imaging in the supine position, a common
trend of decreasing ADC values and subsequent negative ADC gradients (mean=-
3.29x104, SD=0.00027) was shown in the AP direction for all subjects. In
contrast, when prone, a general trend of more uniform ADC values and small
positive ADC gradients (mean=6.11x10->, SD=0.00047) was shown in the AP
direction. In the prone position, although the study population mean HP 129Xe-
MR AP ADC gradient was positive, three subjects (OXN002, OXN0O06 and
OXN007) demonstrated a small negative HP 129Xe-MR AP ADC gradient.
Similarly, HP 129Xe-MR AADC confirmed on average, a lower ADC value in the
dependent lung regions when supine and higher ADC value when prone.
There was no significant difference between HP 129Xe-MR AP ADC gradients or
AP AADC in the supine and prone posture (t(8)=1.65, p=0.069 and t(8)= 0.33,

p=0.37 respectively).

There was no correlation between the supine HP 129Xe-MR VSI or ADC gradient

with QCT density gradient in the AP direction (r=-0.088, p=0.809 and r=-0.42,

p=0.23 respectively).
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3.6 Discussion

In this chapter, the normal parameters for HP 129Xe-MR ventilation signal and
diffusion-weighted imaging in healthy volunteers have been established. Antero-
posterior gradients demonstrated with HP 129Xe-MR ventilation imaging are
significantly different in the supine and prone posture. In contrast, HP 12°Xe-MR
ADC values appear to be more uniform within the lung. Although, an overall
trend for negative HP 129Xe-MR ADC AP gradients when supine and positive
gradients when prone was found, the difference between postures did not reach

statistical significance.

3.6.1 Whole lung HP **Xe-MR VSI and ADC are unchanged by

posture

There was no difference in the study population mean whole lung HP 129Xe-MR
VSl in supine (mean= 1.26, SD=0.32) and prone positions (mean=1.03, SD=0.27).
Previously published cohorts of healthy volunteers imaged with HP 12°Xe-MR
ventilation imaging include 24 subjects during a technical run-in phase(167),
investigated primarily for safety and tolerability of 12°Xe gas inhalation. The
ventilation images were analysed using a visual score by thoracic radiologists
(ventilation defect score percentage, VDS%) and automated segmentation
(ventilation defect percentage, VDP) to quantify absence of ventilation signal.
The reported mean VDS% was 3.03+5.17 and VDP% was 2.72+2.39 for healthy
subjects (Male:Female - 8:16, mean age 32.2+11.4 years)(167). In a further small

cohort of 8 healthy volunteers(305), the mean VDS% and VDP% (£SD) were
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calculated to be 3.65+6.07 and 2.41+2.55 respectively, consistent with previous

reports.

Image analysis of HP 129Xe-MR requires optimisation and currently no
standardised method has been widely adopted. The semi-automated
segmentation approach used to analyse HP 12Xe-MR ventilation imaging in this
chapter, provides voxel signal intensity level values quantifying the degree of
ventilation. Previous methodology has adopted a binary approach to ventilation
signal i.e. a threshold is established above which voxels are deemed ventilated
and below which voxels are deemed not ventilated. The current method uses a
linear scale to capture the level of ventilation within each voxel. Whilst
accounting for background image noise, the current method allows a more
comprehensive and accurate analysis, since each voxel is given a specific level of
ventilation rather than a binary outcome. Unfortunately this precludes direct
comparison to previously reported ventilation defect scores or percentages. In
the next chapter, the automated segmentation method presented is extended to
provide ventilated volume percentage within the whole lung and per pulmonary

lobe.

No statistical difference was observed between the group mean HP 129Xe-MR
ADC value in supine and prone positions (t(8)=0.64, p=0.54). The mean HP 129Xe-
MR ADC value obtained for this cohort when supine, although slightly lower,
overlaps with the same standard deviation range reported by Kaushik et al.(146)
(0.036+0.003 cm?sec'1)(242). This would be expected since Kaushik et al. imaged

a group of seven healthy volunteers (M:F - 3:4; mean age=32.9+11.3 years, range
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24-56 years) with similar demographic data to the eleven subjects included in
this chapter. The slight discrepancy observed is likely due to the different HP
129X e-MR diffusion-weighted MR pulse sequences used. A slightly higher
diffusion-weighted b-value (b = 20.855 sec/cm?) was used in this chapter and

higher b-values have been previously reported to give lower ADC values(180).

The different imaging protocol employed by Kaushik et al.(146) may also
provide an explanation for the observed difference. Kaushik et al.(146) acquired
images limited to 10 slices in the coronal plane generally excluding the most
anterior and posterior lung. In contrast, the method presented involves
acquiring images in the axial plane (full lung coverage in the cranio-caudal
direction) and then generating coronal bins for analysis. This ensures that the
natural T; decay of 129Xe gas within the lungs (~20 seconds) occurring during

breath-hold image acquisition is taken into account during data analysis.

3.6.2 Whole lung HP **’Xe-MRI correlates with QCT-derived

emphysema

QCT-derived %LAA correlated moderately with whole lung HP 129Xe-MRI mean
VSl in the supine posture and mean ADC in both postures. Whole lung HP 129Xe-
MRI mean VSI correlated with FRC whereas mean ADC did not correlate with any
PFTs. The relationship between HP gas MRI and %LAA and PFTs has been
described in respiratory disease(169, 306-309) but literature in healthy
volunteers is lacking. Direct comparison with previous HP gas MR studies is

therefore not possible.
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In a previous study comparing HP 129Xe-MRI with HP 3He-MRI in patients with
COPD and healthy volunteers, both modalities showed significant correlation
with FEVy, FEV1/FVC and diffusion capacity of the lungs for carbon monoxide
(DLCO)(310). However, differential results for healthy volunteers were not
separately reported. A strong correlation between 3He and 12°Xe ADC values and
%LAA was also demonstrated in this study but only reported in patients with
COPD(310). The relationship between HP gas MRI and QCT-derived emphysema

in COPD has been corroborated by further studies(306, 308).

Moderate correlation between mean HP 12°Xe-MRI ADC values and three
pulmonary function metrics; DLCO/alveolar volume (Va), FEV; (% predicted)
and FEV1/FVC in patients with COPD and ten age-matched healthy controls
(AMCs) has been reported(146). Although not consistent with the current
findings, the mean age (62.9 £ 7.6 years) of AMCs was considerably higher than

participants included in this chapter.

3.6.3 The HP '*’Xe-MR ventilation antero-posterior (AP)

gradient is more pronounced in the supine posture

A clear increase in HP 129Xe-MR ventilation signal intensity was shown in the AP
direction for both supine and prone postures. The results also demonstrated
significantly greater HP 129Xe-MR VSI AP gradient and AVSI in the supine

compared to prone position. This is consistent with the general consensus of
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increased ventilation in dependent lung regions when supine and a more

uniform ventilation distribution when prone(255, 257, 261-266).

The gradient in pulmonary ventilation has been extensively reported and
explained by the gradient of pleural pressure caused predominantly by the
effects of gravity. The regional difference has been attributed to both the weight
of the lung itself and differences between the shape of the lung tissue and
surrounding pleural space(311). The spring-like self-deformation of the
lung(312) considered the main determinant of ventilation gravitational gradient
has been previously described as the ‘slinky effect’(312, 313). In dependent
regions of the lung, the transpulmonary pressure is reduced and lung tissue less
expanded compared with non-dependent lung regions. The less expanded
dependent lung tissue has greater compliance and consequently greater
ventilation(312) when inspiration starts from FRC and measurements are made

under static conditions(311), similar to the current study.

During quiet spontaneous breathing in the supine posture, the dependent lung is
preferentially ventilated compared with anterior lung regions(314). This occurs
despite the compression of dependent lung and consequent reduced size of air
spaces. It would follow that the volume of gas and oxygen concentration within
the compressed dependent lung is also reduced. The predicted rate of 12°Xe
polarisation loss would therefore be lower in the presence of reduced
oxygen(184, 315) and this may be a contributory factor to higher HP 129Xe-MR
signal in dependent lung regions. However, this factor alone would not explain

the observed VSI gradients since the T; relaxation time of 129Xe in alveolar air is
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greater than the breath-hold required for image acquisition (~20 seconds). In
addition to the ‘slinky effect’ and gradient in regional pulmonary compliance,
other factors including dependent airways closure(292), the nonlinear nature of
the lung pressure-volume curve and pulmonary vascular anatomy(256) have

been proposed to contribute to regional ventilation distribution.

The gravitational gradient exhibited by pulmonary ventilation has been
previously demonstrated with a variety of imaging techniques including nuclear
medicine studies with 133Xe(271), krypton isotopes(274), PET(267) and more
recently with xenon-enhanced CT(288), oxygen-enhanced 'H-MRI(292), and HP

noble gas MRI in animals (160, 316).

Previous animal studies of HP 3He-MR ventilation imaging demonstrated greater
AP gradients in the supine compared to prone posture(160), in keeping with
current findings. HP 3He-MR ventilation imaging in 12 healthy volunteers also

showed higher signal in posterior compared with anterior lung regions(297).

The distribution of ventilation signal relating to posture has not previously been
specifically investigated with HP 12°Xe-MRI. However, HP 129Xe-MR dissolved
phase imaging has been employed to determine gas transfer within the lung.
Dissolved-phase protocols involve an interleaved, three-dimensional radial MR
sequence to image both gaseous- and dissolved-phase 129Xe distributions within
the same breath-hold. Gas-phase imaging enables assessment of ventilation
distribution and therefore comparison with the current study findings. Kaushik

et al. determined HP 12°Xe-MR gas-phase AP gradients in nine healthy
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volunteers(198). Similar results to this study were shown, including increased
gas-phase signal in the dependent lung regions and a significantly diminished AP

gradient when prone(198).

3.6.4 HP *°Xe-MR ADC values are more uniform within the

lung

This study demonstrated a general trend for decreasing HP 12Xe-MR ADC values
in the AP direction when lying supine. This is consistent with reported findings
in seven healthy volunteers by Kaushik et al.(146). This chapter extends
previous reports by quantifying the HP 129Xe-MR ADC AP gradient in the prone
as well as the supine posture. The prone ADC AP gradient was smaller than the
supine gradient and showed a general trend towards more uniform ADC values
throughout the lung. However, the difference between AP ADC gradients in the

supine and prone posture did not reach statistical significance.

The presence of AP gradients in ADC has been contributed to gravitational-
dependent compression of the lung(271). The weight of the overlying lung
parenchyma(271) and heart(293) result in compression of the dependent
regions. In the healthy lung, this compression results in smaller airspaces in the
most dependent areas of lung and consequently lower HP 129Xe-MR ADC values
in these regions. It is widely acknowledged that this effect is more pronounced in

the supine compared with the prone posture(255, 257, 317).
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Similar gravitational-dependent AP gradients have been previously confirmed in
healthy volunteers using HP 3He-MRI(176, 298, 299). The influence of four
different postures; supine, prone, right lateral decubitus and left lateral
decubitus on distribution of ADC values was investigated in six healthy
volunteers using HP 3He-MRI(298). In this study, the difference in mean ADC of
two regions-of-interest (ROIs) comprising the uppermost, non-dependent and
lowermost dependent lung was determined. The greatest variation between
ROIs was demonstrated in the left lateral decubitus posture. A significant
difference in ADC values was shown in the AP direction for supine posture
whereas in the prone position within the left lung, although the mean ADC for
the dependent ROI was lower than the non-dependent ROI, the difference was
not statistically significant. These findings are consistent with the observed

results in this chapter.

A further study determined the distribution of HP 3He-MR ADC values in four
centremost coronal slices of the lungs in 8 healthy volunteers and 9 subjects with
COPD when supine(299). The absolute difference between anterior and
posterior image slices, and ADC AP gradient was significantly greater in healthy
volunteers than subjects with COPD(299). Regional gas trapping and
heterogeneity of emphysematous tissue destruction in COPD is thought to
counteract the gravitational compression of dependent lung regions and thus

cause smaller ADC AP gradients in these subjects.

A similar negligible ADC AP gradient was observed by Diaz et al. in sixteen

subjects with emphysema using HP 3He-MRI(176). Comparison of HP 3He-MR
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ADC AP gradients in subjects with normal or abnormal TLCO, but no airflow
limitation, demonstrated a significantly smaller gradient in those with abnormal
TLCO(318). For this abnormal TLCO group, the AP gradient was similar to that in
subjects with COPD, suggesting regional gas-trapping is present in subjects with
abnormal TLCO despite the absence of airflow limitation(318). The potential for
HP noble gas MRI ADC AP gradients to reveal regional gas trapping prior to
abnormal spirometry may indicate a role for HP 12°Xe-MRI in early pulmonary

disease detection.

Although HP 129Xe-MR VSI and ADC AP gradients demonstrated an overall trend
comparable between all subjects, they were unique to each individual and
distinctly nonmonotonic (Figures 3.2-3.4b, c). A prominent increase in VSI and
ADC value appears to be present in central image slices, likely representing the
presence of 129%Xe in the conducting airways. Both VSI and ADC values would be
expected to be higher in the trachea and main bronchi and cause the central peak
observed. Nonmonotonic distribution of HP 3He-MR ventilation and HP 12°Xe-MR
gas-transfer has been previously reported in animal studies(160) and healthy

volunteers(198) respectively.

3.6.5 QCT density increases in the AP direction

Only small AP gradients were shown for QCT density and although the trend for
increasing density in the dependent lung regions parallels findings with HP
129Xe-MR VSI and ADC when supine, there was no significant correlation. This is

due to the different lung volumes the imaging modalities were acquired at; QCT
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at suspended full inspiration and HP 129Xe-MRI at FRC+1 L. Unfortunately, QCT
had already been acquired according to standard protocols as part of the
patient’s clinical work-up and could not therefore be repeated due to additional
exposure to ionising radiation. These data are supported by previous density
measurements on CT(319), with observed AP gradients being marked on images
acquired in full expiration(294) and much less prominent on images acquired in
full inspiration(295). Similarly, HP 3He-MR ADC AP gradients in eight healthy

volunteers were significantly decreased at a larger inhaled lung volumes(176).

3.6.6 Limitations

The small number of healthy volunteers included in the study is a limitation.
However, where previous human imaging studies have focussed on a single
sagittal slice(222, 292) or incomplete pulmonary coverage(146), the current
study involves complete lung coverage and therefore presents a more
comprehensive analysis of gravitational gradients. Furthermore, the distribution
of HP 129Xe-MR ventilation and ADC values has been determined in the same

healthy individuals when lying prone and supine.

Supine QCT had been previously acquired in all subjects at suspended full
inspiration and therefore not at the same lung volume as HP 12°Xe-MRI. This
limitation prevented meaningful comparative analysis between HP 129Xe-MRI
and QCT gravitational gradients. Despite this, a general trend for increased QCT-
derived lung density in the AP direction was demonstrated. The breath-hold

volume was controlled for in HP 129Xe-MRI by practice breath-holds prior to and
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radiographer coaching during imaging acquisition. As healthy volunteers
completed both prone and supine imaging, for comparative posture analysis they

acted as their own controls.

The analysis was completed using open source software (PTK) not commercially
available, which may be considered another limitation. The lack of established
HP 129Xe-MRI analysis methodology presents a challenge when comparing the
current findings with previous HP noble gas MR studies that used different
parameters e.g. VDP. Despite the use of different imaging parameters, the results

were consistent with expected gravitational effects.

Another potential limitation of image analysis was the inclusion of 129Xe signal
from the trachea and main bronchi in the central image slices. Although
systematically included for all patients, the elevated ventilation and ADC values
in the centre of the lung could have been accounted for by applying a quadratic
rather than linear fit function to determine AP gradients. Alternatively, imaging

could have been segmented to exclude the trachea and main bronchi.

3.6.7 Future work

The presented work could be extended to HP 129Xe-MR dissolved phase imaging
to determine ventilation and dissolved phase AP gradients in healthy volunteers.
This would provide detailed in vivo information about regional ventilation and
gas transfer within the lung. Evaluation of these functional parameters in states

where normal physiological gradients are altered, for example, in congestive

122



Chapter 3: Generating an atlas of normal lung function with HP **°Xe-MRI

cardiac failure, will improve the understanding of how ventilation, gas transfer

and perfusion are affected in pulmonary disease at a regional level.

Current findings corroborate previous reports, suggesting that HP 129Xe-MRI is a
technique sensitive to normal physiology, hence is able to detect the expected
gravitational gradients in supine and prone postures. The ability for HP 129Xe-
MRI to reflect normal physiology provides evidence to support its use in
pulmonary disease and suggests it will be a reliable imaging modality to detect

regional physiological disturbance.

3.6.8 Conclusion

In conclusion, this chapter has established normal parameters for HP 129Xe-MR
ventilation and diffusion-weighted imaging. HP 12°Xe-MR ventilation AP
gradients were more marked in the supine than prone posture, whereas ADC AP
gradients were more uniform. The gravitational-dependent trends observed
with HP 129Xe-MRI are consistent with the classic model of West and
Dollery(317), predicting increased ventilation in the dependent lung regions.
Future work should explore the potential for HP 12Xe-MRI to improve our
understanding of disease processes where normal gravitational-dependent
gradients are disturbed, for example, heart failure and pulmonary congestion in

end-stage renal disease.
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4 Chapter 4: Lobar analysis of HP ‘*’Xe-
MRI in chronic obstructive pulmonary

disease (COPD)

4.1 Background

Chronic obstructive pulmonary disease (COPD) is a leading cause of morbidity
and mortality(4), accounting for a significant economic and social burden
worldwide(320). COPD is characterised by progressive but not fully reversible
airflow obstruction and is caused predominantly by smoking(5). The diagnosis of
COPD(5) is considered in patients over the age of 35 years with a risk factor

including a smoking history and one or more of the following symptoms: -

1. Exertional breathlessness
2. Chronic cough

3. Regular sputum production
4. Frequent winter bronchitis

5. Wheeze.

The standard method for assessing lung function in COPD is spirometry, which
combined with anatomical imaging (CT) can provide structural information.
Spirometry remains pivotal in establishing a diagnosis and assessing severity in

COPD despite being a poor predictor of disability and quality of life(321).
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Current guidelines(5) recognise the limitations of spirometry, specifically FEVy
in the assessment of COPD severity and recommend calculation of the
multidimensional BODE index (body mass index, airflow obstruction, dyspnoea
and exercise capacity). Previous studies demonstrated superiority of the BODE
index compared with FEVyin: -

1. Prediction of acute exacerbations(322)

2. Prediction of number of hospital admissions(10)

3. Prediction of mortality in patients with COPD(9, 10, 323).

The provision of an accurate, robust regional imaging technique that can
quantify heterogeneous disease severity and determine treatment response
within different pulmonary lobes is needed. Emerging state-of-the art functional
MRI techniques using gas contrast agents to address this need, include
hyperpolarised gas MRI, oxygen-enhanced MRI and fluorinated gas MRI.
Unfortunately, despite recent advances in gradient performance and sequence
acquisition strategy, none of these functional pulmonary MRI techniques have
been adopted into clinical practice. However, efforts to improve accessibility and
development of regional analysis tools would help to bridge the gap required for

translation.

4.1.1 HP *He-MRI in COPD

Previous investigation of COPD with HP gas MRI has been predominantly with
3He(306, 307, 324-329). An initial study with HP 3He-MR ventilation imaging

demonstrated increased ventilation defects per slice (VDS) and ventilation defect
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volume (VDV) in patients with COPD compared with healthy volunteers(326).
HP 3He-MRI has subsequently been used in a prospective multicentre study to
identify patients with COPD and a.1-antitrypsin deficiency from age-matched
never smokers(330). HP 3He-MRI ADC values were reported more effective than
HRCT-derived mean lung density measurements in distinguishing COPD patients

from healthy controls(330).

It has been suggested that HP 3He-MR ventilation imaging parameters may be
useful for COPD severity(324) and longitudinal assessment(307, 331).
Longitudinal changes in COPD have been evaluated with HP 3He-MRI(307). Over
an approximate 2-year period a significant increase was demonstrated in all HP
3He-MRI parameters; VDV, ventilation defect percentage (VDP) and ADC values,
whereas FEV; remained stable(307). The findings suggest that HP 3He-MRI is

sensitive tool for assessing COPD changes over time.

The strong correlation previously shown between HP 3He-MR ADC values and
TLCO in patients with COPD(306) and a1-antitrypsin deficiency(332) indicate
that diffusion-weighted imaging may provide a biomarker for detecting

emphysema progression.

The simultaneous acquisition of regional HP 3He-MRI pO2 and diffusion-
weighted imaging in a patient with severe COPD showed higher oxygen
depletion rates in a region-of-interest with elevated ADC values(329). The

accurate regional mapping of pOz and oxygen depletion rates and correlation
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with degree of tissue destruction with HP 3He-MRI may offer new insights into

the efficiency of oxygen exchange.

Further studies have reported the sensitivity of HP 3He-MRI to early lung
microstructure changes(168, 169,177,178, 180, 181), correlation of HP 3He-MR
parameters with established measurements of pulmonary function(169, 306)
and histologic measurements of emphysema(333). The reproducibility of HP
3He-MRI in COPD has also been previously investigated(175, 176, 324, 326) with
excellent same-day and 1-week follow-up repeated ADC measurements but more
variable measures of ventilation distribution(324). HP 3He-MRI has also shown

regional improvements after bronchodilator use in COPD(334, 335).

4.1.2 HP '*°Xe-MRI in COPD

The previous use of HP 129Xe-MRI in patients with COPD has been primarily to
demonstrate safety and tolerability of the technique(147, 167). Ten patients with
COPD (GOLD criteria I-III) demonstrated no serious adverse events or changes in
vital signs after administration of 1 L hyperpolarised 12°Xe for breath-hold
MRI(167). Similar to the other healthy volunteers and age-matched control
subjects included in the study, 80% of patients with COPD experienced transient
xenon-related symptoms, most commonly dizziness, paraesthesia, euphoria and
hypoesthesia(167). These symptoms spontaneous resolved without clinical
intervention, lasting approximately 2 minutes(167). The tolerability of HP 129Xe-
MRI was also evaluated in healthy volunteers and patients with respiratory

disease following administration of 500 mL hyperpolarised 12°Xe gas mixed with
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500 mL #He gas(147). The cohort included ten patients with COPD, who like
other participants had no severe adverse events or withdrawals(147). The lower
500 mL hyperpolarised 12°Xe gas dose administered resulted in much fewer
adverse events with only one transient-xenon related episode of light-

headedness occurring in a patient with asthma(147).

High resolution imaging of pulmonary ventilation is possible with HP 129Xe-
MRI(147, 167, 238). Quantitative comparison of HP 3He- and 12°Xe-MRI obtained
within five minutes in ten patients with COPD showed significantly greater VDP
obtained with 12Xe(310). Greater HP 129Xe-MRI VDP was speculated to arise
from incomplete or delayed filling of distal lung regions due to the lower
diffusion coefficient of 129Xe relative to 3He(310). The findings would suggest
that airway narrowing preferentially limits the passage of 12°Xe gas compared
with 3He and implies HP 129Xe-MRI is more sensitive biomarker for early disease.
Subsequent investigation of the same patient cohort demonstrated a significant
increase in pulmonary emphysema spatially correlated with ventilation defects

detected by HP 129Xe-MRI but not appreciated with HP 3He-MRI(308).

HP 129Xe-MR diffusion-weighted imaging has also shown utility in the
assessment of lung microstructure(146, 238), with elevated whole lung mean
apparent diffusion co-efficient (ADC) values present in COPD subjects

corresponding to emphysematous tissue destruction.
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4.1.3 HP '*Xe-MRI analysis

A variety of ventilation scoring metrics have been developed for analysis of
whole lung HP gas MR ventilation images, ranging from reader-based
scoring(157), manual segmentation(325), semi-automated(334) to fully

automated segmentation(336).

Initial analysis of hyperpolarised gas MRI focussed on reader-based scoring
techniques. However, it has become clear that robust and automated
quantification is required to enable extraction of functional lung imaging
information and improve efficiency of data analysis. Woodhouse et al.(309)
introduced ventilation defect percentage (VDP), the simplest parameter for
quantification of hyperpolarised gas MR ventilation imaging. The method for
calculating this established parameter involved delineation of ventilation defect
boundaries, using a seeded region-growing algorithm to segment a proton MR
image and confine analysis to the thoracic cavity(334, 335, 337). Kirby et al. (310,
334) extended analysis of whole lung HP 3He-MR ventilation imaging by
employing a k-means cluster technique. This allowed classification of HP 3He-
MRI voxel intensity values into clusters ranging from 1 to 5, representing
gradations of signal intensity from no signal (cluster 1) to hyperintense signal
(cluster 5). Although this technique considered spatial and contextual
information on a whole lung basis, the ventilation signal per lobe was not

defined.
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Virgincar et al.(338) validated the semi-automated segmentation-based VDP
analysis method in HP 129Xe-MRI by showing significant correlation with an
expert reader-based ventilation defect score percentage (VDS%). This chapter
aims to extend previously described semi-automated segmentation methods by
determining ventilation and ADC per lobe following automated non-rigid co-

registration to proton MRI and QCT for delineation of lung fissure boundaries.

The feasibility of lobar and bronchopulmonary segmental ventilation assessment
using HP 3He-MRI has been reported in healthy volunteers and subjects with
asthma(339, 340). However, methods specifically for lobar quantification of HP
129X e-MRI in subjects with COPD have not been reported, and it is in these
patients that regional analysis may be of benefit when considering their
suitability for treatments such as lung volume reduction surgery (LVRS), and

endobronchial valve placement.

4.2 Hypothesis

The motivation for this chapter was to generate lobar measurements of HP 129Xe-
MRI ventilation and ADC using an automated analysis tool, which could then
potentially be incorporated into the clinical workflow for treatment evaluation in

patients with obstructive pulmonary disease.

Against this background, the hypothesis that lobar measurements of HP 129Xe-
MRI can be derived following automated non-rigid registration with 'H-MRI and

CT will be tested.
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4.3 Aims

The aims of this chapter are: -

1. To generate lobar measures of HP 129Xe-MR ventilation and diffusion-
weighted imaging

2. To demonstrate reproducibility of the lobar HP 129Xe-MRI measures
generated

3. To compare lobar HP 129Xe-MRI parameters with lobar QCT-derived
emphysema and airway wall thickness

4. To compare whole lung HP 129Xe-MRI parameters with PFTs in patients with

COPD.

4.4 Materials and Methods

4.4.1 Subjects

The study was approved by the NRES South Central Committee (Berkshire) [REC

reference 11/SC/0488], and written informed patient consent was obtained.

Between July 2013 and January 2015, twenty-two participants diagnosed with
COPD were prospectively enrolled from a tertiary referral centre with the
following inclusion criteria: -
e Atleast mild disease (stage II-IV on GOLD criteria classification [Appendix
5], FEV1<80% predicted and FEV;/FVC<70%)
¢ Significant smoking history (>15 pack years)

e Over the age of 18 and able to give informed consent.
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Study exclusion criteria included the presence of co-existent cardio-pulmonary
disease that predominated over COPD and might confound result interpretation
(e.g. asthma, bronchiectasis, cystic fibrosis, lung cancer, uncontrolled heart
failure, frequent unstable angina, respiratory muscle weakness). During the
study period 15 patients did not fulfil the inclusion criteria; 6 patients were
classified as stage I on GOLD criteria, 3 patients had a smoking history <15 pack
years, 5 patients had predominant asthma and 1 patient had uncontrolled heart

failure. The approved study protocol has been appended [Appendix 6].

The study population included fifteen males and seven females. The mean *
standard deviation and range of age in all participants was 66.5+7.3 years (51-77
years); in males, 65.7+£7.8 years (51-77 years); and in females, 68.2+5.6 years
(56-74 years). A Student’s t-test was performed and demonstrated no significant

difference in age between males and females (p=0.47).

Patients completed baseline multi-modality imaging at a single time point,
including HP 129Xe-MRI and NM-Q SPECT/CT, PFTs and dyspnoea-12
questionnaires. Static HP 129Xe-MR ventilation and diffusion-weighted imaging
was acquired. Study measures were completed during disease stability as
defined by participants remaining exacerbation free for at least 4-weeks with no
change to their regular medications prior to completion of study measures. All
study measures, specifically imaging and PFTs were completed pre-

bronchodilator to allow for direct comparison.
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Image analysis was completed blinded to clinical data and PFTs. Full details

regarding study measures and analysis are provided in [Section 2].

4.4.2 HP '*Xe-MRI reproducibility

A subgroup of patients returned within 91.5+67.2 days (meantSD) of initial
baseline imaging for repeat acquisition of HP 129Xe-MRI to enable assessment of
reproducibility. Reproducibility imaging (HP 12°Xe-MRIR) [Section 2.6.5] was
only completed in patients with stable disease who remained exacerbation free
since baseline imaging. HP 129Xe-MRg ventilation imaging was acquired in 11

patients and HP 129Xe-MRR diffusion-weighted imaging in 10 patients.

4.4.3 Statistical Analysis

A priori analyses were completed to evaluate the relationship between imaging
parameters and PFTs. The Pearson’s correlation coefficient was calculated
between: -

1. HP 129Ke-MRI lobar parameters and QCT-derived lobar %LAA

2. HP 129Xe-MRI lobar parameters and QCT-derived lobar Pi10

3. HP 129Xe-MRI lobar parameters and NM-Q SPECT lobar relative % perfusion
4. Whole lung HP 129Xe-MRI parameters and PFTs

5. Whole lung HP 12°Xe-MRI parameters and dyspnoea-12 scores

6. Whole lung QCT-derived %LAA and PFTs

7. Whole lung QCT-derived Pi10 and PFTs.
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For computation of lobar correlation coefficients, data from the five pulmonary
lobes were included per patient. For HP 12Xe-MR ventilation imaging, 110 lobar
pairs were included and for HP 129Xe-MR diffusion-weight imaging, 105 lobar
pairs were included. All inference (p values) were completed on a per-pair basis

and not per-patient. P values less than 0.05 were considered significant.

Bland Altman statistics were used to determine the reproducibility of static HP
129X e-MR ventilation and diffusion-weighted imaging. The mean, standard
deviation, mean difference, 95% limits of agreement and coefficient of
repeatability (CR) for HP 12Xe-MRR lobar ventilated volume (%) and HP 12°Xe-
MRRr average lobar ADC (cm?sec!) were established for the 11 and 10 patients

who completed reproducibility imaging.

4.5 Results

HP 129Xe-MRI was well tolerated by all patients with no serious adverse events.
The demographics of the study population are shown in Table 4.1. Individual
study measures are shown in Table 4.2. HP 129Xe-MR diffusion-weighted imaging
was not acquired in one patient due to xenon coil failure. Data analysis for HP
129X e-MR diffusion-weighted imaging was therefore completed in 21 patients.
NM-Q SPECT was declined and not acquired in four patients. NM-Q SPECT
correlations with HP 129Xe-MRI were therefore completed in 18 patients. HP

129X e-MR ventilation imaging and other study measures were successfully
acquired in all patients. Reproducibility HP 129Xe-MRg ventilation and diffusion-

weighted imaging was completed in 11 and 10 patients respectively. Images and
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data analyses from each patient are shown in Section 4.5.1 - 4.5.3 and Appendix

7.

Table 4.1: Characteristics of study population

Demographic Characteristics of study

population
Mean (SD)

Sex Male 15, Female 7

Age (years) 66.6 (7.3)

Smoking pack-years 66.3 (47.3)

Smoking status Current smoker 8, Ex-smoker 14

FEV: (L, % predicted) 54 (17.3)

FEV1/FVC (%) 43.0 (11.0)

RV/TLC (%) 52.7 (94)

FRC (L, % predicted) 149.5 (26.9)

TLCO (mmol/min/kPa, % predicted) 56.7 (16.9)

GOLD stage I1 (%) 59.1

GOLD stage 111 (%) 36.4

GOLD stage IV (%) 4.5

%LAA 6.4 (1.6/15.5)

Pi10 (mm) 6.2 (0.8)

HP 129Xe-MRI ventilated volume (%) 72.5 (14.5)

HP 129Xe-MRI average ADC (cm?secl) 0.052 (0.014)¢

If not otherwise stated, the figures are mean (SD)

3 Data only available for n=21

FEV1= Forced expiratory volume in 1 second, FVC = Forced expiratory vital capacity, RV/TLC =
Residual volume expressed as percentage of total lung capacity, FRC = Functional residual
capacity, TLCO = Transfer factor of the lung for carbon monoxide, GOLD = Global initiative for
chronic obstructive lung disease, %LAA = Percentage low-attenuation areas less than -950 HU,
given as median (25/75 percentile), Pi10 = Square root of bronchial wall area for a “theoretical
airway” with an internal perimeter of 10 mm
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Table 4.2: Whole lung imaging parameters and PFT results in patients with COPD
Patient | HP 129Xe- Mean HP QCT- QCT- FEV1 % FEV{/FVC | RV/TLC | FRC% TLCO | Dyspnoea-

MRI 129X e-MRI derived derived predicted (%) (%) predicted 12 score

ventilated ADCE %LAA Pi10 (mm)

volume % (cmZsecl)
OXF0093 62.45 0.069 25.6 5.4 37 44 68 183 30 4
0XF0139 79.12 0.057 16.5 4.6 63 51 46 152 54 4
OXF0127 84.19 0.055 20.8 5.0 59 37 49 188 60 0
0XF0131 83.22 0.055 20.4 4.6 38 39 55 142 36 9
0XF0121 92.05 0.034 0.2 6.7 56 55 60 117 81 6
OXF0104 89.75 0.081 34 6.4 61 40 46 189 30 0
OXF0068 83.85 0.052 0.8 6.2 42 41 62 151 63 3
OXF0069 76.21 0.070 41.2 6.4 35 37 54 146 46 6
OXF0106 93.13 0.070 11.4 5.8 71 51 58 165 57 19
OXF0109 85.97 0.051 4.2 6.5 34 25 54 179 76 3
0XF0141 42.53 0.049 5.7 6.0 19 21 68 163 49 19
OXF0129 83.36 0.044 0.6 59 64 52 45 116 71 3
0XF0041 78.03 0.038 0.3 5.9 32 33 65 164 91 8
0XF0113 84.14 0.049 1.6 6.5 79 54 41 123 62 1
0XF0144 63.68 0.059 5.1 6.3 55 36 47 160 55 3
OXF0086 62.64 0.067 9.8 7.0 71 42 42 123 66 3
OXF0136 45.98 0.031 7.1 6.9 78 55 49 118 64 6
OXF0052 65.80 - 12.7 7.9 46 30 42 155 29 13
OXF0151 63.14 0.030 1.7 6.3 74 67 46 121 48 5
OXF0098 63.57 0.058 8.1 6.1 60 43 39 119 39 10
OXF0009 54.73 0.047 4.1 6.1 36 37 71 200 61 21
OXF0153 58.04 0.039 0.2 7.1 78 57 52 116 79 13
& Data available in n=21, FEV1= Forced expiratory volume in 1 second, FVC = Forced expiratory vital capacity, RV/TLC = Residual volume expressed as percentage of total

lung capacity, FRC = Functional residual capacity, TLCO = Transfer factor of the lung for carbon monoxide, %LAA = Percentage low-attenuation areas less than -950 HU, given as
median (25/75 percentile), Pi10 = Square root of bronchial wall area for a “theoretical airway” with an internal perimeter of 10 mm
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4.5.1 Data analysis from COPD patient OXF0139

Table 4.3: Lobar imaging parameters acquired from OXF0139

Imaging parameter Pulmonary lobe
RUL | RML | RLL | LUL | LLL

HP 129Xe-MRI % ventilated volume | 74.18 | 73.59 | 77.04 | 50.82 | 58.19

HP 129Xe-MRIr % ventilated volume | 66.63 | 69.06 | 85.23 | 47.25 | 65.99

HP 129Xe-MRI ADC (cm?sec!) 0.054 | 0.040 | 0.043 | 0.038 | 0.053
HP 129Xe-MRIr ADC (cm?secl) 0.057 | 0.040 | 0.045 | 0.041 | 0.054
QCT-derived % LAA 194 | 109 | 13.0 | 16.8 | 21.6
QCT-derived Pi10 (mm) 4.7 5.3 4.2 5.0 4.4
NM-Q SPECT relative % perfusion 133 | 172 | 346 | 11.6 | 23.3
R Repeat HP 129Xe-MRI measures to evaluate reproducibility

RUL = Right upper lobe, RML = Right middle lobe, RLL = Right lower lobe, LUL = Left upper lobe,
LLL = Left lower lobe, %LAA = Percentage low-attenuation areas less than -950 HU, Pi10 =
Square root of bronchial wall area for a “theoretical airway” with an internal perimeter of 10 mm

\ x ]

Figure 4.1: Coronal co-registered HP 12°Xe-MR ventilation imaging and

proton MRI acquired from OXF0139. Co-registration to proton MRI enables

the lung boundaries to be defined.
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Figure 4.2: Non-rigid co-registration of coronal QCT to HP 12°Xe-MR
ventilation imaging acquired from OXF0139. Co-registration to QCT enables

the lobar boundaries (pulmonary fissures) to be defined.
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OXF0139 HP 12°Xe-MR ventilation imaging

(R 08 on oN

Figure 4.3: 3-D lobar HP 129Xe-MRI ventilation imaging from OXF0139. Low

signal intensity in the left upper lobe (pink) anteriorly indicates relatively poor
ventilation in this region. In contrast, high signal intensity in the right lower lobe

(cyan) is consistent with good ventilation in this region.
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Figure 4.4: Coronal HP 129Xe-MR diffusion-weighted imaging co-registered

to proton MRI acquired from OXF0139.
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OXF0139 HP 129Xe-MR diffusion-weighted imaging

Figure 4.5: 3-D lobar HP 12Xe-MRI diffusion-weighted imaging from
O0XF0139. High signal intensity in the left lower lobe (yellow) posteriorly
corresponds to elevated HP 12°Xe-MRI ADC values and indicates emphysematous

tissue destruction.

OXF0139 NM-Q SPECT/CT

Figure 4.6: Selected images of NM-Q SPECT/CT acquired from OXF0139.

Images are in the i) coronal, ii) sagittal and iii) axial plane.
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Figure 4.7: QCT-derived emphysema (% LAA) from patient 0XF0139. Red
areas correspond to regions with attenuation less than -950 HU. Images show

moderate paraseptal emphysema.
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4.5.2 Data analysis from COPD patient OXF0068

Table 4.4: Lobar imaging parameters acquired from OXF0068

Imaging parameter Pulmonary lobe

RUL RML RLL LUL LLL
HP 129Xe-MRI % ventilated volume 75.77 | 79.92 | 86.30 | 86.19 | 90.70
HP 129Xe-MRIr % ventilated volume 84.98 | 86.59 | 95.93 | 85.98 | 95.80
HP 129Xe-MRI ADC (cm?sec'l) 0.042 | 0.036 | 0.050 | 0.043 | 0.042
QCT-derived % LAA 0.9 0.5 0.9 1.1 0.5
QCT-derived Pi10 (mm) 5.6 4.9 6.2 7.5 5.7
NM-Q SPECT relative % perfusion 17.1 5.8 29.2 22 25.9
R Repeat HP 129Xe-MRI measures to evaluate reproducibility

RUL = Right upper lobe, RML = Right middle lobe, RLL = Right lower lobe, LUL = Left upper lobe,
LLL = Left lower lobe, %LAA = Percentage low-attenuation areas less than -950 HU, Pi10 =
Square root of bronchial wall area for a “theoretical airway” with an internal perimeter of 10 mm

Figure 4.8: Coronal co-registered HP 12°Xe-MR ventilation imaging (red)

and proton MRI acquired from OXF0068. Co-registration to proton MRI

enables the lung boundaries to be defined.
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OXF0068 HP 12°Xe-MR ventilation imaging

Figure 4.9: 3-D lobar HP 12°Xe-MR ventilation imaging from OXF0068.
Images show patchy heterogeneous ventilation signal throughout the lungs with

ventilation defects more pronounced in the right lung.

Figure 4.10: Non-rigid co-registration of HP 129Xe-MR diffusion-weighted

imaging and QCT from OXF0068. QCT enables definition of the lobar
boundaries (pulmonary fissures) to allow lobar quantification of HP 129Xe-MR

ADC values.
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OXF0068 HP 12°Xe-MR diffusion-weighted imaging

Figure 4.11: 3-D lobar HP 129Xe-MR diffusion-weighted imaging from
OXF0068. There is increased signal intensity in the posterior right lower lobe

(cyan) corresponding to higher ADC values and increased emphysema.

OXF0068 NM-Q SPECT/CT

Figure 4.12: Selected NM-Q SPECT/CT images from OXF0068. Images are in
the i) coronal, ii) sagittal and iii) axial plane and demonstrate relatively

homogeneous perfusion signal in all pulmonary lobes.
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Figure 4.13: QCT-derived emphysema (% LAA) from COPD patient
OXF0068. Red areas correspond to regions with attenuation less than -950 HU.

Images show mild emphysematous changes only.
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4.5.3 Data analysis from COPD patient OXF0069

Table 4.5: Lobar imaging parameters acquired from OXF0069

Imaging parameter Pulmonary lobe

RUL RML RLL LUL LLL
HP 129Xe-MRI % ventilated volume 51.44 | 9096 | 87.12 | 50.83 | 95.24
HP 129Xe-MRIgr % ventilated volume 32.77 | 63.82 | 7296 | 54.03 | 90.12
HP 129Xe-MRI ADC (cm?sec!) 0.073 | 0.058 | 0.066 | 0.086 | 0.058
QCT-derived % LAA 54.9 19.4 25.1 61.9 8.1
QCT-derived Pi10 (mm) 7.5 11.1 6.2 5.8 5.8
NM-Q SPECT relative % perfusion 1 9.2 30.3 29.4 30
R Repeat HP 129Xe-MRI measures to evaluate reproducibility

RUL = Right upper lobe, RML = Right middle lobe, RLL = Right lower lobe, LUL = Left upper lobe,
LLL = Left lower lobe, %LAA = Percentage low-attenuation areas less than -950 HU, Pi10 =
Square root of bronchial wall area for a “theoretical airway” with an internal perimeter of 10 mm

Figure 4.14: Coronal co-registered HP 129Xe-MR ventilation imaging (red)

and proton MRI from OXF0069. Co-registration to proton MRI enables the lung
boundaries to be defined which is particularly important in the upper lobes

where large HP 129Xe-MR ventilation defects are present.

147



Chapter 4: Lobar analysis of HP *Xe-MRI in COPD

OXF0069 HP 12°Xe-MR ventilation imaging
m é I |

Figure 4.15: 3-D lobar HP 129Xe-MR ventilation imaging from OXF0069.

Images demonstrate large ventilation defects in the right upper (blue) and left

upper (pink) lobes.

OXF0069 HP 12°Xe-MR diffusion-weighted imaging

Figure 4.16: 3-D lobar HP 129Xe-MR diffusion-weighted imaging in

OXF0069. There is increased signal intensity in the left upper (pink) lobe
corresponding to higher ADC values and relative increased emphysema

compared to other lobes.
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OXF0069 NM-Q SPECT/CT

Figure 4.17: Selected NM-Q SPECT/CT images acquired from OXF0069.
Images are in the i) coronal, ii) sagittal and iii) axial plane and show perfusion

limited predominantly to the lower lobes.
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Figure 4.18: QCT-derived emphysema (% LAA) for patient OXF0069. Red
areas correspond to regions with attenuation less than -950 HU. Images show

severe upper lobe predominant emphysema.

Lobar HP 129Xe-MRI percentage ventilated volume and lobar HP 129Xe-MRI
average ADC showed correlation with lobar QCT-derived %LAA (r=-0.32,
p<0.001 and r=0.75, p<0.0001 respectively)[Figure 4.19]. There was no
correlation between lobar HP 129Xe-MRI parameters and lobar QCT Pi10 [Table

4.6].
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Figure 4.19: Scatter plots to show the correlation between lobar imaging
parameters. a) Linear correlation between HP 129Xe-MR ventilated volume (%)
and percentage low-attenuation areas less than -950 HU (%LAA) per pulmonary
lobe. b) Linear correlation between HP 129Xe-MR average ADC and %LAA per

pulmonary lobe.
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Table 4.6: Pearson’s correlation of HP 12°Xe-MRI and QCT lobar imaging

parameters

HP 129Xe-MRI
ventilated volume (%)

Pearson’s correlation
coefficient (r=)

HP 129Xe-MRI average
ADC (cm?sec-1) §

QCT-derived %LAA -0.32 (p=0.00061)* 0.75 (p=7.71 x 10-20)*

QCT-derived Pi10 (mm) -0.086 (p=0.38) -0.051 (p=0.61)

€ Data available for n=21

* Statistically significant p value

ADC = Apparent diffusion coefficient, %LAA = Percentage low-attenuation areas less than -950
HU, Pi10 = Square root of bronchial wall area for a “theoretical airway” with an internal
perimeter of 10 mm

NM-Q SPECT relative percentage perfusion showed correlation with HP 129Xe-
MRI relative % ventilated volume [Figure 4.5], QCT-derived relative % LAA and
QCT derived Pi10 [Table 4.7].

Table 4.7: Pearson’s correlation of NM-Q SPECT lobar relative percentage

perfusion with HP 129Xe-MRI and QCT lobar measures

Pearson’s HP 129Xe-MRI HP 129Xe- QCT- QCT-derived
correlation (relative % MRI derived Pi10 (mm)
coefficient (r=) ventilated average (relative
volume) ADC %LAA)
(cm?sec)
NM-Q SPECT¢ 0.67 0.16 0.41 -0.25
(relative % (p=7.99 x10-3)* | (p=0.13) (p=6.17 x (p=0.019)*
perfusion) 10-5)*
& Data available for n=18
* Statistically significant p value

ADC = Apparent diffusion coefficient, %LAA = Percentage low-attenuation areas less than -950
HU, Pi10 = Square root of bronchial wall area for a “theoretical airway” with an internal

perimeter of 10 mm
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Relationship between lobar NM-Q SPECT and HP
129Xe-MR ventilation measures
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Figure 4.20: Scatter plot to show correlation between NM-Q SPECT relative
percentage perfusion and HP 129Xe-MR relative percentage ventilated

volume.

Descriptive statistics for HP 129Xe-MRI and QCT-derived metrics according to

pulmonary lobe are provided in Table 4.8.
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Table 4.8: Descriptive statistics of imaging parameters according to

pulmonary lobe
Parameter Pulmonary lobe
RUL RML RLL LUL LLL
HP 129Xe-MRI 74.81 85.52 79.06 76.88 80.67
ventilated (13.94) (11.25) (19.59) (15.51) (13.29)
volume (%)
HP 129Xe-MRI 0.050 0.045 0.047 0.050 0.045
average ADC (0.014) (0.011) (0.013) (0.015) (0.013)
(cm?sec1)&
QCT-derived 6.62 7.06 4.05 6.90 3.20
%LAA (0.84/21.89) | (0.50/12.03) | (0.45/11.81) | (1.11/15.87) | (0.41/9.3)
QCT-derived 6.17 (0.92) | 6.82(2.06) 6.42 (1.14) 6.04 (0.96) 5.84 (0.97)
Pil10

If not otherwise stated, the figures are mean (SD)

& Data only available for n=21

RUL = Right upper lobe, RML = Right middle lobe, RLL = Right lower lobe, LUL = Left upper lobe,
LLL = Left lower lobe, %LAA = Percentage low-attenuation areas less than -950 HU, Pi10 =
Square root of bronchial wall area for a “theoretical airway” with an internal perimeter of 10 mm

Whole lung HP 129Xe-MRI average ADC showed moderate correlation with PFTs:
percentage predicted TLCO (r=-0.61, p<0.005) and percentage predicted FRC
(r=0.47, p<0.05). Whole lung QCT-derived %LAA showed a similar correlation
with percentage predicted TLCO (r=-0.65, p<0.005) and near statistically
significant correlation with percentage predicted FRC (r=0.39, p=0.07). There
was poor correlation between whole lung HP 12°Xe-MRI percentage ventilated
volume and PFTs [Table 4.9]. There was similar weak correlation between whole
lung QCT-derived Pi10 and PFTs (r=-0.34-0.24, p=0.13 - 0.86, Table 4.9). There
was no correlation between any imaging parameters and spirometric indices

(r=-0.37-0.24, p=0.092 - 0.29, Table 4.9).

A trend towards correlation between whole lung HP 129Xe-MRI ventilated
volume percentage and dyspnoea-12 questionnaire scores (r=-0.41, p=0.057)

reaching near statistical significance was demonstrated. In contrast, there was
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no correlation between dyspnoea-12 scores and spirometry (r=-0.19 - -0.28,

p=0.21-0.39). Regarding PFTs; dyspneoa-12 scores showed significant

correlation with RV/TLC (r=0.47, p=0.027) but not with FRC (r=0.14, p=0.54) or

TLCO (r=-0.042, p=0.85).

Table 4.9: Pearson’s correlation of whole lung imaging parameters,

pulmonary function tests and dyspnoea-12 questionnaire scores

Pearson’s HP 129Xe- HP 129Xe-MRI QCT- QCT-
correlation MRI average ADC derived derived
coefficient (r=) ventilated (cm?2sec1)g %LAA Pi10
volume (%) (mm)
FEV1 (L, % 0.082 -0.15 -0.20 0.24
predicted (p=0.72) (p=0.51) (p=0.37) (p=0.29)
FEV1/FVC (%) 0.097 -0.37 -0.22 0.040
(p=0.67) (p=0.092) (p=0.32) (p=0.86)
RV/TLC (%) -0.12 -0.094 -0.052 -0.27
(p=0.59) (p=0.68) (p=0.82) (p=0.23)
FRC (% predicted) 0.11 0.47 0.39 -0.34
(p=0.64) (p=0.026)* (p=0.072) (p=0.13)
TLCO 0.14 -0.61 -0.65 0.13
(mmol/min/KkPa, (p=0.52) (p=0.0024)* | (p=0.0012)* | (p=0.56)
% predicted)
Dyspnoea-12 -0.41 -0.12 -0.20 0.10
score (p=0.057) (p=0.59) (p=0.37) (p=0.66)
& Data only available for n=21
* Statistically significant p value

The Bland Altman agreement plot [Figure 4.21] for repeated lobar HP 12°Xe-MR

ventilation imaging shows a difference of up to 25% between repeated

ventilated volume percentage measures. The variability of data points around

the bias line appears relatively consistent with increasing mean lobar HP 129Xe-

MR ventilated volume percentage measurements.

The Bland Altman agreement plot [Figure 4.22] for repeated lobar HP 12°Xe-MR

average ADC values shows that the majority of differences between repeated
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measures lie below the mean absolute difference. The difference between

repeated HP 129Xe-MRI ADC values may be up to 0.04 cm?secl.

The mean absolute difference is above zero for both repeated lobar HP 129Xe-MR
ventilated volume percentage measurements and average ADC values indicating
a consistent difference between repeated and baseline lobar HP 129Xe-MRI

measures and potential systematic error relating to the imaging technique itself.

Reproducibility statistics are shown in Table 4.10.
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Figure 4.21: Bland Altman agreement plot to show reproducibility of lobar
HP 129Xe-MR ventilated volume (%) generated using automated PTK
analysis tool. The solid line indicates mean absolute difference. Two outer
dashed lines represent 95% confidence interval of the mean difference (limits of

agreement).
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Figure 4.22: Bland Altman agreement plot to show reproducibility of lobar

HP 129Xe-MR average ADC (cm?sec1) generated using automated PTK

analysis tool. The solid line indicates mean absolute difference. Two outer

dashed lines represent 95% confidence interval of the mean difference (limits of

agreement).

Table 4.10: Reproducibility statistics of lobar HP 129Xe-MR ventilated

volume percentage and average ADC calculated from paired HP 12°Xe-MR

ventilation and diffusion-weighted imaging

Imaging parameter | Mean * Mean Difference* | Coefficient of
Standard repeatability
Deviation

Lobar HP 129Xe-MRI 77.12%£16.55 5.63 18.06

ventilated volume (-12.43-23.69)

(%)*

Lobar HP 129Xe-MR 0.042+0.013 0.0087 0.028

average ADC (-0.019-0.036)

(cm?sec1)8

* Data in parentheses are 95% limits of agreement, ¥ Data available from n=11,§ Data available

from n=10
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4.6 Discussion

4.6.1 HP '*Xe-MRI measures are successfully quantified

according to pulmonary lobes

This chapter has generated lobar measurements of ventilation and ADC using HP
129X e-MRI and demonstrated moderate correlation with lobar lung anatomy
(QCT) and global functional transfer capability (TLCO). Although previous
studies have shown the feasibility of hyperpolarised gas imaging to determine
global functional parameters of the lung, translation of this technique from
academic to routine clinical application has been limited to date. Accurate lobar
quantification of HP 129Xe-MRI is particularly relevant to the field of respiratory
medicine with emerging regional treatments not adequately assessed by
standard whole lung methods. These HP 129Xe-MRI lobar analyses offer the
potential for improved description of COPD regional functional heterogeneity
and assessment for regional treatments such as LVRS or endobronchial valve
placement. Unlike CT and NM-Q SPECT, HP 12°Xe-MRI does not involve exposure
to ionising radiation and may therefore be performed repeatedly, potentially
immediately after an intervention to determine its efficacy. This may allow early
treatment modifications or enable clinicians to inform patients regarding the

likely success of their intervention in real-time.

The feasibility of regional ventilation including lobar measures using HP 3He-
MRI in healthy volunteers and subjects with asthma has been reported(339, 340)

but lobar ventilation and ADC measures using HP 129Xe-MRI have not been
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previously determined. This study has derived HP 129Xe-MR ventilation and ADC
per lobe following automated non-rigid registration to proton MRI and QCT. The
software used to generate lobar HP 129Xe-MRI measures has a GUI offering the
potential for incorporation into the clinical workflow and providing external
validity for use in other respiratory centres. Furthermore lobar HP 129Xe-MRI
measures could evaluate treatment effects in other obstructive diseases, for
example, lobar HP 129Xe-MRI ADC values in patients with ai-antitrypsin
deficiency and lobar HP 129Xe-MRI ventilated volume percentage in asthma. This
work may enable stratification of patients according to disease severity and
COPD phenotype. Lobar HP 129Xe-MRI may also help determine patient

suitability for specific regional pulmonary treatments.

4.6.2 Lobar HP '*Xe-MRI measures are reproducible

The reproducibility of generated lobar HP 129Xe-MRI measurements was
confirmed by Bland Altman analyses. Agreement plots [Figure 4.21 and 4.22]
showed that the majority of differences between repeated lobar HP 129Xe-MR
percentage ventilated volume measurements and lobar HP 12°Xe-MR average
ADC values lie within 95% limits of agreement. Review of the outlier data
suggests despite radiographer training and coaching, small differences in lung
inflation volume occurred during image acquisition leading to imperfect co-
registration between HP 129Xe-MRI, proton MRI and QCT in these cases. Variation
in lung volumes during separate acquisition of MRI and QCT remains a
recognised limitation of the method presented, although the non-rigid co-

registration algorithm used adjusts for this.
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4.6.3 Lobar HP *°Xe-MRI correlates with QCT-derived

emphysema

The lobar percentage ventilated volumes and average lobar ADC values as
assessed by HP 129Xe-MRI significantly correlated with QCT-derived emphysema
(r=-0.32, p<0.05, r=0.75, p<0.01). These findings are consistent with Kirby et
al.(308) who investigated HP 3He-MR and HP 129Xe-MR ventilation imaging in ten
subjects with COPD and demonstrated significant correlation between regions of
decreased HP 129Xe-MRI ventilation with QCT-derived emphysema but not QCT
airway wall measurement. Significant correlation between HP 3He-MRI ADC and
QCT-derived emphysema has been similarly reported(306). The relationship
between whole lung HP 129Xe-MRI ADC and QCT-derived emphysema in healthy
volunteers and COPD subjects has also been demonstrated(310). The results
confirm these findings and extend the correlation already demonstrated

between HP 129Xe-MRI and QCT on a lobar level.

4.6.4 HP ***Xe-MRI ADC values are higher in patients with

COPD compared with healthy volunteers

The whole lung mean ADC values from the study population [Table 4.2] are
consistent with those of Kaushik et al. who reported a mean ADC of 0.056 *
0.008 cm?sec! for COPD subjects with emphysema(146). Moreover, the whole
lung mean ADC value obtained from patients with COPD is much higher than that

established for healthy volunteers (0.028 + 0.007 cm?sec!) detailed in Section
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3.5 [Table 3.4]. The increased ADC values obtained in COPD are expected, since
they relate to emphysematous tissue destruction and have been previously
observed with both HP 3He-MRI and HP 129Xe-MRI(146, 310) and reported to be
significantly higher to those obtained in healthy volunteers(146). These data
confirm that elevated mean HP 129Xe-MRI ADC values indicate the presence of

emphysema and can therefore differentiate COPD from healthy lung tissue.

4.6.5 Lobar HP *°Xe-MRI ventilation correlates with NM-Q

SPECT lobar perfusion

Lobar HP 129Xe-MRI relative percentage ventilated volume showed significant
correlation with NM-Q SPECT lobar relative percentage perfusion (r=0.67,
p=7.99 x 10-13). Confirming a relationship with NM-Q, the conventional imaging
modality for lung function assessment provides evidence to validate HP 129Xe-
MRI. These data are consistent with a previous study reporting good correlation
between HP 3He-MR ventilation imaging and NM-V SPECT using the radiotracer
8ImKr(103). Four patients declined NM-Q SPECT, primarily due to the length
required to lie still on the scanner table for image acquisition i.e. 20 minutes.
Taking image acquisition time into account, HP 129Xe-MRI would seem more
appealing to patients, since images are acquired within a breath-hold, therefore

requiring minimal time on the MRI scanner table.
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4.6.6 Whole lung HP'**’Xe-MRI ADC correlates with TLCO and

FRC

Whole lung mean ADC values obtained from patients with COPD correlated with
TLCO percentage predicted and FRC percentage predicted. Whole lung QCT-
derived emphysema showed a similar correlation with TLCO providing evidence
that HP 129Xe-MRI ADC measurements accurately reflect emphysematous
destruction of the pulmonary microstructure. The relationship between
hyperpolarised gas MRI ADC values and TLCO is established in asymptomatic
smokers(177) and subjects with COPD(306, 330). Previous investigation of 53
ex-smokers, including subjects with and without COPD, showed significant
correlation between HP 3He-MRI ADC and QCT-derived emphysema with TLCO
(r=-0.55, p<0.0001, r=-0.31, p=0.03 respectively)(318), in keeping with the

presented results.

4.6.7 HP '*Xe-MRI does not correlate with spirometry

Spirometric indices did not correlate with HP 129Xe-MRI. A possible explanation
may be that HP 129Xe-MRI provides regional measurements of lung function,
accounts for disease heterogeneity and can be easily acquired at the same lung
volume for all patients i.e. FRC+1 L 129Xe gas. In contrast, spirometry alone,
provides a global measure of lung function and depends on external factors
including patient effort, which may confound results. There are conflicting
reports within the literature regarding the relationship between hyperpolarised

gas imaging and spirometry. Woodhouse et al. showed no relationship between
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HP 3He-MR ventilation imaging and spirometry (309). Other investigators have
reported a significant correlation between spirometry and HP 3He-MRI
VDP(307) and with HP 129Xe-MRI VDP(310). Similarly, contrasting significant
correlation(169) and weak associations(307) between HP 3He-MRI ADC and
spirometry are published within the literature. These discrepant results may be
explained by the relatively small sample sizes included, the varying patient
disease severity and non-standardised analysis methods ranging from manual to

semi-automated segmentation.

4.6.8 Whole lung HP '*’Xe-MRI ventilation demonstrates a
trend towards correlation with dyspnoea-12

questionnaires

The correlation found between whole lung HP 129Xe-MRI ventilated volume
percentage and dyspnoea-12 questionnaire scores reached near statistical
significance (r=-0.41, p=0.057). In contrast, poor correlation was observed
between dyspnoea-12 scores and spirometry (r=-0.19 - -0.28, p=0.21-0.39).
These data suggest that HP 12Xe-MRI may have a stronger relationship with
patient functional outcomes than spirometry, specifically the dyspneoa-12
questionnaire that captures both “physical” and “affective” aspects of

breathlessness.
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4.6.9 QCT-derived airway measurements do not correlate with

other imaging or PFTs

QCT-derived Pi10 did not correlate with other imaging parameters or
spirometry in the cohort studied. The small peripheral airways less than 2 mm in
diameter are attributed to the site of airflow limitation in COPD but are not
readily resolved on CT. Previous pathology studies have shown that the disease
process occurring in COPD affects both large and small airways, and as such
measurements of large airways on QCT could reflect the state of small
airways(341). Nakano et al. supported this hypothesis by showing correlation of
QCT-derived airway dimensions of the upper lobe segmental bronchus with
spirometry(342) and histology(343). However, it has been reported that
emphysema weakens the relationship between FEV1 and QCT-derived peripheral
airway wall measurements(344). Emphysema may cause a loss of airway
tethering, attenuating peripheral airway dilatation during inspiration(345) and
subsequently reducing the accuracy of QCT-derived airway wall measurements.
[t is plausible that Pi10, a measure derived from predominantly larger airways
may not accurately reflect the smaller peripheral airways in the presence of
emphysema, explaining why this parameter did not correlate with spirometry or
HP 129Xe-MRI in the cohort. Furthermore, evaluation of over 4000 smokers with
and without COPD showed poor correlation of Pi10 with spirometry and QCT-

derived emphysema(346) consistent with the current findings.
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4.6.10 Limitations

There are a number of limitations of the presented work. Despite the relatively
small sample size, the study cohort included subjects that comprise the majority
of clinically relevant COPD cases (GOLD stage II-1V). Future work should include
patients with milder COPD (GOLD I) to identify lobar abnormalities for early
stage disease. The proton MRI, HP 12°Xe-MR ventilation and ADC images and QCT
were acquired during separate breath-holds. Despite acquisition of all images
following inhalation of 1 L from FRC, potential lung volume differences may have
arisen as a result of subjects varying the amount of air exhaled to achieve FRC
before inhalation for each breath-hold. Potential lung volume differences and
body movement may have affected accurate image registration, although the
non-rigid multi-modal registration performed by PTK corrects for this. The
requirement for co-registration might be reduced in future studies by
simultaneous acquisition of proton MRI and HP 129Xe-MRI during a single breath-
hold(347). The software employed for image data analysis (PTK) is open source
and not currently available commercially. Further optimisation of the software is
required before integration into the clinical workflow is possible. Another
limitation of the study is that no comparison between HP 12°Xe-MRI and other
emerging functional lung imaging techniques was made, for example with

oxygen-enhanced MRI and 1°F -MRL

4.6.11 Future work

Future work should extend the lobar HP 12°Xe-MRI data analyses to incorporate

recently described whole lung HP 129Xe-MR ventilation image analysis
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modifications i.e. including a bias field correction for the inhomogeneous B; field
produced by the flexible vest coil(305). A “vesselness” filter should also be used
to remove pulmonary vasculature, which can cause 12Xe signal voids and be
misinterpreted as ventilation defects(305). There is potential for the lobar
analysis method to be further optimised from binary 12°Xe signal segmentation
to a complete comprehensive scale accounting for all 129Xe signal levels. This
would be a further improvement on previously employed clusters/bins(305,

334) to fully characterise all the information contained on a HP 129Xe-MR image.

4.6.12 Conclusion

In conclusion, lobar measures of HP 129Xe-MR ventilation and diffusion-weighted
imaging have been derived using automated non-rigid co-registration and shown
to correlate with lobar lung anatomy (QCT) and global functional transfer
capability (TLCO). Future work is needed to determine if lobar HP 129Xe-MRI
ventilation and ADC provide an improved method for selecting patients for
regional lung treatments, and whether it offers new insights into efficacy of
regional lung treatment in patients with COPD or other obstructive lung

diseases.
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5 Chapter 5: Assessment of delayed

ventilation with HP **’Xe-MRI

5.1 Background

5.1.1 Emphysema

COPD is characterised by progressive airflow limitation caused by a combination
of small airways disease (obstructive bronchiolitis) and parenchymal

destruction (emphysema).

Emphysema is the abnormal, permanent enlargement of airspaces distal to the
terminal bronchioles with associated destruction of walls and loss of elastic
connective tissue. This causes a reduced area for gas exchange and lung elastic
recoil. Collapsed airways during expiration result in increased airflow resistance
and dynamic hyperinflation. Chest wall compliance and respiratory muscle
function is reduced causing increased work of breathing and consequent
symptoms of dyspnoea, decreased exercise capacity and poorer quality of life

experienced by patients(8, 348-351).

Emphysema is a component of COPD that can be effectively treated with lung
volume reduction therapy (LVRT) in selected patients. LVRT can be performed
via a surgical or bronchoscopic approach and aims to reduce the residual volume

(RV) through resection or induced collapse of hyperinflated regions of the lung.
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Reduction of RV improves the RV: total lung capacity ratio (TLC) and aims to
restore elastic recoil and radial traction on the terminal bronchioles, thereby

improving lung function and chest wall mechanics(352-354).

5.1.2 Collateral ventilation

Three levels of collateral ventilation have been previously described in human
lungs: 5-15 pm pores of Kohn(355, 356), 30 pm alveolar ducts described by
Lambert(357) and accessory communication between terminal bronchioles
described by Martin(358). The importance of collateral ventilation in the
healthy lung is negligible since resistance to airflow is much higher in the
collateral pathways than the normal branching airways(359, 360). However, in
the presence of emphysema, collateral pathways are often low resistance
channels partly due to the additional destruction of barriers between pulmonary
lobes. In some emphysematous lung regions, these lower resistance collateral
pathways encourage preferential airflow rather than via the normal branching
airways(359-361). This may be a beneficial physiological response to improve
gas exchange in respiratory diseases such as emphysema, bronchiectasis and
bronchiolitis obliterans. Collateral ventilation may also be advantageous in
airway bypass treatment(362) but it prevents collapse of the target lobe in
LVRT(363) due to backfilling ventilation and is therefore a cause for treatment

failure.
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5.1.3 Lung volume reduction therapy (LVRT)

5.1.3.1 Lung volume reduction surgery (LVRS)

The surgical procedure of resecting emphysematous lung to reduce residual
volume was initially proposed by Brantigan in 1956(364). Cooper et
al.(365)reintroduced lung volume reduction surgery (LVRS) in 1995 inspiring

renewed interest in the technique amongst the surgical community.

LVRS has been shown to provide benefit in terms of lung function, exercise
capacity, oxygen therapy requirement(365-369) and quality of life(370).

Durable effects of up to 5 years following surgery have been reported(366, 371).
However the procedure is associated with significant mortality and
morbidity(372, 373). The 90-day mortality is reported to be 4% even when LVRS

is performed by the most experienced surgeons(371).

The National Emphysema Treatment Trial (NETT), a randomised controlled trial
(RCT) comparing LVRS with best medical therapy, identified specific high-risk
patients. Subjects with FEV1 less than 20% of predicted and either homogeneous
emphysema or DLCO less than 20% of predicted showed a 90-day mortality rate
of 28% and were subsequently defined as candidates who should not be offered
surgery (373). Following post-hoc subgroup analysis, it was concluded that the
functional and physiological benefits from LVRS occurred in stringently selected

patients with predominant upper lobe disease and poor exercise capacity(374).
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The controversy surrounding the significant costs, and the associated mortality
and morbidity of LVRS has encouraged the development of less invasive
bronchoscopic techniques to induce lung volume reduction, as a therapeutic

alternative for non-surgical candidates.

5.1.3.2 Endobronchial valve placement

Several less invasive bronchoscopic techniques ranging from airway bypass,
endoscopic sealant, steam and lung volume reduction coils(375-380) have been
developed to simulate the effects of LVRS but without the associated morbidity
and mortality risk. Of these creative interventional bronchoscopy techniques,
endobronchial valve placement has emerged as the leading treatment with the

largest evidence base(381, 382).

One-way endobronchial valves reduce the flow of air into the treated lobe during
inspiration but allow secretions and air to be expelled from the region during
expiration. With effective isolation of the treated lobe, progressive expiration
results in shrinkage of the lobar volume and eventual complete collapse. The
reduction of lung volume improves the elastic recoil of the lung and chest wall
dynamics. Even in the absence of collapse, some clinical benefit has been
suggested to occur due to redirection of airflow away from more damaged

bullous lung to less damaged lung regions(382).

Improved lung function was initially demonstrated in proof-of-principle case

series, particularly in patients with endobronchial valve induced atelectasis(363,
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383). Other positive benefits demonstrated following successful volume
reduction included reduced chest-wall asynchrony(384), increased exercise

capacity and reduction in the work of breathing(385).

The Endobronchial Valve for Emphysema Palliation Trial (VENT) was the main
RCT conducted in the USA and Europe to evaluate safety and effectiveness of
endobrochial valves compared with optimal medical management(386). There
was statistically significant but clinically modest improvement in lung function,
exercise capacity and symptoms in patients(386, 387). Moreover, the observed
benefits of valves were associated with a higher risk of complications compared
with medical therapy, which was most commonly exacerbation of COPD(386,
387). Despite this, the safety profile of endobronchial valves has been reported
to be considerably more acceptable when compared to LVRS(386-390).
Subsequent post-hoc analysis of the VENT data indicated that greater
emphysema heterogeneity and intact interlobar fissures were potential
predictors for clinically important functional and physiological response to
endobronchial valve treatment. Improved outcomes in subjects with
heterogeneous emphysema and a target lobe with intact interlobar fissures were
confirmed in a recent double-blind sham-controlled trial for endobronchial valve

treatment (the BeLieVeR-HIFi study)(391).

The long-term benefit(392) and improved survival following successful

endobronchial valve therapy(393) have been previously reported.
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Currently, potential LVRT subjects are assessed for the presence of collateral
ventilation either indirectly with computed tomography (CT) or directly via a
commercially available bronchoscopic system, the Chartis system

(Pulmonx) (394, 395).

5.1.4 The Chartis system (Pulmonx)

The Chartis system is a commercially available tool to measure collateral
ventilation during bronchoscopy. A balloon catheter is inserted into the selected
airway for endobronchial valve placement. The balloon is then inflated to
effectively isolate the target lobe where complete collapse aims to be induced.
Expiratory airflow and pressure is measured through sensors in the Chartis
console. A gradual decline in expiratory airflow after balloon occlusion indicates
the absence of collateral ventilation, whereas persistence of flow suggests the

presence of significant collateral ventilation.

The Chartis system showed 75% accuracy in the prediction of response to

endobronchial valve placement(396) but is associated with disadvantages

including: -

1. Low tolerance e.g. excessive coughing

2. Incorrect positioning of the catheter (operator dependent)

3. Presence of mucus blockages preventing assessment

4. False-negative collateral-ventilation results due to airway collapse associated
with short duration of evaluation and reduced total exhaled volume(395,

397)
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A failure rate of up to 16% has been reported in subjects that cannot be

evaluated with the Chartis system(395).

5.1.5 Fissure integrity on CT

Although interlobar fissure integrity has been proposed as a surrogate for
collateral ventilation and therefore predictor of successful LVRT outcome(386,
387), there are conflicting reports regarding the accuracy of CT fissure
assessment. Interlobar fissure completeness is defined as having >90% fissure
present on high resolution CT (HRCT) in at least one image plane. There are
reports that CT tends to overestimate the integrity of fissures(398) and there is
no correlation between collateral ventilation and interlobar fissure
completeness on histology(399). Despite this, HRCT has been found to be equally
effective as Chartis for prediction of response to endobronchial valve
treatment(400). In contrast, fissure integrity has been reported to have no

influence on outcome to LVRT using a polymer sealant(401).

Subjects have been reported to show significant collateral ventilation with
Chartis despite intact interlobar fissures on CT and subsequent reduced
response to endobronchial valve treatment(391). These data highlight the
potential pitfall of employing CT fissure analysis alone as surrogate for collateral

ventilation.

In a recent retrospective study, multiple QCT predictors of response to

endobronchial valve placement were compared with the Chartis system. The
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QCT model including measurements of fissure integrity, low attenuation clusters
in the treated lobe and volumetric percentage of smallest vessels detected,
provided comparable accuracy with Chartis(402). This study suggests that a
multi-dimensional QCT model may provide an improved surrogate for collateral

ventilation than CT analysis of fissure integrity alone.

Automated computer-based methods for fissure integrity assessment have been
described(403) which can provide more robust and reproducible quantification
but require specific expensive software not readily available in most LVRT

centres.

5.1.6 Imaging delayed and collateral ventilation

Hogg et al. initially showed potential collateral ventilation in excised human
lungs(359). Rosenberg and Lyons demonstrated interlobar collateral ventilation
in five excised lungs with emphysema and pneumonia. Radioactive 133Xe studies
on the lung preparations showed activity in the lower lobe following
administration of the tracer into the upper lobe suggesting the presence of

collateral ventilation(404).

Collateral ventilation has been observed in animal and human studies using 133Xe
scintigraphy(405, 406) and xenon-enhanced dynamic dual-energy CT(407-410).
However, these techniques incur exposure to ionising radiation and monitor the
wash-in and wash-out of tracer gas over multiple breathing cycles. 133Xe

ventilation scintigraphy pre- and post- endoscopic placement of bronchial
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prostheses in subjects with emphysema demonstrated delayed, persistent tracer
wash-in into target upper lobes and accelerated wash-out from untreated lower
lobes. The most likely explanation for the observed trend was reported as
diffusion of 133Xe into the upper lobes through interlobar collateral

pathways(405).

5.1.7 HP *He-MR delayed ventilation imaging

There is a need for alternative non-invasive functional imaging methods to
directly visualise collateral ventilation as the Chartis system is highly invasive.
Furthermore, CT provides no functional information and identification of
interlobar fissures in subjects with grossly distorted lung architecture can prove

challenging but more importantly does not always correlate with LVRT response.

Hyperpolarised noble gas MR imaging has emerged as a promising technique to
evaluate delayed ventilation. It offers the advantage of enabling assessment of
gas diffusion to comprehensively evaluate both distribution of emphysema and
delayed ventilation. Previous investigation has successfully demonstrated
delayed ventilation in 8 COPD subjects using HP 3He-MRI(411). The lower atomic
mass of 3He in air lends to increased diffusivity and potentially faster
observation of delayed ventilation. In contrast, 129Xe has a lower diffusivity and
has not been previously employed for visualising delayed/collateral ventilation.
[t is therefore important to ensure that delayed ventilation can be imaged using
HP 129Xe-MR within a realistic single breath-hold time (~20 seconds) easily

tolerated by patients.
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Long range diffusion measurements with HP 3He MRI may indicate that collateral
ventilation is taking place(412, 413). Long-range ADC values are dependent on
the lung structure at the acinar level and influenced by the passage of
hyperpolarised gas through the peripheral airways. A high long-range ADC
implies the presence of collateral ventilation since the hyperpolarised gas has
diffused more quickly, taking a short circuit or bypassing the normal healthy
airways(414-416). However, the measurement of long-range ADC does not

provide direct visual evidence that collateral ventilation is actually taking place.

5.2 Hypothesis

This chapter will test the hypothesis that time-resolved single breath-hold HP
129X e-MR ventilation is feasible and can demonstrate delayed ventilation in

subjects with COPD.

5.3 Aims

The aim of this chapter is to extend the static HP 12°Xe-MR ventilation sequence
optimised in healthy volunteers and patients with COPD, in the previous
chapters, to dynamic time-resolved HP 129Xe-MR ventilation imaging. Specific

aims are to: -

1. Determine the feasibility of time-resolved single breath-hold HP 129Xe-MR

ventilation imaging
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2. Demonstrate delayed ventilation on a lobar basis in subjects with COPD using
the new time-resolved HP 129Xe-MR ventilation sequence

3. Determine the association between collateral ventilation predicted by CT
fissure completeness and delayed ventilation observed with HP 129Xe-MRI

4. Compare pulmonary lobes demonstrating delayed ventilation on HP 129Xe-
MRI with co-registered CT and NM-V images

5. Provide proof-of-principle that time-resolved HP 129Xe-MR ventilation

imaging could be further investigated in patients undergoing LVRT.

5.4 Materials and Methods

5.4.1 Subjects

The study was approved by the NRES South Central Committee (Berkshire) [REC
reference 11/SC/0488] and written informed consent was obtained from study

participants.

Thirteen patients diagnosed with COPD were prospectively enrolled between
November 2014 and June 2015 from a tertiary referral centre with the following
inclusion criteria: -
e Atleast mild disease (stage II-IV on GOLD criteria classification,
FEV1<80% predicted and FEV1/ FVC <70%)
¢ Significant smoking history (>15 pack years)

e Over the age of 18-years-old and able to give informed consent.
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Study exclusion criteria included the presence of co-existent cardio-pulmonary
disease that predominated over COPD and might confound result interpretation
(e.g. asthma, bronchiectasis, cystic fibrosis, lung cancer, uncontrolled heart
failure, frequent unstable angina, respiratory muscle weakness). The study

protocol is appended [Appendix 6].

The study population included nine males and four females [Table 5.1]. The
meanzstandard deviation and range of age in all participants was 67.4+9.0 years
(52-84 years); in males, 68.4+9.6 years (52-84 years); and in females, 65.0+7.2
years (56-74 years). A Student’s t-test was performed and showed no significant

difference in age at baseline between males and females (p=0.57).

5.4.2 Study measures

Participants completed multi-modality imaging during a single study visit,
including HP 129Xe-MRI and combined nuclear medicine ventilation and
computed tomography (NM-V SPECT/CT) [Section 2.8.1]. Two HP 129Xe-MR
sequences were acquired in each patient during the same scanning session: -

1. Static HP 129Xe-MR ventilation imaging [Section 2.6.1]

2. Time-resolved 29Xe-MR ventilation imaging [Section 2.6.3].
Details of the 12°Xe gas polarisation procedures, HP 12°Xe-MR sequences and NM-

V SPECT/CT are provided in Section 2.

Study measures were completed during disease stability as defined by

participants remaining exacerbation free for at least 4-weeks with no change to
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their regular medications prior to completion of imaging and PFTs. Imaging was

analysed blinded to clinical data and PFTs.

5.4.3 MRI analysis

Analysis of time-resolved HP 129Xe-MR ventilation data was performed using
PTK. Full details regarding the segmentation of pulmonary lobes on CT and non-
rigid registration to proton and HP 12°Xe-MR by PTK is provided in Section 2.6.6.
In brief, PTK performed automated non-rigid registration of corresponding CT
and proton MR data to compute lobar masks, which were then used to establish
the ventilation level (signal intensity) per pulmonary lobe on HP 129Xe-MR for
each time point. HP 12°Xe signal decay due to the imaging procedure and natural
T; relaxation processes were accounted for by normalisation of images at each

time point using a region of fully ventilated lung(243).

Delayed ventilation was defined as the quantifiable increase in ventilation level
(signal intensity) in a lobe showing ventilation defects at baseline. The total
number and percentage of pulmonary lobes demonstrating delayed ventilation

with time-resolved HP 129Xe-MRI were determined.

5.4.4 NM-V SPECT/CT analysis

Corresponding co-registered coronal image slices acquired with NM-V and CT
were compared with time-resolved HP 129Xe-MR image slices. NM-V and CT co-
registered slices were reviewed for discernible differences that may contribute

to delayed ventilation. Specifically, NM-V SPECT images were reviewed for the
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presence of ventilation counts and CT for structural differences in lobes

demonstrating delayed ventilation on HP 129Xe-MRI.

Further analysis of CT included assessment of fissure integrity and lobar
emphysema percentage. Interlobar fissure completeness was defined as the
presence of >90% fissure on thin-slice CT in at least one plane (sagittal, axial or
coronal views). CT prediction of collateral ventilation in pulmonary lobes was
defined according to the integrity of adjacent interlobar fissures; for example, an
incomplete right horizontal fissure on CT predicted collateral ventilation in the
right upper and middle lobes, whereas a complete left oblique fissure predicted
no collateral ventilation in the left upper and lower lobes. Since the middle lobe
is adjacent to both right horizontal and oblique fissures, incompleteness of either
fissure predicted the presence of collateral ventilation on CT.

The percentage of emphysema per lobe (%LAA) was calculated from CT using

PTK as previously described in Section 2.7.1.

5.4.5 Statistical analysis

A priori analyses were completed to evaluate the relationship between HP 129Xe-
MR delayed ventilation and fissure integrity and percentage emphysema on CT.
The McNemar’s test (StatPlus:mac - statistical analysis program for Mac OS.
Version v5, AnalystSoft.Inc.) was used to determine the association between CT
predicted collateral ventilation and observed HP 12°Xe-MR delayed ventilation in
each pulmonary lobe. Pearson’s correlation coefficient was used to evaluate the

relationship between CT-derived %LAA and increase in ventilation level (signal
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intensity) in pulmonary lobes where delayed ventilation was detected with HP

129X e-MRI. P values less than 0.05 were considered significant.

5.5 Results

5.5.1 Subject demographics

Thirteen patients with COPD were prospectively enrolled over an 8-month

period. Patient demographic data is provided in Table 5.1.

Time-resolved breath-hold HP 129Xe-MR ventilation images were successfully
acquired in all participants. The number of individual coronal image slices
observed and number of time-points completed were determined by the
subject’s ability to breath-hold comfortably and are indicated in Table 5.1. The
majority of subjects (n=10) were able to breath-hold for five separate time

points (12 seconds).

One subject (OXF0069) completed study measures twice, once at baseline and
then 6-months following a bronchoscopic procedure for coil placement to treat a
right upper lobe pleural fistula. Data from both time points have therefore been
included in the analysis. 0XF0069 declined the NM-V SPECT scan at the 6-month
follow-up and therefore HP 12°Xe-MRI and CT only were analysed for this study

visit.

All subjects tolerated HP 129Xe-MRI with no serious adverse events.
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Table 5.1: Demographic data for each patient with COPD included in the study

Patient Sex Age | Smoking | Pack- FEV: | FEV1/FVC | RV/TLC | FRC | TLCO %LAA Number | Number
ID (M/F) status year of of time
history coronal | points
HP
129Xe-
MR
image
slices
OXF0009 F 58 Ex- 26 36 37 71 200 61 4.1 3 3
smoker
OXF0069 M 53 Ex- 22 35 37 54 146 46 41.2 3 5
smoker
OXF0098 M 70 Ex- 115 60 43 39 119 39 8.1 2 4
smoker
OXF0104 M 60 Ex- 18 61 40 46 189 30 34 3 5
smoker
OXF0109 M 73 Ex- 87 34 25 54 179 76 4.2 3 5
smoker
O0XF0120 M 63 Ex- 4 42 52 60 162 48 19.1 3 5
smoker
0XF0121 M 79 Ex- 92 56 55 60 117 81 0.2 2 5
smoker
OXF0127 M 65 Current 85 59 37 49 188 60 20.8 3 5
smoker
0XF0145 M 84 Ex- 36 52 56 70 156 45 1.68 3 5
smoker
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OXF0150 F 59 Ex- 31 36 37 62 125 32 5.4 3 5
smoker

OXF0151 F 58 Ex- 38 74 67 46 121 48 1.7 2 4
smoker

OXF0153 F 69 Ex- 36 78 57 52 116 79 0.16 3 5
smoker

O0XF0154 M 74 Ex- 39 58 52 54 102 25 23.93 3 5
smoker

Group M:F | 66.5 Ex: 484 | 524 45.8 552 | 147.7 | 515 5.4 2.8(0.4) | 4.7 (0.6)

Mean 9:4 | (8.8) | Current | (32.9) | (142) | (11.2) (9.0) | (32.1) | (17.9) | (1.7/20.8)

(SD) 12:1

If not otherwise stated, group mean (SD) are provided in the final row

Sex Given as M: F ratio

Smoking status Given as ex-smoker: current smoker ratio
FEV1 = Forced expiratory volume in 1 second, FVC = Forced expiratory vital capacity, RV/TLC = Residual volume expressed as percentage of total lung capacity, FRC
= Functional residual capacity, TLCO = Transfer factor of the lung for carbon monoxide, %LAA = Percentage low-attenuation areas less than -950 HU
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5.5.2 HP **Xe-MR delayed ventilation

In total, 14 sets of time-resolved breath-hold HP 12°Xe-MR ventilation images
were acquired and included in data analyses. Delayed ventilation was observed
visually and quantified by an increase in ventilation level signal intensity in 13 of
the 14 imaging sets acquired. Within the imaging sets where delayed ventilation
was shown, an increase in ventilation level signal intensity was present in at
least two and up to all five pulmonary lobes. In total, delayed ventilation was

demonstrated in 42 pulmonary lobes.

HP 129Xe-MR ventilation signal was not detected in pulmonary lobes on the
selected coronal image slices for the following patients: -

e OXF0109 in the right middle lobe

e OXF0145 in the right middle lobe

e OXF0150 in the right middle and lower lobes

e OXF0151 in the right middle lobe.
Upon review of HP 129Xe-MRI for these patients, the likely explanation is that the
particular coronal image slices chosen to investigate delayed ventilation did not
include coverage of those specific lobes. Accordingly, the absence of delayed

ventilation in the lobes was reported in the results.
Table 5.2 provides summative results for the study cohort regarding the

presence of delayed ventilation on time-resolved HP 12°Xe-MR ventilation

imaging per pulmonary lobe and fissure integrity as assessed on CT. Individual
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results, inclusive of co-registered corresponding coronal image slices from CT

and NM-V are shown in Figures 5.1 - 5.12 and Appendix 8.

Table 5.2: Summative results for HP 129Xe-MR delayed ventilation and CT

fissure integrity

Subject HP 129Xe-MRI delayed ventilation | CT fissure completeness
RUL | RML | RLL | LUL | LLL RH RO LO
OXF0009 Y Y Y Y Y Y Y Y
OXF0069 N Y Y N Y Y Y Y
OXF0069-2 | Y Y Y Y Y Y Y Y
OXF0098 Y Y N N Y N Y Y
OXF0104 N Y N N Y Y Y Y
OXF0109 N N Y Y Y N Y Y
OXF0120 Y Y Y Y Y N Y N
OXF0121 Y N N Y N N N Y
OXF0127 Y N N Y Y N N Y
OXF0145 N N N N N N Y Y
OXF0150 N N N Y Y Y Y Y
OXF0151 Y N N Y N Y Y Y
OXF0153 N Y N Y N N N Y
OXF0154 Y Y Y Y Y N Y N

RUL = Right upper lobe, RML = Right middle lobe, RLL = Right lower lobe, LUL = Left upper lobe,
LLL = Left lower lobe, RH = Right horizontal fissure, RO = Right oblique fissure, LO = Left oblique
fissure, Y = Yes, N = No, 0XF0069-2 = 6-month follow-up imaging

5.5.3 Co-registered NM-V and CT image slices

Corresponding co-registered coronal NM-V and CT image slices to selected time-
resolved breath-hold HP 129Xe-MRI slices are shown in Figures 5.2, 5.5, 5.8, 5.11
and Appendix 8. Review of NM-V imaging showed a lack of appreciable NM

ventilation counts in regions where delayed ventilation was observed on
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corresponding time-resolved breath-hold HP 12°Xe-MRI for all thirteen imaging
sets. Review of CT did not reveal any differences in pulmonary structure to
account for the observed HP 129Xe-MR delayed ventilation. For example, the CT
for OXF0150 [Figure 5.11] showed moderate centrilobular and paraseptal
emphysema with upper lobe predominance. However, there was no difference in
lung structure or emphysema distribution between the left upper lobe where
significant delayed ventilation signal was observed after 3 seconds [Figure 5.10,
slice 2] and the large ventilation defect in the right upper lobe, which did not

ventilate at all.

Time-resolved breath-hold HP 12°Xe-MR ventilation imaging in COPD
subject OXF0O009

Image slice 1 Image slice 2 Image slice 3

6s

Figure 5.1: Coronal time-resolved breath-hold HP 129Xe-MR ventilation
imaging acquired from OXF0009. Delayed ventilation is observed in the right

lower and left upper and lower zones.
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Co-registered image slices from CT and NM-V for OXFO09

Image slice 1 Image slice 2 Image slice 3
i) '
ii) <
. \' d . -
. L -

Figure 5.2: Coronal i) thoracic CT and ii) NM-V SPECT images acquired from
OXF0009. Delayed ventilation is not observed with NM-V SPECT.
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Figure 5.3: Histogram showing change in ventilation level signal intensity
per pulmonary lobe during time-resolved breath-hold HP 12°Xe-MRI
acquired from OXF0009. These data show delayed ventilation in all pulmonary

lobes.
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Time-resolved breath-hold HP 12°Xe-MR ventilation imaging in COPD
subject OXF0120

Image slice 1 Image slice 2 Image slice 3

Figure 5.4: Coronal time-resolved breath-hold HP 129Xe-MR ventilation
imaging acquired from OXF0120. Delayed ventilation is observed in the right

upper and lower and left lower zones.

Co-registered image slices from CT and NM-V for OXF0120

Image slice 1 Image slice 2 Image slice 3

LAY A

i)

Figure 5.5: Coronal i) thoracic CT and ii) NM-V SPECT images acquired from
OXF0120. Delayed ventilation is not observed with NM-V SPECT. There are
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emphysematous bullae in the right mid and left lower zone on coronal CT image
slice 1. However, on corresponding HP 129Xe-MRI image slice 1 [Figure 5.4],

delayed ventilation is appreciated in the right mid zone but not left lower zone.
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Figure 5.6: Histogram showing change in ventilation level signal intensity
per pulmonary lobe during time-resolved breath-hold HP 129Xe-MRI
acquired from OXF0120. These data demonstrate delayed ventilation in all

lobes.
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Time-resolved breath-hold HP 12°Xe-MR ventilation imaging in COPD
subject OXF0127

Image slice 1 Image slice 2 Image slice 3

Figure 5.7: Coronal time-resolved breath-hold HP 129Xe-MR ventilation
imaging acquired from OXF0127. Delayed ventilation is observed in both

upper zones.
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Co-registered image slices from CT and NM-V for OXF0127

Image slice 1 Image slice 2 Image slice 3
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Figure 5.8: Coronal i) thoracic CT and ii) NM-V SPECT images acquired from
O0XF0127. Coronal CT shows moderate paraseptal and centrilobular emphysema

in both upper lobes. Delayed ventilation is not observed with NM-V SPECT.
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Figure 5.9: Histogram showing change in ventilation level signal intensity
per pulmonary lobe during time-resolved breath-hold HP 12°Xe-MRI
acquired from OXF0127. These data demonstrate delayed ventilation in the

right and left upper lobes.
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Time-resolved breath-hold HP 12°Xe-MR ventilation imaging in COPD
subject OXFO150

Image slice 1 Image slice 2 Image slice 3

o
wn

=

w
%]

&=

(*)]
wn

-

4=

(\e]
wn

?‘0,. =

[EY
N
wn

Figure 5.10: Coronal time-resolved breath-hold HP 12Xe-MR ventilation
imaging acquired from OXF0150. Delayed ventilation is observed in the left

upper and lower lobes [Image slice 3].
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Co-registered image slices from CT and NM-V for OXF0150

Image slice 1 Image slice 2 Image slice 3
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Figure 5.11: Coronal i) thoracic CT and ii) NM-V SPECT images acquired
from OXF0150. The delayed ventilation observed with HP 129Xe-MRI in left
upper and lower zones is not appreciated with NM-V SPECT. Coronal CT showed

moderate emphysema in both upper lobes.
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Figure 5.12: Histogram showing change in ventilation level signal intensity
per pulmonary lobe during time-resolved breath-hold HP 12°Xe-MRI
acquired from OXF0150. These data show delayed ventilation in the left lung.
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5.5.4 CT fissure integrity

On the basis of CT fissure integrity evaluation alone, collateral ventilation was
predicted in 23 (33%) pulmonary lobes and was not expected in 47 lobes (67%).
However, in the 23 pulmonary lobes predicted to show collateral ventilation by
CT, 13 (57%) actually demonstrated delayed ventilation on time-resolved HP
129X e-MR ventilation imaging. Similarly in the 47 pulmonary lobes where CT
predicted no collateral ventilation, only 18 (38%) did not demonstrate delayed

ventilation on HP 129Xe-MRI.

Table 5.3 includes the results per pulmonary lobe from McNemar’s test with
continuity correction comparing collateral ventilation predicted from CT fissure
integrity and delayed ventilation observed with HP 129Xe-MRI. In the study
cohort, there was no association between CT predicted collateral ventilation and
HP 129Xe-MRI delayed ventilation in the right upper, middle or lower lobes.
However, there was a statistically significant association between CT predicted
collateral ventilation and HP 12°Xe-MRI delayed ventilation in the left upper and

lower lobes (x? =6.13, p=0.01 and x? =6.13, p=0.01).

Table 5.3: McNemar's test for association between collateral ventilation

predicted by CT fissure integrity and observed HP 12°Xe-MR delayed

ventilation
McNemar’s test Pulmonary lobe
RUL RML RLL LUL LLL
X2 0.17 0.13 0.444 6.13 6.13
Two-tailed P value 0.68 0.72 0.51 0.013* | 0.013*
* Statistically significant P-value, RUL = Right upper lobe, RML = Right middle lobe, RLL =

Right lower lobe, LUL = Left upper lobe, LLL = Left lower lobe
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5.5.5 CT percentage emphysema

The Pearson’s correlation coefficients between CT-derived emphysema and HP
129X e-MR delayed ventilation according to pulmonary lobe are shown in Table
5.4. There was no correlation between CT-derived emphysema and delayed
ventilation in the pulmonary lobes where this was demonstrated with HP 129Xe-
MRI. The Pearson’s correlation coefficient between emphysema and delayed
ventilation in the right upper lobe was relatively high (r=0.6), however, this did

not reach statistical significance.

Table 5.4: Pearson’s correlation coefficients for CT-derived percentage

emphysema and HP 129Xe-MR delayed ventilation

Pearson’s correlation Pulmonary lobe

coefficient (r=) between RUL RML RLL LUL LLL
% LAA and HP 129Xe-MR (n=8) (n=8) (n=6) (n=10) | (n=10)
delayed ventilation 0.60 0.21 0.31 0.41 -0.065
(increase in ventilation | (p=0.12) | (p=0.62) | (p=0.55) | (p=0.23) | (p=0.86)
level signal intensity)

RUL = Right upper lobe, RML = Right middle lobe, RLL = Right lower lobe, LUL = Left upper lobe,

LLL = Left lower lobe
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5.6 Discussion

This chapter has shown that time-resolved breath-hold HP 129Xe-MR ventilation
imaging is feasible in patients with COPD. The majority of patients (79%)
successfully held their breath to allow image acquisition for five time-points over

a 12-second duration.

5.6.1 Delayed ventilation is observed with HP **Xe-MRI

Delayed ventilation was demonstrated in 93% of the time-resolved HP 129Xe-MR
imaging sets completed. The delayed ventilation observed visually and
objectively quantified may represent a number of processes including collateral
ventilation, partial obstruction, gas trapping, narrowing of the peripheral
airways or a combination of these. If the delayed ventilation observed does
represent collateral ventilation, this may be due to gas moving freely between
pulmonary lobules (intralobar) or between lobes (interlobar). The disease
process of emphysema likely contributes to development of collateral pathways
since destruction of alveolar walls and changes in mechanical strain(359) can
lead to the formation of new channels or enlargement of existing channels
thereby reducing their inherent resistance. Ventilation may occur preferentially
via these collateral channels in emphysema, since they provide a pathway of
much reduced airflow resistance when compared to the segmental airways
where flow resistance in markedly increased due to expiratory collapse and

mucus plugging(359, 360).
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The current findings are consistent with the 8 out of 10 patients with COPD
previously reported to show delayed ventilation with HP 3He-MRI(411). In the
previous study, time-resolved HP 3He-MRI was used to determine the presence
and pattern of delayed filling of ventilation defects. It was suggested that the
pattern of 3He filling with visible progression from edges towards the centre
observed in 8 defects represented intersegmental collateral ventilation(411).
Ventilation mapping using HP 3He-MRI has shown a heterogeneous distribution
of fractional ventilation in COPD patients, along with areas of high fractional
ventilation parameter r, near ventilation defects, which has been suggested to
indicate gas transport between well-ventilated and poorly ventilated regions of

the lung(417).

The methodology employed in this chapter has quantified delayed ventilation
according to pulmonary lobe rather than within a region-of-interest (ROI)
representative of a ventilation defect. The rationale behind this was to
objectively quantify ventilation signal increase within specific pulmonary lobes
thereby providing potential evidence of interlobar collateral ventilation.
Arguably interlobar collateral ventilation is of greatest significance in treatment
planning for lung volume reduction(418). It is therefore possible that the method
presented will provide a potentially clinically relevant assessment of delayed
and collateral ventilation in subjects considered for LVRT. HP 129Xe-MRI is non-
invasive, exposes the patient to no radiation and may be performed repeatedly,
potentially immediately after LVRT to determine its efficacy. This may allow
early treatment modifications or allow thoracic surgeons to inform patients of

the likely success of their intervention.
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5.6.2 CT predicted collateral ventilation is associated with HP

129 e-delayed ventilation in the left lung

Additional analyses included the comparison of time-resolved HP 12°Xe-MR
ventilation imaging with fissure integrity on CT. There was significant
association between CT predicted collateral ventilation and delayed ventilation
observed with HP 129Xe-MRI in the left upper and lower lobes. However, no such
association was found in the right upper, middle and lower lobes. The literature
is conflicted about the accuracy of evaluation of fissures on HRCT and ability to

predict collateral ventilation and LVRT outcome.

HRCT fissure analysis has been reported to be equally effective as Chartis
assessment in the prediction of response to endobronchial valve treatment(400).
In contrast, equivocal response to volume reduction therapy using a polymer

sealant has been shown irrespective of fissure integrity(401).

In comparison with direct observation during thoracic surgery, CT was reported
to overestimate integrity of the right horizontal fissure and underestimate right
oblique fissure completeness(398). This supports the current finding of poor
association between CT predicted collateral ventilation and HP 12°Xe-MR
specifically within the right pulmonary lobes. No correlation between collateral
ventilation and interlobar fissure integrity on histology has also been
reported(399). Furthermore, poor inter-observer correlation has been shown
between a respiratory physician, general radiologist and experienced chest

radiologist for CT fissure evaluation in patients with emphysema(419).
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Previous investigation has also shown a lack of correlation between CT fissure
integrity with both GOLD criteria and pulmonary function test results, suggesting
that the development of COPD is not specifically related to fissure integrity(420).
[t was suggested that collateral ventilation might in fact be a more complex
process, not simply evaluated by fissure completeness. Consistent with this are
reports of significant collateral ventilation demonstrated on Chartis despite
intact interlobar fissures on CT and subsequent reduced response to
endobronchial valve treatment in some patients(391). Itis possible direct
visualisation of delayed ventilation using HP 12Xe-MRI may prove a more
reliable imaging tool for assessment of collateral ventilation and subsequent

LVRT response than CT.

5.6.3 CT-derived emphysema does not correlate with HP

129%%e-MR delayed ventilation

There was no correlation between CT-derived percentage emphysema and
delayed ventilation in the pulmonary lobes where this was demonstrated with
HP 129Xe-MRI. There are differing reports within the literature regarding the
relationship between CT-derived emphysema and collateral ventilation and the
ability of emphysema heterogeneity to predict LVRT outcome. Previous ex-vivo
assessment of seventeen lungs from patients with smoking-related severe
emphysema demonstrated greater collateral ventilation in patients with
homogeneous emphysema(399). The results from the current study cannot be

directly compared since %LAA and HP 12°Xe-MR delayed ventilation were
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correlated on a lobar basis rather than evaluation of whole lung emphysema
heterogeneity based on radiological scores and collateral ventilation determined
via bronchoscopy. Despite this, qualitative evaluation of pulmonary structure on
corresponding co-registered CT image slices showed no difference, specifically in
emphysema distribution to account for the observed HP 12°Xe-MR delayed

ventilation in some lobes and absence in others.

The general consensus is that LVRS outcomes are better in patients with
heterogeneous emphysema, specifically involving the upper lobes, than in
individuals with diffuse homogeneous emphysema(421, 422). In contrast, the
importance of emphysema heterogeneity in bronchoscopic lung volume
reduction remains uncertain(381, 423-425). It has been reported that
emphysema heterogeneity is not critical for positive endobronchial valve
placement outcomes(387). In contrast, a recent RCT has demonstrated
significant improvements in lung function following unilateral endobronchial
valve placement in patients with heterogeneous emphysema and intact

interlobar fissures(391).

Although HP 129Xe-MR diffusion-weighted imaging was not acquired in this
chapter, the method for generating lobar HP 129Xe-MR ADC values has been
previously described [Section 2.6.6, Section 4]. Lobar ADC values would enable
characterisation of pulmonary structure, specifically the heterogeneous or
homogeneous distribution of emphysema in potential LVRT candidates. This
would provide complementary information to the observed HP 12°Xe-MR delayed

ventilation in these patients.
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5.6.4 Delayed ventilation observed with HP ***Xe-MRl is not

appreciated on NM-V SPECT

Static HP 129Xe-MR ventilation images were acquired during the same scanning
session as time-resolved imaging. Static HP 129Xe-MR ventilation imaging
involves high-resolution, multislice acquisition of the whole lung during a single
breath-hold. It does not therefore incorporate any time-resolved aspect and
cannot determine changes over time. The delayed ventilation demonstrated with
time-resolved HP 129Xe-MRI was not present on static ventilation HP 129Xe-MRI
in any data set [Figures 5.1, 5.4, 5.7 and 5.10]. It is possible that the time a
specific image slice is acquired during static HP 12°Xe-MRI will influence the
detection of delayed ventilation. For example, if the slice is acquired at the start
of the breath-hold it is likely no delayed ventilation is detected and ventilation
defects remain void of signal. In contrast, if the same image slice is acquired later
in the breath-hold, delayed ventilation may have occurred by then and be readily

observed from the increase in signal intensity.

The delayed ventilation depicted by time-resolved HP 129Xe-MR ventilation
imaging is not appreciated on NM-V. NM-V has lower temporal and spatial
resolution than HP 129Xe-MRI. NM-V was acquired during tidal breathing
whereas HP 129Xe-MRI was acquired during a single breath-hold. In addition, the
radiotracer (°"Tc-DTPA) administered for NM-V SPECT is composed of a
relatively large particle size resulting in the main pattern of ventilation being via
convective flow rather than diffusion. These combined factors may have

contributed to the lack of observation of delayed ventilation with NM-V.
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Since NM-V images are acquired over an approximate 20-minute duration, it is
unlikely that this technique would be sensitive to the maximal delayed
ventilation observed in the majority of patients within 9 seconds. If the delayed
ventilation detected by HP 12°Xe-MRI does represent collateral ventilation, it is
also plausible that both increase and decrease in signal intensity may be
observed over a longer period of time as HP 129Xe gas moves in and out of

initially non-ventilated regions via the dynamic process of collateral flow.

5.6.5 Technical factors

Previous investigation of delayed ventilation with HP 3He-MRI included imaging
up to 6 time-points over a 19.3 second breath-hold. In comparison, the method
employed in the current study included fewer time-points (up to five) over a
shorter breath-hold (12 seconds). Maximal delayed ventilation was observed in
71% of patients by time-point 3 (6 seconds) suggesting there is further potential
to optimise the time-resolved HP 129Xe-MR sequence. For example, the sequence
could be developed to include more time-points with shorter intervals (<3
seconds) to focus on observed maximal delayed ventilation. Alternatively a
reduced total number of time-points could be adopted to increase the spatial

resolution of images instead.

Ventilation signal was not detected in particular lobes for four patients included
in the study. Whilst the most likely reason for this is non-coverage of the lobes in

the coronal HP 129Xe-MR image slices selected for investigation, inaccurate
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automated lobar segmentation may have also been a contributory factor. Review
of time-resolved breath-hold HP 129Xe-MR imaging supported non-coverage of
pulmonary lobes rationale, however potential technical limitations of the PTK

automated segmentation algorithm should be considered for future work.

5.6.6 Limitations

There are a number of limitations associated with the study. Despite the small
sample size, five patients included would have been considered for
endobronchial valves according to criteria from previous randomised controlled
trials(386, 391); FEV1 <50% predicted, TLC >100% predicted, RV >150%

predicted and TLCO >20% predicted.

Participants did not undergo direct measurement of collateral ventilation with
the Chartis system. The HP 129Xe-MR delayed ventilation observed cannot
therefore be confirmed to exclusively represent collateral ventilation. However,
the association between HP 129Xe-MR delayed ventilation and CT fissure integrity
in the left lung has been described providing supplementary evidence for the

potential of the technique to demonstrate collateral ventilation.

Delayed ventilation was quantified according to pulmonary lobes in up to three
selected coronal image slices per participant. Although coronal image slices were
selected to incorporate the largest ventilation defects at baseline, the method

could be improved by complete 3-D lung coverage. The HP 129Xe-MR sequence
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employed was restricted by breath-hold but optimisation may allow for full lung

coverage in the future.

The single-breath-hold HP 129Xe-MRI acquisition method may be criticised for
incomplete assessment of collateral ventilation, which has been described as a
dynamic process and therefore better assessed during a normal breathing cycle.
Unfortunately due to the inherent limitations of HP 129Xe-MRI, this is not
currently feasible and would require continued administration of hyperpolarised
129X e gas to overcome signal loss associated with the imaging procedure and

natural T;relaxation processes due to the presence of oxygen(243).

5.6.7 Future work

Future work should be aimed to demonstrate that the delayed ventilation shown
using HP 129Xe-MR corresponds to collateral ventilation measured directly using
the Chartis system. Subsequent pre-assessment of patients considered for LVRT
with time-resolved breath-hold HP 12°Xe-MR ventilation imaging may help
stratify individuals more effectively. For example, extensive delayed ventilation
on HP 129Xe-MRI may indicate that patients should not proceed for treatment;
whereas the absence of HP 129Xe-MR delayed ventilation may identify individuals
who should proceed to Chartis assessment and then LVRT. This strategy would
potentially improve patient selection and reduce the number of invasive Chartis

procedures performed in patients who are ultimately precluded from LVRT.
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Although this chapter has quantified delayed ventilation per lobe using HP 129Xe-
MR], collateral ventilation is a continuous variable as such the mere presence or
absence is insufficient to improve patient selection for LVRT. Future work is
needed to quantify a threshold of delayed/collateral ventilation above which

LVRT is unlikely to be successful.

5.6.8 Conclusion

In conclusion, time-resolved breath-hold HP 129Xe-MR ventilation imaging is a
feasible technique to demonstrate delayed ventilation on a lobar basis in patients
with COPD. The delayed ventilation demonstrated with HP 129Xe-MRI was not
observed with NM-V. A significant association between CT predicted collateral
ventilation and delayed ventilation observed with HP 129Xe-MRI was found in the
left lung only. Future work may confirm that the observed delayed ventilation
represents collateral ventilation and subsequently identify a potential role for
HP 129Xe-MRI to improve patient selection and treatment efficacy evaluation in

LVRT.

205



Chapter 6: Measuring the effects of intervention with HP **°Xe-MRI

6 Chapter 6: Measuring the effects of

intervention with HP **’Xe-MRI

6.1 Background

6.1.1 Management of COPD

According to National Institute for Health and Care Excellence (NICE) guidance,
short-acting bronchodilators are recommended as the initial empirical treatment
for relief of dyspnoea and exercise limitation in COPD(5). Despite
characterisation of COPD by the presence of airflow limitation with limited or no
reversibility, bronchodilators remain first line pharmacotherapy(426, 427). The
most common bronchodilators used include short-acting 32-agonists and short-
acting anticholinergics, also referred to as muscarinic antagonists. Short-acting
{32-agonists, for example salbutamol, act directly on bronchial smooth muscle to
cause bronchodilation, whereas anticholinergics act by inhibiting resting

bronchomotor tone.

NICE guidance for bronchodilator use in COPD is based on studies showing
improved daily dyspnoea scores(428) and quality of life(429) following short-
acting f3z2-agonist administration. However, the guidance also acknowledges that
“clinical benefits may be seen without clear changes in the FEV1”(5). There is a
significant body of evidence demonstrating poor correlation between spirometry

and clinical measurements of COPD, particularly dyspnoea and exercise
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tolerance(430-432) and conversely several studies have reported symptomatic
relief in patients following bronchodilator use with only modest improvements

in FEV:(433-435).

6.1.2 Spirometry in diagnosis and reversibility testing of COPD

Post-bronchodilator spirometry is recommended for the diagnosis and
assessment of severity of COPD(5). Although historically reversibility testing has
also been advised in COPD(426, 436), this is no longer advocated. The inherent
limitations of reversibility testing are now well recognised, including significant
variation in FEV1 change following bronchodilator both between patients and
within patients tested on different days(437-439). Different inspiratory
manoeuvres performed before and after bronchodilator administration also
impact on FEVy, leading to variable reversibility results(440). Reversibility
testing to predict response to long-term treatment in COPD is no longer
recommended(5, 75), since response to a short course of oral steroids does not
predict long-term therapy outcomes(441). Despite, the acknowledged
limitations of spirometry in reversibility testing, FEV: remains the most common

end-point for clinical trials evaluating therapeutic response in COPD.

6.1.3 Methods for evaluating bronchodilator response

There are several published criteria for assessing FEV; bronchodilator

responsiveness in COPD: > 12% and > 200 mL improvement(442-444); > 15 %
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increase over baseline(445, 446); and > 10% absolute increase in the percentage

predicted value(437, 447).

The discordance between spirometry, COPD symptoms and functional outcome
measures prompted investigation into new methods(448, 449) and non-invasive
imaging(450-453) as alternative end-points for bronchodilator response.
Detailed information about regional pulmonary response rather than global,
whole lung response is critical to treatment evaluation in heterogeneous lung

diseases such as COPD, asthma and cystic fibrosis.

CT-derived airway morphology showed changes post-salbutamol(450, 451) and
tiotropium(452, 453) and demonstrated greater post-bronchodilator response
in COPD patients characterised by predominant airway disease compared with
those with a predominant emphysema phenotype(454). Three dimensional-CT
analysis of airway inner luminal area detected significant bronchodilation in
COPD patients one-week post-combination inhaled therapy, when the average

improvement in FEV; was a modest 180 mL(455).

The effects of tiotropium on ventilation heterogeneity have been observed using
NM-V SPECT/CT and multiple breath nitrogen wash-out with significant change

reported post-treatment(456).

Oxygen-enhanced MRI (02-MRI) can feasibly be used to detect changes in lung
function after treatment in COPD(457). Changes in both FEV;and 02-MRI

biomarkers were reported following a single dose of long-acting 132-agonist and
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8-week treatment with combined corticosteroid and bronchodilator(457).
However, the statistical significance of therapeutic effect as measured by FEV,
was greater than O2-MRI biomarkers, indicating an inherent variability in the

imaging technique.

6.1.4 Use of hyperpolarised gas MRI in assessment of

therapeutic response

The majority of hyperpolarised gas MR imaging studies investigating effects of
treatment in pulmonary disease have been with 3He in cohorts of less than

fifteen patients to date(158, 458-461).

6.1.5 Asthma

Previous HP 3He-MR imaging studies in asthma have shown changes in 3He gas
distribution following bronchial provocation with methacholine and
exercise(462, 463). Furthermore, the ventilation defects revealed by provocation

were reversed by inhaled bronchodilator(462).

A prospective, double-blind controlled study of thirteen patients with exercise-
induced bronchoconstriction compared HP 3He-MRI with spirometry under
challenge and therapy with oral montelukast(464). Expected decreases in HP
3He-MR ventilation volume and FEV; occurred in response to exercise challenge
after placebo, both of which were significantly mitigated after treatment with

montelukast(464).
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6.1.6 COPD

A small cohort of ex-smokers with COPD (n=10) was observed with HP 3He-MRI
pre and post-salbutamol to determine the effects on ventilation(335) and
diffusion-weighted imaging(334). The effect of salbutamol on HP 3He-MR
ventilation imaging was compared with spirometry and although both
significantly changed from pre- to post-treatment, the magnitude of treatment

effect size was greater for HP 3He-MRI(335).

The mean whole lung HP 3He-MR ADC value was reported as unchanged post-
salbutamol in ten patients with COPD(334). No significant difference was found
between the mean ADC value of lung regions that were newly ventilated, and
those that remained ventilated post-salbutamol(334). Taken together, the
findings suggested that the lung regions probed post-salbutamol were not more

emphysematous than those that were ventilated pre-salbutamol.

6.1.7 Cystic Fibrosis

Regional changes in ventilation have also been demonstrated with HP 3He-MRI
in patients with cystic fibrosis following interventions(465), ranging from
bronchodilator(460), chest physiotherapy(461, 466) and a new drug treatment

to target specific genetic mutations, Ivacaftor(467, 468).
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6.1.8 Effects of salbutamol on HP *°Xe-MRI

Published literature describing the effects of salbutamol on HP 12°Xe-MRI is
sparse. A study comparing HP 3He- and 12°Xe-MR ventilation imaging pre- and
post-bronchodilator in seven patients with asthma, showed significantly greater
ventilation defect percentage (VDP) with 129Xe than 3He before salbutamol
administration(469). VDP improved post-salbutamol with both HP gases. The
authors suggested HP 129Xe-MRI might reveal ventilation abnormalities that are

otherwise not observed with HP 3He-MRI(469).

6.2 Hypothesis

The reproducibility of static 129Xe-MR ventilation imaging and analysis according
to pulmonary lobes has been described in Section 4.5, 4.6.2. The proposed work
in this chapter will extend these findings to determine whether 12°Xe-MRI is

sensitive to changes in regional lung function post-bronchodilator in COPD.

This chapter will test the hypothesis that HP 12°Xe-MRI can demonstrate regional

changes in static ventilation post-salbutamol in patients with COPD.

6.3 Aims

The aim of this chapter is to evaluate the effects of inhaled salbutamol on

regional ventilation in patients with COPD using HP 129Xe-MRI.
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6.4 Materials and Methods

6.4.1 Subjects

The study was approved by the NRES South Central Committee (Berkshire) [REC
reference 11/SC/0488] and written informed consent was obtained from study

participants.

Four patients diagnosed with COPD were prospectively enrolled between 20t

January 2016 and 16t March 2016 from a tertiary referral centre.

Inclusion criteria: -
e Atleast mild disease (stage II-IV on GOLD criteria classification [Appendix
5], FEV1<80% predicted and FEV;/ FVC<70%)
e Significant smoking history (>15 pack years)

e Over the age of 18 and able to give informed consent.

Study exclusion criteria: -

¢ Known hypersensitivity to salbutamol or to any of its excipients

¢ Inability to omit long-acting bronchodilators for 24 hours prior to, and
short-acting bronchodilators on the morning of, the study until
measurements are complete

e Co-existent cardio-pulmonary disease that predominates over COPD and
might confound results interpretation (for example asthma,

bronchiectasis, cystic fibrosis, lung cancer, uncontrolled heart failure,
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frequent unstable angina, respiratory muscle weakness).

Patients were required to omit long acting f3;-agonists (e.g. serevent) and
antimuscarinics (e.g. tiotropium) for 24 hours in advance of the study visit, and
short acting 32-agonists (e.g. salbutamol and atrovent) on the day until study
measures were complete. This temporary omission of bronchodilators is well
tolerated without adverse symptoms in patients with stable COPD, given the
minimal airway reversibility in this patient group(335). Safe refrainment from
bronchodilators in patients with stable COPD has been reported previously in
several imaging studies(334, 335, 455). The approved study protocol is

appended [Appendix 6].

6.4.2 Study measures

Participants completed static HP 12°Xe-MR ventilation imaging, spirometry and
dyspnoea-12 questionnaires pre- and a mean of 17 minutes +4 (standard
deviation) post-salbutamol. QCT was completed during the same study visit.

Details of all study measures are provided in Section 2.

Study measures were completed during disease stability as defined by
participants remaining exacerbation-free for at least 4-weeks with no change to
their regular medications prior to completion of imaging and spirometry.
Imaging was analysed blinded to clinical data, spirometry and time-point. The
time point i.e. pre- and post-salbutamol imaging was randomised to reduce

potential measurement bias.
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6.4.3 Salbutamol

Ten puffs of salbutamol (AirSalb CFC-free inhaler 100 microgram/dose, Sandoz
Limited, Frimley, Camberley, Surrey, UK) were administered from an MDI
(metered dose inhaler) and inhaled by patients via a spacer device
(AeroChamber plus, Trudell Medical International Europe Limited, Nottingham,

UK).

6.4.4 Spirometry analysis

The absolute change (A) in FEV;and FVC was calculated by subtraction of pre-
salbutamol from post-salbutamol volumes in litres. A FEV1and A FVC was also

calculated as percentage change from baseline absolute value in litres.

6.4.5 MRI analysis

Analysis of static HP 129Xe-MR ventilation data was performed using PTK as
detailed previously in Section 2.6.6. Whole lung and lobar ventilated volume
percentage was calculated for pre- and post-salbutamol HP 12°Xe-MR ventilation
imaging. Reproducibility of automated lobar analysis of HP 129Xe-MRI has been
reported in Section 4.5, 4.6.2. The change in HP 129Xe-MR ventilation imaging (A
HP 129Xe-MRI) was calculated by subtracting the percentage ventilated volume

pre-salbutamol from post salbutamol on a whole lung and lobar basis.
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6.4.6 QCT analysis

The percentage of emphysema per lung and according to pulmonary lobe
(%LAA) was calculated from CT using PTK as previously described in Section

2.7.1.

6.4.7 Statistical analysis

The small sample size prevented conclusive formal statistical analyses. However,
a priori Pearson’s correlation coefficients (Excel 2011, Microsoft) were
calculated to evaluate the trend between: -
1. Change in whole lung HP 129Xe-MR ventilated volume percentage and
change in FEV: and FVC from pre- to post-salbutamol
2. Change in whole lung HP 129Xe-MR ventilated volume percentage and
change in dyspnoea-12 questionnaire scores from pre- to post-
salbutamol.
In these statistical analyses, results were considered significant when the

probability of making a type [ error was less than 5% (p values <0.05).

6.5 Results

Static HP 129Xe-ventilation imaging pre- and post-salbutamol was completed in
four patients with COPD with no serious adverse events. Demographic data for

the four patients are shown in Table 6.1.
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Table 6.1: Demographic data of patients with COPD included in the study

Parameter Participant ID
OXF0068 | OXF0086 | OXF0113 OXF0136
Age (years) 74 72 67 72
Sex Female Male Female Female
Body mass index 27.9 31.6 29 33.2
(kg/m?)
GOLD classification I11 I I I11
Smoking status Ex- Ex- Current Ex-
smoker smoker smoker smoker
Pack-year history 111 62 81 69
FEV; (L) 0.85 1.64 1.24 0.68
FEV1 (% predicted) 42 65 58 35
FVC (L) 1.54 3.55 2.22 1.31
FVC (% predicted) 63 108 87 55
FEV1/FVC (%) 66 43 61 46
Whole lung % LAA 17.1 27.7 15.1 17.7

FEV1= Forced expiratory volume in 1 second, FVC = Forced expiratory vital capacity, %LAA =
Percentage low-attenuation areas less than -950 HU

Patient specific whole lung [Table 6.2] and lobar [Table 6.4-6.7] pre- and post-
salbutamol measures are given below. Three patients (OXF0068, 0XF0113 and
0OXF0136) showed improvement in whole lung mean HP 12°Xe-MR % ventilated
volume, FEV1, FVC and dyspnoea-12 score post-salbutamol. In contrast, one
patient (OXF0086) showed a decrease in whole lung mean HP 129Xe-MR %
ventilated volume, FVC and worsened dyspnoea-12 score post-salbutamol. In
this patient, A FEV1 post-salbutamol was also small (0.06 L). Although not
statistically significant, moderate correlation was shown between the A HP

129Xe-MRI and A FEVy, A FVC and A dyspnoea-12 scores [Table 6.3].
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Table 6.2: Whole lung HP 129Xe-MRI, spirometry and dyspnoea-12 pre- and post-salbutamol administration

Participant Pre-salbutamol Post-salbutamol A
ID HP 129Xe- | FEV; FVC Dyspnoea- | HP 129Xe- | FEV; FVC Dyspnoea- | HP 129Xe- | FEV* FVC* Dyspnoea-

MRI (L/% (L/% 12 score MRI (L/% (L/% 12 score MRI (L/% (L/% 12 score

ventilated | pred) pred) ventilated | pred) pred) ventilated | change) change)

volume volume volume

(%) (%) (%)
OXF0068 70.51 0.85/42 | 1.54/63 |2 78.65 1.11/55]2.33/95 |0 8.14 0.26/30.6 | 0.79/51.3 | -2
OXF0086 71.51 1.64/65 | 3.55/108 | 4 70.02 1.70/67 | 3.34/102 | 8 1.49 0.06/3.7 |-0.21/- 4

5.9
OXF0113 72.68 1.24/58 | 2.22/87 | 2 73.18 1.41/67 | 2.56/101 | 0 0.51 0.17/13.7 | 0.34/15.3 | -2
OXF0136 62.59 0.68/35| 1.31/55 | 4 64.31 1.00/51 | 2.14/90 |2 1.72 0.32/47.1 | 0.83/63.4 | -2
A Change in measurement (post-salbutamol minus pre-salbutamol)

*

Data are in litres/percentage change from baseline absolute value in litres
FEV1 = Forced expiratory volume in 1 second, FVC = Forced expiratory vital capacity

Table 6.3: Pearson’s correlation coefficients between changes in whole lung measures pre- to post-salbutamol

Pearson’s correlation coefficient (r=)

A HP 129X e-MRI ventilated volume (%)

AFEV, (L) 0.61 (P=0.39)
AFVC (L) 0.74 (P=0.26)
A Dyspnoea-12 score -0.59 (P=0.41)

A

FEV1 = Forced expiratory volume in 1 second, FVC = Forced expiratory vital capacity

Change in measurement (post-salbutamol minus pre-salbutamol)
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6.5.1 Data analysis from COPD patient OXF0068

Table 6.4: Lobar QCT-derived emphysema and pre- and post-salbutamol HP
129Xe-MR ventilated volume percentage in OXF0068

Pulmonary OXF0068

lobe % Pre-salbutamol HP Post-Salbutamol HP A HP 129Xe-MRI
LAA | 129Xe-MRI ventilated | 129Xe-MRI ventilated | ventilated

volume (%) volume (%) volume (%)

RUL 16.1 | 75.7 77.18 1.48

RML 154 | 62.12 92.80 30.68

RLL 19.3 | 95.26 95.04 -0.23

LUL 18.2 | 84.39 88.26 3.86

LLL 14.5 | 85.50 85.48 -0.01

A Change in measurement (post-salbutamol minus pre-salbutamol)

RUL = Right upper lobe, RML = Right middle lobe, RLL = Right lower lobe, LUL = Left upper lobe,
LLL = Left lower lobe, %LAA = percentage low attenuation areas less than -950HU

OXF0068
Pre-Salbutamol Post-Salbutamol

Figure 6.1: Coronal co-registered HP 12°Xe-MR ventilation and proton MR
imaging acquired in OXF0068 pre- and post-salbutamol. The blue arrow

indicates resolution of a right upper zone defect post-salbutamol.
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OXF0068 Pre-Salbutamol
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Figure 6.2: 3-D HP 129Xe-MRI lobar ventilation imaging acquired from

n

OXF0068 pre-salbutamol.

OXF0068 Post-Salbutamol
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Figure 6.3: 3-D HP 129Xe-MRI lobar ventilation imaging acquired from
OXF0068 post-salbutamol. Images show appreciable increase in right upper

(blue) and middle (green) lobe ventilation signal intensity.
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Figure 6.4: QCT-derived emphysema (% LAA) from patient OXF0068. Red

areas correspond to regions with attenuation less than -950 HU.
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6.5.2 Data analysis from COPD patient OXF0086

Table 6.5: Lobar QCT-derived emphysema and pre- and post-salbutamol HP
129Xe-MR ventilated volume percentage in OXF0086

Pulmonary OXF0086

lobe % Pre-Salbutamol HP Post-Salbutamol HP A HP 129Xe-MRI
LAA | 129Xe-MRI ventilated | 129Xe-MRI ventilated | ventilated

volume (%) volume (%) volume (%)

RUL 37.3 | 93.78 83.18 -10.6

RML 27.1 | 64.19 72.29 8.1

RLL 19.1 | 77.46 76.98 -0.48

LUL 28.8 | 80.26 76.45 -3.81

LLL 20.6 | 73.45 84.78 11.33

A Change in measurement (post-salbutamol minus pre-salbutamol)

RUL = Right upper lobe, RML = Right middle lobe, RLL = Right lower lobe, LUL = Left upper lobe,
LLL = Left lower lobe, %LAA = percentage low attenuation areas less than -950HU

OXF0086

Pre-Salbutamol Post-Salbutamol

Figure 6.5: Coronal co-registered HP 12°Xe-MR ventilation and proton MR

imaging acquired in OXF0086 pre- and post-salbutamol. The blue arrows
indicate improvement in right mid zone and left lower zone ventilation signal
intensity post-salbutamol. The green arrows indicate new ventilation defects in

the left upper, right upper and right lower zones post-salbutamol.
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OXF0086 Pre-Salbutamol
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Figure 6.6: 3-D HP 129Xe-MRI lobar ventilation imaging acquired from

OXF0086 pre-salbutamol.

OXF0086 Post-Salbutamol
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Figure 6.7: 3-D HP 129Xe-MRI lobar ventilation imaging acquired from

OXF0086 post-salbutamol. Images show increased ventilation signal in the left

lower lobe (yellow) but also a new ventilation defect in the right lower lobe

(cyan).
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Figure 6.8: QCT-derived emphysema (% LAA) from patient OXF0086. Red

areas correspond to regions with attenuation less than -950 HU.
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6.5.3 Data analysis from COPD patient OXF0113

Table 6.6: Lobar QCT-derived emphysema and pre- and post-salbutamol HP
129X e-MR ventilated volume percentage in OXF0113

Pulmonary O0XF0113

lobe % Pre-Salbutamol HP Post-Salbutamol HP A HP 129Xe-MRI
LAA | 129Xe-MRI ventilated | 129Xe-MRI ventilated | ventilated

volume (%) volume (%) volume (%)

RUL 15.2 | 95.51 94.42 -1.09

RML 15 84.31 82.61 -1.71

RLL 10.1 | 85.49 86.79 1.31

LUL 21.2 | 89.66 85.77 -3.89

LLL 15.5 | 75.01 80.45 5.44

A Change in measurement (post-salbutamol minus pre-salbutamol)

RUL = Right upper lobe, RML = Right middle lobe, RLL = Right lower lobe, LUL = Left upper lobe,
LLL = Left lower lobe, %LAA = percentage low attenuation areas less than -950HU

OXF0113

Pre-Salbutamol Post-Salbutamol

Figure 6.9: Coronal co-registered HP 12°Xe-MR ventilation and proton MR
imaging acquired in 0XF0113 pre- and post-salbutamol. The blue arrows
indicate improvement in right mid zone and left lower zone ventilation signal

intensity post-salbutamol.
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OXF0113 Pre-Salbutamol
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Figure 6.10: 3-D HP 129Xe-MRI lobar ventilation imaging acquired from
0XF0113 pre-salbutamol.

OXF0113 Post-Salbutamol
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Figure 6.11: 3-D HP 129Xe-MRI lobar ventilation imaging acquired from

0XF0113 post-salbutamol. Images show appreciable increase in right lower

(cyan) and left lower (yellow) lobe ventilation signal intensity.
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Figure 6.12: QCT-derived emphysema (% LAA) from patient 0XF0113. Red

areas correspond to regions with attenuation less than -950 HU.
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6.5.4 Data analysis from COPD patient OXF0136

Table 6.7: Lobar QCT-derived emphysema and pre- and post-salbutamol HP
129Xe-MR ventilated volume percentage in 0XF0136

Pulmonary O0XF0136

lobe % Pre-Salbutamol HP Post-Salbutamol HP A HP 129Xe-MRI
LAA | 129Xe-MRI ventilated | 129Xe-MRI ventilated | ventilated

volume (%) volume (%) volume (%)

RUL 18.5 | 90.46 97.52 7.06

RML 15.0 | 68.71 79.08 10.37

RLL 16.5 | 51.51 80.76 29.25

LUL 19.3 | 88.34 92.58 4.24

LLL 17.7 | 81.30 87.97 6.67

A Change in measurement (post-salbutamol minus pre-salbutamol)

RUL = Right upper lobe, RML = Right middle lobe, RLL = Right lower lobe, LUL = Left upper lobe,
LLL = Left lower lobe, %LAA = percentage low attenuation areas less than -950HU

OXF0136

Pre-Salbutamol Post-Salbutamol

Figure 6.13: Coronal co-registered HP 12°Xe-MR ventilation and proton MR
imaging acquired in OXF0136 pre- and post-salbutamol. The blue arrows
indicate improvement in ventilation signal intensity within the right lower, left

upper and lower zones post-salbutamol.
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OXF0136 Pre-Salbutamol
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Figure 6.14: 3-D HP 129Xe-MRI lobar ventilation imaging acquired from
0XF0136 pre-salbutamol.

OXF0136 Post-Salbutamol
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Figure 6.15: 3-D HP 129Xe-MRI lobar ventilation imaging acquired from

0XF0136 post-salbutamol. Images show improved ventilation signal intensity

in the left upper (pink) and lower (yellow) lobes.
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Figure 6.16: QCT-derived emphysema (% LAA) from patient 0XF0136. Red

areas correspond to regions with attenuation less than -950 HU.
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6.6 Discussion

The preliminary findings from this pilot study measuring bronchodilator effects
in COPD using HP 129Xe-MRI showed: -
a) Post-bronchodilator change in spirometry, whole lung static HP 12°Xe-MR
ventilation imaging and dyspnoea-12 questionnaire scores
b) A differential post-bronchodilator change in lobar HP 129Xe-MR ventilated

volume percentages for each patient.

6.6.1 Variable changes in post-salbutamol HP '**Xe-MRI
ventilation, spirometry and dyspnoea-12 scores are

observed

Three patients (OXF0068, 0XF0113, OXF0136) demonstrated an improvement
in HP 129Xe-MRI, spirometry and dyspnoea-12 scores post-salbutamol. According
to published criteria(442-444), these patients would be classified as
bronchodilator responders based on post-salbutamol FEV;. 0XF0068 showed the
greatest overall improvement in whole lung HP 129Xe-MR ventilated volume
percentage with an increase of 8.1% post-salbutamol. However, further lobar
analysis showed a differential response within pulmonary lobes, with an
increase in HP 129Xe-MR ventilation in the right upper, middle and left upper
lobes but decreased ventilation in both lower lobes. This differential response

within pulmonary lobes is not appreciated with global spirometric measures.
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Despite minimal increase in whole lung HP 12°Xe-MR ventilated volume
percentage post-salbutamol (1.7%) for OXF0136, regional analysis showed
substantially increased lobar ventilation up to 29.2% in the right lower lobe. The
additional information provided by regional analysis of HP 129Xe-MRI post-
salbutamol may therefore indicate a greater response in particular lobes than
would be otherwise appreciated from whole lung HP 12°Xe-MRI parameters
alone. Furthermore, in this patient there is no structural difference appreciated
on CT between the right lower lobe (16.5% LAA) and left lower lobe (17.7%
LAA) to account for the differential increase in lobar ventilation of 29.2% and

6.7% post-salbutamol respectively.

OXF0086 would be classified as a non-responder based on post-salbutamol FEV
and showed a similar reduced whole lung HP 129Xe-MR ventilated volume
percentage and dyspnoea-12 score post-salbutamol. Although post-salbutamol
HP 129Xe-MRI enables multiple new ventilation defects to be visually appreciated
[Figure 6.5], lobar analysis again indicated a differential response including a
decrease in right upper lobe ventilation (10.6%) but increase in left lower lobe

ventilation (11.3%) [Table 6.5].

6.6.2 Differential change in post-salbutamol lobar HP ***Xe-

MRI ventilation is observed

The mean time elapsed between salbutamol administration and post-treatment
HP 129Xe-MRI acquisition was 17+4 minutes. The maximum effect of salbutamol

has been reported to occur approximately 15-20 minutes(470) post-
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administration. The changes in regional HP 129Xe-MR ventilation were observed

within this time frame and therefore likely to reflect maximal response.

The differential change in post-salbutamol ventilation volume percentage in
different pulmonary lobes suggests that HP 129Xe-MRI is capable of capturing
regional treatment response. This is particularly relevant to heterogeneous lung
diseases such as COPD, where the most common primary end-point for clinical
trials evaluating new therapies remains global spirometric measures. HP 129Xe-
MRI is a non-ionising technique, offering the potential for repeated evaluation of
treatments and description of response per lobe by employing the lobar analysis
methods presented. Furthermore, it would be possible to integrate the graphical
user interface (GUI) used to determine the lobar HP 129Xe-MR ventilated volume
percentages pre- and post-salbutamol into the clinical workflow and
subsequently translate the technique to other respiratory centres for use in

multicentre drug development clinical trials.

6.6.3 Observations are consistent with previous HP *He-MRI

studies

These observations are consistent with previous reports evaluating the effects of
salbutamol in COPD with HP 3He-MRI(334, 335). HP 3He-MRI demonstrated
significant decrease in VDP in 14 ex-smokers with COPD post-salbutamol(335).
The magnitude of treatment effect size was calculated to be greater for HP 3He-
MRI compared with FEV(335). Furthermore, the 3He gas changes occurred in

different image slices across patients, providing evidence of the regional
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heterogeneity of bronchodilator response. The current study confirms the
patient-specific regional response and extends findings to determine post-
salbutamol HP 129Xe-MR ventilation per lobe. The regional change in lobar HP
129X e-MR ventilation was both observed visually [Figures 6.1-6.4a, c|] and was
objectively quantified [Table 6.4-6.7]. Heterogeneous bronchodilation following
inhaled anticholinergics in COPD has also been reported using three-dimensional
CT analysis of fourth to sixth generation airway luminal area supporting these

findings(453).

6.6.4 HP ***Xe-MRI offers new insights into regional

bronchodilator response

Determining bronchodilator response in patients with COPD has previously
proved challenging due to a variety of factors including: -
¢ Diurnal and day-to-day variability in bronchomotor tone(471)
e Significant intra-individual variability in acute bronchodilator response
between repeat testing(437)
e Adoption of differing criteria for acute responsiveness based on post-
bronchodilator FEV;.
FEViresponsiveness has been previously reported to differ substantially in a
large cohort of COPD patients after administration of ipratropium and
salbutamol depending upon the criteria used(471). It is also widely
acknowledged that some patients derive benefit from bronchodilator use as a
result of an isolated volume response(472) rather than increase in FEV1. The

improvement in exercise endurance and dyspnoea in these patients(473) has

233



Chapter 6: Measuring the effects of intervention with HP **°Xe-MRI

been explained by a reduction in FRC and improved inspiratory capacity. The use
of absolute terms to define responsiveness and non-responsiveness may not be
optimal in the management of patients with COPD. In this respect, HP 12°Xe-MR
ventilation, diffusion-weighted and dissolved phase imaging may offer new
insights into the mechanism of bronchodilator response at a regional level

enabling treatments to be tailored to the individual.

6.6.5 HP **Xe-MRI can act as a surrogate end-point in

interventional studies

Previous HP 3He-MR imaging studies have shown changes in both ventilation
and ADC values(334) after an intervention in a number of obstructive lung
diseases(158, 458-461). In patients with asthma, induced HP 3He-MR ventilation
defects were reported to show differential reversibility following an inhaled
bronchodilator (albuterol)(462). The observed resolution of some ventilation
defects and persistence of others post-albuterol is consistent with the current
results presented. Investigation of HP 3He- and 12°Xe-MRI in seven asthmatics
before and after salbutamol inhalation demonstrated an improvement in both
129X e and 3He ventilation defect percentage (VDP), however the improvement in
HP 129Xe-MR VDP was significantly greater(469). This suggests that HP 129Xe-
MRI may be more sensitive to bronchodilator response and therefore preferable

as a surrogate end-point in interventional studies.

The bronchodilator effect on ADC values has also been investigated in ten COPD

patients using HP 3He-MR diffusion-weighted imaging(334). Although whole
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lung ADC was unchanged, mean ADC values in ROIs that remained ventilated
post-salbutamol significantly decreased indicating an improvement in gas

trapping. It would be possible to extend the current study to determine post-
salbutamol changes in lobar HP 129Xe-MR ADC values to further evaluate the

combination of reduced gas trapping and gas redistribution at a regional level.

The effect of intervention on HP 3He-MRI has also been previously investigated
in patients with cystic fibrosis(460, 461, 466). Evidence supporting the use of
HP gas MRI in investigational drug treatment studies has been provided from
preliminary HP 3He-MRI findings in paediatric cystic fibrosis patients post-
Ivacaftor(467, 468). HP 3He-MRI demonstrated significant ventilation
improvement post-Ivacaftor, a new class of drug targeting the genetic mutation

G551D(467, 468).

Although the study did not include a control arm where patients completed HP
129X e-MR ventilation imaging pre- and post-placebo, reproducibility of lobar HP
129X e-MR ventilation has been confirmed [Section 4.5, 4.6.2]. In the COPD
reproducibility study, differences between repeated lobar HP 129Xe-MR
ventilated volume percentage measurements were within the 95% limits of
agreement for 11 patients [Bland Altman plot of agreement, Figure 4.21]. This
provides supportive evidence that the observed increase in HP 129Xe-MR
ventilation post-salbutamol was not due to scan-rescan variability or
measurement error. In addition, previous literature supports the reproducibility
of hyperpolarised gas MRI in stable obstructive lung diseases imaged over

different time points(175, 176, 324, 326, 474, 475).

235



Chapter 6: Measuring the effects of intervention with HP **°Xe-MRI

6.6.6 Limitations

It is acknowledged that the small number of patients, effectively constituting a
case report/series is a major limitation of this chapter. As such, formal statistical
analyses were not possible and would be required to draw firm conclusions.
These data represent proof-of-principle that the regional effects of intervention
may be assessed in COPD using HP 129Xe-MRI and a larger study should be
undertaken to confirm results. In a larger sample size, the inclusion of the
dyspnoea-12 questionnaire scores and QCT-derived emphysema measurements
would allow for comparison of HP 129Xe-MRI against clinical and imaging
reference standards respectively. The prospective inclusion of a control arm to
the study would strengthen findings, although HP 12°Xe-MRI reproducibility has

been shown in Section 4.5.

The non-rigid multi-modal co-registration algorithm used for lobar HP 129Xe-MR
analysis accounts for potential patient motion and slightly different volumes of
gas within the lungs during breath-hold imaging, which may contribute to
measurement error. Patients were given extensive training and instruction for
breath-hold imaging including practice breath-holds prior to imaging to improve
technique and reproducibility of exhalation to FRC before inhalation of 1 L 129%Xe
gas. Standardisation of breath-hold volumes, which is pertinent to treatment
response studies, could be achieved by spirometric-gating. However, there is a

body of literature supporting the reproducibility of self breath-holding in the
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absence of respiratory monitoring devices following patient coaching and

instruction(476-478).

6.6.7 Future work

Evaluation of pre-and post-salbutamol HP 129Xe-MR ventilation imaging is
required in a larger sample size of patients with COPD to validate the current
findings and evaluate the relationship between change in HP 12°Xe-MR ventilated
volume percentage, spirometry and dyspneoa-12 scores using Pearson’s
correlation coefficients. Formal statistical analyses using a repeated-measures
analysis of variance are required to determine if the changes observed in HP

129X e-MR ventilation post-salbutamol are significant.

Future work may include HP 129Xe-MR diffusion-weighted and dissolved-phase
imaging pre-and post-salbutamol to assess the interaction between ventilation,
gas trapping and gas exchange in COPD post-salbutamol. This may also elucidate
the mechanism of action by which patients derive benefit from salbutamol

despite limited change in FEV;.

[t is possible to complete HP 129Xe-MRI pre- and post-inhaled interventions in a
range of obstructive lung diseases to investigate applicability of current findings
and potential for HP 129Xe-MRI to act as a surrogate end-point in drug
development trials. For example, in asthma patients with eosinophilic
inflammation, changes in HP 129Xe-MRI post-novel antibody treatments (e.g.

omalizumab, monoclonal antibody to IgE) may be correlated with non-imaging
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biomarkers of disease activity including exhaled nitric oxide levels, sputum and
blood eosinophil level for a comprehensive structural, functional and

physiological assessment.

6.6.8 Conclusion

Preliminary data from four COPD patients has demonstrated regional change in
HP 129Xe-MRI post-salbutamol. The ability of HP 129Xe-MRI to capture a
differential response according to pulmonary lobe suggests it may be of value in
drug development studies for new obstructive lung disease treatments. This
chapter provides proof-of-principle that HP 12°Xe-MRI can be used to evaluate
regional effects of intervention and should lead to further studies with a larger

sample size to confirm results.
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7 Chapter 7: Concluding remarks

7.1 Summary of findings

7.1.1 HP **Xe-MRI demonstrates gravitational-dependent

gradients

The potential clinical application of HP 129Xe-MRI requires robust validation of
the technique and definition of normal parameters, against which imaging in
various respiratory disease cohorts can be compared. The normal HP 129Xe-MR
ventilation and diffusion-weighted imaging parameters were established for
eleven healthy volunteers [Section 3]. In the supine posture (the position in
which HP 129Xe-MRI would most frequently be acquired) group mean ventilation

signal intensity was 1.26+0.32 and ADC value was 0.028+0.006 cm?sec’1.

HP 129Xe-MR ventilation and diffusion-weighted antero-posterior (AP) gradients
were systematically evaluated in the supine and prone posture for healthy
volunteers [Section 3.5.4]. HP 129Xe-MR ventilation AP gradients were more
marked in the supine than prone posture, whereas ADC AP gradients were more
uniform. Although, an overall trend for negative HP 12°Xe-MR ADC AP gradients
when supine and positive gradients when prone was found, the difference
between postures did not reach statistical significance. These data were

consistent with the current literature-base reporting increased ventilation in

239



Chapter 7: Concluding remarks

dependent lung regions when supine and a more uniform ventilation

distribution when prone(255, 257, 261-266, 317).

These data validate HP 129Xe-MRI by demonstrating sensitivity to normal
physiology. Furthermore, the findings support a role for HP 129Xe-MRI in
respiratory disease to reliably and accurately detect regional physiological
disturbance and improve our understanding of underlying pathophysiological

disease processes contributing to impaired gas exchange.

7.1.2 HP **Xe-MRI measures are successfully quantified

according to pulmonary lobes

This is the first study to describe successful lobar quantification of HP 129Xe-MRI
ventilation and ADC in patients with COPD. The progression from qualitative
radiological-based scoring(157) to quantitative methodology(325, 334, 336) has
advanced HP gas MRI analysis; however no standardised method has yet been
established. Direct comparison between imaging acquired at different HP gas MR
centres necessitates consensus regarding an optimum analysis method. One of
the unique advantages of HP 129Xe-MRlI is its capability for regional lung function
assessment. The generation of lobar HP 12°Xe-MRI measurements enables
regional information to be readily extracted. The automated analysis tool
employed throughout this thesis, involves a graphic user interface (GUI), which

could be easily incorporated into the clinical workflow.
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Lobar HP 129Xe-MRI parameters were successfully generated for 22 patients with
COPD (GOLD II-1V criteria) [Section 4]. Both lobar HP 129Xe-MR percentage
ventilated volume and average ADC showed correlation with lobar QCT-derived
emphysema (r=-0.32, p< 0.001 and r=0.75, p<0.0001). Furthermore, whole lung
HP 129Xe-MRI average ADC showed moderate correlation with PFTs: percentage
predicted TLCO (r=-0.61, p<0.005) and percentage predicted FRC (r=0.47, p<
0.05). Taken together, these data substantiate the lobar HP 129Xe-MRI analysis
method presented by confirming a relationship with established pulmonary

structural and functional measures.

The reproducibility of lobar HP 12Xe-MR percentage ventilated volume and
average ADC parameters were confirmed in 11 and 10 patients, respectively,
during disease stability. This provides supplementary evidence to validate the

automated lobar HP 129Xe-MRI analysis method.

7.1.3 HP **Xe-MRI demonstrates delayed ventilation

The feasibility of time-resolved single breath-hold HP 129Xe-MR ventilation
imaging was demonstrated in thirteen patients with COPD [Section 5]. Delayed
ventilation was observed visually and quantified by an increase in ventilation
signal intensity in 93% of imaging sets acquired. Within the imaging sets where
delayed ventilation was detected, a differential increase in ventilation signal was
observed in different pulmonary lobes i.e. affecting between two and five
pulmonary lobes. HP 129Xe-MR delayed ventilation may represent collateral

ventilation, partial obstruction, gas trapping, narrowing of the peripheral
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airways or a combination of processes. If the delayed ventilation observed does
represent collateral ventilation, this may be due to gas moving freely between

pulmonary lobules (intralobar) or between lobes (interlobar).

Analysis of CT fissure integrity in these patients, demonstrated significant
association between CT predicted collateral ventilation and delayed ventilation
observed with HP 129Xe-MRI in the left lung but no association was demonstrated
in the right lung. The literature is conflicted about the accuracy of evaluation of
fissures on HRCT and ability to predict collateral ventilation(398-400). Direct
observation and quantification of delayed ventilation with HP 129Xe-MRI may be
preferable to other indirect methods that are only capable of predicting

collateral ventilation with variable accuracy.

In addition, the delayed ventilation depicted by time-resolved HP 129Xe-MR
ventilation imaging was not appreciated on co-registered NM-V SPECT images,
which may be due to lower spatial and temporal resolution [Section 5.6.4].
Detailed review of co-registered CT images also failed to identify differences in
pulmonary structure, particularly regions of emphysema in lobes that did and

did not demonstrate delayed ventilation.

Further work is required to determine the aetiology of the delayed ventilation

observed and to develop the technique for potential non-invasive detection of

collateral ventilation.

242



Chapter 7: Concluding remarks

7.1.4 HP **Xe-MRI demonstrates regional lung function

change post-therapeutic intervention

Preliminary findings from four patients with COPD showed regional change in
static HP 129Xe-MR ventilation post-salbutamol inhalation [Section 6]. Post-
salbutamol changes in whole lung static HP 12Xe-MR ventilation imaging,
spirometry and dyspnoea-12 questionnaire scores provide complementary
evidence of both functional and symptomatic change following intervention.
Importantly, the differential change in post-salbutamol ventilation volume
percentage according to pulmonary lobe suggests that HP 129Xe-MRI is capable of
capturing regional treatment response. This is particularly relevant to
heterogeneous lung diseases such as COPD, where the most common primary
end-point for clinical trials evaluating new therapies remains global spirometric

measures(479, 480), which fail to provide detailed regional information.

Unfortunately due to the small sample size, formal statistical analyses could not
be performed and extension to a larger cohort should be undertaken to validate
the preliminary data. Nevertheless, these results suggest a promising role for HP
129Xe-MRI in drug development studies to assess therapeutic response. HP 129Xe-
MRI may be adopted as a surrogate end-point in interventional studies,
potentially enabling earlier and more detailed detection of regional response to
novel obstructive lung disease treatments than current standard end-points

(FEV4).
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7.1.5 Summary

Data presented in this thesis demonstrate how the technical acquisition of HP
129X e-MRI in healthy volunteers and patients with COPD has been optimised.
Establishing the normal parameters of HP 129Xe-MRI in healthy volunteers and
demonstrating sensitivity to normal physiology have further validated potential
clinical application. The successful generation of lobar HP 129Xe-MRI parameters
with confirmed reproducibility offers an automated analysis method that may be
easily adopted into the clinical workflow and translated to other imaging centres.
Demonstration of the feasibility of detecting delayed ventilation and regional
change in lung function following intervention has identified specific roles for HP
129Xe-MRI in evaluating regional treatments and assessing therapeutic response.
Larger, multicentre studies focussed on the specific potential HP 129Xe-MRI roles
identified in this thesis are critical to propel the translation of the technique from
bench to bedside. Future work should focus on well-designed, multicentre trials
to evaluate the role of HP 129Xe-MRI in COPD patient selection for LVRT. HP

129X e-MRI also has a possible role as a surrogate end-point in obstructive lung
drug development studies. Data presented in this thesis primarily supports these
clinical applications and other applications which could be explored are detailed

below [Section 7.2 - 7.4].
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7.2 Potential utility of HP ‘*Xe-MRI

7.2.1 Challenges to overcome

When considering an ideal modality to evaluate lung function and quantify V/Q
relationships, the following criteria have been suggested: -

e Non-invasive

e Able to be implemented in most clinical settings

e Offer high-resolution spatial information

¢ Minimal exposure to ionising radiation

HP 129Xe-MRI fulfils most criteria and while it is feasible for the technique to be
implemented in most clinical settings, there are still challenges to be overcome.
The rapid clinical uptake of HP 129Xe-MRI has been impeded by a number of
factors: -
o [Initial research efforts focussed solely on HP 3He-MRI with subsequent
3He resource becoming scarce and very expensive
e Regulation of hyperpolarised 12°Xe gas as a drug and therefore
requirement for Medicines and Healthcare products regulatory authority
(MHRA)/Food and Drug administration (FDA) approvals
e Slow commercialisation efforts of hyperpolarised gas technology.
Before 2012, HP gas MR research was restricted to only a few sites worldwide
that had access to a small number of commercially available GE polarisers or the

in-house expertise to build their own. Access to polariser technology is likely to
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improve following the recent GE spin-off of intellectual property to Polarean
(Research Triangle Park, NC)(481) and upcoming expiration of a key patent. The
combined efforts of Polarean, Xemed LLC (Durham, NH)(137) as well as “open-
source” polarisers(482, 483) aim to overcome barriers to accessing
hyperpolarised gas technology and encourage multicentre translational

research.

The cost associated with HP 12Xe-MRI is another factor for consideration since
the overheads of polariser installation/maintenance and purchase of 12°Xe gas
supply are significant. The cost of 1 L of isotopically enriched 129Xe gas has been
reported as approximately US$ 200-250(484). In a resource-scarce NHS, delivery
of routine lung function assessment with HP 129Xe-MRI in all NHS hospitals
across the UK is highly unlikely. However, as the evidence-base for clinical
translation of HP 129Xe-MRI is generated through multicentre trials and potential
sponsorship from the pharmaceutical industry, it is anticipated that the

associated costs will reduce as result of increasing market demand.
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7.3 Clinical applications

7.3.1 Improving pathophysiological understanding of

cardiorespiratory disease

7.3.1.1 Acute Respiratory Distress Syndrome

By demonstrating that HP 129Xe-MRI is sensitive to gravitational-dependent
gradients and thus normal physiology [Section 3], the reliable description of
regional physiological disturbance with HP 129Xe-MRI has been proposed. The
findings, similar to previous animal(255, 257) and human studies(222), of a
ventilation gravitational-dependent gradient more marked in the supine than
prone position has direct implications for improving gas exchange in
mechanically ventilated patients(485). Specifically the more homogeneous
distribution of inflation in the prone posture, decreases ventilator-induced lung
injury(486, 487), improves oxygenation(488) and in patients with acute
respiratory distress syndrome (ARDS) provides a significant survival

advantage(489).

7.3.1.2 Heart failure

HP 129Xe-MRI may provide detailed information about the physiological
imbalance that occurs during heart failure. Improved understanding of the
interaction between the heart and lungs in heart failure may allow new
therapeutic targets to be identified which are aimed at restoring altered V/Q

gradients and consequently improve symptoms of dyspnoea. The distribution of
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lung perfusion has been previously compared between healthy volunteers and
patients with heart failure using a 2-dimensional gadolinium first-pass perfusion
MR technique(280). In contrast to the significantly increased perfusion
demonstrated in the dependent lung regions in healthy volunteers when lying
supine, the gravitational gradient was blunted in heart failure, reduced in
proportion to left ventricular end-diastolic pressure(280). The redistributed
perfusion to non-dependent lung regions was likely due to increased pulmonary

vasoconstriction in dependent lung areas.

HP 129Xe-MRI offers the opportunity to observe the distribution of a wider range
of lung function parameters i.e. ventilation, gas diffusion and gas transfer in
heart failure. It may also enable the relationship between altered distribution of
these parameters and symptoms, for example orthopnoea, to be delineated. It
has been suggested that redistribution of perfusion from the lung periphery
occurs in heart failure with prolonged supine positioning and may contribute to
paroxysmal nocturnal dyspnoea and central sleep apnoea(490). Physiological
studies using HP 129Xe-MRI to demonstrate the alterations in regional lung
function occurring after prolonged periods in the supine position and potentially
during exercise would be valuable in patients with heart failure. Given the main
cause for perfusion redistribution in heart failure has been suggested as
pulmonary vasoconstriction, the mechanism of action and response to

pulmonary vasodilator therapies may also be assessed using HP 129Xe-MRI.

248



Chapter 7: Concluding remarks

7.3.1.3 Pulmonary congestion in end-stage renal disease

The physiological disturbances occurring as a result of pulmonary congestion in
end-stage renal disease (ESRD) patients undergoing dialysis could also be
evaluated by HP 129Xe-MRI. Pulmonary congestion is often incompletely resolved
following ultrafiltration dialysis, with greater than 25% patients still having
excessive lung water after dialysis(491). Moreover, in ESRD, pulmonary
congestion may be asymptomatic or cause major deterioration in physical
performance. Previous studies have reported chest ultrasound to reliably
estimate extravascular lung water(492) and to help refine prognosis in dialysis
patients(493, 494). By determining the alteration in pulmonary ventilation and
gas transfer in pulmonary congestion and ESRD, HP 129Xe-MRI may improve our
understanding and act as a potential biomarker for early disease detection in

asymptomatic patients.

7.3.2 Evaluation of regional treatments for obstructive lung

diseases

The unique advantage of HP 129Xe-MRI pertains to its ability to regionally
describe ventilation, pulmonary microstructure, gas exchange and transfer.
Although the regional distribution of the functional parameters may be easily
visually appreciated from imaging, objective quantification is essential to extract
this information. The generation and validation of an automated lobar analysis
method for HP 129Xe-MR ventilation and diffusion-weighted imaging is a

significant step forward [Section 4]. The software used for lobar HP 129Xe-MRI
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analysis has a GUI, which would be easily integrated into the clinical workflow
and thus translatable to other respiratory imaging centres. The method has
several applications for patients with COPD, including quantification of regional
disease severity and potential stratification and determination of patient
suitability for particular treatments. The lobar analysis method may also be
applied to other obstructive lung diseases, for example lobar HP 12°Xe-MRI ADC
values in o1 antitrypsin deficiency to determine regional air trapping and lobar
HP 129Xe-MR ventilated volume percentages in asthma to quantify regional
airflow limitation. In these obstructive lung diseases, lobar HP 129Xe-MRI analysis
would be ideally placed to assess response to regional treatments, for example

bronchial thermoplasty in asthma [Section 7.3.5].

With the emergence of regional treatments for many respiratory diseases, HP
129X e-MRI offers an approach to evaluate regional response, where previous
standard global lung function measures have proven inadequate. Lobar HP 129Xe-
MR parameters may be employed for the assessment of a wide range of regional
treatments including LVRS and endobronchial valve insertion in COPD, bronchial
thermoplasty in asthma and radiotherapy in lung cancer. Unlike conventional CT
follow-up after treatments, HP 129Xe-MRI is non-ionising and can therefore be
performed at multiple time points and earlier, potential immediately after an
intervention. In this way, HP 12Xe-MRI may provide evidence of likely treatment
success or identify the need for modification, enabling the clinician to make
judicious decisions about further management and share this information with

patients earlier on the treatment pathway.
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7.3.3 Improving patient selection for endobronchial valves

HP 129Xe-MRI may enable comprehensive evaluation of COPD patients
considered for endobronchial valve insertion or other similar regional
treatments, for example airway bypass, endoscopic sealant, steam and lung
volume reduction coils(375-380). HP 129Xe-MR diffusion-weighted imaging
enables the distribution of emphysema to be described in detail. Pulmonary
lobes to be targeted for endobronchial valve insertion may be identified by an
associated elevated mean lobar HP 129Xe-MR ADC value. Furthermore, the
detection of delayed ventilation with time-resolved or dynamic HP 129Xe-MRI
may help predict treatment outcome. Whilst HP 12Xe-MR delayed ventilation
may represent collateral ventilation, direct comparison with the Chartis system
is still required to confirm this. The threshold of delayed/collateral ventilation
above which endobronchial valves would fail also remains to be determined.
Pre-assessment of individuals considered for endobronchial valves with time-
resolved HP 129Xe-MRI may allow patient stratification by rationalising the
number of invasive Chartis procedures and patients demonstrating significant
HP 129Xe-MR delayed ventilation would not proceed to further treatment. In
contrast, patients in whom significant HP 12°Xe-MR delayed ventilation is
excluded would proceed to Chartis and for continued consideration for valve
insertion. This strategy would improve patient selection for treatments and is
aimed to reduce the number of invasive Chartis procedures in patients

ultimately precluded from treatment.
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7.3.4 Predicting post-LVRT lung function

There are a number of different techniques that have been used to predict post-
operative lung function(495-498) in patients undergoing lung reduction surgery;
all have difficulty in determining the precise contribution of individual lobes to
the patients’ lung function. Conventional nuclear medicine methods based on
planar scintigraphy(97, 98, 100) are slowly being replaced by 3-D SPECT/CT
techniques(101) to provide relative measurements of perfusion/ventilation per
lobe. Disadvantages of nuclear medicine are the inherent low spatial and
temporal resolution associated with images as well as exposure to ionising
radiation. HP 129Xe-MRI is an alternative non-ionising technique readily capable
of quantifying lobar ventilation in patients considered for lung resection. In
addition to estimating the impact of resection on pulmonary status, HP 129Xe-MR
offers dynamic ventilation and dissolved-phase imaging to provide
complementary information on delayed/collateral ventilation and gas
exchange/transfer in these patients. This may help determine patient suitability
and also provide further insights into the physiological alterations occurring

post-LVRT, specifically to identify the cause of treatment failures.

7.3.5 Evaluating bronchial thermoplasty

The lobar HP 129Xe-MRI analysis methodology may be further extended to a
segmental level with view to develop more effective image-guided treatments for
obstructive lung diseases. Bronchial thermoplasty is a treatment for severe
asthma that uses radiofrequency energy to reduce airway smooth muscle and

decrease bronchoconstriction(499). Bronchial thermoplasty has been shown to
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improve quality of life and decrease the rate of severe exacerbations(500) with
no significant long-term complications(501). The specific group of patients with
severe asthma who would benefit most from this treatment is not yet clearly
defined. Previous investigation of seven patients with asthma using HP 3He-MRI
pre- and post-bronchial thermoplasty showed a decrease in ventilation defects
as a function of time post-treatment(340). Further investigation using HP 129Xe-
MRI to both guide treatment and evaluate response, may help tailor treatments
for individual patients. Ventilation defects demonstrated with HP 129Xe-MRI may
help localise specific bronchopulmonary segments to be targeted with bronchial
thermoplasty. Subsequent HP 12°Xe-MRI post-thermoplasty may quantify the
relative ventilation within different pulmonary lobes and segments. This
regional information may be extremely valuable to the clinician, enabling careful
decisions concerning radiofrequency dose, time interval between treatment

sessions or whether all treatment sessions are even necessary, to be made.

7.3.6 Improving radiotherapy planning

The regional information provided by HP 129Xe-MRI may be used to inform
radiotherapy plans to preserve functional lung tissue whilst enabling delivery of
high tumoricidal dose to target lung cancer. Previous research with HP 3He-MRI
has shown feasibility of the technique to aid radiotherapy planning in lung
cancer patients(502) and evaluate radiation-induced lung injury in patients after
thoracic radiation treatment(503). HP 3He-MRI ventilated lung volumes have

successfully been incorporated into conformal avoidance treatment-planning

253



Chapter 7: Concluding remarks

paradigms(504) and used to reduced radiation exposure compared with

planning based purely on anatomical information(505).

HP 129Xe-MRI may allow evaluation of radiotherapy response beyond reduction
in tumour size/volume conventionally assessed by CT follow-up, since
improvements in regional ventilation or gas exchange/transfer may be detected.
Ethical approval has been obtained for a study to investigate HP 129Xe-MRI pre-
and post-chemoradiotherapy in patients with non-small cell lung cancer [NRES
South Central Committee (Berkshire) REC reference 13/SC/0473]. Patients are
currently being recruited to this study despite the challenge of poor performance
status limiting study visit attendance and high loss to follow-up. Preliminary data
from a patient with non-small cell lung cancer where HP 129Xe-MRI was
successfully acquired pre- and post- combined chemoradiotherapy is shown in
Figure 7.1. The initial right upper lobe ventilation defect is demonstrated to
largely resolve by the final-day of treatment. The images are particularly
encouraging for patients undergoing intensive daily radiotherapy schedules but
further longitudinal investigation in a larger sample size is still needed. In the
future, data acquired pre-chemoradiotherapy could be incorporated into the
individual patient’s radiotherapy plan to ensure optimal dose delivery whilst
conserving functional lung tissue. Post-chemoradiotherapy HP 129Xe-MRI may
detect radiotherapy response or development of radiation-induced lung injury
early. This may in turn allow clinical oncologists to make decisions about

modifying chemoradiotherapy schedules earlier in the treatment pathway.
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. 2 weeks post- Final day of
Baseline :
chemoradiotherapy Treatment

Figure 7.1: Coronal CT and HP 12°Xe-MR images from 72 year old female

with non-small cell lung cancer. CT images show tumour centred at the right
hilum a) pre-chemoradiotherapy and b) post-chemoradiotherapy with likely
disease progression and subsequent new obstruction of the right upper lobe
bronchus. In contrast, HP 12°Xe-MR ventilation images c) pre- d) two-week post-
and e) on the final day of chemoradiotherapy treatment show gradual
improvement and resolution of the right upper and lower lobe ventilation

defects.

7.4 Research applications

7.4.1 Use as a surrogate end-point in drug development

studies

Drug development studies present an imminent research application for HP

129X e-MRI. Clinical trials of new pharmacological treatments may benefit from
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regional HP 129Xe-MR parameters, as they appear more sensitive than global
spirometric indices or PFTs particularly in heterogeneous respiratory disease.
Furthermore, the use of HP 129Xe-MRI may reduce the sample size needed for

drug development studies as outcome may be based on surrogate measures.

HP 3He-MRI has been used to investigate the efficacy of Ivacaftor, a new
therapeutic agent for cystic fibrosis(506). Similar application of lobar HP 129Xe-
MR ventilation or ADC values as surrogate end-point measures in clinical trials

for new COPD or asthma treatments is a clear translational use.

7.4.2 Assessment of gas transfer and exchange in interstitial

lung disease

Although HP 129Xe-MR dissolved phase imaging has not been investigated in this
thesis, the unique property of 129Xe to dissolve into the lung parenchyma and
blood presents a significant advantage, allowing gas exchange dynamics to be
probed. HP 129Xe-MRI has the potential to play a significant role in the
investigation of interstitial lung diseases, many of which can only be diagnosed
by an invasive open or thoracoscopic lung biopsy. HP 129Xe-MRI is non-invasive,
may be performed repeatedly and dissolved-phase biomarkers; haematocrit,
alveolar surface area per unit gas volume, capillary transit time(507, 508) and
septal wall thickness may be used to monitor disease longitudinally and assess
therapeutic response. There has been an explosion of potential therapies(509) in
recent years driven by the need to improve prognosis of patients with interstitial

lung diseases. HP 129Xe-MRI may be used as a surrogate end-point in these drug
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development trials and subsequently clinically to determine early therapeutic
response. This will enable expensive therapies to be appropriately titrated up in
patients who demonstrate a response or altered to different regimes if negligible

response is shown.

7.5 Conclusion

Future efforts to advance HP 129Xe-MRI should concentrate on well-designed
multi-centre studies investigating its potential clinical utility in regional
treatment evaluation, particularly LVRT for patients with COPD. Collaboration
with industry would enable the role of HP 129Xe-MRI in drug development to be
further explored. Widespread adoption of HP 129Xe-MRI across multiple clinical
centres will require standardisation of parameters, including MR sequences,
calibration of polarised 12°Xe gas concentrations and protocols for 129Xe
inhalation(510). The feasibility of performing a multinational, multicentre study
using a central production facility has previously been accomplished with HP
3He-MRI(330). The application of HP 129Xe-MRI across multicentre sites in a
similar approach would seem the next logistical step to progress towards clinical

translation.

This thesis has contributed to the field of hyperpolarised noble gas MRI by
further validating HP 129Xe-MRI, improving methodology for regional analysis
and determining its potential clinical utility in obstructive lung disease.
Translation of this technique to the clinical arena will offer unique insights into

the complex interaction between ventilation, diffusion and gas exchange at a
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regional level and allow the true potential of HP 129Xe-MRI in respiratory

medicine to be realised.
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