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Abstract

Lung diseases affect the lives of millions of people across the UK and result in
the thousands of deaths every year. It is therefore vitally important to continue
to develop a wide range of diagnostic techniques to improve our understanding
of lung diseases and how they can be treated. This thesis provides an overview of
the main methods of assessing lung condition before focussing on developments
in two specific areas: Forced Oscillation Technique (FOT) and Hyperpolarised
(HP) gas MRI.

FOT is an inexpensive, non-invasive lung function test that measures the
acoustic impedance of the airways by applying an oscillating waveform via a
mouthpiece. FOT cannot be used to image the lung but instead provides in-
formation on a variety of other physiological parameters. Two FOT studies are
presented in this thesis: a multi-site phantom study and a patient based study.
The phantom study confirmed the validity of the Nottingham FOT system used
in the patient study and investigated the effects of lung stiffness and airway
obstruction on measured FOT parameters using a 3D printed lung phantom,
as well as comparing phantom results between three different FOT devices (an
in-house device from the University of Nottingham, an Erich Jaeger Master-
Screen IOS and a tremFlo C-100 airwave oscillometry system) at two sites (the
University of Nottingham and Glenfield Hospital, Leicester). It was found that

changes in lung stiffness and airway obstruction are observable in the reactive



and resistive (respectively) components of measured impedance. A difference
was seen between the Jaeger IOS system and the other two devices. The patient
based study was undertaken to investigate the efficacy of FOT, in comparison to
spirometry, in differentiating between three patient groups, healthy, asthmatic
and chronic obstructive pulmonary disease (COPD), with a particular focus on
investigating the effect of a bronchodilator on measured FOT parameters. It was
found that both FOT and Spirometry were effective at differentiating between
the patient groups, however, they provided different information about patient
response to bronchodilator thus demonstrating that both techniques should be

performed to obtain the maximum information about a patients disease state.

HP gas MRI uses isotopes of noble gases, such as He and '??Xe, to either
image the lungs or perform non-imaging measurements of parameters such as
the Apparent Diffusion Coefficient (ADC). A short study using 3He was per-
formed comparing ADC measurements at two different time scales between two
sites (the University of Nottingham, 13ms, and the University of Sheffield, 2ms)
with a secondary aim of investigating the effect of age on ADC. A study on HP
129X e MRI is presented covering developments that have been made in various
imaging techniques including breathing protocols and scanning techniques. The
objective of this study is to establish a reliable scanning protocol using healthy
volunteers before expanding the study to investigate different disease states in-
cluding COPD and idiopathic pulmonary fibrosis (IPF). Although progress has
been made in testing the validity of various imaging techniques, with ventilation
images at 25mm and 10mm slice thicknesses obtained, more development is still
needed to improve the quality of the images in order for them to be useful in a

clinical setting.
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Chapter 1

The Respiratory System

1.1 Lung Anatomy, Physiology and Pathology

1.1.1 Anatomy and Physiology
The Thoracic Cavity

Respiration is the biological process of converting sugar (glucose) and oxygen
into carbon dioxide and water in order to provide cells with energy. In a single-
celled organism the required oxygen and waste carbon dioxide can travel to and
from the surface to the centre of the cell by simple diffusion. However, for a
larger sized organism a system is required for these gases to be spread through-
out the entire body. In the case of humans this is done with the circulatory
system which uses the heart and haemoglobin in red blood cells to transport
the oxygen and carbon dioxide to and from where it is needed. This works in
conjunction with the respiratory system which brings oxygen into the body from
the atmosphere and removes excess carbon dioxide from the circulatory system,

in a process known as gas exchange.



The thoracic cavity is located in the upper half of the torso and is surrounded
by the thoracic walls, which contain the ribcage and intercostal muscles, and
is separated from the abdominal cavity by the dome shaped diaphragm. It is
further divided into three smaller compartments, the two separate pulmonary
cavities and the mediastinum. Each pulmonary cavity contains one lung en-
closed in a pleural sac whilst the mediastinum, which sits between the two
pulmonary cavities, contains the heart, trachea, oesophagus and large blood
vessels. The inner and outer layers of the pleural sac are called the visceral and
parietal layers with the visceral layer in contact with the lung and the parietal
layer in contact with the thoracic wall. The pleural cavity refers to the space
between these layers and is at a pressure that is lower than the atmospheric
pressure. This lower pressure environment is essential for the lungs to inflate

and deflate during breathing.

Gas Exchange

Effective gas exchange is dependent on three key factors. Firstly the air
within the lungs must be well ventilated to remove the carbon dioxide and
bring in oxygen. Perfusion is the second key factor and refers to the necessity of
a good supply of red blood cells to the lungs for gas exchange. The third factor
is that the distance between the red blood cells and the gas exchange surface of
the lungs needs to be a small as possible for effective diffusion. Overall the rate
of diffusion is described by Fick’s law:

AC

where J is the rate of diffusion, A is the area of diffusion, AC' is the concen-
tration difference, Az is the thickness of the barrier between the gas and the
blood and D is the diffusion constant which is dependent on the properties of

the gas and tissue. From this equation it can be seen that to increase the rate of



gas exchange the red blood cells need to be brought as close as possible to the
largest area of the lungs. For this reason the lungs contain a large number of
small air sacs called alveoli that are each covered in a network of capillary blood

vessels thus maximising the area for diffusion whilst minimising the distance.

Inhalation occurs when the diaphragm contracts and flattens and the inter-
costal muscles contract pulling the ribs up and out from the centre of the body
(the pectoral muscles can also have a part in this if the arms are braced). This
increases the volume of the pleural sac. The lungs expand into the pleaural sac
due to the pressure difference between them. This increased volume lowers the
pressure within the lungs thus drawing external air into the lungs. Conversely
passive exhalation is caused by the relaxation of the diaphragm and muscles
with the elastic nature of the lungs providing the main force to expel the air.
Forced exhalation can be achieved by contracting the abdominal muscles, thus
pushing up the diaphragm, and contracting the internal intercostal muscles [1].

This process is shown diagrammatically in Figure 1.1.



Inhalation Exhalation

Figure 1.1: The anatomical differences between inhalation (with the diaphragm
contracted and flat and the intercostal muscles contracted to expand the ribcage)
and exhalation (with the diaphragm relaxed and “domed” and the ribcage less

spread).

The Respiratory Tract

During inhalation air is draw into the body through either the nose, into the
nasal cavity, or the mouth where it enters the oral cavity. These cavities are
connected by the pharynx at the back of the throat. The pharynx is in turn
connected to the trachea, which leads to the lungs, and the oesophagus which
connects the mouth to the stomach. In order to prevent food from entering the
lungs a flap of cartilage, the epiglottis, covers the trachea during swallowing.
The larynx is the organ of voice production and also has a role in preventing food
and other unwanted substances from entering the lungs. It connects the pharynx
to the trachea acting as an open valve during breathing but moving forwards
and upwards to underneath the tongue during swallowing. These component
parts of the respiratory tract, as well as the upper part of the trachea, are all

located above the thorax and so are referred to as the upper respiratory tract

[2].



The lower respiratory tract refers to the organs and structures of the res-
piratory tract located within the thoracic cavity. The main structure within
the lower respiratory tract is the large network of branching airways called the
tracheobranchial tree [2]. This has two zones, the conducting zone, which dis-
tributes air through the lung, and the respiratory zone where gas exchange
occurs. The conducting zone begins with the trachea which is a tube wrapped
in rings of cartilage for support and has the function of being the inlet of air
into the thoracic cavity. The trachea bifurcates at its base splitting into the two
main bronchi which each act as the inlet into the two pulmonary cavities and
lungs. Once inside the lungs the bronchi continue to divide into smaller bronchi
which in turn branch into smaller bronchioles after eleven generations [3]. As
well as being smaller, bronchioles are different from bronchi as bronchi have
supporting cartilage and submucosal glands whilst bronchioles do not. Bron-
chioles continue to divide for a further ten or more generations ending with the
terminal bronchioles which supply the respiratory zone of the tracheobranchial
tree. Due to the branching nature of the airways, the respiratory zone consists
of several small units called acini [4]. The acinus is the site of gas exchange and
consists of respiratory bronchioles which each branch into approximately five or
six alveolar sacs. These alveolar sacs contain several alveloi such that in total
the average lung contains 150 to 400 million alveoli with a large surface area
of 50 to 100 m? [5]. This combined with the fact that the alveoli are only one
cell thick results in efficient gas exchange. The tracheobranchial tree is shown

in Figure 1.2.
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Overall the lungs are made up of five lobes. The right lung has a superior,
middle and inferior lobe whilst the left lung only has a superior and inferior
lobe. This difference is due to the heart which is more prominent on the left
side of the body thus reducing the space available for the left lung. The nasal
cavity, pharynx and conducting zone of the tracheobronchial tree have mucus
glands and ciliated epithelial cells. These have the function of trapping dust
and bacteria and wafting them into either the oesophagus to be destroyed by

the stomach, or to the mouth or nose to be expelled from the body [6, 7].

1.1.2 Lung Pathology

Lung diseases are extremely prevalent affecting one in five people in the UK.
Common conditions include the stiffening of the lungs, build-up of mucus and
breakdown of the smaller airway structures. Lung disease can have a large im-
pact on well-being due to common symptoms (such as breathlessness, wheezing
and coughing) preventing patients from performing physical activities such as
exercise, housework or moving around the house. Severe cases of lung disease

can be fatal with lung disease causing 20.1% of deaths in the UK in 2012 [8].

There are two main types of lung disease: obstructive and restrictive. An
obstructive disease is one in which the patient experiences difficulty in rapid
exhalation due to a narrowing of the airways. However, with an obstructive
disease the capacity of the lung is unchanged and remains comparable to that
of a healthy person. In the case of a restrictive lung disease the amount of
air held within the lungs is reduced due to the lungs being unable to fully ex-
pand. In many cases patients can exhibit signs of both obstructive and resistive
lung diseases such as asthma and COPD being potentially both obstructive and

restrictive in nature.



Asthma

Asthma is an obstructive airways disease that gives rise to breathing dif-
ficulties due to inflammation of the airways and airway hyperresponsiveness.
Bronchial obstruction due to inflammation has several contributory factors in-
cluding smooth muscle constriction, thickening of the airway wall due to small
muscle hypertrophy (increased muscle size) and oedema (build-up of fluid), and
mucous hypersecretion leading to a build-up of excess mucus lining the lumen
of the airways [9]. These factors result in a narrowed airway thus impeding
airflow [10]. Acute asthma is due to smooth muscle spasms and blockage due to
mucus plugging. The hyperresponsive element of asthma refers to the airways
overreacting to stimuli. There are various triggering stimuli that affect differ-
ent patients with common stimuli including particles such as dust, smoke and

pollen. There are also other stimuli such as stress[11].

One of the characteristic features of asthma is that the airway obstructions are
typically temporary and not in a fixed location. However, in severe cases, chronic
inflammation can occur leading to necrosis of bronchial epithelial cells, fibro-
sis and oedema. Symptoms including breathlessness, chest tightness, coughing,
wheezing and fatigue. Asthma is a condition that can be managed by avoiding
known triggers and through drug treatment including the use of short-acting
bronchodilators, regular inhaled anti-inflammatory agents and inhaled or in-

gested steroids [12].

COPD

Chronic obstructive pulmonary disease (COPD) is one of the leading causes
of death in the UK resulting in between 25,000 to 30,000 deaths per year [§].
COPD is an umbrella term for several obstructive airways diseases, the most
prominent of which are chronic bronchitis and emphysema [12]. The pathology

of chronic bronchitis is comparable to the bronchial inflammation present in



asthma with obstruction caused by hyperplasia of the goblet cells resulting in a
large excess of mucus. However, unlike asthma, in the case of chronic bronchitis
the inflammation is more permanent and the mucus build-up can then lead to
damage to the ciliated epithelial cells lining the bronchi, which greatly increases
the chances of bacterial infection. Chronic bronchitis is clinically defined as a

persistent cough with sputum production for at least three months [11].

Emphysema is a breakdown of the alveolar structure of the lungs due to the
permanent enlargement of air spaces distal to the terminal bronchiole along
with the destruction of their walls. As a result the lungs are filled with larger
sacs called bullae instead of alveoli, thus reducing the surface area over which
gas exchange can occur. Emphysema also causes a decrease in the elasticity of
the lungs due to damage to the elastic fibres [13, 14]. There are different forms
of emphysema that refer to distribution of damaged areas within the acinus.
The two main types are centriacinar emphysema, which refers to damage to the
centre of the acinus and is associated with chronic bronchitis, and panacinar
emphysema, which refers to damage to the whole acinus and is not associated

with chronic bronchitis[11].

Cigarette smoking is the primary cause of COPD due to the impairment of
ciliary movement, causing mucus gland hypertrophy and altering the structure
and function of alveolar macrophages [15]. Other factors leading to the develop-
ment of COPD include exposure to atmospheric pollution, recurrent bacterial
infection and genetic abnormality. Symptoms include productive cough, breath-
lessness, wheezing, infective exacerbations and air trapping [12]. COPD can be
managed using steroids and bronchodilators which can reduce hyperinflation by
reducing the volume of trapped air within emphysematous regions of the lungs.
Antibiotics and vaccines for other diseases (such as the annual flu vaccine) are

used to prevent secondary illness caused by infection. In certain cases surgery



can be performed to remove emphysematous lung with severe exacerbations
treated using oxygen. One of the most important aspects of treating COPD is

to encourage smoking cessation to reduce the rate of deterioration [11].

ACOS

The similarity in the pathology of asthma and COPD causes difficulty in di-
agnosing patients who exhibit clinical features of both diseases. Recently a new
term called asthma-COPD overlap syndrome (ACOS) has been introduced to
describe patients in this situation. Features of ACOS include restrictions to
airflow that are persistent and not fully reversible (often with a high amount of
variability and airway hyperresponsiveness), difficulty in breathing after exer-
tion (again with high variability) and exacerbations occurring at a higher rate
than expected in COPD alone. The symptoms of ACOS worsen over time but

can be partly reduced by treatment [16].

IPF

Idiopathic pulmonary fibrosis (IPF) is a rare disease affecting between 0.001%
and 0.005% of the population with a mean age at presentation of 71 and is very
rare in people under 50. The pathogenesis of IPF is unknown, however the
condition affects twice as many men as women and has strong associations with
smoking cigarettes. There are many unknown aspects of IPF despite many
developments in understanding the disease over the past decade [11, 1]. The
main feature of IPF is established fibrosis (build up of scar tissue) of the lungs
reducing elasticity resulting in a breakdown of the alveolar sacs which reduces
the gas exchange area. Another aspect of IPF is mild to moderate interstitial
inflammation (inflammation of the tissue supporting the air sacs). IPF primarily
affects the lower lobes of the lung spreading upwards as it progresses. As a
result many patients with IPF have other lung diseases such as centriacinar

emphysema [17, 18]. There is also an association between IPF and lung cancer,

10



however how much IPF increases the risk of developing cancer is disputed [19].

Symptoms of IPF include breathlessness (initially on exertion but progress-
ing), dry cough, fatigue, weight loss, swelling of the fingers, and audible bi-
lateral end-inspiratory crackles originating from the base of the lungs. There
is no known cure for IPF. Primarily treatment of symptoms is done using im-
munosuppressants to slow the development of scarring however this has only
been effective in some cases. Other attempted drug treatments include antioxi-
dants, steroids and anticoagulants which have shown promise in slowing disease
progression, however these treatments are all still in the developmental stage.
Oxygen treatment can be used to reduce the impact of IPF, and in some cases
transplantation can be performed [20, 21].

Further information on lung anatomy, physiology and pathology can be

found in the following textbooks: [2, 11, 12, 1].

1.2 Assessing Lung Condition

1.2.1 Introduction

There are numerous techniques for assessing the condition of the lungs and res-
piratory system. These can be grouped into two main categories: non-imaging
and imaging. Non-imaging techniques provide information about the physiol-
ogy of the lung measuring metrics such as lung volume and flow rate. However
non-imaging modalities, by their nature, provide limited anatomical informa-
tion. On the other hand some imaging modalities, such as planar x-ray and
CT, provide primarily anatomical information with limited physiological infor-
mation, whilst other imaging modalities such as MRI and nuclear medicine can

provide both anatomical and physical information.
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The main advantage of non-imaging lung function tests is that they are
cheaper, easier and generally have fewer safety concerns (i.e. no ionising ra-
diation or large magnetic fields). However the lack of anatomical information
provided limits the scope of their usefulness. It is therefore the case that dif-
ferent conditions require different examinations to provide a detailed diagnosis.
This section will describe some non-imaging and imaging modalities in general
terms to provide context to the modalities used in this thesis, with greater detail

on the theory of these modalities provided in their respective chapters.

1.2.2 Lung Function Tests

Lung function tests are non-invasive methods of examining the various vol-
umes and flow rates associated with the lungs during a patients breathing and
include spirometry, Forced Oscillation Technique (FOT), body plethysmography
and multiple breath washout. The most important lung volume measurements
are highlighted in Figure 1.3 which shows lung volume against time for a typi-
cal healthy human with the following commonly measured volumes highlighted:
a) Tidal Volume; b) Functional Residual Capacity (FRC); ¢) Residual Volume
(RV); d) Forced Vital Capacity (FVC); and e) Total Lung Capacity (TLC).

The Tidal Volume (a) is the volume inhaled and exhaled during normal
breathing. FRC (b) and RV (¢) both refer to the volume of air remaining
in the lung after exhalation with FRC being the volume remaining after a nor-
mal breath and RV being the minimum possible volume of air remaining in the
lung after forced exhalation. FVC (d) and TLC (e) both refer to the maximum
volume of the lungs with FVC referring to the difference in volume between max-
imum inhalation and maximum exhalation and TLC including the additional

RV that is always present in the lungs.

12
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Figure 1.3: Lung volume against time for a typical healthy human where a is
the Tidal volume, b indicates the Functional Residual Capacity (FRC), ¢ is the
Residual volume, d is the Forced Vital Capacity (FVC) and e indicates Total
Lung Capacity (TLC)

Spirometry

Spirometry is one of the mostly commonly performed lung function tests and
is used to measure various parameters during normal breathing, such as tidal
volumes, and others parameters during forced breathing such as FVC. Spirome-
try utilizes a device called a spirometer to monitor air flow during patient tidal
and forced breathing by having the patient breathe through the mouth into a
mouthpiece connected to a tube whilst wearing a nose-clip. This allows for the
measurement of flow rate during breathing as well as lung volume. However, no
anatomical information is acquired. Spirometry is an effective method of identi-
fying whether a lung disease is obstructive or restrictive with the most common

diseases monitored using spirometry being asthma, COPD, CF and pulmonary

13



fibrosis.

Flow (L/s)

Volume (L)

Figure 1.4: A typical flow-volume loop for a healthy person with FEV; shown.

One of the main parameters measured by spirometry is the forced expiration
volume in one second (FEV1), which is the maximum volume of air a patient
can exhale from their lungs in one second. This has a typical value of typically
around 2 to 5 litres for a healthy person, depending on their age, height, sex
etc. In order to remove the factors of age and height etc. it is common practice
to express FVC and FEV as a percentage of the predicted value for the patient
[22]. These measurements are well validated and provide information on the
degree of airway obstruction, which can aid diagnosis or be used to monitor
response to treatment [23]. The standard way to display spirometric data is in
the form of a flow-volume loop where the flow rate for an exhalation/inhalation
cycle is plotted against the volume exhaled/inhaled. A typical flow-volume loop

with the value of FEV; highlighted is shown in Figure 1.4 where expiration has
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a positive value and inspiration has a negative value with the intersect being

the FVC. This loop should be read in a clockwise direction.

One significant issue with spirometry as a pulmonary function test is that
it requires a large amount of patient cooperation. In order to find the FVC
of a patient, the patient is required to inhale to their maximum lung capacity.
Similarly for FEV; the patient is required to forcibly exhale as hard as they can.
Both of these can be difficult for patients, particularly patients with severe lung
disease, and so the results of the test can be affected. There are no significant

side effects to spirometry although the forced exhalations can cause dizziness.

FOT/I0S
Introduction

The first detailed study of the mechanics of breathing was carried out by
Otis et al. in 1950 [24] who looked at the forces needed for breathing and
the elastance of the lungs. In 1954, Mead and Whittenberger went a step
further and investigated pulmonary air flow resistance [25]. They concluded that
there was both an in phase component and an out of phase component to the
air flow resistance, which they labelled “lung resistance” and “lung elastance”
respectively. Otis et al. recognised that heterogeneous damage to the lung
would affect these properties and so, by probing these properties at different

frequencies, the extent of the damage to the lung could be observed.

The Forced Oscillation Technique (FOT) is a non-invasive method of as-
sessing lung condition by measuring the respiratory acoustic impedance of the
lungs through the application of pressure waves to the patient’s airways, via
the mouth, during normal tidal breathing and was first developed in 1956 by
Dubois et al. [26]. As the measurements occur during tidal breathing, FOT,

unlike spirometry, does not require a high level of patient cooperation as no ab-
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normal breathing patterns are required from the patient, which increases patient
comfort and the reliability of the test. FOT was first introduced in a clinical
setting in 2003 by Oostveen et al. [27], who looked at children, before Goldman
et al. expanded the research to include adults in 2005 [28]. The impedance (Z)

of the airways is defined as:

7 =

S

where p is pressure and @ is flow.

In all forms of FOT, @ is measured at the mouth, however p can be measured
at either the mouth or the chest wall. In the case of p being measured at the
chest wall, the calculated impedance is known as the transfer impedance, whilst
if both p and @ are measured at the mouth then the calculated impedance
is called the input impedance. In the early development of FOT the transfer
impedance was measured [26], however in order to measure p at the chest wall
the patient must be enclosed in a sealed box with only their head protruding
from the box whilst they breathe through a tube. It is for this reason that p is
now almost exclusively measured at the mouth as this is far more comfortable
on the patient. All values of p described in these studies refer to the pressure

at the mouth and therefore all values of Z refer to the input impedance.

The setup for an FOT device for measuring input impedance can be seen in
Figure 1.5. In this example device, the forced excitations are produced by a
loudspeaker that can produce pressure waves at multiple frequencies simulta-
neously; thus implementing the idea of effectively using a waveform containing
multiple frequencies that was developed by Lutchen et al. in 1993 [29]. These
travel to the patient though the cross shaped mouthpiece, containing a filter for
patient safety, with the pressure and flow at the patients mouth measured using

a pneumotachograph. A pneumotachograph measures the flow by measuring
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the pressure at two points separated by a small distance. As the difference in
pressure between these points is proportional to the flow rate a measurement
can be made. A connection to the atmosphere is also necessary to allow the
patient to breathe normally for the duration of the measurements. This con-
nection must have an impedance high enough to prevent the pressure waves
from leaking out of the system but not too high otherwise it would prevent the
patient from breathing. The signal waveform produced by the loudspeaker can

be synthesised by a computer to contain the desired frequencies.

to atmosphere

to
patient

T L
- LI

Figure 1.5: Schematic diagram of an FOT machine for measuring input
impedance where p and Q represent the measuring of pressure and flow re-

spectively.

There are two types of waveform commonly used in FOT of which the simplest
form comprises of a series of superimposed sinusoidal waves that are produced
continuously. Alternatively, the oscillations can be produced in the form of a

series of impulses containing multiple frequencies making the waveform pulsatile
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rather than continuous [30]. This method is called Impulse Oscillometry (IOS)
to distinguish it from conventional FOT methodology. Commercial devices uti-
lizing both FOT and IOS are available however research into how comparable
the results from the two methods of FOT and IOS has been, and is still, ongo-
ing [31, 32] with a short study on comparing the two methods included in this

thesis.

It is desirable to minimise the peak pressure of the multisine waveform applied
to the patient. Peaks in the waveform are cause by the superposition of the
different sinusoidal waves combined int the waveform. The peak pressure during
FOT was minimised by applying a different phase shift to each of the frequencies

included in the waveform.

Respiratory Impedance

One of the most clinically important aspects of respiratory impedance is that
it is frequency dependent [26, 33]. This is due to the different properties of the
different regions of the respiratory system; for example the trachea is a large
stiff airway whilst alveolar sacs are small and spongy and so these regions have
different acoustic impedances. This allows different regions of the lungs to be
evaluated based on the frequency (which is in turn related to the penetration
depth) of the applied pressure waves. This can be done by using individual
frequencies one at a time, or by combining a range of frequencies into one
waveform as described previously. Different disease states affect separate regions
of the lung by varying amounts and so the frequency dependence of respiratory

impedance can be used to assess lung condition.

In the case of constant flow through a rigid tube, the impedance to flow of the
tube is entirely resistive. However in the case of a fluctuating flow rate through

a pliable tube, the impedance will have an additional reactive component. As
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the airways of the respiratory system are pliable and the pressure waves supplied
during FOT are non-constant, respiratory impedance comprises both a resistive
component and a reactive component [34]. The resistive component refers to
the drag on the pressure waves by the airways and is dependent on properties
such as the diameter and length of the airway as well as the viscosity of the air
flowing through the tube. Airways disease can cause obstruction and narrowing
of the airways causing an increase in the resistive component of respiratory

impedance. A highly resistive tube results in a low flow rate through the tube.
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Figure 1.6: Graphical representation of the phase difference between p and @

caused by compliance and inertance respectively

The reactive component is caused by two factors: compliance and inertance.
Compliance, the inverse of elastance, is the property of a material which refers
to the materials ability to resist distension. The energy required to distend the

tissue of the airways is stored potentially in the tissue and released later. In a
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fully rigid tube there is no distension and so there is no element of compliance in
the impedance of the tube. The compliance causes @ to lead p as shown in Figure
1.6. As p and @ are no longer in phase, the reactive component gives impedance
an imaginary component. Compliance dominates at lower frequencies [27]. The
inertance of the lungs refers to the initial effort required to accelerate the mass
of air in the airways. There is therefore no component of inertance in the
impedance of a tube for the case of constant flow. As energy is stored kinetically
in the air, @ starts to lag behind p as shown in Figure 1.6. The higher the
frequency the more frequently the air in the airways will be accelerated by the

pressure waves and so the inertance dominates.

Measured Parameters

As compliance causes @ to lag behind p and inertance causes @ to lead p with
both components being frequency dependent, there exists a frequency at which
the effects of inertance and compliance are perfectly balanced with @ and p
being perfectly in phase. In this situation the reactive component of respiratory
impedance has a value of zero. This frequency is the resonant frequency (fres)
of the lungs. For a healthy person this has a typical value of between 5 and 15

Hz, increasing as lung function worsens.

By measuring respiratory impedance at multiple frequencies an impedance
curve can be plotted with a real part (the resistive component) and an imaginary
part (the reactive component). Not only can this be used to find the value of
fres but it can also be used to evaluate another FOT parameter: the reactance
triangle (Ax). This is defined as the magnitude of the integral of the reactive
component of respiratory impedance between 5 Hz and f,.s. Figure 1.7 shows
a typical respiratory impedance curve for a healthy person. It can be seen that
in this case, f.s has a value of approximately 9 Hz. The reactance triangle has

been highlighted in blue.
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Figure 1.7: A typical respiratory impedance curve from a healthy person with

fres and Ax highlighted.

Another commonly used FOT parameter is the value of the resistive compo-
nent at 5 Hz (Rs) minus the value of the resistive component at 20 Hz (Rag).
The significance of this value is that the lower frequency of 5 Hz should give
information about a larger portion of the lung as the lower frequency pres-
sure waves are more penetrating whilst the higher frequency impedance is the
impedance of the larger upper airways. Therefore the resistive component of the
smaller airways can be identified by subtracting Roy from Rs. This parameter

is denoted R5 — Ray.

There are also several other features of these impedance curves that vary
between patients such as the gentle increase in resistance with frequency at the
higher end of the frequency range. These features can be quantified by fitting

a theoretical model to the data. Numerous models have been proposed over
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the years starting with Dubois. However his proposed model was demonstrated
to be unsuitable for the time due to a lack of data that could be acquired
with contemporary techniques [35]. More recently there have been new models

developed that allow other parameters to be evaluated [25, 36, 37].

FOT/IOS has the significant advantage of not requiring large amounts of
patient cooperation. This is because the oscillations are applied during normal
tidal breathing, making FOT a patient friendly test. One key disadvantage
of FOT is a lack of unifying standards for calibration as FOT is still in the
research stage. There is also dispute over aspects of FOT such as the most
useful frequency range to interrogate, and the main parameters to measure
with the technique. This is being addressed with the use of parameters such as
Rs5 — Ry (the difference in the resistive component of respiratory impedance at
5 Hz and 20 Hz) and the reactance triangle (the magnitude of the integral of
the reactance curve between 5 Hz and the resonant frequency). There are no

known side effects to FOT/I0S.

Body Plethysmography

Both spirometry and FOT provide information about obstructive airways dis-
ease however they provide far less information about restrictive airways disease
(this is particularly true for spirometry). Body plethysmography is a common
clinical lung function test that provides information about lung volume as well
as the flow rate of breathing. Therefore body plethysmography is often used to
assess restrictive lung disease rather than obstructive disease. As well as this,
body plethysmography can also be used to determine respiratory flow resistance

which is the resistive component of the respiratory impedance as measured using

FOT [38].
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“Plethysmography” refers to the measurement of a change in volume in an
organ or region of the body. In the case of body plethysmography, the change
in volume due to inspiration is evaluated by measuring the change in pressure
this causes in a sealed container. During body plethysmography the patient is
placed within a sealed container with a mouthpiece containing a tube connecting
to atmosphere and a shutter. The patient is attached to the mouthpiece whilst
wearing a nose-clip and instructed to breathe normally whilst the shutter is
open. The shutter is then closed and the patient is instructed to perform a
forced inhalation to maximum capacity against the shutter. This increases the
volume of the lungs causing a decrease in the pressure of the air at the mouth
which can be measured by the mouthpiece. Simultaneously the volume of air
within the sealed contained decreases due to the increase in lung volume, causing
an increase in the air pressure within the box which can also be measured. The
patient is then asked to perform a forced exhalation against the shutter which
causes the opposite effect to occur with respect to the pressures at the mouth
and within the box. The shutter is then opened and the patient is free to
breathe normally. As the change in pressure cause by the forced inspiration and
exhalation against the shutter is proportional to the change in lung volume, the
ratio between the pressure measure at the mouth and in the box can be used to

calculate a value for FRC.

The patient may then be asked to perform a vital capacity manoeuvre, which
consists of the patient performing a full exhalation, followed by a maximum
inhalation, followed by a maximum exhalation. This is all done with the shutter
open to allow the flow rate to be monitored. The vital capacity manoeuvre on
its own allows for the calculation of FVC however using the previously acquired
information about the FRC of the patient, the values for RV and TLC can also
be calculated. Body plethysmography is therefore used to assess conditions such

as asthma and COPD as well as other restrictive and obstructive lung diseases.
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Although body plethysmography provides an abundance of physiological data,
the process is comparatively complicated compared to spirometry and requires
an even greater amount of patient cooperation. This disadvantage is exacerbated
by the discomfort that arises from the measurements occurring within a sealed
container. The box is designed to be transparent in order to reduce the feeling
of claustrophobia but this does not remove the problem entirely. There are
no significant side effects to body plethysmography although forced breathing

manoeuvres can cause dizziness.

Gas Dilution/Multiple Breath Washout

An alternative to body plethysmography as a method of assessing lung vol-
ume (and therefore restrictive lung disease) is gas dilution. The gas dilution
procedure requires the patient to breathe normally through a mouthpiece thus
reducing the level of required patient cooperation. A known amount of a tracer
gas is then introduced to the patient through the mouthpiece during inhalation
after which the concentration of that gas found in the patients subsequent exha-
lations is monitored. As the volume of tracer gas inhaled is significantly smaller
than the volume of air within the lungs, a dilution effect will take place. By
observing the concentration of the gas for each exhalation this dilution effect
can be quantified and the volume of the lungs calculated. The tracer gas used
in gas dilution must be inert and not absorbed by the body in any significant
quantity, with commonly used tracer gases including nitrogen, helium and sul-
phur hexafluoride. Gas dilution is used to observe restrictive airways diseases

such as CF and IPF.

The gas dilution method can be taken a step further by performing a washin
or washout test to provide additional physiological information [39]. A washin
test is where the patient breathes in a a tracer gas whilst all exhalations are

monitored. In this case there is no fixed amount of tracer gas but rather the
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patient continues to breathe in a mix of tracer gas and air (or 100% tracer gas)
until the exhaled gas mix reaches equilibrium. This provides information on the
number of breaths required to replace the gas in the lungs with new gas (be that
tracer gas or air as would be the case in normal life). Once equilibrium has been
achieved a washout test can be performed where the patient no longer breathes
in a tracer gas mix but instead breathes normal air. The concentration of tracer
gas found in each exhalation is monitored and should decrease exponentially as
the gas in the lung is recycled. This process continues until the concentration of
the tracer gas present in an exhaled breath has reached 1/40 of the concentration
of the initial mix. It is not essential to perform both a washin and washout test
as each test can be performed separately. As with gas dilution, multiple breath
washin or washout utilizes a non-toxic gas such as nitrogen, sulphur hexafluoride
(SFg) or 100% oxygen. A typical SFg washin and washout trace is shown in

Figure 1.8.

One of the main parameters measured is the lung clearance index (LCI). The
LCI of a patient is the ratio between the total expired volume of gas during the
washout, and the FRC of the patient. This ratio describes the average number
of breaths required to wash out the tracer gas to 1/40 of the initial concentra-
tion and increases with increased disease severity. One key advantage of LCI
is its sensitivity towards measuring small airways disease, a feature that is not
observable using spirometry. Furthermore multiple breath washout requires no
significant breathing manoeuvres which reduces patient cooperation and there-
fore increases the reliability of the test. However multiple breath washout is a
significantly slower process than spirometry. There are no significant side effects

to multiple breath washout.
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Figure 1.8: A typical sulphur hexafluoride (SFg) washout trace demonstrating
both the washin phase from 0 to ~300s followed by the washout phase from
~300 to ~5H50s.

1.2.3 Lung Imaging

Lung function tests are quick and inexpensive methods of providing physio-
logical information about a patient’s respiratory system however they provide
limited information about the anatomy of the patients lungs. For certain con-
ditions, anatomical information is important in order to determine either the
type or severity of a disease. For example if a patient has obstructed airways it
is useful to know whether these obstructions have a fixed location or whether
they move around the lung. This cannot be determined by lung function tests

but can be determined using lung imaging techniques.

There are two main types of medical imaging modality: ionising and non-

ionising. Ionising imaging utilises high energy radiation to penetrate the body
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to observe internal structures using either an external source (planar x-ray and
CT) or an internal source (SPECT and PET). Medical imaging using an internal
ionising radiation source is known as nuclear medicine. Non-ionising medical
imaging modalities use lower energy mechanisms to image the body using meth-
ods such as high frequency sound (ultrasound) or high strength magnetic fields
and radio frequencies (MRI). There are benefits and disadvantages for each of
the different imaging modalities requiring different disease states to be investi-

gated using the modality that best suits the situation.

Planar X-ray

Planar x-ray is the simplest and oldest medical imaging modality having been
first discovered in 1895. The principle of planar x-ray is that high energy ra-
diation passes through the body with some amount of the x-ray beam being
attenuated. The remaining x-rays are detected by a detector on the opposite
side of the body. The energy of the x-rays is such that the main forms of beam
attenuation come from scattering and absorption. The rate of scattering and
absorption is dependent of several environmental factors, the most significant
of which is the density of the medium through which the x-ray is travelling.
As a result, denser anatomical features, such as bones, attenuate more x-rays
than less dense features, such as soft tissue, and therefore the denser object
forms a “shadow” of reduced signal on the radiograph produced. By inverting
the image a 2D map of density throughout the body can be formed. As the
x-rays penetrate the whole body, limited information is provided on the depth

of observed features.

The most common use of planar x-ray is to investigate bones for fractures,
breaks and other damage as bone is significantly denser than soft tissue; however
planar x-ray can be used to look at other features. With regard to lungs, planar

x-ray has historically been used to observe pneumonia and bronciolitis [40] as
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well as CF in more recent studies [41]. In these cases it is the abnormalities
around the lung that is being observed rather than the airways of the lung itself.
With pneumonia the fluid in the lung is observed whilst for CF it is the fibrosis
that is seen. There is a difficulty in imaging the lungs that arises from the fact
that they should be filled exclusively with air, a poor attenuator of high energy
radiation. It is therefore the case that a healthy pair of lungs appear as a blank
black region on an x-ray image. This difficulty in imaging lungs is not exclusive

to planar x-ray but is present in all major imaging modalities.

Figure 1.9: Chest x-ray of a healthy human with the heart, ribcage and vascu-

lature of the lungs clearly visible. Source: Wikimedia Commons.

Figure 1.9 shows a chest radiograph of a healthy human. The dense bone
structures of the skeleton are clearly visible in white with good resolution seen

in the spine, ribcage and clavicles. In contrast the soft tissue in the shoulder and
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neck region is blurred with no visible difference in contrast between the muscle,
fat and other soft tissues. Another visible feature is the blurred outline of the
heart and sternum which can be seen in the centre of the image. Overall the
image is dominated by the lungs which appear as two dark regions as previously
discussed with the trachea and its bifurcation visible behind the sternum. The
thin white web-like structure that can be seen throughout the lungs is the sur-
rounding blood vessels that are necessary for efficient gas exchange rather than
features of the airways within the lungs. Figure 1.9 highlights the difficulty in

obtaining detailed anatomical information about the airways.

As planar x-ray uses ionising radiation there is an increased risk of contract-
ing cancer associated with each scan. However the dose from a typical single
chest x-ray in the UK is 0.02 mSv (equivilent to the dose recieved from three
days exposure to natural background radiation in the UK) so the cancer risk is
minimal [42]. There are no other known significant side effects of planar x-ray.
Overall, a planar x-ray is a quick and inexpensive method of providing anatom-
ical data of large structures (e.g. bones), however it has low contrast resolution
with regard to soft tissue and provides extremely limited information about the
depth of any observable features. These issues can be addressed by using x-ray

computed tomography (CT) imaging.

X-ray CT

X-ray CT operates on the simple principle that a composite 3D image can
be formed from multiple planar x-ray images taken from different angles (or
projections). These separate images care combined using a computer, hence
the name computed (or computerized) tomography. In practice the x-ray tube
(the source of the x-rays) is continuously rotated around the body whilst the
detector array rotates around the body at the same rate but on the opposite

side. This produces a detailed 2D image of a slice of the patient in which the

29



slice has a known thickness. The patient can then be moved in relation to the
x-ray tube and detector array in order to image the next slice of the patient.
By repeating this process the entire body can be broken up into sliced images
allowing for a 3D reconstruction of objects within the body. The thickness of

these slices can be adjusted by adjusting the collimation of the x-ray beam.

An alternative method to imaging the patient in discreet slices is to contin-
ually pass the patient through the x-ray beam as it rotates so that the beam
follows a helical path along the body. This is known as helical or spiral CT and
has advantages such as shorter examination times and improved visibility of vas-
cular structures. On the other hand, helical CT also has certain disadvantages

including unique artifacts [43].

In order to provide easily readable anatomical information from the raw data
measured using x-ray CT, an image must be reconstructed. Initially the raw
data consists of a series of 1D arrays from each projection. These can be dis-
played in sequential order producing an sinusoidally undulating image known
as a sinogram. Alternatively these data can undergo a process called back pro-
jection where each projection is rotated by the angle of the beam and then
superimposed on top of each other producing a blurred image of the object.
The blurriness of this image can improved by applying a filter to the projec-
tions to sharpen the image by detecting any edges and creating negative pixels
elsewhere to reduce noise. Different filters can be used in filtered back projec-
tion with different outcomes. A balance needs to be struck between filtering
out noise to produce an image with high spatial resolution, and inadvertently
removing anatomical information. Another option for image reconstruction is to
use an iterative reconstruction algorithm where an initial “guess” of the image
is made (usually using back projection) before refining the image over numerous

iterations. Fach refinement is done by assessing the possible variation of the
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signal due to noise and adjusting the image accordingly. The refined image is
then compared to the initial “guess” to see if there is an improvement. This
process is more computationally expensive but provides better quality images
and can factor in prior knowledge of the object imaged (for example, that the

lungs are a certain shape).

All x-ray CT images are taken in the axial plane as the patient must pass
through the gantry containing the x-ray source and detector. As the bore of
the gantry is as small as possible to minimise the distance between the source
and the detector, the patient must pass through the gantry either head-first or
feet-first. However the resolution of an x-ray CT image is high enough that

images can be reconstructed in the other planes if required.

One of the main benefits of x-ray CT that makes it such a well used imaging
modality is the incredibly high spatial resolution of the images as shown in
Figure 1.10 which shows an axial x-ray CT image of the chest of a healthy
female. The lungs are visible as two large dark regions with the heart and major
blood vessels in-between. The three dark vessels that can be seen in the centre
of the image are the two bronchi and the oesophagus (the oesophagus being in
the middle and more posterior). As with planar x-ray there is very little detail
to the lungs aside from the network of blood vessels that are clearly visible
and demonstrate the remarkable spatial resolution provided by CT. However
although the spatial resolution is good, it is still not high enough to resolve the

any small structural features of the lungs such as obstructed airways.

X-ray CT also has low contrast resolution due to the relative similarities of
the absorption rates of soft tissues at the energy range used. This is noticeable
in the tissue surrounding the thoracic cavity where it is difficult to differentiate
between muscle, fat and other soft tissue. It is therefore only fibrosis of the

lungs or, in the case of pneumonia, fluid within the lungs that can be detected
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Figure 1.10: Axial x-ray CT slice of a healthy female with lungs, heart, major

blood vessels, bronchi and oesophagus visible. Source: radiopedia.org.

using x-ray CT. The issue of low contrast resolution can be reduced through
the application of an external medium (called a contrast agent) with a signif-
icantly different absorption rate to that of the surround tissue thus enhancing
the contrast resolution. Examples of contrast agents used in x-ray CT include
iodine for imaging blood vessels and barium for imaging the digestive tract.
The use of contrast agents can be further developed by taking a subtraction
image. This is where the same region is imaged twice, once before and once
after a contrast agent is introduced. The first image is then subtracted from

the second image leaving only the object affected by the contrast agent. The

32



use of contrast agents allows physiological information to be acquired from an

otherwise purely anatomical imaging modality.

X-ray CT delivers a significantly larger radiation dose than planar x-ray with
a typical dose of 8 mSv for a chest CT scan [42]. This is the equivalent of
3.6 years of exposure to UK background levels and is therefore creates a not
insignificant increased cancer risk meaning x-ray CT should not be performed on
pregnant women. There are also certain diseases, such as ataxia telangiectasia,
where patients are more susceptible to radiation damage and therefore cannot

be scanned using this modality [44].

MRI

The two main disadvantages of x-ray imaging (both planar and CT) are the
lack of contrast resolution in soft tissue and the use of ionising radiation. Nuclear
Magnetic Resonance Imaging (MRI) is a good alternative as it provides very

high contrast resolution in soft tissue and uses non-ionising radiation.

Nuclear magnetic resonance (NMR) utilizes the fact that many nuclei in the
body have charge and spin and therefore an inherent magnetic moment. Ordi-
narily the direction of these magnetic moments is randomly distributed through-
out the body such that there is no net magnetic moment. However when the
body is placed within a large static magnetic field (Bg), the magnetic moments
of the nuclei within the body align with By resulting in a net nuclear magneti-
sation along the direction of the By field. It is very difficult to measure this net
magnetisation as the strength of the By field is orders of magnitude larger and
dominates the signal. However the magnetic moment of each nucleus precesses
with a frequency that is dependent on factors including the atomic number of the
nucleus, the strength of By, and the environment of the nucleus. If a secondary

weaker oscillating magnetic field (a radio frequency, or r.f., pulse) is applied to
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the body at the same frequency as the precession frequency of the nuclei then
resonance will occur and the net magnetic field will be tipped out of line with
Bg. This produces a net oscillating magnetic field in a different direction to By
which can be detected using a receive coil. As the frequency of the r.f. pulse
and the strength of By are known it is possible to calculate the environment of
the nuclei causing the signal. For example it is possible to differentiate between

hydrogen nuclei (i.e. protons) in fat and in water.

NMR is an effective method of identifying the components parts of an un-
known sample; however it provides no information about the relative positions
of the component parts. In order to form an image, magnetic gradient fields are
applied. These change the strength of By along a given direction which in turn
applies a gradient with position of the precession frequency of the nuclei. By
applying gradients in three dimensions at different moments in relation to the
r.f. pulse a 2D image of a slice of the body can be formed. Slices of the body
can be imaged sequentially to create a 3D map of the body in a similar manner

to x-ray CT.

The most common form of MRI is proton MRI which forms an image from
'H nuclei. This is extremely abundant throughout the body as it is present
in water, fat, muscle and most other organs and tissues which allows for the
effective imaging of most regions of the body. MRI has become a powerful tool
in brain imaging due to the high contrast resolution in soft tissue but is also
used to scan other parts of the body, particularly in cases where a patient cannot
receive an x-ray CT scan. However the lungs are filled with air which contains a
relatively low abundance of 'H and so appears as a dark region of low signal in
an MRI scan. Without the application of a contrast agent it is only possible to
observe extreme fibrosis or fluid build-up with the lung using conventional MRI

due to issues with spatial resolution. However recent developments in ultrashort

34



echo time (UTE) MRI has increased the spatial resolution of pulmonary MRI

to a comparable level with x-ray CT [45].

Figure 1.11: Coronal MRI slice of a healthy male with lungs, heart, major blood

vessels, and liver visible.

Typically MRI provides anatomical rather than physiological information
with the notable exception of functional MRI (fMRI) which looks at the concen-
tration of oxygen in the blood in the brain during different stimuli (a technique
called BOLD-contrast imaging) [46, 47]. A typical MRI slice of the chest is
shown in Figure 1.11. This highlights the necessity for a contrast agent in order

to gain useful information about the lung condition. Gadolinium is the most
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commonly used contrast agent for proton MRI to provide physiological infor-
mation, however a gaseous (and non-toxic) contrast agent is required to image
the lungs. One option is to use an isotope of a noble gas such as 3He or 129Xe.
However the density of gas is low in comparison to the liquids and solids that
make up the body resulting in a gaseous contrast medium giving a small NMR,
signal unless the gas is hyperpolarised (HP). HP gas MRI provides physiolog-
ical information about airway obstructions and trapped air within the lungs
that can be combined with anatomical information from a proton scan taken
immediately before the HP gas scan. This information can be used to assess

the condition of lung diseases such as asthma, COPD, CF and IPF.

Oxygen can also be used as a contrast agent to assess lung function in a process
known as oxygen-enhanced MRI (OE MRI). In this process the oxygen alters
the signal from the protons in the water of the lung. By comparing a series of
images taken whilst the patient breathes air with images taken whilst the patient
breathes pure oxygen a subtracted image can be formed [48]. This will show the
regions that have been ventilated by the oxygen allowing for obstructions to be
observed and monitored. One key advantage of OE-MRI is that the patient is
not required to hold their breath during the scan (as is the case during HP gas

MRI) which allows for the scan to be performed on paediatric patients.

MRI uses high strength magnetic fields to take an image and is therefore un-
suitable for patients with pacemakers or metal objects within the body including
foreign bodies (such as piercings, shrapnel etc.), extensive tattoos or artificial
joints/surgical clips (unless these are MR safe). Scan times can also be long
requiring the patient to be in the bore of the magnet for tens of minutes making
MRI unsuitable for patients with claustrophobia. MRI is also a loud process
requiring the patient to wear ear defenders for the majority of scanners making

MRI unsuitable for patients with tinnitus. However, as previously mentioned,
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MRI is non-ionising and so presents no cancer risk.

Nuclear Medicine

Nuclear medicine is an imaging modality that provides physiological data
rather than anatomical information which is primarily provided by planar x-ray,
x-ray CT and MRI. The principle of nuclear medicine is similar to that of x-ray
(both planar and CT) with high energy gamma rays passing through the body
to a detector however an internal radiation source is used in nuclear medicine
instead of an external source. A radiopharmaceutical is used as a source which
consists of a radioactive isotope bound to a molecule that will be selectively
absorbed by a specific region within the body. For example, the most common
application of nuclear medicine is to monitor cancer by binding a gamma emitter
(such as ¥*™Tc) to a molecule that is absorbed by a tumour at a higher rate than
any other feature of the body resulting in a high concentration of radioactive
material in the tumour. A detector placed on the outside of the body is the
used to create an image of the distribution of the radiopharmaceutical within the
body highlighting regions of interest such as tumours. Computed tomography
can be carried out by by rotating the detector around the body to produce a

3D image of the position of the radiopharmaceutical.

The two most common forms of nuclear medicine are Single-Photon Emission
Computed Tomography (SPECT) and Positron Emission Tomography (PET).
A gamma emitter is used as the radionuclide in SPECT with a gamma cam-
era used as the detector as described previously. PET is a more complicated
process using a S~ emitter as the radionuclide. The emitted positrons interact
with electrons in the region of the radiopharmaceutical emitting two gamma
rays in exactly opposite directions which are detected by a ring of detectors
surrounding the patient. The position of the initial annihilation event can be

calculated by comparing the difference in time between the two detection inci-
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dents. By measuring repeated annihilations a 3D map of the concentration of

the radiopharmaceutical used can be created [49].

One issue with nuclear medicine is that the images produced can be amor-
phous due to their purely physiological nature. This can lead to difficulties in
interpreting the image if there are no clear anatomical features within the image.
This issue has lead to the development of fusion images where two modalities
are used in quick succession (e.g. PET/CT or PET/MRI). The physiological
information from the nuclear medicine scan is the overlaid on top of the anatom-
ical information provided by a different imaging modality, resulting in an image
that is easier to interpret. An example of a PET/CT image is shown in Figure
1.12. Although nuclear medicine has traditionally been, and still is primarily,
used for monitoring cancer it can also be used to monitor lung diseases such as
CF, Pneumonia, Tuberculosis and other infectious diseases (as seen in Figure
1.12). However the use of nuclear medicine in the monitoring of non-oncological

diseases is still very much in the research stage.

As with planar x-ray and x-ray CT there is an associated cancer risk with all
nuclear medicine imaging as ionising radiation is used. Due to the variety of
modalities, scan types and radionuclides used there is a large range in patient
dose, ranging from 0.1 mSv (equivalent to 2.4 weeks of natural background
radiation) up to 18 mSv (equivalent to 8 years worth of exposure to natural
background radiation) [42]. Consequently nuclear medicine techniques are not
advised for pregnant women or children. This large radiation dose can be used as
a form of treatment instead of diagnosis in certain situations. For example iodine
is preferentially absorbed by the thyroid gland and so a radioactive isotope of
iodine can be used to destroy any remaining traces of the thyroid gland after a

thyroidectomy.
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Figure 1.12: Axial PET/CT image of 71-year-old male with diffuse pulmonary
infection. Infections parenchymal alterations show an increased fluorodeoxyglu-

cose uptake. Image taken from Capitanio et al. [50].

1.3 Conclusion

The respiratory system is a necessary yet complex system that works in tan-
dem with the circulatory system to provide a source of oxygen to the entirety of
the body whilst simultaneously removing waste. This system consists of a large
network of airways that branch from the trachea. The delicate nature of this
network of smaller airways leaves the respiratory system vulnerable to damage
through disease despite the defence mechanisms of the mucus layer and epithe-

lial cells. A selection of these potential diseases has been described in Section

39



1.1.2.

There are numerous methods of assessing the condition of the lungs, both
anatomically and physiologically. The large variety of airways diseases warrants
a large number of observation techniques to diagnose and monitor these various
diseases depending on the patients circumstances. Research is being done into
all aspects of lung function tests to identify the best treatments for specific
conditions. This thesis will particularly focus on one lung function test (FOT)
and one lung imaging technique (HP gas MRI) drawing comparisons to other

more commonly used tests such as spirometry and x-ray CT.

The current main method of assessing lung function in a clinical setting is
spirometry, with body plethysmography and gas washout available as options if
further investigation is required. One assessment that can be performed using
spirometry is bronchodilator (BD) reversibility testing. This is done by taking
spirometric measurements before and after the inhalation of short-acting beta
agonists (SABA) which increase large airway calibre, which improves airflow,
as well as reducing obstruction in smaller airways. This effect is why SABA are
used to manage and treat asthma which, unlike COPD, is considered to be a re-
versible condition. In COPD, SABA use may reduce dynamic hyperinflation by
reducing the volume of air trapped within emphysematous lungs, which in turn
can improve symptoms [51]. Although spirometry is effective at measuring an
improvement in airflow, it has difficulties in measuring reductions in both small
airway bronchoconstriction and dynamic hyperinflation, both features that can
be measured using Forced Oscillation Technique (FOT) [52, 53]. It has been
noted that there is overlap between the features of asthma and COPD [54]
leading to the recent introduction of the term asthma-COPD overlap syndrome
(ACOS) [55, 16] which highlights the importance in obtaining more information

about the smaller airways of patients with ACOS.
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Although medical imaging is well developed and established for most areas
of the body, it is still difficult to image the lungs. This is due to the rarefied
nature of the tissue within the lungs. As lung disease affects so many people
it is important to develop lung imaging techniques that will be able to provide
more diagnostic information on the previously described conditions. The diverse
nature of HP gas MRI (in that it can be used for physiological and anatomical

measurements) is particularly useful in this situation.
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Chapter 2

Forced Oscillation

Technique

2.1 Introduction

The Forced Oscillation Technique (FOT) is a non-invasive lung function test
that is currently not common practice in a clinical setting, but is instead a
research technique. As with spirometry, a patient undergoing FOT will breathe
(whilst wearing a nose-clip) into a mouthpiece connected to a device via a tube.
However, with FOT, the patient would not be asked to carry out any forced
breathing exercises, only tidal breathing. Pressure waves of varying frequencies
are applied to the patients airways along the same connecting tube. The pressure
and flow rate of air at the patients mouth are then measured in order to evaluate

the impedance of the respiratory system to the pressure waves.

Two studies are presented in this thesis: a phantom study and a patient
study. The phantom study had three aims. These were to 1): to establish the

validity of the Nottingham FOT system; 2): explore how physical changes to
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the resistance and compliance of a phantom affected FOT measurements; and
3): compare the Nottingham FOT system to two commercial systems at another
site. The second aim was achieved using a phantom lung comprising of a replica
of the first seven generations of the airways housed in a cylinder with a rubber
membrane at the base. The phantom used had 72 airway openings that could
be obstructed using an adhesive sealant to simulate airway obstruction whilst
the elasticity of the rubber membrane could be altered to investigate the effects
of lung compliance on measured FOT parameters. The other devices looked
at in the final part of the phantom study were housed in Glenfield Hospital,
Leicester. A secondary aim of this part of the study was to investigate the

differences between continuous and impulse based FOT.

The patient study was undertaken to investigate the effects of SABA on mea-
surements of lung condition using FOT, with a focus on comparing the disease
states of asthma and COPD using both spirometry and FOT. This was done to
ascertain the value of FOT in a clinical setting as a source of information about
lung condition that would be unavailable using current pulmonary function tests.
Identifying patterns of FOT response irrespective of disease labels may there-
fore be useful in tailoring medication use to disease phenotype [56]. The main
aims of the study were to 1): confirm that FOT can distinguish between disease
states in a similar manner to spirometry; 2): establish the differential effects of
a BD on specific FOT parameters, irrespective of disease label; and 3): establish
whether patients with spirometric bronchodilator reversibility had BD response

in FOT parameters.
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2.2 Theory

2.2.1 The Forced Oscillator

The measurement of the acoustic impedance of the lungs using FOT can
be modelled by considering the lungs as a Helmholtz resonator with the lungs
acting as the cavity and the upper respiratory tract acting as the neck. In this
situation, the elasticity of the lungs is modelled by the compressibility of the
air within the cavity. If an external force acts on this damped oscillator system
then the result will be a forced oscillator in which the pressure at the aperture,

p, and the volume of gas displaced by the oscillations, V', are related by
p=EV+RV+1V, (2.1)

where F is the elastance, R is the resistance and [ is the inertance. These

can be evaluated using

B=1 (2.2)
8nl
I= %l, (2.4)

where p. is the pressure in the cavity, v is the adiabatic index, n is the viscosity
of the gas within the system, [ is the length of the oscillating mass in the neck,
r is the radius of the neck, and A is the cross-sectional area of the neck. When
the system is being driven by a sinusoidal oscillation the driving force, equation

2.1 can be solved for

V = Vpe!i=9) (2.5)

such that
p= EVye'@t=9) 4 RiwVye'@t=9) — [Vyw?eWi=¢) (2.6)
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with
p = poe'“t?) (2.7)

where w is the angular frequency of the oscillations, ¢ is time and ¢ is the phase

angle of the displacement. By substituting from equations 2.6 and 2.7 into

z=2, (2.8)

Qs

as Q = V, it holds that,
i(wt+e)
Pboe
L=t—-7 2.9
iwVpeilwt=¢)’ 29)

in which the sign change is dependent on the sign of ¢ which can be calculated

using

R
¢ = tan™! <E _‘”Iw> — ba, (2.10)

where ¢4 is the phase angle of the driving force. V| is the amplitude and is

described using

Vo = 7 (2.11)
I\/(w2 — w?)® 4472 4 w?
with
R
I'=— 2.12
s (212)

and the resonant angular frequency wq is given by

E
wo=1/7- (2.13)

The acoustic impedance of a driven Helmholtz resonator is shown in Figure 2.1
which shows Z for an adiabatic system (in which 7, = 1.4) and an isothermal
system (in which 7, = 1) against frequency. This highlights the difference
between an adiabatic and an isothermal system where a noticeable difference
can be seen in fs. This is due to the way that f,., is proportional to v/E which
is in turn directly proportional to /7. As a result, for an air filled system, there
can be a shift in f,.s of up to 18% depending on whether the system is adiabatic

or isothermal.
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Figure 2.1: Comparison of the theoretical impedance of an adiabatic and an

isothermal driven Helmholtz resonator with a 50L cavity volume.

This theoretical model of respiratory FOT is limited by a lack of a significant
resistive component to the impedance, as shown in Figure 2.1, as the cavity is
assumed to have no resistance. The addition of resistive components rapidly
increases the complexity of this model and so it is common practice to use an

electrical circuit based analogous model instead.

A more detailed look at Forced Oscillations can be found in [57].

2.2.2 Electric Circuit Models

Electrical impedance to the flow of charge within a circuit is comparable to
respiratory impedance to the flow of air, with the potential difference across
a wire relating to pressure in the airways, and electric current relating to air
flow. The resistance of a circuit is therefore directly comparable to the resistive

component of respiratory impedance. If a circuit has an inductance this will

46



cause the current to lag behind the potential difference as the inductor resists
the change. This is directly comparable to the phase shift between air flow
and pressure caused by the inertance of air in the airways. Conversely, if an
electric circuit is primarily capacitive, the current will lead the potential differ-
ence making capacitance comparable to compliance. These three components
can be combined in different ways to produce different RIC circuit models of

respiratory impedance.

The purpose of a mathematical model such as the electric circuit models
of respiratory impedance is to describe the features of the system they are
modelling. In the case of respiratory impedance, a good model should accurately

describe both the resistive and reactive components of Z.

RIC Model

The simplest model RIC circuit consists of a single resistor (R), inductor (I)

and capacitor (C) in series as shown in Figure 2.2

—é—fm\—ﬁ—
Figure 2.2: Schematic diagram of RIC circuit model of human respiratory

impedance.

The impedance of the RIC circuit is given by

1y

where w is the angular frequency. This is a poor model of respiratory
impedance as, whilst the reactive component approximately follows the curve

of the patient data, the resistive component has no frequency dependence. This
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is due to the fact that the resistive component is described using a constant
with no dependence on w. This is illustrated in Figure 2.3 which shows the RIC

model fitted to typical healthy data.
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Figure 2.3: RIC model fitted to healthy volunteer data.

Extended RIC Model

An improved version of the model was created with the addition of a second
resistive component representing the peripheral resistance (R,), as opposed to
the central resistance (R.). This model is called the extended resistor-inductor-

capacitor (eRIC) model and is shown schematically in Figure 2.4 [36].

The impedance of the eRIC model is given by

R wR,2C
Z=R.+-—"2 I———2 = 2.15
R, + +<w 1+(prC’)2>Z ( )
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Figure 2.4: Schematic diagram of eRIC circuit model of human respiratory

impedance.

The added resistor makes the resistive component of the eRIC model fre-
quency dependent and also gives a closer fit to the reactive component of the
data. Figure 2.5 shows the eRIC model fitted to the same healthy volunteer
data as shown in Figure 2.3. It can be seen that at lower frequencies the eRIC
model gives a good fit however at the higher frequencies the resistive compo-
nent plateaus instead of increasing with frequency. Once again this is due to the
model lacking a component part that describes an upward trend in resistance

at higher frequencies.
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Figure 2.5: eRIC model fitted to healthy volunteer data.

Augmented RIC Model

The eRIC model can then be further developed by the splitting the capac-
itance of the circuit into two component parts: the extrathoracic capacitance
(C.) which refers to the capacitance of the upper respiratory tract, and the pe-
ripheral capacitance (Cp). This five component model is called the augmented

RIC model (aRIC) and is shown in Figure 2.6 [37].

I —L

1
L

Ce Cp
|l
i1
Figure 2.6: aRIC model of human respiratory impedance.
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The impedance of the aRIC model can be calculated using Equation 2.16.

A(R.A + R))

Z =
[A(1 = w2IC,) + w2R,2C,C.]” + [WCe(R.A + Rp))?

N w(IA — R)*Cy) [A(1 = w?IC.) + w?R,*CyC.] — wCe(RA + RP)QZ_
[A(1 = w2IC.) + w2 R,2C,C.]” + [WCe(R.A + Ry))?

)

(2.16)

where A =1+ (wR,C))?.

The aRIC model is an improvement on the eRIC model as it not only has a
frequency dependence in both its resistive and reactive components but also fits
accurately to the resistive data at higher frequencies. This is shown in Figure

2.7 which shows the aRIC model fitted to healthy volunteer data.
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Figure 2.7: aRIC model fitted to healthy volunteer data.
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Mead Model

One of the earliest models to be proposed was the seven component Mead
model. Of all proposed electrical ciruit models, this model has the largest
number of components with four separate capacitors to represent different tissue
compliances. These are the lung compliance (C}), bronchial tube compliance
(Cp), chest wall compliance (C,) and the extrathoracic compliance (C.). As
with the previous two models there are still two resistances labelled the central
resistance (R,.) and peripheral resistance (R,) as well as a single inertance (I)
[68]. The aRIC model is sometimes considered to be a simplified version of
the Mead model due to their similar layouts. The layout of the Mead model is

shown in Figure 2.8.

Rp Cl

1 ————|

S T — I

Figure 2.8: Mead model of human respiratory impedance.

The impedance of the Mead model is described by the Equation 2.17.

7 =Zp+iZx, (2.17)
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where

Ry
ZR = 2 2 2 A
1 — 2wC. Xas + w2C.2(Ras® + Xas?)
P XM—wC'e(RM2+XM2)
X 2wl Xy + w2CP (R + Xar®)
with
R,C)?
Ry = P + R.,
M wQRp2Cb2Cl2 + (Cb + 01)2
2 2 2
Xay =l — w?R,“ChCi” 4+ Cy + C) 1

WR2C2CZ +w(Cy+ C)2 wCy

Figure 2.9 shows the Mead model fitted to the same healthy volunteer data
as seen with the other models. In this instance the Mead model, with its two
additional capacitive components, does not appear to have any advantage over
the aRIC model as both models have a close fit to the data. The previous
model, the aRIC model, contains the necessary number of component parts to
fully describe respiratory impedance. However, the Mead model contains an
excess of components which reduces the usefulness of the value of the model
parameters. This has been previously observed by Diong et al. [37] who found
the aRIC model to be superior to the Mead model for this reason. However,
the Mead model is more robust, capable of fitting to data with more noise and
anomalous points and is useful for matching the shape of an impedance curve

for interpolating the values of f,..s and Rs — Rap.

The parameters calculated by fitting data to the aRIC model as well as f¢s
and Rs; — Ry were examined to find out which parameters where useful indica-

tors of lung condition.
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Figure 2.9: Mead model fitted to healthy volunteer data.

2.3 Method - Phantom Study

2.3.1 Equipment

FOT Device

The FOT device used for the phantom study was an in-house device utilizing
an 8WAE Subwoofer manufactured by JL audio as the source of the impulses
with measurements made using a Hans Rudolph Pneumotach Amplifier 1 (PA-

1). A schematic of this device is shown in Figure 1.5.

Before each measurement the device was normalised by operating with the
mouthpiece first fully obstructed to, theoretically, give a measure of pressure
with no flow, then with the mouthpiece fully open to, theoretically, give a mea-
sure of only flow and no pressure and then finally obstructed with a known

impedance to give a measure of both flow and pressure. In reality, in the first
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measurement the flow rate is not zero due to the compressibility of air in the
system. Similarly, during the second measurement, the pressure has a positive
value due to the resistance given by the filter in mouthpiece and step changes in
the diameter of the tube between the device and the mouthpiece. As these fac-
tors were present in all patient measurements, a corrective normalisation factor
was required for each run, which was calculated from these first two normali-
sation measurements. The third normalisation run using a known impedance
had the purpose of identifying the difference in phase between p and @ due to
the device (as opposed to the phase difference caused by the lungs). In order
for this to be achieved the known impedance had to have a known reactance as
well as a known resistance. This was done by having a purely resistive stan-
dard resistor with no reactive component to its impedance which was achieved
using a wire mesh gauze. The corrective normalisation factor from the first two

measurements was applied to this third measurement.

Additionally the device was further calibrated to ensure that the device was
measuring accurate values for pressure and flow in a more general sense. The
volume was calibrated using a 3L syringe that was repeatedly pumped whilst
the oscillations produced by the loudspeaker of the device had an amplitude
of zero. The measured flow rate was therefore entirely due to the air exiting
and entering the syringe. The measured flow rate was then integrated for each
half of the pumping cycle to evaluate the volume. This allowed the flow rate
measured by the device to be validated, as the volume of the syringe was known.
A similar process was performed using a manometer to compare the theoretical,
applied pressure given by the displacement of water, to the pressure measured

by the device.

With these corrective measures in place the results from the device were given

in terms of the resistance of the standard resistor. A different standard resistor
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with a known resistance of R=0.18 kPaSL~! was used to evaluate the resistance
of the standard resistor used in the normalisation process. It was found that the
standard resistor had a resistance of R=0.233 4+ 0.016 kPaSL~! which allowed

the arbitrarily normalised measurements to be converted into SI base units.

The FOT device could be operated in two modes: “single sine” and “mul-
tisine”. In “single sine” mode the loudspeaker produced waves of a single fre-
quency whilst in “multisine” mode the loudspeaker produced a composite wave-
form containing multiple frequencies. For the study described in this thesis,
two frequency ranges, each containing eight frequencies, were assessed: a low
frequency set ranging from 1 Hz to 5 Hz and a high frequency set ranging
from 5 Hz to 30 Hz. The frequencies contained in the “High” and “Low”
frequency ranges are shown in Table 2.1. Any waveform containing multiple
sine waves will have peaks of varying amplitudes. As these peaks correspond to
the amplitude of the pressure wave imposed on the patient it is important to
reduce the maximum size of these peaks as much as possible to improve patient
comfort. This was done by minutely adjusting the frequency of the component
sine waves to find a local minimum for each of the frequencies contained in the
range. For this reason the high and low frequency ranges shown in Table 2.1 are
approximations of the true frequencies. FOT measurements of both the High
and Low frequency ranges were acquired for each patient as well as a single sine
measurement at 8 Hz. Each data set had three repeat measurements taken with

an average calculated from these.
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Low High

0.9333 | 5.0000
1.2333 | 6.3667
1.4333 | 7.9667
1.7667 | 10.2333
2.2333 | 13.9667
3.2333 | 18.0333
4.2333 | 23.6333
5.0333 | 29.9667

Table 2.1: The frequencies (in Hz) contained in the high and low frequency FOT

measurements

Phantoms

One of the key aims of the phantom study was to establish the validity of
the in-house device. A phantom has two key advantages of a human subject.
Firstly the phantom will remain constant between measurements allowing com-
parisons to be made. This is not the case for a human subject who can change
in many ways (e.g. breathing pattern, lung condition, general health etc.) be-
tween measurements. This makes a human subject less reliable for calibrating
and comparing devices. The other advantage of a phantom is that it can be
manipulated in a precise way. In this study the airways of the phantom could
be readily obstructed in a way that is not possible with a human subject. A
barrel phantom consisting of a 50L metal barrel with a connecting tube was
used for to validate the reactive measure of the in-house device (the resistive
measure was calibrated using a standard resistance as previously described in

Section 1.2.1).
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The phantom study was also performed to investigate how physical changes
to a phantom lung affect FOT measurements. This was done using a phantom
consisting of a 3-D print of the first seven generations of the upper airways,
the design of which was derived from an x-ray CT of a mildly asthmatic set of
lungs. This design, shown in Figure 2.10 was used to form a core around which
an elastomer layer, with a similar Young’s modulus to that of the cartilage in
the trachea, was cast; the core was subsequently removed. Overall the airway
model contained 72 termini (not including the opening at the top of the trachea)
that could be systematically occluded using a reusable adhesive putty. The
airway was then housed in a sealed plastic cylinder, representing the chest wall,
with a rubber membrane at the base, representing the diaphragm. A moveable
circular plunger was placed against the membrane such that the membrane was
distended. This plunger could then be adjusted to alter the distension of the

membrane.

Experiments were performed on the phantom at both the University of Not-
tingham and also at Glenfield Hospital, Leicester, in order to provide a com-
parison between FOT devices. In Nottingham, the device used for taking FOT
measurements was the same as the device used for the patient study described
previously in section 2.5.1. A further two commercial devices were used at
Glenfield Hospital: an Erich Jaeger MasterScreen IOS and a tremoFlo C-100
airwave oscillometry system. The MasterScreen 10S system utilized a loud-
speaker to produce the oscillations in a similar manner to the device used in
Nottingham. However the MasterScreen produced a waveform of an impulsive
nature rather than a continuous sinusoidal waveform as seen in the Nottingham
and tremoFlo systems. The tremoFlo C-100 system was different to the Jaeger
and Nottingham systems in that it used a fan instead of a loudspeaker to pro-
duce the continuous waveforms. This allows the tremoFlo system to be a more

lightweight, handheld system.
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Figure 2.10: Design of the seven-generation airway model used as an FOT

phantom, derived from an x-ray CT of a healthy set of lungs.
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2.3.2 Parameter Evaluation

The aRIC electric circuit model, described in section 2.2.2, was fitted to the
FOT measurements for both the phantom and patient studies. Fitting was done
using a least squares fitting algorithm using the MATLAB function lsqcurvefit.
The models were fitted to both the Low and High frequency ranges as well as a
combined data set with the 16 frequencies from both data sets. This was done
to calculate values of R., I and C,. Fitting was performed on data sets taken

both pre- and post-BD.

fres was calculated for each data set by fitting the Mead model to the entire
frequency range. This was then used to form a high resolution impedance curve
to interpolate the frequency at which X had a value of zero. This impedance
curve was extrapolated up to 40 Hz to allow for the estimated measurement of
fres In cases where f,..; was greater than the highest frequency measured (30
Hz). The value of R5 — Ry was also evaluated using this fitted model as 20 Hz

was not a frequency present in either of the multisine waveforms.

2.3.3 Measurement Procedure

All three systems were calibrated using a standard resistor with a known re-
sistance (R=0.233 & 0.016 kPaSL~! in Nottingham and R=0.18 kPaSL~! in
Leicester) however there is no commonly used standard to calibrate the mea-
surement of reactance as the standard resistors are made of mesh gauze with
no reactance. A 3L gas syringe was used to compare the reactive measurements
of the three systems as the volume of air provides an inertance due to its mass

and a compliance due to its compressibility.

Two main experiments were carried out using the phantom lung in Notting-
ham to investigate two physiological features of the lungs: compliance and ob-

struction. The effect of lung compliance on FOT measurements was investigated
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by distending the rubber diaphragm at the base of the phantom as described
earlier. The further the diaphragm was distended the lower the compliance of
the system. FOT was performed at the “High” (5 - 30 Hz) and “Low” (1 - 5 Hz)
frequency ranges as described previously with the aRIC model used to evaluate
further FOT parameters. This experiment was only performed at Nottingham,

not at Glenfield and so no comparison could be drawn between different devices.

The other set of experiments performed on the phantom lung investigated
the effect of airway obstructions on measured FOT parameters. The phantom
lung had 72 termini that could be occluded to simulate different severities of
obstructive lung disease. These termini were labelled and occluded in the same
order at both sites to allow a comparison to be drawn. FOT was performed at
the “High” (5 - 30 Hz) and “Low” (1 - 5 Hz) frequency ranges in Nottingham;
5 - 35 Hz with the Jaeger system, and 5 - 40 Hz with the tremoFlo system.
Measurements of the effect of obstruction on impedance were carried out on
the printed airways with and without the housing cylinder representing the

remainder of the lung.

2.4 Results - Phantom Study

2.4.1 Barrel Phantom

One of the aims of the phantom study was to establish the validity of the
Nottingham FOT system. The device was calibrated using a standard resistor
however there are no standard reactances that can be used. It was hoped that
the printed phantom could be used as a standard with both a known resistive
and a known reactive component (as opposed to the purely resistive standards
that are currently used) however the effect of changing the compliance of the
system was only measured using the Nottingham system and so no comparison

could be drawn. There is a further issue however, in that the phantom used
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a rubber sheet. This is a problem as the reactance of the system is reliant on
the type, thickness and, possibly most notably, age (as rubber perishes) of the
rubber used, making it extremely difficult to produce an identical phantom for

a standard at another site.

An alternative standard reactance is a known volume of air as this can be
easily recreated at any site and has both inertance and compliance. The issue
with using a volume of air is that the volume must be relatively large (tens of
litres) to have a comparable reactance to the human lung and so the 3L syringe
used for calibration and comparison between the Nottingham and Leicester
devices is not a perfect standard. An example of the impedance curve for a
large volume of air (50L) in a barrel with a rigid connecting tube containing
an obstruction (to provide a resistive component to Z) is shown in Figure 2.11

along with an impedance curve from a healthy human lung for reference.
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Figure 2.11: Impedance curve for Barrel Phantom and healthy human lungs.
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It can be seen that the Barrel Phantom had a similar value to the human
for fres (fres = 8.32 Hz and 9.45 Hz for the Barrel and human respectively)
as well as a similar shape to the reactive component of the impedance curve;
however, there was extremely limited frequency dependence seen in the resis-
tive component. There is another issue with using a large volume of air as a
phantom in that the system will behave adiabatically rather than isothermally,
which is the case in both the lungs and phantoms that utilise a smaller volume
(which diverges from being an adiabatic system at ~4L [60]). The effect of this
difference is explored in Section 2.2.1. Figure 2.12 shows the experimental data
for the Barrel Phantom compared to theoretical models of forced oscillators in
adiabatic and isothermal regimes. An additional resistive component was added
to the theoretical models to simulate the obstruction added to the Barrel Phan-
tom. It can be seen that, as predicted, the Barrel Phantom reacts adiabatically
as opposed to isothermally. This can be resolved through the addition of a sub-
stance that will not change temperature, such as fibreglass, to the volume. As
the experimental data matches the theoretical data extremely well, the reactive

measure of the Nottingham FOT system can be considered to be reliable.
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Figure 2.12: Experimental data for Barrel Phantom compared to theoretical

Isothermal and Adiabatic forced oscillator models.

2.4.2 Printed Airway Phantom

A 3-D printed model (described in Section 2.3) of the upper airways of the
body was used to investigate the effects of changes in compliance and severity
of obstruction on respiratory impedance. The compliance of the system was
changed by distending the rubber diaphragm of the phantom. Figure 2.13 shows
the effect on C), (evaluated by fitting the aRIC model to the data) and f.s of
the increase in distension in the rubber. As expected, increasing the distension
of the diaphragm resulted in a decrease in compliance, which supports the idea
that the stiffness of the lungs can be measured using FOT. A clear trend can
also be seen between the value of f,..s and distension, with an increased fi.cs
measured with more distension. Once again this is to be expected as, when the
diaphragm is more taut, it will not resonate at lower frequencies. No significant

change was seen in the resistive component of Z or any related resistive variables
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(such as Rs— Rap) as aresult of the distension. These results clearly demonstrate
the link between the compliance of the system and f,.s as measured using FOT,

which gives confidence to the usefulness of FOT as a diagnostic technique.
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Figure 2.13: Values of C}, and f,.s for the printed lung phantom measured at

increasing distensions of the rubber diaphragm with a line of best fit.
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The printed phantom was also used to investigate the effects of airway ob-
structions on measured FOT parameters including parameters measured using
the aRIC model. This was done using the complete model (with the printed
airway housed inside a cylinder representing the chest wall and a rubber di-
aphragm) as well as on the printed airways only (without any housing). As was
expected, the most significant response to increased airway obstruction was seen
in the resistive parameters, rather than the reactive component. The values of
R, (calculated using the aRIC model), Rs (the real component of Z at 5 Hz),
Ry (the real component of Z at 20 Hz) and Rs — Ry for measurements with
and without the housing are shown in Figures 2.14 and 2.15, where Figure 2.14
shows the data taken with the housing cylinder and Figure 2.15 shows the data

taken of just the printed airway without the housing cylinder.

67



o
o))

@ 04r
(&)
X 02f .
ol . . |
0 20 40 60
Number of Obstructions
o1
3 . R,
Q
< + Ry .
8057 -
C . ° +
-og . o ® e o ® o 0 0 0 e oo * + +
% 0~++++++++++++++++++++
[0} ' ‘ .
© o 20 40 60
Number of Obstructions
< 0187
-
%)
L 016} .
5/ . * o . . . . .
Q ) . .
N 0.14¢ :
o 0.12 ' . ‘
0 20 40 60

Number of Obstructions
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Rs — Ry versus the number of obstructed airways in the printed airway with

the housing cylinder.
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There is a clear non-linear relationship between the resistance of the system
and the number of obstructions with values of R., R5 and Ry rapidly increasing
at higher levels of obstruction. There was also an observed decrease in Rs —
Roy at higher numbers of obstruction. This was unexpected as an increase
in Rs — Rog was seen in patients with obstructive lung disease compared to
healthy volunteers. However the phantom is flawed in that the majority of the
obstructions were located in the same generation of airway due to the design of
the phantom, thus making it impossible to only alter the smaller airways instead
of the upper airways. This could explain this unexpected trend as Rs — Raq is
thought to relate to the condition of the smaller airways. The variation in
Rs — Ry caused by obstructions in the phantom was very small and so this
trend would most likely be dominated by a different effect in obstructive lung
disease. The trends in R., R5, Roo and Rs — Ryy were seen both with and
without the housing cylinder. Figures 2.14 and 2.15 only show values up to 60
obstructions as after 60 obstructions the system no longer resembled that of a
human lung. As no functional human lung could become this obstructed, this

is not a problem.

One of the issues with the resistance of the printed phantom is that all the
termini were connected to the same container (or the atmosphere). Therefore a
single obstruction did not remove a significant portion of the model lung from
being ventilated. This explains why there is limited response to obstruction

until after 20 obstructions.

The values of Z taken using the whole phantom, instead of just the printed
airway, provided values of Z that were more comparable to that of a human lung
including an f,.s of approximately 23 Hz, whilst the printed airway on its own
had an unrealistically small resistive component and no measurable value for

fres- The two commercial measurement systems in Leicester took measurements
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of the printed airway without the housing cylinder only. Obstructive measure-
ments in Nottingham were therefore taken without the housing cylinder to allow

a comparison to be drawn.

2.4.3 Comparison of FOT devices

Three different FOT devices, a custom device from Nottingham (described in
Section 2.5.1), an Erich Jaeger MasterScreen I0S and a tremoFlo C-100 airwave
oscillometry system, were compared to investigate the differences between FOT
and IOS systems, as well as possible differences between loudspeaker (Notting-
ham and Jaeger) and fan (tremoFlo) based systems. All three devices performed
FOT on a 3L syringe of air (a purely reactive standard) and on a 3-D printed

phantom.

Figures 2.16 and 2.17 show a comparison of the measured reactances of the
3L syringe between the different systems. The raw data points of reactance for
the different measurement frequencies used for each of the three systems are
shown in Figure 2.16. A strong similarity can be seen that the tremoFlo and
Nottingham devices whilst the Jaeger has a noticeably less negative reactance,
particularly at lower frequencies. This is highlighted in Figure 2.17 which shows
a direct comparison between the measured reactances, with the line y = z for
reference. The aRIC model was fitted to the data in order to allow direct com-
parisons between reactances measured with different sample sizes at different
frequencies. This fit is shown in Figure 2.17 and highlights the strong similarity
between the Nottingham and tremoFlo devices as well as showing a notable

difference in the Jaeger results at a more negative reactance.

The three devices were also used to take measurements of the printed air-
way (described in Section 2.3) without the housing cylinder at varying levels of

obstruction. It has been previously noted that adjusting the number of obstruc-
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tions in the phantom had an insignificant effect on the reactive component of
Z and so this was a test of the comparability of the resistive measures of the
three systems. The values of Rs, Rog and Rs — Rgg for different numbers of

obstructions are shown in Figure 2.18.

It can be seen that all three systems showed the same trend in the effect
of obstruction on R; and Ryy with a general increase with obstruction that
significantly increased after 45 occlusions. However, as with the reactive mea-
surements from the 3L syringe, there appears to be a closer similarity between
the two FOT systems (Nottingham and tremoFlo) compared to the IOS system.
This is extremely apparent in the measure of R5 — Roy where a large decrease is
seen at high levels of obstruction in the Jaeger system only, with only a gradual

and relatively linear decrease present in the FOT systems.

72



— ° X
~— X
' X (]
a 051 x
x °
3 .
c X
8 At .
[8)
8 ® Nottingham (FOT)
14 ° X Jaeger (I0S)
_1.5 1 1 1 1 1 1 1 ]
0 5 10 15 20 25 30 35 40
Frequency (Hz)
O -
< 4o +eot+ +
((7')5 . Jot
-0.51 +
¢ o
3 o
c
S At .
[S)
8 ® Nottingham (FOT)
"4 2 + TremFlo (FOT)
_1.5 1 1 1 1 1 1 1 ]
0 5 10 15 20 25 30 35 40
Frequency (Hz)
O -
— X +
' x +
2 <+t
-0.51 < T
[0)
8]
c X
S r
§ X Jaeger (I0S)
o + + TremFlo (FOT)
_1.5 1 1 1 1 1 1 ]

0 5 10 15 20 25 30 35 40
Frequency (Hz)

Figure 2.16: Reactance of 3L syringe measured at different frequencies by the
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73



Jaeger (I0S)
Reactance (kPaSL'1)

1 J

-0.5 0

.

AN
Lo
o [
' -
AN

0 -
=3
8 & 051
g
e}
= QO
's ©
E © 1k
o O
5 @
o}
o
_1_5 e | 1 J
-1.5 -1 -0.5 0
Nottingham (FOT) Reactance (kPaSL'1)
0 ~-
3
N ©-05r
°g
s o
> 2
c 8 4t
= O
8
o}
o
_15 e 1 1 ]
-1.5 -1 -0.5 0

tremoFlo (FOT) Reactance (kPaSL'1)

Figure 2.17: Comparison of reactance curves (calculated using aRIC model) of

3L syringe measured using three different systems with y=x for comparison.

74



06 X
X Jaeger (I0S) xx
— ® Nottingham (FOT)
'y 04| + tremoFlo (FOT) X++
0 X+
© =+
o xtT
=< XX o000
D:Lo 0.2 )oof.ol.?_
> WW -
)OWW%M
0 1 1 1 1 1 1
0 10 20 30 40 50 60
Number of Obstructions
08
X Jaeger (I0S) X><
< 06F| ® Nottingham (FOT) X
c_ll) +  tremoFlo (FOT) %
© +
QL 04 x
o ,ey)q:l- ®
% (11}
KN 02r Mﬁ#o
0 1 1 1 1 1 ]
0 10 20 30 40 50 60

Number of Obstructions

i
%)
©
o
S x
8
X -01F| X Jaeger(lOS) X
‘o *  Nottingham (FOT) x
o +  tremoFlo (FOT)
_0-15 1 1 1 1 1 1
0 10 20 30 40 50 60

Number of Obstructions

Figure 2.18: Comparison of Ry, Rog and Rs — Rgg versus the number of ob-
structed airways in the printed airway, without the housing cylinder, measured

using three different systems.

()



2.5 Method - Patient Study

2.5.1 Data Acquisition

In order to study the effect of a bronchodilator on lung function as measured
using FOT and spirometry, participants underwent both FOT measurements
and spirometry. Spirometry was performed as per the American Thoracic So-
ciety /European Respiratory Society guidelines, using a Vitalograph Gold Stan-
dard wedge bellows spirometer (Vitalograph, Buckingham, UK). This was used
to evaluate values of FEV; and FVC which in turn were used to calculate
FEV;/FVC. The FOT device used for the patient study is described in section
2.3.

For each visit, patients first underwent FOT measurements followed by spirom-
etry. This was then repeated twenty minutes after the administration of the
SABA, 400 ng of salbutamol via a spacer. Potential participants were identified
from patients attending respiratory out-patient appointments at Nottingham
University hospitals NHS trust, and from the NRRU database. Exclusion crite-
ria were: inability to perform spirometry; inability to provide written consent;
inability to refrain from taking their airway medication before their next clinic
appointment (24 hours for long-acting anti-muscarinics, 12 hours for long-acting
bronchodilators and 4 hours for short-acting bronchodilators) and suspected ac-
tive respiratory infection. The inclusion criteria for patients were: age between
18-85 years old; confirmed diagnosis of COPD or asthma (based on past med-
ical history from consultant diagnosis, spirometry and risk factors). Healthy
controls were identified from the Nottingham Respiratory Research Database.
The inclusion criteria were: 18-85 years; never smoked; no diagnosis of respi-
ratory disease. The study was approved by National Research Ethics Service

Committee North West - Lancaster, reference 11/NW /0674.
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2.6 Results - Patient Study

2.6.1 Patient Baseline

Baseline data for the patient study is shown in Table 2.2, with mean values
and standard deviation given (mean/SD). The measurement of FEV; was taken
pre-BD and is given as a percentage predicted value. A one-way analysis of
variance (ANOVA) test with a post hoc pairwise comparison was performed on
all baseline data. There were significant differences found between the age of

all three groups as well as the sex ratio of the asthma group.

Parameter | Healthy | Asthma | COPD | p-value | p-value | p-value
(n=10) | (n=26) | n=21) | (H-A) | H-C) | (A-C)

Mean Age | 42 /13 |57 /15 | 68 /5 0.001 <0.001 | 0.001

Gender 8/2 5/21 14/7 <0.001 | 0.430 | 0.001
(M/F)

FEV; (% | 102.20 87.08 / | 48.24 / | 0.037 <0.001 | <0.001
pred.) /10.21 | 24.74 12.64

Table 2.2: Mean and SD of measured pre-BD parameters (using spirometry and

FOT) for all patient groups.

2.6.2 Identifying Disease Type using FOT

The first aim of the patient study was to confirm that FOT can be used
to distinguish between disease states in a similar manner to spiromtery. This
was done by comparing the values of the different parameters measured before
the SABA was administered. The values of the three spirometric parameters,
FEV;, FVC and FVC/FEV;, measured pre-BD, are shown in Figure 2.19 with

outliers shown with a red 4. The difference between the healthy group and
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the COPD group is clearly noticeable for all parameters with the asthma group
spanning the gap in-between, with the healthy group having higher values for
all three spirometric parameters. This is to be expected as healthy lungs have
a larger volume and greater ability to expel a large volume in one second than
unhealthy lungs. The patients with asthma who took part in the patient study
had a varying severity of asthma which gives rise to the large range in value for

all three spirometric parameters in the asthma group.
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Figure 2.19: Box plots for the three spirometric parameters measured pre-BD

for each of the patient groups (outliers are marked with a red +).
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An ANOVA with a post hoc pairwise comparison was conducted to verify the
statistical significance of the difference in values of the spirometric parameters
between the patient groups. It was found that the patient group had a significant
effect (p<0.01) on all three spirometric parameters confirming that spirometry
is an effective measure of assessing disease state. The most significant difference
was seen between the Healthy control group and the COPD group. This is to be

expected as these are the groups with the largest difference in lung condition.

It was found that the aRIC model was the most useful model for quantify-
ing the frequency dependence of respiratory acoustic impedance. Of the five
parameters measurable using the aRIC model (R., Ry, I, C, and C.) it was
found that only R., I and C, were good measures of lung condition with R, and
C. providing little useful information. The largest difference in R. was seen at
the lower frequency range so values for R were taken from the “Low” multisine
waveform. The opposite was true for I which, as has been previously mentioned
in Section 1.2.2, dominates at higher frequencies. The values for I were there-
fore evaluated by fitting the aRIC model to the “High” frequency range. It was
found that a difference in C}, could be observed in both frequencies and over the
entire frequency range from 1 - 30 Hz and so C}, was evaluated over the whole

range for the purposes of the patient study.

The values of the three used aRIC model parameters (R., I and C),) for each
of the patient groups, measured pre-BD, are shown in Figure 2.20 with outliers
shown with a red +. Once again a notable difference can be seen between the
healthy volunteer group and the COPD group with the healthy group having a
higher values for I and C),, and lower values for R.. This is too be expected as
a healthy pair of lungs will have a larger volume and therefore a larger mass of
air to move giving a larger inertance or inductance in the model. Similarly a

healthy lung is more elastic and therefore more compliant giving rise to a higher
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capacitance in the fitted model. The lower values for R, in the healthy volunteer
group is also to be expected as healthy airways should have no obstructions of
either airway constrictions or excess mucus. Again the asthma group spanned
the gap between the healthy and COPD groups with an increased range that is

particularly noticeable in the value of I.
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Figure 2.20: Box plots for the three aRIC Model parameters measured pre-BD

for each of the patient groups (outliers are marked with a red +).
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There is also a heterogeneity in the difference between the asthma group and
the COPD group between the different aRIC parameters (Figure 2.20). For the
values of R, the asthma groups sits almost halfway between the healthy and
COPD groups in a similar fashion to the three spirometric parameters. However
for the value of C, the asthma group bears a closer resemblance to the values
of the COPD group with the healthy group standing out as markedly different.
This demonstrates that the three aRIC parameters assess different measures of
lung condition, both to the spirometric parameters, and to each other. The
observed heterogeneity between the parameters also implies that the different
parameters measured using the aRIC model are evaluating different aspects of
asthma that cannot be observed using spirometry alone. The similarity of the
values of C), between the asthma and COPD supports the idea of asthma-COPD

overlap syndrome (ACOS).

An ANOVA with a post hoc pairwise comparison was conducted to verify the
statistical significance of the difference in values of the aRIC parameters between
the patient groups. It was found that the patient group had a significant effect
(p<0.01) on all three measured aRIC parameters confirming that fitting the
aRIC model to FOT data is an effective measure of assessing disease state in
a manner comparable to spirometry. The most significant difference was seen
between the Healthy control group and the COPD group. This is to be expected

as these are the groups with the largest difference in lung condition.

The values for f..s and Rs — Rog were evaluated by fitting the Mead model
to the raw FOT data as previously described. The values for these two FOT
parameters measured pre-BD are shown in Figure 2.21. Again, a large dif-
ference between the healthy and COPD patient groups can be seen with the
asthma group in-between. For these parameters the inverse of the spirometric

parameters is seen with higher values seen in the COPD group for both f.s
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and Rs — Rsg. The previously mentioned increase in the resistive component
of respiratory impedance at higher frequencies in healthy lungs is manifested
here in a low or even negative value of R5; — Rap, with negative values being

particularly prevalent in the healthy group.

Once again an ANOVA test with a post hoc pairwise comparison was per-
formed to ensure that the difference in the values of f,..s and R5 — Ryy between
the patient groups was statistically significant. It was found that the patient
group had a significant effect (p<0.01) on the values of both f,.s and Rs — Ry
demonstrating that these FOT values, as well as those evaluated using the aRIC
model, could differentiate between patient groups in a similar way to spirome-
try. Again, the most significant difference was seen between the Healthy control
group and the COPD group. This is to be expected as these are the groups

with the largest difference in lung condition.

The mean and standard deviation for all measured parameters (both using
spiromety and FOT) pre-BD is shown in Table 2.3 along with the p-values
from the post hoc pairwise comparison. It is clear from this table that the
most significantly different groups were the Healthy and COPD groups although
several parameters such as FEV; and f,.s differentiated between the healthy
and asthma groups to the 1% significance level. Only FEV; had an equal level

of significance between all three patient groups.
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Figure 2.21: Box plots for the FOT parameters f..s and Rs — Ryg measured

pre-BD for each of the patient groups (outliers are marked with a red +).
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Parameter | Healthy | Asthma | COPD | p-value | p-value | p-value
(n=10) | (n=26) | (n=21) | (H-A) | (H-C) | (A-C)

FEV, (L) | 387 /|226 /|128 /| <0001 | <0.001 | <0.001
0.71 0.82 0.46

FVC (L) | 486 /|336 /|27 /| <0001 | <0.001 | 0.024
0.98 1.02 0.67

FEV,/FVC| 0.80 /| 0.67 /| 049 /| 0004 | <0.001 | <0.001

0.08 0.12 0.13

R. (Q) 059 /| 123 /|158 /|0006 | <0.001 |0.057
0.28 0.68 0.61

I (mH) 192 /| 139 /097 /|0062 |0002 | 0.066
0.65 0.88 0.60

c, (F) 016 /007 /|004 /| <0001 | <0.001 |0.065
0.04 0.04 0.03

fres (Hz) | 10.63 /| 22.85 /| 29.02 / | <0.001 | <0.001 | 0.016
2.43 10.02 | 7.98

Rs — Ry | 001 /]021 /|039 /|0078 |0002 |0.047
(kPa/L/s) | 0.15 0.36 0.26

Table 2.3: Mean and SD of measured pre-BD parameters (using spirometry and

FOT) for all patient groups.
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2.6.3 Effect of Bronchodilator on FOT

All patients underwent spirometry and FOT both before and after the ad-
ministering of SABA. This was done to carry out the second aim of the study:
to establish the effects of a BD on specific FOT parameters. Patients under-
went spirometry pre- and post-BD in order for a comparison to be drawn. The
values of the three spirometric parameters (FEV,, FVC and FEV;/FVC), pre-
and post-BD, for the three patient groups are shown in Figure 2.22 with a line

connecting the respective data points for each patient.

Although there is an amount of variability in the response of different patients
to SABA a general trend of an increase in value for all three parameters can
be seen in the patient groups. The only exception to this is that no significant
change was observed in the value of FVC for the healthy volunteers. The healthy
volunteers also had a lesser response to the SABA overall than either the asthma
or COPD groups as would be expected. The asthma group exhibited the largest

variation after the administering of the SABA which was similarly expected.
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Figure 2.22: Values for the three spirometric parameters measured pre- and

post-BD for the three patient groups.
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Figure 2.23 shows the pre- and post-BD values of the three parameters mea-
sured by fitting the aRIC model to the data (R,, I and C,,), for the three patient
groups. The asthma group showed the largest response to the SABA across the
three aRIC parameters in a comparable manner to the spirometric parameters.
This is particularly noticeable in the measure of R., where the range of values
post-BD is significantly smaller than the range of values pre-BD. However one
key difference between the response seen in the spirometric data and the aRIC
model data is that the aRIC data has much more variability in individual pa-
tient response. This was observed most strongly in the healthy group which, for
the spirometric parameters, remained fairly constant however the aRIC model
shows some significant changes in parameter values after the application of the
SABA. Similarly, a large amount of change was seen in the aRIC parameters
of some of the COPD patients that was not present in the spirometric mea-
surements. This reinforces the idea that the parameters evaluated using FOT
are measuring different aspects of lung condition to spirometry and that there
is more than one condition in each of the patient groups resulting in different

response to the SABA within the same group.

The values of f..s and Rs — Roy were also evaluated after the SABA was
administered. The pre- and post-BD values of these parameters for all three
patient groups is shown in Figure 2.24 with connecting lines indicating the
change for each individual patient. Once again a general trend can be seen with
patient lung condition improving after receiving the SABA. Again, the largest
response can be seen in the asthma group, particularly for values of f,.s where
a reduction in the range as well as a reduction in mean value can be seen. This
fits the classical view of asthma as a reversible disease. However the presence
of a change in the COPD group goes against the classical view of COPD as an

irreversible disease.
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Figure 2.23: Values for the three aRIC model parameters measured pre- and

post-BD for the three patient groups.
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and post-BD for the three patient groups.
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The response of the asthma patient group to SABA is shown in Table 2.4
which shows the mean and standard deviation for each parameter pre- and
post-BD. A paired t-test was performed to determine the significance of the
response to SABA. It can be seen that there was a highly significant change in
FEV,, FEV;/FVC, R, C, and f,.s with a less significant but still substantial
response seen in I. There was limited significance in the response measured
with Rs — Rop and no response seen in FVC. This demonstrates that all patient
parameters, with the exception of R; — Ry, are useful in detecting patient

response to SABA.

Parameter Pre-BD Post-BD p-value
(n = 26) (n = 26)

FEV; (L) 2.26 / 0.82 2.55 /0.84 | <0.001
FVC (L) 3.36 / 1.02 3.37 / 0.86 0.928
FEV,/FVC 0.67 / 0.12 0.75 / 0.15 0.001

R. () 1.23 / 0.68 0.87 / 0.44 0.001

I (mH) 1.39 / 0.88 1.60 / 0.61 0.053

C, (F) 0.07 / 0.04 0.10 / 0.05 | <0.001

fres (Hz) 22.85 /10.02 | 17.12 / 9.28 | <0.001

Rs — Ry (kPa/L/s) | 0.21 / 0.36 0.15 / 0.30 0.242

Table 2.4: Mean values of measured parameters pre- and post-BD for the asthma,

patient group displayed as mean/SD.

The difference patient response between groups, as observed using different
parameters, can be demonstrated by reviewing the mean difference observed
in each of the measured parameters, pre- and post-BD. Table 2.5 contains the
mean and standard deviation for the difference observed in all eight parameters

for all three patient groups. An ANOVA test with a post-hoc pairwise pair-
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wise comparison was performed to calculate the significance of patient response

between groups. The p-values from the test are shown in the table.

It can be seen that there were responses detected in all three patient groups
with different parameters detecting different levels of response between the
groups. An example of this heterogeneity is shown in the contrast between C,
and fres. In the case of C), there is a significant difference between the asthma
group and the other two groups. On the other hand, although the healthy group
also had a small mean difference in f,.s, a much larger difference was observed
in both the asthma and COPD groups. This difference in the responses of the
patient groups between parameters demonstrates that there is more than one
possible response to SABA within disease states, such as bronchodilation or a
reduction in dynamic hyperinflation. The change in the reactive component of
respiratory impedance with improvement in dynamic hyperinflation has previ-

ously been shown by Dellaca et al. [52].
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Parameter Healthy | Asthma | COPD | p-value | p-value | p-value
(n=10) | (n=26) | n=21) | (H-A) | (H-C) | (A-C)

AFEV; (L) 013 /1029 /|026 /|0.090 0.147 0.0821
0.13 0.25 0.27

AFVC (L) -0.07 /| 0.01 /|]026 /| 0.687 0.118 0.125
0.11 0.71 0.25

AFEV,/FVC | 0.04 /| 0.08 /| 0.05 /| 0.282 0.743 0.365
0.03 0.11 0.11

AR, () -0.08 /| -036 / |-0.22 /| 0.058 0.410 0.194
0.16 0.48 0.33

AT (mH) 003 /1026 /|013 /| 0.243 0.403 0.718
0.37 0.64 0.58

AC, (F) 001 /]003 /|0.01 /|O0.047 0.729 0.005
0.03 0.04 0.02

Afres (Hz) -0.59 /| -573 /| -4.08 /| 0.011 0.094 0.301
1.39 6.50 4.99

ARs — Ry | -0.002/ | -0.06 / | -0.06 / | 0.465 0.429 0.901

(kPa/L/s) 0.12 0.26 0.18

Table 2.5: Mean and SD of the difference in measured parameters (using spirom-

etry and FOT) pre- and post-BD for all patient groups.
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The efficacy of FOT in measuring patient response to SABA in comparison
to spirometry was assessed by plotting the difference in measure parameters for
the asthma patient group against the percentage change in FEV;. It is not
appropriate to consider the percentage change in FOT parameters as some of
the parameters have a very low value that can be negative (Rs — Rag). It can
therefore be the case that the pre-BD value for a patient could be zero resulting
in any change being an infinite percentage change. These plots are shown in
Figures 2.25 and 2.26 with Figure 2.25 showing the three aRIC model parameters
(Rc, I and Cp) and Figure 2.26 showing the FOT parameters f,.s and Rs — Rao.

Pearson’s correlation coefficient was calculated for each comparison.

Substantial correlation was seen between AR, and AFEV; (p=0.006) with
less significant correlation seen between AC, and AFEV1 (p=0.117). This in-
dicates that these parameters measure SABA response in a comparable manner
to FEV1. There was no significant correlation seen between Al and AFEV;
(p=0.771) suggesting that either I is not a good detector of SABA response or
that the response detected by [ is a different patient response to the response
detected by FEV;. Af,.s and AR5 — Roo showed some correlation with AFEV,
(p = 0.088 and 0.196 respectively) indicating a similarity in patient response de-
tection between the FOT and spirometric parameters. However, there is some
variation in the responses detected by each method that again suggests that
FOT is measuring a different form of SABA response to spirometry. The fact
that a significant patient response was observed in the asthma group for all
FOT parameters (Table 2.4) suggests that any lack of correlation between a
spirometric response and an FOT response is due to the nature of the measured

response rather than a lack of response detection.

The observation that FOT can provide additional information to spirometry

about BD response has been previously documented by Yaegashi et al. [59].
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However, although this data demonstrates that FOT can provide information
about patient response to BD that cannot be measured with spirometry, the

opposite is also true with spirometry providing additional information to just

FOT.
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Figure 2.25: Difference in aRIC model parameters against the percentage change

in FEV; for the asthma patient group. Pearson’s correlation coefficient was cal-

culated for each parameter with p = 0.006,/0.771/0.117 for R./I/C, respectively.
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Figure 2.26: Difference in FOT parameters f..s and Rs — Ryy against the

percentage change in FEV; for the asthma patient group. Pearson’s corre-

lation coefficient was calculated for each parameter with p = 0.088/0.196 for

fres/Rs — Rop respectively.
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2.7 Conclusion

A phantom study and a patient were undertaken to investigate FOT. The
phantom study had three aims: firstly, to verify the validity of the Nottingham
FOT system; secondly, to explore the effect of a change in resistance or compli-
ance on FOT parameters; and thirdly, to compare three different FOT systems

(including the Nottingham system).

The Nottingham FOT system was calibrated using a known standard resis-
tance. The reactance of the system was validated using a 50L barrel which
could be treated as a Helmholtz resonator. As the experimental data matched
the theoretical reactance of a Helmholtz resonator of the same dimensions as
the Barrel phantom we can have confidence in the reliability of the Nottingham

FOT system’s measurements.

The effect of lung compliance and obstruction on FOT measures was in-
vestigated using a phantom consisting of a 3-D printed airway containing the
first seven generations of the upper airways housed in a plastic cylinder with
a rubber sheet at the base representing the diaphragm. The tension in the
diaphragm could be adjusted to vary the compliance of the lung whilst air-
way openings could be occluded to simulated obstructive airways disease. It
was found that there was a strong correlation between lung compliance and
the FOT parameters f.s and C, (evaluated by fitting the aRIC model to the
data). The phantom was systematically occluded to simulate the effects of lung
obstruction. It was found that increased obstruction had an affect on resistive
measures of impedance, particularly R., R5, Rog and Rs — Rsg, particularly
after 40 occlusions for R., Rs and Rsy. There was no observed change in the
reactive component of impedance as a result of the obstructions. This demon-
strates that the resistive and reactive FOT parameters are not random but do

directly relate to the resistance and compliance (respectively) of a system.
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A comparison was made between three different FOT devices across two sites
(an in-house device in Nottingham, an Erich Jaeger MasterScreen I0S and a
tremoFlo C-100 airwave oscillometry system both in Leicester). These devices
were used to measure the reactance of a 3L syringe as well as the 3-D printed
airway system at different levels of obstruction. The continuous wave devices
(Nottingham and tremoFlo) operated in different ways with the tremoFlo de-
vice using a fan to produce the oscillations rather than a loudspeaker. However
this difference in technique produced no significant difference in measurements
between the two systems for both the reactive measure (the 3L syringe) and
the resistive measure (the obstructed printed airway). This similarity was high-
lighted by a measurement taken using the tremoFlo device on the Barrel Phan-
tom. Although more rigorous testing needs to be performed, the initial value
for fres was 8.59 Hz for the tremoFlo which closely matches the measurement of
fres = 8.32 Hz measured using the Nottingham device. On the other hand, the
Jaeger system was an IOS system using impulses instead of continuous wave-
forms and showed marked differences between the other two devices in both
resistive and reactive measures. One explanation for this difference could be
that there is a non-linear relationship between the measured impedance and the
peak pressure of the applied sound waves that causes Z to decrease as pressure
increases. An IOS system can be expected to have a higher peak pressure than
a continuous waveform in which the peak pressure can be adjusted by varying
the phase difference between the component sinusoids. Further investigation
into the peak pressures applied by I0S and FOT devices would be needed to

confirm this explanation.

A patient study was undertaken to investigate the effects of SABA on the
parameters measured using FOT, in comparison to spirometry. The main aims
were to confirm that FOT can differentiate between different disease states; in-

vestigate the differences in values of measured FOT and spirometric parameters

100



pre- and post-BD; and to determine whether the different measured parameters

were detecting different patient response to SABA.

57 patients (26 asthma, 21 COPD and 10 healthy volunteers) had spirome-
try and FOT measurements taken before and after a SABA was administered.
The measured parameters looked at in the patient study were: FEV;, FVC,
FEV;/FVC (measured using spirometry), R, I and C, (evaluated by fitting the
aRIC model to FOT data) and f..s, Rs — Roo (evaluated using the Mead model
fitted to FOT data). The aRIC model provided the most meaningful fitting
data, whilst the Mead model provided the best fit and so was used to evaluate
fres and Rs — Rao.

It was found that all of the measured parameters were effective at discriminat-
ing between patient groups. The most significant differences were seen between
the Healthy group and the COPD group (p<0.001 all measured parameters ex-
cept I and R5— Rgp where p=0.002). This demonstrates that FOT is as effective

as spirometry in differentiating between these disease states.

The patient response to SABA for all measured parameters was investigated
by performing spirometry and FOT measurements pre- and post-BD. The dif-
ference between these measurements was investigated. For the asthma group
it was found that there was a significant change (p<0.001) for all parameters
except FVC, I and Rs — Ro (p = 0.928,0.053 and 0.242 respectively). This
demonstrates that FOT and spirometry are both effective in measuring response
to SABA. A heterogeneity was seen in BD response between the patient groups
with respect to measured parameter. This was most notably manifested in
the FOT parameters Cp, and f,¢s for which the most significantly different pa-
tient groups (according to BD response) were asthma and COPD respectively.
This difference suggests that these parameters are measuring different patient

response to SABA that potentially cannot be investigated using spirometry.
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The difference in patient response between spirometric and FOT parameters
was further explored by plotting the difference in FOT parameters against the
percentage change in FEV;. It was found that R, was most similar to FEV;
(p=0.006) whilst I was the least correlated (p=0.771). The variety in correlation
between the FOT parameters and FEV1 suggests that there is a difference in
observed response as a response was seen by all FOT parameters in the patient
group. This has clinical significance as understanding how a patient will respond
to SABA allows for treatment to be tailored to a patients specific requirements.
It was observed that although FOT provided information about patient response
that was not observable using spirometry, the opposite was also true. Therefore,
in order to gain the largest amount of information about a patients condition,

both FOT and Spirometry would have to be carried out.
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Chapter 3

Hyperpolarised (Gas
Magnetic Resonance

Imaging

3.1 Introduction

Lung imaging has always been difficult due to the diffuse nature of lung
tissue. Although it is possible to image some features of the lungs using X-ray
CT or ultrashort echo time (UTE) 'H MRI, this is only diagnostically useful
for developed lung diseases. Various techniques are being developed to try to
image the lungs in different ways in the hope of achieving an earlier diagnosis.
One of these techniques is to apply a gaseous contrast agent in the form of a
hyperpolarised (HP) gas such as *He or 129Xe (both of which are considered in

this thesis).

The main use of HP gas MRI is in ventilation imaging in which the distri-

bution of the gas through the lungs during or after inhalation is imaged. This
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distribution should be relatively homogeneous in a healthy set of lungs; however,
if the patient has obstructed airways the gas will be unable to reach all areas of
the lung resulting in dark regions of no signal appearing on a ventilation image.
The lung disease can then be categorized by observing the morphology, dis-
tribution, and time dependence of these obstructed regions. Another common
form of lung imaging using HP gas MRI is diffusion weighted imaging. This
utilizes the fact that a gaseous contrast agent will move around the lung after
inhalation. If the lung has a large number of small structures (in the form of
undamaged alveolar sacs) then diffusion will be limited, in contrast to lungs in
which there is a breakdown in lung structure when diffusion is higher. Measur-
ing the diffusion within the lung can be clinically significant without forming an
image. A third imaging modality, called dissolved phase imaging, is unique to
HP 129Xe MRI. Xe gas dissolves into the bloodstream along the same pathways
as oxygen and is visible in both the blood and the parenchyma. This allows the
gas exchange surface to be imaged which provides additional information over
ventilation imaging as it is possible for a region to be ventilated without gas

exchange occurring.

Two ongoing studies are discussed in this chapter, one using HP 3He and
one using HP '2*Xe. The 3He study focussed on measuring lung diffusion in
healthy adolescents and comparing the results to data from the same subjects
scanned at a second site, the University of Sheffield. The main aim of this
study was to compare the similarities in ADC measurements at two different
time scales between the two sites but a secondary objective was to investigate
a potential link between lung diffusion and age. The '2Xe study is still in the
early development stages and aims to investigate various imaging techniques,
such as dynamic imaging, to verify the reliability of the modality before the

study can be expanded into imaging patients with lung disease.
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3.2 Theory

3.2.1 Nuclear Magnetic Resonance
Larmour Frequency

Protons and neutrons have an intrinsic magnetic moment due to their spin.
It is therefore the case that nuclei with a non-zero spin (including *H, *He, 3C
and 12%Xe) have a net magnetic moment. In the presence of a large magnetic
field (By), this moment will experience a torque causing the magnetic moment
to rotate around the axis of the By field. The angle between the magnetic
moment and By will remain constant unless another force acts on the system

[61]. This process is called precession and is illustrated in figure 3.1.

Figure 3.1: Precession of a nuclear magnetic moment in a strong magnetic field

(Bo)

The angle between By and the magnetic moment is dependant on the spin
polarisation when the By field is introduced. If the polarisation was exactly

along or against By when it was introduced then there will be zero angle, whereas
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if the By field is perpendicular to the moment then the precession will occur at
a 90° angle to By, in a flat circle rather than in a conical shape. The frequency

of precession is called the Larmor frequency (wg) and is is given by

wo = ’}/Bo, (31)

where v is the gyromagnetic ratio. The important thing to notice is that the

Larmor frequency is proportional to the magnetic field strength [61].

Polarisation

The magnetic moment of each nucleus in the system (once the By field has
been applied) will exist in one of two states: either it will be parallel with the By
field or it will be anti-parallel. This is dependant on whether the moment is in
the spin-up (S = +1) or spin-down (S = —3) energy level where the difference
in energy between these two states is directly proportional to the strength of
the By field. At any time a nucleus can move from one state to the other by

receiving or releasing energy [61].

As one of the spin states is more energetically favourable, it will be the case
that there will be a difference in the number of nuclei in each spin state. This
difference means that the system has a polarisation. Although this polarisation
will occur naturally it can be greatly increased by methods such as optical
pumping that can cause the majority of the nuclei to be in one state. When the
system is in this enhanced state it is referred to as being hyperpolarised (HP)

[62].

Net Magnetisation and Spin-Lattice Relaxation

When the By field is first applied to the system, the net magnetisation is very

low as there will be relatively uniform spin distribution however this distribution
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is not stable as all the separate magnetic moments interact with each other.
These interactions are small and fluctuate due to thermal motion, but are still
large enough to cause the angle between the magnetic moment of each nuclei
to change over a period of time. As it is more energetically favourable for
the magnetic moment to be parallel with By, the net distribution of spins will
gradually shift to be in line with By. This process is known as spin-lattice
relaxation. This, coupled with the polarising effect described earlier, gives rise to
a small net magnetic moment along the field which is known as the longitudinal

magnetic moment.

The build up over time (t) of the net magnetisation (M) when the By field is

applied to a system at equilibrium is described by the following equation [61].

M.(t) = M,y (0) (1 —exp <Tt>) , (3.2)

1

where z is the direction of the By field and T} is the spin-lattice relaxation time
constant. Similarly when the By field is removed then the net magnetisation

will decay in the following manner,

M.(£) = M.y (0) exp (;) . (3.3)

The relaxation time T} depends on the nuclear isotope as well as the state of
the sample, including parameters such as temperature and viscosity [63].
Transverse Magnetisation

The longitudinal magnetic moment is many orders of magnitude smaller than
the By field and therefore is very difficult to detect. For this reason the net
magnetisation of the sample is detected perpendicular to the field during NMR

spectroscopy. In order to “tip” the longitudinal magnetic moment into the
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transverse plane, a second magnetic field (By) is applied to the system. The By
field oscillates at the same frequency as the Larmor frequency of the sample,
thus providing a large amount of energy despite the fact that B; has a weaker
field strength than By. The time when the B; field is acting on the system is

known as the radio frequency (r.f.) pulse [64].

Once the net magnetisation has been tipped into the transverse plane, it will
continue to precess around the z axis. The precession frequency of the transverse

magnetic moment is the same as the Larmor frequency of the component spins.

Transverse Relaxation

It was previously remarked that there are small fluctuations in the field
strength that result in spin-lattice relaxation. These fluctuations cause the
individual magnetic moments that make up the transverse magnetic moment to
precess at different rates. As a result they go out of phase with each other caus-
ing the transverse magnetic moment to decay. This process is called transverse
relaxation. The transverse magnetisation, M, at a time, ¢, after an r.f. pulse in

the z and y directions are given by equations 3.4 and 3.5 [61].

My = —M_q cos (wot) exp (;) . (3.4)
. —t

M, = Mg sin (wot) exp <> . (3.5)
T

Where wq is the Larmor frequency and 75 is know as the “transverse relax-
ation time constant” or the “spin-spin relaxation time constant”. Transverse
relaxation is irreversible as it is due to microscopic fluctuations in field strength,
however there are often macroscopic variations in field strength that cause the
transverse magnetic moment to decay at a faster rate than expected. It is there-

fore the case that an effective T parameter is used (denoted Ty) to describe the
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situation where the effect of macroscopic inhomogeneities in field strength are
included in the time constant. This effect is reversible in some situations (see

Section 3.2.2).

Free-induction Decay

After an r.f. pulse there is a net transverse magnetisation that precesses
around the z axis. The signal amplitude is still small (relative to By) as tipping
the magnetisation from the longitudinal plane to the transverse plane has no
effect on the amplitude of the signal. However, as the signal is now oscillating
at a known frequency, it can be detected through a coil placed near the sample.

This is the NMR signal or free-induction decay (FID) [64].

This signal decays through both spin-lattice and transverse relaxation simul-
taneously, but it is the transverse relaxation that is usually the more dominant
effect, especially if there are macroscopic inhomogeneities. Spin-lattice relax-
ation is also known as T; recovery as this process recovers the longitudinal
magnetisation; this allows repeat signals to be acquired through the applica-
tion of further r.f. pulses. Images taken using this technique can be weighted

towards 77 or Ty by varying the recovery time, pulse time and detect times.

NMR Spectroscopy

The form of the NMR signal seen after an r.f. pulse is shown in Figure 3.2.

By carrying out a Fourier transform on this signal we get a simple Lorentzian

peak with the centre of the peak at wy as shown in Figure 3.3.

In the case of a sample containing multiple nuclei of the same isotopes, but
in different environments, the nuclei will have different Larmor frequencies in

the same By field, and so the NMR spectrum will have multiple peaks relating
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Figure 3.2: NMR Signal decaying over time

to the different environments in which the nuclei exist. Spectra produced using

NMR can be used to identify unknown substances [64, 61, 63].
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Figure 3.3: Fourier transform of simple NMR signal

3.2.2 Magnetic Resonance Imaging
Gradient Coils

An important feature of NMR spectroscopy is that if the By field is not
homogeneous, then the Larmor frequency of the nuclei in a sample will no
longer be independent of position. This can be exploited by adding a gradient

to the otherwise homogeneous By field such that

wo(z) = vBo(x), (3.6)

assuming the gradient has been applied in the z direction. The addition of
gradient coils in all three planes allows a 3D image to be formed using NMR

[63)].

Frequency Encoding

In order to produce an image the gradient coils need to be switched on and
off at the correct times during a scan. A gradient applied during the r.f. pulse

will have a different effect to a gradient applied during signal acquisition. By
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combining these different effects an image can be created.

Frequency encoding refers to the situation in which a gradient has been ap-
plied during signal acquisition. This splits the detected NMR signal into a
spectrum that is dependant on the location of the precessing nuclei. As a result
all spacial frequency information in one dimension can be acquired simultane-
ously as the presence of the gradient coil causes the transverse magnetisation

to precess at different frequencies along the gradient.

Frequency encoding can only be used to acquire spacial information in one
dimension as, if the same technique were applied in a second dimension, there
would be no way of knowing in which direction the frequency offset from the
gradient came from. Instead a second dimension is added using phase encoding

[63].

Phase Encoding

Whilst frequency encoding arises from a gradient during signal acquisition,
phase encoding comes from applying a gradient immediately before acquisition.
The purpose of this gradient is to cause the precession of the nuclei along the
gradient to go out of phase with each other. When the gradient is switched
on, the precessions go out of phase; then, when the gradient is switched off,
the precessions remain “locked” in the same phase. The sample has been phase

encoded. This process is illustrated in Figure 3.4.

The severity of how much the signal will go out of phase is determined by
the strength of the phase encoding gradient (Gpg). If Gpg is small there will
only be a small variation in phase along the gradient, whereas a large Gpg
will cause a larger variation in phase. A large variation in phase will result
in a drop in signal amplitude. The closer a nuclei is to the isocentre of the

magnet, the smaller the effect of the gradient on that nuclei, irrespective of the
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Figure 3.4: The process of phase encoding where a, b and ¢ are nuclei in a line
in the direction of the phase encoding gradient (Gpg). Initially a, b and ¢ are
precessing in phase. When Gpg is switched on a, b and ¢ precess at different
rates causing them to go out of phase. When Gpg is switched off the nuclei

process at the same frequency again and so remain in the same phase.

strength of Gpg. This allows spacial information to be acquired by comparing
the phase difference at different strengths of Gpg. This is done by carrying out
a Fourier transform that converts the change in phase, due to the gradient coil,
to the relative difference in phases between different strengths of Gpg. As the
difference in phase between the different applied gradient strengths is directly
related to the relative location of the nuclei to the isocentre of the magnet, the

Fourier transform provides spatial information in one dimension.

The spatial resolution of the image produced is dependant on the number of
phase encoding gradients applied. A large number of gradient strengths need

to be applied in order to acquire an image with good spacial resolution. As the
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phase encoding gradient is applied between the r.f. pulse and signal acquisition,
the entire process needs to be repeated for each acquisition (i.e. for 256 bits of
information, 256 r.f. pulses are required). By combining phase encoding with
frequency encoding a 2D image can be created, as frequency encoding provides
spacial information in one dimension. Phase encoding could be used to create a
2D image (without frequency encoding) by repeating the process in a different
direction however this would be very slow in comparison to frequency encoding
as the required number of r.f. pulses would be equal to the number of pixels
in the image (i.e. a 256x256 image would require 65,536 r.f. pulses rather than

the 256 r.f. pulses required if frequency encoding is used) [61].

Slice Selection

The addition of a third dimension, to go from pixels to voxels, is done using
a slice select gradient applied during the r.f. pulse. Once again this gradient
causes the nuclei to precess at different frequencies. As a result any nuclei
precessing outside of the bandwidth of the r.f. pulse will be off resonance and
therefore will not be excited and as such will not produce a signal. Therefore the

image produced using the other two gradients will be of a slice of the sample.

The slice select gradient provides no additional spacial information other than
to dictate the thickness of the slice being imaged. To create a fully 3D image
a series of slices need to be imaged sequentially and then recombined later. In
some cases, this gradient is not applied so that the thickness of the slice is

infinite, which provides a projection of the entire sample in 2D.

A graphical summary of the timings of the three gradients is shown in Figure
3.5. It can be seen that the slice select gradient (Ggg) activates first, during
the r.f. pulse, with the phase encoding gradient (G pg) activating second before

the signal acquisition when the frequency encoding gradient (Grg) is active.
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Figure 3.5: A graphical representation of the timing of the slice select (Gsg),

phase encoding (Gpg) and frequency encoding (Grg) gradients in relation to

the r.f. pulse and signal acquisition.

In order to produce an image, a sequence of r.f. pulses and gradients is used.
Some sequences are more complicated than others and some sequences are better
suited to certain forms of imaging than others. Whilst there are many different
sequences they can all be grouped into two categories: spin echo sequences and

gradient echo sequences [63].

The Spin Echo Sequence

It was previously mentioned that any macroscopic inhomogeneities in the
magnetic field strength will cause transverse decay to occur at a faster rate
than expected requiring the use of the notation 75 (referring to the shortened
T, time). The spin echo sequence reverses this effect and allows the true Th

value to be evaluated.
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Immediately after the initial 90° r.f. pulse, the magnetic moments of the
excited nuclei are all in phase with each other causing a net transverse magnetic
moment. Inhomogeneities in the By field cause some magnetic moments to
precess at a faster frequency and some to precess at a slower frequency. This
brings them out of phase causing the signal to rapidly disappear as the faster

precessing moments lead and the slower precessing moments lag.

If a further 180° r.f. pulse is applied, the magnetic moments will be flipped.
As a result the faster precessing moments will lag, and the slower precessing
moments will lead. As all magnetic moments will continue to precess at the same
frequency they were precessing before the 180° r.f. pulse (as the inhomogeneities
are fixed), they will momentarily come back into phase. This will bring back the
signal that was lost due to T3 but, as T decay is irreversible, the amplitude of
the signal will be lower than it was previously. As time continues the magnetic
moments will proceed to go out of phase again as they are still precessing at
different frequencies. However the 180° flipping process can be repeated multiple
times until the signal is lost due to T decay and T} recovery [65]. The process
of recovering the true T, value using a spin echo sequence is shown in Figure

3.6.
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Figure 3.6: Acquisition of the true value of T, using a spin echo sequence

The Gradient Echo Sequence

The other main form of sequences are gradient echo sequences. These se-
quences begin with an r.f. pulse with a slice select gradient applied (unless a
projection is wanted). A dephasing gradient is then applied in the frequency
encoding plane before acquisition (at the same time as a phase encoding gradi-
ent). This dephasing gradient causes the magnetic moments out of phase at a
significantly faster rate than transverse relaxation alone. The dephasing gradi-
ent is then inverted to bring the moments back into phase (in the same way as
the 180° pulse in the spin echo sequence) producing an echo. The timing of this
sequence is shown in Figure 3.7. As the rephasing gradient only recovers the
signal loss from the dephasing gradient and not field inhomogeneities the rate

of transverse relaxation will be dependant on T3 instead of T%.

A significant feature of the gradient echo sequence is that the flip angle of the

r.f. pulse can have any value, not just 90°. By using a smaller flip angle the
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Figure 3.7: The gradient echo sequence

longitudinal magnetic moment will recover faster allowing for faster imaging.
This is also essential for hyperpolarised imaging where the longitudinal mag-
netisation is non recoverable. More images can be acquired per sample by using

a smaller flip angle [64, 61, 63].

3.2.3 Gas Polarisation
Motivation for Polarisation

The majority of clinical MRI looks at the 'H in the body. This is because
'H is present in water, fat, protein and all other fluids and parts of the body
in abundance. The large quantity of 'H in different states gives a large NMR
signal allowing for detailed images to be created. However one area of the body
that presents great difficulties in imaging in detail using 'H MRI is the lungs as
the lungs should be full of air which does not produce an NMR signal. In order
to image the lungs using MRI, a contrast agent must be introduced which must

be a non-toxic gas with a non-zero nuclear spin ground-state with a short 75
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time. Both *He and '2Xe fit this description.

The issue with using these gases is that their low density (in comparison to
solids or liquids) means that, in a clinical setting, the signal produced is too
small to be of value. Whilst the density could be increased by increasing the
gas pressure, a process that can be performed using a phantom, this is not a

viable technique for in vivo studies.

It was previously mentioned that the strength of the net magnetic moment
(and therefore the NMR signal intensity) is dependant on the polarisation of
the sample. This can be increased beyond its equilibrium state (hyperpolarised)
to increase the NMR signal. In the case of *He and '2?Xe the gas density is
approximately three orders of magnitude smaller than that of organic tissue.
However, the processes of hyperpolarisation can increase the signal intensity
by a factor of 10°. There are two methods of hyperpolarising the gases used:
spin exchange optical pumping (SEOP) [62] and metastable exchange optical
pumping (MEOP) [66, 67]. Both gases can be hyperpolarised using SEOP

whereas MEOP can only be used to hyperpolarise >He.

Although HP 3He and '?Xe have incredible potential in lung imaging they
are not without their disadvantages. The most notable disadvantage of HP gas
MRI is that it is requires a polariser and multi-nuclear scanner, neither of which
are readily available. Furthermore the costs of 3He are greatly increasing due
to a global shortage which has resulted in a shift towards using '?*Xe instead.
Initially, the majority of studies used *He as it is easier to polarise to a higher
level resulting in in higher image quality. The precession frequency of 3He is also
closer to 'H than '29Xe which makes it easier to produce multi-nuclear equip-
ment (coils and pulse sequences). However, 1?9Xe has the advantage over *He
of enabling dissolved phased imaging (as well as being more readily available)

[68).
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Spin Exchange Optical Pumping

The technique of polarising the electron spin states of gaseous alkali metals
(such as Rb) using optical pumping has been around since the 1950’s [69]. It was
later discovered that spin exchange allowed *He, 12Xe and other noble gases to
be polarised by spin exchange with the polarised gaseous Rb [70, 71, 62]. The

process of polarising 12?Xe with SEOP using Rb is as follows.

A beam of circularly polarised light (with either a positive or negative he-
licity) enters an optical cell containing the Rb and ?9Xe. The cell is kept at
a high enough temperature for the Rb to be a vapour for the duration of the
polarisation buildup. The laser light excites Rb electrons from the ground state
of 52S% to the excited state of 52P%. The optical cell is kept in the presence of
a static magnetic field that causes splitting of the electron sublevels according
to the value of their magnetic quantum number (m;). In this case m; = j:%.
As the laser is circularly polarised only electrons in one sublevel will be excited
depending of the helicity of the light. For example if the laser light has a positive

helicity then the m; = f% ground state sublevel will be excited.

The excited electrons then proceed to decay back down to the ground state
with an equal distribution between energy sublevels. As the laser is still on,
any excited electron that decays into the m; = —% ground state sublevel will
be excited again almost immediately, whereas any electron decaying into the
m; = +% ground state sublevel will temporarily remain there. As a result there
is a buildup of electrons in the m; = —&—% ground state sublevel. This process
happens very quickly with almost 100% Rb polarisation occurring within the
order of 107° seconds. The build-up of polarisation in Rb electrons pumped by

laser light with a positive helicity is shown in Figure 3.8.
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Figure 3.8: Process of polarisation of Rb electrons by optical pumping. Cir-
cularly polarised laser light excites electrons from the 52S 1, my = —% ground
state sublevel (blue) to the 52P 1 excited state. Electrons decay back into both
sublevels with an equal distribution (red) resulting in an increased number of

lectrons in the m; = 41 ground state sublevel.

Collisions between the 2Xe and Rb result in spin exchange. This is where
a spin-up Rb electron will transfer its spin to a spin-down '2?Xe nucleus due to
hyperfine interactions. This causes the Rb electron to become spin-down and
the spin-down 2?Xe nucleus to become spin-up. The Rb electron will then go
on to be excited again by the laser light and so there will always be spin-up Rb
electrons causing an buildup in the polarisation of the ?Xe nuclei. Nitrogen
and helium are often used as buffer gases in SEOP. Nitrogen has the function
of facilitating the collisional mixing of the Rb sublevels and preventing a loss of

polarisiation in the Rb due to a relaxation of the excited states through optical

121



emission. The He is used to improve the thermal conductivity of the gas mixture

within the cell as He is 25 times more thermally conductive than Xe [72].

Once the 29Xe has been polarised to the desired level, it is cooled to condense
out the Rb vapour (which is toxic) and then pumped out of the cell for use in
experiments. Once the 1?9Xe leaves the static magnetic field there will be no
splitting of energy sublevels and the polarisation will decay rapidly over a time
period of minutes. It is therefore important to keep the HP 2Xe in a large

magnetic field as much as possible to maximise the available signal.

Metastable Exchange Optical Pumping

MEOP is a technique of polarising >He nuclei by using an excited metastable
state of 3He instead of an alkali metal intermediary. In order to excite a portion
of the 3He electrons from their ground state to the 23S; energy level, a weak
r.f. discharge is applied across the optical cell. This is done at low pressure to
preserve the long lasting metastable state of *He. This process can only be used

to polarise 3He as 12Xe does not have a suitable metastable state.

Circularly polarised laser light is then applied causing further excitation of
electrons from the 23S; energy level into the 23Py. Once again the circularly
polarised light will only excite electrons in a specific sublevel based on the
spin state of the electron. These electrons will then decay back down into
the two metastable sublevels. As the laser light is still present there will be a
buildup in the polarisation of the electrons in the metastable state *He in the
same manner as the Rb in SEOP. There is strong coupling between the nucleus
and electrons of 3He resulting in spin exchange between the polarised electrons
in the metastable state and the 3He nuclei in the ground state. This occurs
during collisions between the >He in a process which depolarises the polarised

metastable *He allowing it to be repolarised in order to propagate the polarising
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process. This results in a buildup of polarisation in the 3He nuclei.

MEOP has a very high photon efficiency with one 3He nucleus polarised for
each photon absorbed in the optical pumping process. This is significantly more
efficient than SEOP and as a result the polarising time of MEOP is in the order
of tens of seconds rather than the tens of minutes required for SEOP. This high
speed overcomes the disadvantage that the polarised 3He needs to be compressed
from the low pressure (~1 mB) required to maintain the metastable state, to

atmospheric pressure to allow a sufficiently large sample for imaging.

3.3 *He MRI Study

3.3.1 Method

Healthy volunteers were recruited from the Leicester area before being scanned
in Nottingham and Sheffield. The inclusion criteria for volunteers were: aged 20
years old or under; no diagnosis of respiratory disease; never smoked. Exclusion
criteria were: inability to undergo MRI (due to surgical implants, pacemakers,

claustrophobia etc.); inability to provide written consent; inability to travel.

One of the useful features of HP He is that its gaseous nature results in fast
diffusion throughout the lung. This diffusion can be investigated by calculating a
value for the Apparent Diffusion Coefficient (ADC) to provide information about
lung morphology. The ADC can be measured at various different time-scales in
order to investigate different effects. For example long time-scales, of the order
of seconds, correspond to diffusion across several acinar airways whilst short
time-scale measurements investigate diffusion inside a single alveolus or acinus
[73]. ADC has been found to be a useful measure of lung pathology, particularly
for monitoring emphysema where several studies have found a an elevation in

the short time-scale ADC of ®He in patients with emphysema [74, 75, 76, 77].
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A short study was carried out to compare measurements of the ADC at two
different time scales in healthy adolescents between two sites: the University of

Nottingham and the University of Sheflield.

Volunteers were picked up from the Leicester area and taken to the University
of Nottingham for their first scan before heading up to the University of Sheffield
for their next scan before returning to Leicester. Patients were scanned at both

sites in the same day.

In Nottingham all scans were performed using an Intermagnetics General
Corporation 0.15T permanent magnet system with an MR Research Systems
console. The HP gas administered was to the patient from a 11 Tedlar bag
containing a gas mixture consisting of a small amount of HP *He (<10%) mixed
with a buffer of *He. The *He within the gas mixture was hyperpolarised using
a custom made MEOP polariser system whilst a custom made r.f. coil was used
for signal acquisition for all 3He scans [78]. ADC measurements in Nottingham

were taken at 13ms.

Due to the rapid decay rate of the polarisation of HP 3He, the HP gas had
to be produced locally to the scanner. As a result the University of Sheffield
produced and administered the gas used for their measurements. At the Uni-
versity of Sheffield the gas was polarised using a commercial SEOP polariser
(GE Healthcare, Amersham, UK), and scans were performed using a GE Signa
HDx 1.5T scanner (GE Healthcare, Milwaukee, Wisconsin, USA). ADC mea-

surements in Sheffield were taken at 2ms.
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3.3.2 Pulse Sequences
FSE-GD

Two pulse sequences were used to measure the global diffusion of HP He in
healthy adolescents. The first was a Fast Spin Echo (FSE) sequence based on
the Carr-Purcell-Meiboom-Gill (CPMG) sequence which is a form of spin echo
sequence (described in Section 3.2.2) that was originally proposed by Carr and
Purcell in 1954 [79]. The sequence introduced the idea of an echo train in which
a series of 180° r.f. pulses are performed on the with a regular period of 27
between each 180° pulse with an initial spacing of 7 after the initial 90° pulse.
This produces echoes with a maximum signal intensity every 27 after the initial
90° pulse. The time interval of 27 is known as the echo time, Tr. One side
effect of the Carr-Purcell train is that the echoes are inverted after each 180°
pulse because the rephasing happens the same direction (e.g. along the —y axis)

each time [65].

In 1958, Meiboom and Gill made a modification to the Carr-Purcell echo train
by alternating the phase of the 180° pulse by 90° with regard to the initial 90°
pulse [80]. For example if the initial 90° pulse acts along the +z axis then the
180° pulses will act along the +y axis. This prevents the echoes from inverting

as they are always formed in the same direction.

The CMPG sequence was modified for diffusion measurements with the addi-
tion of diffusion gradients which are gradient “lobes” which introduce a phase
shift before and after the 180° pulse. The purpose of these lobes is to cause the
nuclei to go out of phase with each other before rephasing them [81]. This is
useful as only the nuclei which are in the same location for both lobes will have
no net phase shift. As a result the signal intensity within a voxel will decay

with successive r.f. pulses according to:
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S Tk
5= exp (—bADC') exp (T2 ) , (3.7)

where Sy is the unattenuated signal intensity, ADC is the Apparent Diffusion
Constant and b is known as the “b-value”, a variable which represents the degree
of diffusion weighting given to a scan as a result of the diffusion gradients. The
b-value is determined by the strength and timing of the gradient lobes in the

following way:

b= ~2G?5? (A - g) , (3.8)

where v is the gyromagnetic ratio, G is the strength of the gradient field, § is
the duration of a gradient lobe, and A is the time between lobes. *He in the
lungs at 0.15T has a T» relaxation time of approximately 5 seconds [82]. It is
therefore the case that signal loss due to diffusion dominates signal loss due to

T decay such that Equation 3.7 becomes:

S _ _papc
5 e (3.9)

for the purposes of data analysis in this study. A diagrammatic representation

of the adapted CPMG sequence used for calculating ADC in HP 3He Scans is

shown in Figure 3.9.

It can be seen from Figure 3.9 that the diffusion gradients are present during
signal acquisition for each echo. This causes the acquired signal to be frequency
encoded in one dimension which allows the ADC for each position to be calcu-
lated in the same way as the global ADC. The signal and ADC can therefore
be plotted against position as shown in Figures 3.10 and 3.11 in which the two

peaks are from the two lungs.

ADC values calculated a different positions were then placed into a histogram

in order to calculate the mean ADC. This has the advantage over the global ADC
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Figure 3.9: The fast spin echo sequence based off the CPMG sequence used for
calculating global ADC in HP 3He Scans.

that ADC values that are not from the lungs can be removed. It has previously
been observed that, at short time scales, ADC has a strong positive correlation
with lung inflation [83] and so a correction for volume must be applied to the
measured ADC values. This was done using the following equation developed
by Ball [84]:

ADC = ADC, + 0.36ADC, (VB> (3.10)
Vire

where ADC,, is the non-corrected ADC, Vg is the volume of the gas mixture
inhaled by the patient, and Vpge is the Functional Residual Capacity (during

this study the gas mixture was inhaled at FRC).

The same parameters were used for all 3He scans performed using the FSE-
GD sequence described in this thesis: 64 echoes and sampling points with a
30us sample period, a T of 14ms, a Tk of 4000ms, a é of 1ms, a A of 13ms,

and a gradient strength of 2.23x107° Tem ™! which gave a b-value of 0.29scm?.
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Figure 3.10: Normalised signal against position for set of adolescent lungs

scanned using the Global Diffusion pulse sequence
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Figure 3.11: ADC against position for set of adolescent lungs scanned using the

Global Diffusion pulse sequence
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STE

The FSE-GD sequence based on the CPMG sequence was used for calculating
ADC at 13ms after inhalation whilst a different sequence was used for calculating
ADC after seconds had passed. The sequence used for this was called the
Stimulated Echo (STE) sequence which is similar to the global STE sequence
used by Wang et al. [85]. The STE sequence consisted of three sections: the
calibration stage, the set up stage, and the read out stage. Firstly, in the
calibration stage, there are five consecutive flip angle pulses (with a low flip
angle) immediately followed by FID acquisitions with a crusher gradient at the
end of each repeat to remove any residual net transverse magnetic moment
between each pulse. During this stage the signal intensity is attenuated in the

following manner:

Sty = So sin(a) (cos(a) exp (‘%R))n_l , (3.11)

where Sy is the initial signal intensity with no attenuation, « is the flip angle
and n is the number of excitations. For the purposes of this study a typical Tg
of 150 ms was used. Given the 77 has an approximate value of 25 seconds we

can approximate the signal attenuation to:

S(ny = Sosin(a) cos™ *(a). (3.12)

The calibration stage is followed by the set up stage which consists of two 90°
r.f. pulses along with a single diffusion gradient lobe between the two r.f. pulses.
The set up stage is not repeated. After the set up stage is the read out stage in
which a further small r.f. pulse (with the same flip angle as the r.f. pulses in the
calibration stage) followed by an acquisition of the formed echo in the presence
of a diffusion gradient lobe. The read out stage is repeated a further 44 times

with a crusher gradient present before each repeat. The signal intensity of the
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echo formed during the read out stage is attenuated in the following way:

—Tp
T

1 Nc+n—1
Seny = 5SO sin(«) (cos(a) exp ( )) exp (=bn)yADC(y,)), (3.13)

where n is the read out stage repetition number, Sy is the original signal intensity
with no attenuation, N¢ is the number of repetitions in the calibration stage,
ADC,, is the Apparent Diffusion Constant for the n*" repetition of the read out

stage and b(,) is the b-value. As Tr << T} this simplifies to

1
Sy = ESO sin(a) cosVeF L () e b APCm) (3.14)

in which b, is given by:

biny = VG252 [(A(n) — g) + 7 (52 = 2000 + AT — géT + 18572>] ,
(3.15)
where ~ is the gyromagnetic ratio, G is the strength of the gradient field, 7
is the ramp time of the diffusion gradients, § is the duration of the diffusion
gradient lobe in the set up stage, and A, is the time between the diffusion
gradient lobe in the set up stage and the diffusion gradient in the n‘" read out
repetition. Overall a diagram of the three sections of the STE pulse sequence is

shown in Figure 3.12.

When using the STE pulse sequence, as the number of repetitions and flip
angle are known, and b, can be calculated, it is possible to calculate the value
of ADC by comparing the decay in the calibration stage with the decay in the
read out stage. This removes the element of attenuation that is not caused by
diffusion allowing the ADC at each readout acquisition to be calculated using:

~ (S,
ADC,) = y (3.16)

(n)
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Figure 3.12: Diagram of the STE sequence

A set of typical values for ADC against time for an adolescent set of lungs
evaluated using the STE pulse sequence over a time scale of several seconds is

shown in Figure 3.13.

For all scans performed in the 3He study used a flip angle, o, of 5°, 1024
sample points with a 20 us sample period, a § of 2.2ms, and a gradient strength

of 3.708x1076% Tem™!. The calibration stage lasted 150ms per repetition with

12ms between the two 7 pulses in the set up stage and 18ms between the last
5 pulse and the start of the read out section. Each repetition of the read out

stage also lasted 150ms.
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Figure 3.13: Typical plot of ADC against time for adolescent lungs

3.3.3 Results

A short study using HP 3He was carried out to compare measured ADC
results from the University of Nottingham and the University of Sheffield at
two different time scales (13ms and 2ms respectively). At the University of
Nottingham ADC was measured at 13ms for 7 healthy volunteers, ranging in
age from 12 to 20, using a Global Diffusion FSE sequence, and at several points
between 1 and 6 seconds using the STE sequence (both sequences are described
in Section 3.3.2). Figure 3.14 shows ADC measured at 13ms against age for the
healthy volunteers scanned in this study as well as volunteers measured during a
previous study at the University of Nottingham using the same pulse sequence,

scan parameters and MRI scanner.
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Figure 3.14: ADC at 13 ms against age for healthy volunteers and asthma
patients measured at the University of Nottingham from previous studies [86, 87]

as well as new healthy volunteer data.

There is no obvious correlation between age and ADC shown in Figure 3.14
for either the new data or the data from a previous study, healthy or asthmatic
(p=0.526). This is unexpected as there have been studies in the past which have
suggested that there is a link between age and ADC among healthy children and
adults [88, 89] even over the age range of 5 to 20 years. The ADC measurements
in the new study were found to be significantly higher than the ADC measure-
ments from the old study (p<0.001). Although the reason for this difference is
unknown, the values of the new data are more in line with measurements from

other studies [89].

Figure 3.15 shows a bland-Altman plot of the short time-scale ADC data
for Nottingham and Sheffield. This demonstrates that there is no significant

correlation between these two measurements (p=0.707), however there are not
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enough data points to draw any significant conclusions. More data points are
needed. Furthermore the difference in time-scale between the short time-scale
measurements of the two sites that will have an affect on the anatomical region
assessed at the two sites [76, 90, 91, 92]. At the University of Nottingham the
time-scale of 13 ms was long enough for the diffusion measured to be occur
through an acinus, whereas the shorter time-scale of the University of Sheffield,
2 ms, was short enough for diffusion to be limited to a single alveolus rather
than an entire acinus. No comparison could be drawn between long time-scale
ADC data for Nottingham and Sheffield as no long time-scale measurements
were taken at the University of Sheffield. It is possible that there might be

more of a similarity in measurements of ADC at a longer time-scale.
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Figure 3.15: Bland-Altman plot of the ADC at 13ms measured at the University
of Nottingham and at 2ms at the University of Sheffield with mean and 1.96 SD
highlighted.
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3.4 'Xe Study Method

3.4.1 Collaborators

The '?9Xe study was a collaborative study with contributions from the following

people:
e Prof Ian Hall - Designed Study. Principle investigator.

e Dr. Shahideh Safavi - Screened and recruited volunteers. Performed clin-

ical monitoring of patients during scan visits.

e Sarah Wolfe - Screened and recruited volunteers. Performed clinical mon-

itoring of patients during scan visits.

e Dr Michael J Barlow - Qualified Manufacturer (QM). Produced HP 29Xe

gas.

e Dr Brett Haywood - Qualified Assurer (QA) for HP 29Xe polarised gas.
Assisted with scan acquisition and administration of gas. Assisted in r.f.

coil safety tests.

e Dr Arthur Hill - Qualified Person (QP). Responsible for certifying each
batch of HP 129Xe gas.

e Steven Hardy - Created broad-banded sequences. Carried out safety tests

of RAPID coil. Performed MRI scans and data analysis.

e James Thorpe - Performed MRI Scans and data analysis. Developed a
standard protocol beginning with a coronal sliced projection. Carried out

safety tests of CMRS coil.

e Christoph Arthofer - Developed image processing software including au-

tomated SNR measurement algorithm.
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MHRA approval was granted for the polariser system (EudraCT: ‘2013-004336-
30’, CTA: ‘03057,/0061/001-0001) and ethical approval was granted for the pilot
study by the NRES Committee (East Midlands, Nottingham 2 Ethics Commit-
tee, NRES Ref: ‘13/EM/0401’). Only healthy volunteers were recruited for the

pilot study.

3.4.2 Equipment
Xe Polariser and Scanner

A GE 2000 Xe-Rb continuous flow polariser was used to hyperpolarise all the
129X e used for imaging in this thesis. This could be used to produce gas to fill
either 0.6 L or 1 L Tedlar bags. The gas mixture used in polarisation contained
natural abundance (NA) Xe, of which 26.4% is 129Xe. As well as NA Xe the gas
mixture also contained Ny and *He in a ratio of 2% NA Xe / 10% Ny / 80-87%
4He. The gas mixture exiting the optical cell (the site of SEOP) passed through
a liquid nitrogen cold finger to condense out the Xe from the other gases. The
cold finger was then heated to thaw out the Xe for collection. As the polariser
was continuous flow rather than stopped-flow the volume of gas produced was
based on the time spent polarising rather than being a fixed volume. As a result
the exact volume of gas produced each run was unknown. The polarisation of
each bag produced was measured immediately after production with an average

of 8.72%.

A GE 1.5T Signa HDx MRI scanner was used for all HP 2?Xe scan visits
discussed in this report. The body coil of this scanner was used for 3-plane
localisation as well as 'H co-registration imaging. A separate r.f. coil was used

to produce the 29Xe images.
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129X e r.f. Coils

Two 129Xe 1.f. coils were used in this study. Initially an eight channel RAPID
Biomedical RF coil was used for imaging before a newer Clinical MR, Solutions
(CMRS) coil was acquired. The RAPID coil is shown in Figures 3.16 and 3.17.
This is an elliptical coil of hard plastic designed such that when placed on the
patient bed the coil is a close fit to the bore of the magnet. The coil consists of
a transmit coil, located within the the outer plastic shell, and a separate, two
part, eight channel receive coil of which the top receive array visible in Figure
3.17 while the bottom receive array is attached to the outer shell (and therefore
concealed by the pillow phantom in Figure 3.17). In these Figures a pillow is
being used as a place-holder for a human thorax. Due to the shape of the coil
the patient can be in one of two positions within the coil, either the patient
must have their arms tightly to their sides inside the coil or else the patient
must extend their arms above their head. Whilst the latter places great strain
on the patients shoulders which causes discomfort over even a short time period,
the former constrains the study to patients with a small enough chest to fit both
thorax and arms within the coil. In both cases the tightness of the coil caused
patient to feel more “trapped” than usual for an MRI scanner which caused a

high rejection rate among patients with claustrophobia.

In contrast, the CMRS r.f. coil has a much more patient friendly design
shown in Figures 3.18 and 3.19. This coil is designed to be worn by the patient
in a similar manner to a life jacket with cut-out sections (visible in Figure 3.18)
to allow the arms and shoulders freedom to move outside the coil. As with
the RAPID coil, the CMRS coil contains a transmit coil in the outer part of
the jacket, as well as separate top and bottom receive arrays visible in both
Figures 3.18 and 3.19. There are several advantages to the CMRS coil design
over that of the RAPID coil. Firstly, the CMRS coil is significantly lighter than

the RAPID coil to allow it to be worn as a jacket increasing patient comfort.
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Figure 3.17: RAPID Biomedical 8-channel lung r.f. coil viewed from inferior
end with a pillow phantom. The top receive array can be seen resting on top of

the phantom
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Another significant advantage of the CMRS coil is that it fits closer to the body
of the patient (shown through the pillow phantom) giving an increased filling
factor that increases image quality. This closer fit is due to the flexible nature
of the coil with its adjustable straps rather than the fixed, hard plastic of the
RAPID coil. This allows for larger patients to be scanned who would not fit
inside the RAPID coil. A further advantage of the CMRS coil is that it allows
feet first scanning to occur. This combined with the lighter weight, freedom
of arms and absence of an enclosed feeling makes the CMRS significantly more

patient friendly which helps to reduce patient rejection from the study.

The CMRS coil had a significantly greater patient comfort however a compar-
ison of image quality of the two r.f. coils needs to be carried out in full to ensure
that the CMRS coil is a suitable replacement for the RAPID coil in terms of

performance.

Both coils were safety tested and had underwent Flip Angle calibration tests.
The CMRS coil was safety tested using a sample of animal tissue that was
placed in the coil inside the scanner with temperature probes monitoring the
temperature within and on the surface of the sample. The pulse sequence used
for the Xe study (bbfgre) was then run for a prolong period of time (40 mins)
with parameters set to maximise the r.f. output of the coil. No significant
temperature change was seen in the sample over the duration of the scan. A
comparison was drawn with the scanner body coil by repeating the test using
pulse sequence with the highest SAR levels on the system for a further 40 mins.

Once again tehre was no significant temperature change in the sample.

As the CMRS coil was bespoke it had to be Flip Angle calibrated to determine
the relationship between the gain of the amplifier and the resultant Flip Angle

of the r.f. pulses for a specific sequence (bbfgre). This was done by scanning
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Figure 3.19: Clinical MR Solutions 8-channel lung r.f. coil viewed from inferior

end with a pillow phantom
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a bag of HP '29Xe with no gradients present such that the entire sample was

interrogated with each r.f. pulse. The signal intensity decays according to:

S = Sgcos(a)" 1, (3.17)

where Sy is the initial signal, n is the excitation pulse index and « is the flip
angle. A non-linear least squares best fit algorithm was used to calculate « from

the measured signal decay at various levels of transmit gain.

3.4.3 Pulse Sequences
Fast Gradient Echo

In HP '29Xe MRI there is no T; relaxation back to a highly polarised state
after each r.f. pulse for any imaging sequence. As a result it was undesirable to
use any sequence that required a large number of r.f. pulses. For this reason a
gradient echo sequence was chosen for all 12°Xe scans. The duration of the scan
was also a critical factor to be considered in choosing a sequence as the patient
was required to hold their breath for the duration of the scan. For this reason
a fast gradient echo sequence (FGRE) was chosen. A single acquisition of this
sequence is shown in Figure 3.20. This is a standard FGRE sequence produced
by GE that was broad-banded in order to be usable as a 2?Xe sequence. This
broad-banded sequence is called bbfgre. The most common image taken was a
simple ventilation image looking at the distribution of inhaled gas within the
lung. This can be used to identify any obstructions within the lung that result
in blank regions in the image where there is no gas. Other images that can be

taken using HP gas MRI include diffusion imaging and dissolved phase imaging.

An FGRE sequence was also used for two 'H sequences: the 3-Plane lo-
caliser, used to ensure the lungs where in the centre of the magnet, and the

co-registration imaging sequence, used to compare '2°Xe images with anatom-
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ical features seen using 'H MRI. These sequences were modified to reduce the
SAR by increasing Tr and reducing the flip angle. This was done to prevent
any damage occurring to the !2Xe coil which, by necessity, was around the

volunteer at all times during the scanning process.
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Figure 3.20: The fast gradient echo sequence used for the 3-Plane localiser, 'H

co-registration and (after broad-banding) the '29Xe scan.

3.4.4 Scan Visit Protocol

The main aim of HP 129Xe study was to develop a standard method of imaging
the lungs. A standard protocol was to be established using healthy volunteers
before applying this protocol to patients with lung disease. Various techniques
where trialled to investigate their reliability in lung imaging. The only stan-

dard to be fully maintained as a standard was to begin each scan session with a
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coronal projection. This imaged the entirety of the inhaled gas simultaneously
which allows for intra- and inter-patient comparisons to be drawn. Develop-
ment is still ongoing to determine the optimal slice thickness and imaging plane
to obtain an image with high spatial resolution without compromising signal

strength.

Each volunteer could visit up to four times, with a maximum of four scans
per visit. At the start of each visit the volunteer would first have some standard
observations taken (oxygen saturation, blood pressure etc.) before any scanning
could take place. Then, on the first visit only, the volunteer inhaled 1L of
unpolarised '29Xe in order to verify that the patient had no adverse reaction to
breathing in the gas; as well as to familiarise the volunteer with the inhalation
process and the effect of Xe. The volunteer was then observed for half an hour,
with measurements taken at 0, 5, 10, 15 and 30 minutes after exhalation, to
ensure that no adverse effects were felt and that oxygen saturation remained
high. After this initial set of observations had been made the patient could have

their first scan (on the subsequent three visits this initial test was not required).

The polarisation process of the 12?Xe began before the volunteer arrived at
the MRI suite. This was done as it took up to an hour to produce the first
bag with subsequent runs taking shorter times. Once the bag was ready it was
stored within the high magnetic field of the bore of the MRI scanner. This was
necessary for a hyperpolarised sample as, although there is no 7T} recovery of
the net magnetic moment, there is 77 decay from the hyperpolarised state back
to equilibrium. In Earth’s magnetic field, HP 2°Xe has a T} time of a matter

of minutes whilst at 1.57T this time is greatly extended.

Prior to each scan, measurements were taken of the volunteers oxygen satu-
ration and blood pressure after which the volunteer could be placed into the r.f.

coil used for the scan (either RAPID or CMRS) and loaded into the scanner.

144



Whilst in the bore of the magnet the patient wore a pulse oximeter in order
to allow continued observation for the duration of the scan. This was to en-
sure that the patient could receive immediate medical attention if they became

hypoxic.

All scans used a gradient echo sequence for reasons discussed earlier and
began with a 3-Plane localiser (looking at 'H rather than 2°Xe) to ensure the
patient was correctly positioned within the scanner. Once it was confirmed that
the volunteer was correctly positioned, the '??Xe scan could take place. The
volunteer orally inhaled the HP 2Xe from a Tedlar bag through a tube and
held their breath (if required). Due to the limited space available in the bore
of the MRI scanner, a member of the research team was required to guide the
tube of the Tedlar bag into the volunteers mouth. This person could then be
used to confirm that the volunteer had successfully inhaled all the '29Xe before

scanning, as well as monitoring the well-being of the volunteer.

It was decided that the first scan of each volunteer visit would be taken
in the coronal plane with no y gradient present, thus giving an image with
an infinite slice thickness. This was done so that the entirety of the inhaled
gas was interrogated simultaneously. This ensured that both the scanner and
polariser were functioning correctly as well as allowing for comparisons to be
made between each patient visit and between different patients. During this
first scan, the volunteer was asked to take a further partial “flushing breath”
of air immediately after they inhaled the 2°Xe in order to prevent any inhaled
129X e remaining in the volunteers’ upper airway and mouth. A series of tests
was done to determine whether an image taken with this flushing breath gave

more information than an image taken with no flushing breath.

Immediately after scanning, the patient was taken to an observation bed for

a further thirty minutes of observations (including oxygen saturation, blood
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pressure etc.). As with the previous observations, measurements were taken at
0, 5, 10, 15 and 30 minutes after the patient was moved to the observation bed.
As soon as the first polarised bag of 12Xe was placed in the scanner, the process
of polarising a second bag of 12°Xe began. As this process took approximately an
hour, the polariser was run in parallel with both the scanning and the subsequent
observations. Once the next bag was prepared and stored in the bore of the MRI
scanner, a further set of observations (oxygen saturation, heart rate, and blood

pressure) were taken of the volunteer before they re-entered the scanner.

The exact details of the subsequent 2Xe scans (of which there could be
up to three) varied depending on the experiment, but each scan in which the
slice select gradient was active was preceded by a 'H co-registration scan. This
was done to ensure that the slicing was positioned correctly and covered the
entirety of the lung, as well as to provide anatomical information to compare to
the acquired Xe image. This required the volunteer to inhale 1L of air and hold

their breath for the duration of the scan (approximately 12 seconds).

After the final scan was completed a further thirty minutes of observation
were required before the volunteer could be released. The volunteer received
a follow up phone call 24 hours later to ensure no there were no longer term
adverse effects to the 12?Xe. It was required that each volunteer had at least a
one week period between each visit in order to ensure there were no long term

effects from a build-up of Xe.

Unfortunately there have been many technical issues with this project pri-
marily revolving around the polariser. The polariser has been out of action for
two years which has hindered the project and resulted in no clinical scans being

achieved.
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3.5 Image Processing

3.5.1 Image Reconstruction

The MRI scanner used in the Xe study could be programmed to save the spa-
tial frequency domain (better known as k-space) data for each scan. This raw
data could then be converted into frequency space by Fourier transformation.
This formed an image as precession frequency is directly related to spatial loca-
tion due to the gradient coils. The formed image could be improved with further
processing such as adding a filter (e.g. median, gaussian, etc.) to smooth the
image, or by gradient unwarping. The GE 1.5T scanner had built in software
to convert from k-space into image space which was extractable as a Digital
Imaging and Communications in Medicine (DICOM) file format. Alternatively
the raw data file (called a “P-file”) could be saved and extracted to allow the
image to be reconstructed without the unknown processing performed by the

GE software. Both file types were extracted for data analysis.

One of the main corrections to an image during reconstruction is gradient
unwarping. This is the removal of distortions to the image caused by inho-
mogeneities in the magnetic field caused by the gradient coils. At lower field
strengths this is less of a problem however at 1.5T there can be noticeable curva-
ture of straight lines caused by this effect. As the gradient coils are not changed
between scans the inhomogeneities remain relatively constant which allows a
map to be created of the distortions by imaging a phantom. This map can then
be used to correct the image. The process of gradient unwarping is done au-
tomatically by the GE reconstruction software however there are situations in
which this process is unwanted as gradient unwarping can affect the uniformity

of noise distribution across the image.
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An example of gradient unwarping in a HP '?°Xe ventilation projection is
shown in Figure 3.21 where (a) shows the warped image and (b) the unwarped
image. The distortion in the noise caused by the unwarping process can be seen
in (b) with a higher intensity present in the corners of the image with a more
rarefied middle-top and middle-bottom. In contrast the noise in (a) is relatively

uniformly distributed.
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Figure 3.21: HP '29Xe ventilation projection before and after gradient unwarp-

ing where (a) shows the warped image and (b) the gradient unwarped image.
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3.5.2 Signal-to-Noise Ratio Analysis
Motivation for SNR Analysis

The effectiveness of an image as a diagnostic tool is related to the quality of
the image. It is therefore essential (in both clinical and experimental settings)
to quantify image quality to ensure that there is good consistency and repro-
ducibility between scans. This allows a comparison to be drawn between MRI
systems, 1.f. coils and pulse sequences or as an inclusion/exclusion criterion for
images taken in clinical trials or other experiments. The image quality of a HP
129X e or 3He scan is affected by many factors, some of which are related to the
patient (e.g. anatomy and breathing patterns) and some are systematic (e.g.

gas polarisation and gain).

The main method of assessing image quality in MRI is signal-to-noise ratio
(SNR) which can be calculated by either comparing multiple acquisitions or by
selecting regions of interest (ROIs) [93, 94]. Taking multiple repeat acquisitions
is a popular technique as it allows a difference image to be formed from two
repeated (identical) acquisitions. However this is not possible with HP gas
imaging as there is no polarisation recovery and so each r.f. pulse (as well as
field inhomogeneities and the presence of oxygen) will cause the gas to depolarise
making it impossible to acquire two identical images in succession [95]. An
alternative method of calculating SNR from a series of sequential acquisitions
is to model signal decay over a shorter time-scale. However, in the case of
sliced MR imaging, each slice is selected independently due to the slice select
gradient and so only specific slices of the lung are excited at any given time.
The nature of the HP gas imaging allows the diffusion of any formerly exited
(and therefore depolarised) gas from an interrogated slice into regions where
excitation has not yet occurred, and vice versa. This leads to regional signal

variations as some gas is excited on numerous occasions, even after it has lost
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its hyperpolarisation, whilst other gas remains hyperpolarised by never being
interrogated. This issue can be resolved by removing the slice select gradient
and exciting the entire sample at once resulting in a projection image. However,
although the removal of gradients allows SNR (and other parameters such as
flip angle) to be measured, it does not provide the necessary level of detail for
clinical diagnosis. Therefore the preferred method of calculating the SNR of a
sliced HP gas image is to select one ROI containing signal and one containing

noise, and compare the two ROIs where the SNR can be calculated as

S’mean S r
SNR = = (r)
Nstd 2
o(r)
4—7

where r € ROI; S(r) is the mean of S in the signal ROI; o(r) is the standard

, (3.18)

deviation of S in the noise ROI, and /7%= is a correction factor [93].

The selection on ROIs can either be done manually or automatically. Tra-
ditionally selection has been done manually however this is time-consuming
and suffers from inter- and intra-operator variability. This issue is particularly
prevalent in '29Xe imaging where the SNR can be low and there can be partial
volume effects, as opposed to 'H imaging where there is usually high contrast
between different tissues allowing regions to be more clearly defined. The noise
ROI can be selected from signal acquired from regions in which there is no
xenon. This includes air surrounding the body as well as regions containing
tissue with no 2°Xe (e.g. the liver). This requires background noise to be
uniformly distributed across the image which might not be true if gradient un-
warping has occurred. It is therefore wise to perform SNR measurements on
the warped images as this gives a truer representation of the distribution of the
signal (despite warping anatomical features). Partial volume effects arise when
there are regions which, due to the finite thickness of the slicing, contain both

129X e and tissue in unknown quantities.
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Automatic ROI Selection

It is preferable to select ROIs automatically to avoid operator error/bias.
There is currently no consistent ROI selection in HP gas MRI in operation, nor
are there any available clinical protocols in the literature. The automated pro-
cedure for region selection used in the HP gas MRI study described in this thesis
was done in the following way. Firstly, an image was reconstructed from the raw
data to avoid any unknown processing being implemented. This was done by
transforming each channel using Fast Fourier Transform before constructing a
composite image using a sum-of-squares algorithm. A non-local means (NLM)
filter was then applied to the image to increase the contrast between the signal
region and the noise region. The NLM approach takes the entire image into
consideration when removing noise, rather than just the local area around each
voxel [96]. This opperates on the idea that the relationship between a voxel
and its neighbours will have a similar appearance to patches of the same size at

other positions within the image [97].

In the case of 'H imaging there is a large difference between the minimum
signal from tissue and the maximum signal from noise, which makes threshold-
ing a trivial task. However, the signal peak for HP '2°Xe scans is not clearly
defined and so it is difficult to define a threshold for signal. This issue was
solved by producing a histogram from the NLM-filtered image that was used to
characterise the features of the noise region. This could then be used to seg-
ment the noise area, leaving the signal region as the residual. A region growing
algorithm was used with a random voxel selected as the initial seed position
in the NLM-filtered image. The initial seed voxel was checked to ensure it lay
within the upper and lower thresholds of noise provided by the histogram eval-
uation. This check was recursively applied to each voxel in the neighbourhood
to segment the entire noise region (and consequently the signal region as the

residual). For low signal images, any holes which occurred were morphologically
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closed. A buffer zone was then added, from which no samples were extracted for
SNR calculations. This was done to reduce the number of mis-classified voxels.
Figure 3.22 shows the automated ROI selection process with the original image
shown in (a), and the residual signal ROI (the orange region) and buffer zone

(the white region) are shown in (b).

A random sample of points was then selected from the signal region, and the
same number of random points was selected from the noise region. These two
samples were then used to calculate the SNR using equation 3.18. The SNR
value was then normalised by the polarisation of the gas used in acquiring the

image.
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Figure 3.22: Automated ROI selection process where (a) shows the original
image and (b) shows the selected signal ROI with a surrounding buffer zone.

FOV = 48cm, Res = 128x128, T = 5.0ms, T = 7.6ms, flip angle = 20°.
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3.5.3 Super Resolution

There is often a difference in the spatial resolution in the different planes of
an MRI scan. This is due to the differences in gradients used to create a 3-D
image. In certain situations a scan can be set up such that each voxel in an
image is equidimensional. However this takes time and so requires the object
being scanned to remain stationary. This is possible for anatomy such as the
brain which can be kept still for extended periods of time. However, imaging the
thorax must be done in a short period of time as the heartbeat and motion of
breathing cause a significant amount of movement. It is often necessary for the
patient to hold their breath for the duration of a scan during HP gas imaging
which requires the scan time to be as short as possible. This issue is made
worse by the fact that HP gas MRI scans are for patients with lung disease
who already have breathing difficulties. There is also a limited amount of signal
available in a HP gas scan due to the finite volume of gas breathed and the lack
of polarisation recovery. It is therefore the case that large voxels are used to
increase signal intensity. This is done by having a relatively large slice thickness

in comparison to the in-plane resolution.

Super resolution is a technique for increasing spatial resolution by compar-
ing multiple low resolution images taken from multiple viewpoints rather than
improving the resolution of a single scan. This idea was first proposed as a
technique for MRI in 2002 by Greenspan, Kiryati and Peled as a way of increas-
ing spatial resolution in the slice select gradient in cases where 3-D imaging
was not an option [98]. Several research groups implemented different forms of
super resolution to MRI over the subsequent years with a review of these tech-
niques produced by Van Reeth et al. in 2012 [99], who covered both in-plane
and through-plane super resolution. There are two main forms of through-plane

resolution: parallel stack acquisition and multi orientation scans.
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Parallel stack acquisition where a series of low resolution scans are taken
in the same plane but with a spatial offset that is smaller that through-plane
resolution of each scan. These scans will all contain subtly different information
which can be combined into a higher resolution image by averaging over the set
of scans. This has been implemented in phantom studies and brain imaging [100,
101, 102, 103] but never before in HP gas MRI. As it’s name suggests, multiple
orientation scans work by comparing low resolution scans, with a significant
difference in in-plane and through-plane resolution, of the same object taken in

different orientations. Again, this has been implemented in brain imaging [104].

A simulation was run to test the efficacy of parallel stack acquisition in increas-
ing the spatial resolution images on the scales required for HP '??Xe imaging.
This was done using a 3-D brain image (provided by Christoph Arthofer) with
equidimensional voxels. The original slices were then averaged into slices of 9
times the thickness of the original slicing to produce a low resolution image.
This was done three times with a spatial offset of one third of the new slice
thickness, increasing by one third for each low resolution image, to produce
three low resolution images with overlapping information. These low resolution
images where then averaged to produce a high resolution reconstruction of the
original image. As the three low resolution images had a slice thickness of nine
times the thickness of the original image, the high resolution reconstruction had
a significantly lower resolution than the original image. This process is shown in
Figure 3.23 where (a) is the original image, (b), (c) and (d) are the overlapping
low resolution images, and (e) is the high resolution reconstruction. There is a
significant increase in resolution between the low resolution and high resolution

images with details visible in (e) that are not present in (b), (¢) and (d).
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Figure 3.23: Super resolution simulation using a high resolution brain image
where (a) is the original image, (b), (¢) and (d) show the simulated low resolution

images and (e) shows the averaged image.
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The super resolution technique has previously not been used in HP gas MRI.
One of the key difficulties for this is that the separate low resolution scans must
be taken after the patient has been removed from the scanner for examination,
and then returned to the scanner. A shift in the patient position, such as
a rotation or some other movement, is expected which would cause the low
resolution images to be misaligned. This issue can be resolved by taking a high
resolution 'H image before each low resolution HP '?°Xe image. These high
resolution 'H images can then be compared to evaluate the shift in the patients
position by applying a transformation to the images. The same transformation
can then be applied to the low resolution HP 2?Xe images to align them. The
transformation can also be applied to an 'H co-registration images taken with

the same resolution as the HP 129Xe images.

3.6 '%Xe MRI Development Results

3.6.1 Polarisation

In order for HP !2Xe MRI to be used in a clinical setting the validity and
repeatability of various imaging techniques had to be developed. The majority of
the test carried out had the aim of developing ventilation imaging however there
was also a test to determine the capability of the available set up for perfusion
imaging. All of the tests described in this thesis were performed using healthy
adult volunteers. The polarisation of every bag of HP 29Xe was measured before
each scan. This is shown in Figure 3.24. Overall polariser operated relatively
consistently with a mean polarisation was 8.71% with a standard deviation of

1.27%.
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Figure 3.24: Polarisation of the bag of Xe used in each scan.

3.6.2 Dynamic Imaging

One of the earliest techniques to be tested at this site was dynamic imaging.
This is where the patient undergoes multiple scans whilst inhaling and exhaling
the HP 129Xe in order to see where the gas flows to in the lung during breathing.
The volunteer was scanned according to protocol described in Section 3.4.4. The
bbfgre sequence was used with a FOV of 48 cm, a resolution of 128x128, a Tg
of bms, a Tk of 7.5ms and a Flip Angle of 20°. Scans were taken at one second
intervals. One of the advantages of dynamic imaging is that no breath hold is
required which eases patient comfort. Figure 3.25 shows a dynamic series of
images of inhalation and exhalation for a healthy adult male. The large airways
are clearly visible with the branching of the main right bronchus visible in (c).
However although the upper airways are visible the same is not true for the
smaller airways. One explanation for this is that HP 129Xe within the lungs

for each sequential scan was depolarised to the extent that it provided limited
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signal for subsequent scans. As a result we are only able to see the gas that
is inhaled in one second by the volunteer as only new gas is polarised for each
scan. It was therefore decided that subsequent scans would be taken during a

breath hold in order to allow the lungs to be fully ventilated.
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Figure 3.25: Sequential dynamic HP '2°Xe images of healthy adult male. FOV
= 48cm, Res = 128x128, T = 5.0ms, T = 7.5ms, flip angle = 20°.

161



3.6.3 Coronal Projections

Once a scan protocol had been fully established and a few different scan types
(such as dynamic imaging) had been tested it was decided that the first scan for
each volunteer would be a projection of the lungs in the coronal plane. This was
done by deactivating the y gradient to give an infinitely thick slice. This was
done with a flushing breath to ensure that the entirety of the inhaled 2°Xe was
located within the lungs instead of being trapped in the mouth and pharynx.
This allowed for direct comparison between different patients and visit days to
ensure that all equipment was functioning correctly. All coronal projections
were acquired using the bbfgre sequence with the same settings: a 48cm FOV,
a 128x128 resolution, a bms T, a 7.6ms Tr and a 20° Flip Angle. Figure 3.26
shows two examples of coronal projections for three healthy volunteers. Aside
from shadowing from the pericardium (which is visible in all of these images)
there are no significant defects in the form of dark regions to be seen in these
lungs which is to be expected as these are healthy volunteers. However there is
a significant difference in image quality between patients and between images
of the same patient. For example, in Figure 3.26, the images of patient 004 are
relatively similar in contrast to the difference between the two images of patient

012.

The difference in image quality inter- and intra-patient was investigated by
calculating the SNR for each image using the automated method described in
Section 3.5.2. This is shown in Figure 3.27 where the SNR has been multiplied
by a normalised value of polarisation. This highlights a significant heterogeneity
between different volunteers and also different scans of the same volunteer. For
example the SNR values for volunteers 15067-005 and 15070-020 are relatively
consistent between visits whilst volunteers 15065-004 and 15068-012 have a much
larger range of values. However, overall volunteer 15065-004 had an higher value

for SNR than the other volunteers. The means and standard deviations for each
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Figure 3.26: Two coronal projections of the lungs of three volunteers. FOV =

48cm, Res = 128x128, T = 5.0ms, Tr = 7.6ms, flip angle = 20°.
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patient as well as inter-patient and for all data points is shown in Table 3.1.
This demonstrates the variability in SNR measurement with some intra-patient
measurements having a larger SD than the inter-patient SD or even the SD of
all measurements, whilst other volunteer, such as volunteer 15067-005 having a
significantly lower SD. From Table 3.1, it can also be seen that volunteer 15069-
006 had a much higher mean SNR whilst volunteer 15080-021 had a significantly

lower mean SNR.
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Figure 3.27: SNR (corrected for relative polarisation) of coronal projections for

each volunteer.

The exact cause of this variation is unknown but it one possibility is that it is
caused by variation in volunteer breathing patterns. One potentially significant
variable is the amount of air inhaled during the flushing breath which is currently
an unknown quantity. A larger amount of air will increase the dilution factor

of the HP 129Xe, as well as causing the gas to depolarise at a faster rate within
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Patient SNR (Mean/SD)
15065-004 13.78/2.06
15067-005 12.88/0.82
15068-012 10.51/4.93
15069-006 19.64/5.76
15070-020 13.54/1.53
15080-021 8.06/2.75

Inter-patient 13.07/3.89

All Data 12.95/4.87

Table 3.1: Mean/SD SNR (polarisation corrected) for each patient, inter-patient

and all SNR measurements.

the lung, thus decreasing the SNR. A respiratory gating monitor was used for a
few experiments to investigate this factor, however the monitor only measured
the expansion of the chest rather than airflow and therefore was not precise
enough to give meaningful information about the volunteer’s breathing. This
is because the volunteer was asked to breath in 1L of ?°Xe which does not fill
the lungs to their maximum capacity. This was an issue because the process
of inhalation is a combination of expanding the chest muscles and contracting
the diaphragm with both aspects needed to fully inflate the lungs. Ordinarily a
person will primarily use their diaphragm for inhalation, however in the supine
position during experimental conditions this can vary with the patient using
their chest muscles to a greater extent. This variation in breathing technique is
exacerbated when the patient is not fully inflating their lungs. As the respiratory
gating monitor was not able to detect the contraction of the diaphragm, it could
not be accurately used to measure the volume of air inhaled by the volunteer

during the scan.
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A further suggestion relating to breathing technique was that it is possible
some volunteers were subconsciously breathing air through their noses during
the oral inhalation of the !29Xe. This would also cause an increase in the
dilution factor and decrease the polarisation of the gas. Furthermore there is
the potential for a loss of 12?Xe if the patient exhaled through the nose prior to
the flushing breath but after the inhalation of the HP 2°Xe. This theory was
tested through the application of a nose clip during inhalation however no effect

was observed other than a decrease in patient comfort.

On one occasion it was observed that the volunteer briefly orally exhaled
immediately after inhaling the '2Xe prior to taking a flushing breath of air.
As this would reduce the volume of '29Xe present in the lungs during the scan
it would explain a decrease in the SNR. This was noticed by the member of
the research team present in the magnet hall with the volunteer and so it is
unknown whether or not this has occurred on during other experiments. In order
to discourage volunteers from exhaling unnecessarily the breathing protocol was
changed. Initially the volunteer was asked to fully exhale before inhaling the 129.
An additional forced exhalation and inhalation of air was included before the

volunteer fully exhaled and inhaled the ?°Xe. Further experiments are required

to verify the effectiveness of this change.

3.6.4 Slice Thickness

The signal provided by a HP sample is significantly larger than a sample at
equilibrium. However, in the case of HP gas MRI the volume of the applied
gas is limited as the patient is required to inhale the sample without becoming
hypoxic. It was therefore the case that the volunteers in all studies described in
this thesis inhaled volumes of HP gas of 1L or less. This low volume combined
with the lack of polarisation recovery resulted in a low total available signal for

each scan. It is therefore important to identify the limits, in terms of signal
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intensity, of the slice thickness as a thicker slice will contain a larger amount of
gas and therefore a larger amount of signal. Although it is desirable to have the
largest possible signal it is also important to be able to identify structures or
defects present in an image. The size of an object that can be identified from an
image is related to the slice thickness with a thinner slice revealing more detail.
Therefore a balance must be struck with the slice thickness between signal and

detail.

Figure 3.28 shows two 25mm coronal slices of volunteer 15069-006 in which 1a
and 1b show the 'H co-registration images, 2a and 2b show the 29Xe image and
3a and 3b show a combination of both imaging modalities with 129Xe shown in
blue. The colour change was performed using the photo manipulation software
“GIMP”. As the ?Xe image was taken without a flushing breath, a residual
volume of Xe can be seen in the trachea. In this instance the signal in the
trachea is useful as it demonstrates the alignment between the two images with
the dark region of the trachea in image 1b perfectly matching the bright region
of the trachea in image 2b. Although there are no defects visible in these lungs
(as the volunteer was healthy) image 3a highlights that the apex of the lungs are
not being ventilated with 12Xe. This was something that was observed in most
of the healthy volunteers which suggests that there is nothing unusual about
this. Overall the observable difference in ventilation between the two imaging
modalities demonstrates that 25mm is a thin enough slice thickness to observe
certain physiological features of the lung that would be missed without the use

of HP 12Xe (i.e. 'H MRI or other imaging modalities such as x-ray CT).

Two 10mm coronal slices of volunteer 15069-006 are shown in Figure 3.29
where, as with Figure 3.28, 1a and 1b show the 'H co-registration images, 2a
and 2b show the 12°Xe image and 3a and 3b show a combination of both imaging

modalities with 129Xe shown in blue. Again these images were taken without a
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Figure 3.28: Two 25mm coronal slices of volunteer 15069-006 taken without a
flushing breath in which 1a and 1b show the 'H co-registration, 2a and 2b show
the '2°Xe image and 3a and 3b show a combination of both imaging modalities
with 129Xe shown in blue. FOV = 48cm, Res = 128x128, T = 5.0ms, Tr =
7.6ms (*H)/ 60ms (129Xe), flip angle = 20°.
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flushing breathing resulting in a visible trachea in the Xe image. The difference
in SNR between the two slice thicknesses is significant however the level of
detail in the 10mm slicing has also significantly increased. This is demonstrated
by the dark regions near the sternum of both lungs in image 2a which have
the appearance of being obstructions to the lung that were not visible in the
25mm slicing. However the proton co-registration image (1a) shows that there
is vasculature in this region rather than lung which explains why this region
appears dark on the xenon scan. Overall it would be preferable to continue to
operate at the 10mm slice thickness however the SNR is still slightly two low
resulting in a high rejection rate of images. One way this could be improved is

by increasing the polarisation of the gas mixture.

The fgre and bbfgre sequences were used for the 'H and 12°Xe scans respec-
tively for the images in Figures 3.28 and 3.29. The settings for the 25mm proton
scan were: FOV = 48cm, resolution = 128x128, Ty = 5 ms, Tg = 7.6ms and
Flip Angle = 30° whilst the Xe scan had the same settings except for the Tg
which was 60ms. For the 10mm slicing, the 'H co-registration had the same
settings except for a Tr of 7T0ms whilst the Xe scan had two changes from the

25mm Xe scan: the T was 8.4ms and the Flip Angle was 35°.

169



Figure 3.29: Two 10mm coronal slices of volunteer 15069-006 taken without a
flushing breath in which 1a and 1b show the 'H co-registration, 2a and 2b show
the 129Xe image and 3a and 3b show a combination of both imaging modalities
with 129Xe shown in blue. FOV = 48cm, Res = 128x128, T = 5.0ms, Tr =
70ms (YH)/ 8.4ms (129Xe), flip angle = 30° (*H) /35° (}29Xe).
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3.6.5 Transverse Plane Imaging

It is common procedure for CT scans of the lungs to be taken in the trans-
verse plane rather than the coronal plane as this allows for the entirety of the
extremities of the lungs to be viewed in a single slice. HP '?°Xe imaging was
therefore performed in the transverse plane for comparison. However, the dif-
ference in the cross sectional area of the lung in the transverse plane compared

to the coronal plane (the transverse being smaller) gave rise to a few issues.

Firstly the SNR of the transverse images was significantly lower per slice than
the SNR of the coronal plane images. This was due to the reduction in volume of
129X e in a transverse slice. This was particularly noticeable at a slice thickness
of 10mm where many of the images produced had extremely limited clinical
value. The other large issue with transverse imaging related to the shape of
the lung in that it took a larger number of slices to cover the entirety of the
lung. This required the scan time to be increased which caused difficulties as it
required the volunteer to hold their breath for a longer period of time and the
polarisation of the gas decreases over time. Although this was not a significant
issue for the healthy volunteers it is expected to be an issue for patients with

lung diseases.

Initially all scans were performed with sequential slicing however, when this
was done in the transverse plane, it was observed that the first slice had the
highest SNR with the signal rapidly decaying over subsequent slices ultimately
resulting in no visible image in the final few slices despite the presence of 129Xe.
This phenomenon was apparent irrespective of whether the lungs where sliced
from superior to inferior or inferior to superior. One explanation for this effect is
the diffusion of the 2°Xe through the lung. When the first slice is interrogated
by the r.f. pulse the HP '2°Xe in that slice depolarises. This depolarised 29Xe

then diffuses into the next slice whilst some of the HP 129Xe in the next slice
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diffuses into the scanned slice. As a result the polarisation, and therefore signal,
in each subsequent slice is reduced resulting in the signal decay. This is shown
in Figure 3.30 which shows a 25mm transverse slicing from inferior to superior
of volunteer 15080-021 without a flushing breath. This phenomenon was not
observed in the coronal slicing which suggests that anatomy of the lungs allows
gas to diffuse at a faster rate through the coronal plane than in the transverse
plane. Figure 3.31 shows the same slice thickness of the same volunteer also
without a flushing breath but in this case the slicing was interleaved rather
than sequential. In slices 7 - 9 the trachea is clearly visible showing that there

is information missing from the same slices done sequentially in Figure 3.30.

The scans shown in Figures 3.30 and 3.31 were both taken using the bbfgre
sequence with an FOV of 48cm, a resolution of 128x128, a Tr of bms and a Flip
angle of 35°. The sequential scan had a Tr of 7.6ms whilst the interleaved scan

had a T of 80ms.
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Figure 3.30: Sequentially acquired series of 25mm axial slices of volunteer 15080-

021 without a flushing breath. Slices 1 to 9 go from inferior to superior. FOV
= 48cm, Res = 128x128, Ty = 5.0ms, T = 7.6ms, flip angle = 35°.
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Figure 3.31: Interleaved series of 25mm axial slices of volunteer 15080-021 with-

out a flushing breath. Slices 1 to 9 go from inferior to superior. FOV = 48cm,

Res = 128x128, Ty = 5.0ms, T = 7.6ms, flip angle = 35°.
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3.6.6 Flushing Breath

For the coronal projections a flushing breath was necessary to ensure that the
entirety of the HP 129Xe was in the lungs at the time of the scan to allow direct
comparisons to be drawn between visits. However for more detailed anatomical
slicing this was not essential. Experiments were therefore carried out to investi-
gate the potential benefits of a flushing breath. Whilst the flushing breath has
the advantage of filling the lungs to a greater capacity (which allows measure-
ments of TLC to be taken with a greater accuracy), and increasing signal in
potentially more clinically interesting areas (i.e. the extremities of the lungs), it
has also, in previous sections, been suggested that the variability in the flushing

breath could cause variation in SNR.

Figure 3.32 and Figure 3.33 show a series of 25mm coronal slices going from
posterior (1) to anterior (5) of the same volunteer (15069-006). The same scan
parameters were used for both scans with an FOV of 48cm, a resolution of
128x128, a T of bms, a T of 7.6ms and a Flip angle of 30°. Figure 3.32 was
taken without a flushing breath whilst Figure 3.33 was taken with a flushing
breath. The most noticeable difference between these sets of images is in slice
3, where the trachea and bronchi can clearly be seen on the series of images
with no flush whereas this detail is lost on the images with a flushing breath.
This demonstrates the effectiveness of the flushing breath in flushing all the
129Xe into the lungs from the upper airways. Whilst the trachea and bronchi
are interesting to observe and can be used to identify the location of a slice, the
clinical significance of this information is minor. The presence of the trachea
within an image has the advantage of verifying that the patient is correctly
positioned with in the coil. This demonstrates that any absence of signal in the
apices of the lungs is not an artefact caused by the patient’s position within the

coil but the true signal.
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Another key difference between these images is the size of the lungs, which
are noticeably larger in the flushing breath images. This most noticeable in
slice 1 as well as slices 4 and 5 where the lungs can be seen to fit more tightly
around the heart however, although the lungs are larger, in the flushing breath
images the SNR is lower. This is to be expected as both images are taken
with 1L of 129Xe and so the flushing breath has caused the gas to become more
diluted within the lungs causing a decrease in SNR. This dilution factor is more
significant among healthy volunteers with large lung capacities. It is expected
that when this study progresses onto patients with airways disease the dilution

factor will be less of an issue due to reduced lung capacity.

One practical advantage of the flushing breath is patient comfort. The volun-
teers were required to hold their breath for the duration of each scan for obvious
reasons. This could take up to 12 seconds which would ordinarily not be an issue
for the majority of healthy individuals, but as the volunteer must fully exhale
before inhaling 1L of '2?Xe instead of air, it can be a challenge for some to
maintain a breath hold for the duration of the scan without the addition of a
small amount of air. There have been no failed scans due to volunteers being
unable to maintain a breath hold so far but as the study progresses into patients

with airways disease this is likely to become more of an issue.
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Figure 3.32: Series of 25mm coronal slices of volunteer 006 without a flushing
breath. Slices 1 to 5 go from posterior to anterior. FOV = 48cm, Res = 128x128,
Tr = 5.0ms, Tr = 7.6ms, flip angle = 30°.
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Figure 3.33: Series of 25mm coronal slices of volunteer 006 without a flushing
breath. Slices 1 to 5 go from posterior to anterior. FOV = 48cm, Res = 128x128,
Tr = 5.0ms, Tr = 7.6ms, flip angle = 30°.
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3.6.7 Dissolved Phase Imaging

One of the advantages of using 12?Xe for imaging is that 2°Xe dissolved into
the blood follows the same pathway as oxygen. As this causes a chemical shift
it is possible to specifically image ??Xe dissolved in the blood around the lungs.
This is known as the dissolved phase image. Figure 3.34 shows the spectrum
of 129Xe shortly after inhalation by volunteer 016. The large peak at 200 ppm
corresponds to the gaseous '2?Xe within the lungs of the volunteer. The peak
with two components at 0 ppm corresponds to the dissolved 129Xe with the two
components corresponding to 12?Xe dissolved in blood (left peak) and 12?Xe

dissolved in tissue fluid (right peak).

Dissolved phase imaging allows physiological information about gas exchange
within the lung on top of the ventilation imaging that has already been dis-
cussed. However it can be seen from Figure 3.34 that the signal intensity of the
dissolved phase '29Xe is significantly lower than that of the gaseous '?°Xe. In
order to maximise the signal and produce and image the slice select gradient
was deactivated to give a coronal projection. Several images were then taken
over a ten second period and then averaged to produce a single image shown in

Figure 3.35.

For the spectrum shown in Figure 3.34 the scan parameters used were as
follows: number of samples = 4096, number of acquisitions = 25, T = 360ms
and Spectral Width = 7042Hz. The dissolved phase image shown in Figure
3.35 was taken using the following scan parameters: FOV = 48cm, resolution

= 64x64, Ty = 1.5ms, Tr = 15ms and Flip Angle = 30°.
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Figure 3.34: ?9Xe spectrum of Volunteer 15071-016 with dissolved phase peak
visible at 0 ppm and gas phase peak visible at 200 ppm. Scan parameters: No.

of samples = 4096, No. of acquisitions = 25, T = 360ms, Spectral Width =
7042 Hz.
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Figure 3.35: Volunteer 15065-004 coronal projection of dissolved phase '??Xe.
This image is the average of 5 images taken over a 10 second period. FOV =

48cm, Res = 64x64, Ty = 1.5ms, Tr = 15ms, flip angle = 30°.
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3.7 Conclusion

There were two studies performed on healthy volunteers using HP gas MRI,
one using 3He and one using '2°Xe. The 3He study sought to compare ADC
measurements at two different time scales between two sites, the University of
Nottingham (13ms) and the University of Sheffield (2ms) as well as investigate
the relationship between age and ADC. Seven healthy adolescents were scanned
at both sites with ages ranging from 12 to 20 years and a male/female ratio
of 6/1. The results of this study were inconclusive with no obvious relation
between the two sites (p=0.707) or between age and ADC (p=0.526). The
main reason for these low correlations is most likely the small sample size. A
significant number of additional measurements would be needed to confirm a
lack of correlation between the two sites. The age data was compared with data
from a previous study to increase the sample size. No significant correlation

was seen between age and ADC at this larger sample size.

The '29Xe study is an ongoing collaborative study with the aim of developing
HP '29Xe MRI techniques to the extent that reliable, reproducible and clinically
relevant data can be readily acquired. Several different imaging techniques were
investigated including dynamic imaging, coronal projections, and coronally and
axially sliced images taken with a slice thickness of 25mm and 10mm. The
quality of these images has varied however consistently useful images have been
acquired with a slice thickness of 25mm. The advantages of interleaved scanning
and breathing patterns (such as a flushing breath) have also been investigated.
It has been observed that it is beneficial to use interleaved slicing when slicing
axially whilst the presence of a flushing breath is something that should be
determined on a case by case basis. For example if the patient is likely to be
unable to maintain a breath hold for the duration of the scan without a flushing

breath then they should be asked to do a flushing breath. Alternatively if the
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SNR of an image is expected to be low then a flushing breath will only reduce

it.

The '29Xe project is still being developed with focus needed on increasing
SNR, particularly at a lower slice thickness, and increasing the number of coro-
nal projections and other repeat scans to better evaluated the repeatability of
different techniques. The dissolved phase imaging also needs improving as the
SNR of dissolved phased images is currently extremely low rendering the scans
clinically useless despite their high potential for providing unique physiological

data.

Due to technical issues with the polariser there has been no HP '29Xe for
the past two years. As a result the project was unable to expand into clinical
scanning. Instead, developments were made in image processing techniques
including the development of an automated SNR calculation algorithm, and the
simulations of new ideas such as super resolution. Unfortunately the lack of HP

gas has prevented these ideas from being fully tested.
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Chapter 4

Conclusions and Future

Work

4.1 Conclusions

Lung diseases are one of the leading causes of death, responsible for 20.1% of
deaths in the UK in 2012 [8] and affecting the lives of many more. It is therefore
important to continue to develop techniques for the diagnosis and treatment of
various lung disease. This thesis explored two diagnostic techniques: Forced
Oscillation Technique and Hyperpolarised gas MRI. Each technique has advan-

tages and disadvantages and is suited for different purposes.

4.1.1 FOT

The non-imaging technique of FOT is a relatively inexpensive, quick and
safe technique for assessing certain parameters about the respiratory system
that describe the resistance of the airways as well as the reactance in terms of
the compliance and inertance of the lungs. In this thesis the main parameters

investigated were fr.s, R5 — Roog and three parameters evaluated by fitting a
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mathematical model (the aRIC model) to acquired data: R., I and Cp. A

phantom study and a patient study have been presented in this thesis.

The phantom study tested the hypothesis that the Nottingham FOT system
was a reliable system that accurately measured acoustic respiratory impedance.
The aims of this study were to 1): to establish the validity of the Nottingham
FOT system; 2): explore how physical changes to the resistance and compliance
of a phantom affected FOT measurements; and 3): compare the Nottingham

FOT system to two commercial systems at another site.

The first of these aims was achieved in part through calibration using a stan-
dard resistor which allowed the resistive component of the impedance measure-
ment to be validated. A 50L Barrel phantom was used to establish the validity
of the reactive measurement of the FOT system. The Barrel phantom could
be treated as a Helholtz resonator undergoing forced oscillations. A theoretical
reactance was then calculated for the Barrel and compared to the experimental
data. It was found that the experimental data was an extremely good match to

the theoretical data which confirms the validity of the Nottingham FOT system.

The second aim of the phantom study was achieved by using a 3-D printed
lung phantom housed within a cylinder with a rubber diaphragm base. The com-
pliance of the diaphragm could be adjusted to investigate the effect of changes
in the overall compliance of a system on FOT parameters. Similarly the printed
airways could be obstructed to investigate the effect of changes to the overall
resistance of a system on measured FOT parameters. As expected, it was ob-
served that adjusting the stiffness of the rubber diaphragm affected the reactive
parameters fr.; and C), whilst obstructing airways had an effect on several re-
sistive parameters such as R. and R; — Ry9. These results confirm that the

FOT parameters are measuring appropriate aspects of lung condition.
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The final aim of the phantom study was to compare three different FOT
devices across two sites (The University of Nottingham and Glenfield Hospi-
tal, Leicester). This was done using a 3L syringe as well as the 3-D printed
phantom. It was found that the tremoFlo C-100 airwave oscillometry system
(located in Leicester) and the in-house Nottingham device were very similar in
measurements despite producing the oscillations in two different ways (using a
fan and a loudspeaker respectively). The Erich Jaeger MasterScreen 10S device
(also located in Leicester) produced slightly different results to the other two
systems. As the validity of the Nottingham system has already been examined
through the Barrel phantom (and further confirmed through similarities with
the tremoFlo system) it can be assumed that the difference in device measure-
ments arises from the Jaeger system. It has been suggested that one possible
source of this difference is that the Jaeger device operates using impulses rather
than continuous sinusoidal waveforms. This could resulted in larger peaks in

pressure that could affect the impedance of the system.

The patient study tested the hypothesis that FOT is a technique that provides
complementary information to spiromtery about BD-reversibility. The aims of
this study were to 1): confirm that FOT can distinguish between disease states
in a similar manner to spirometry; 2): establish the differential effects of a BD
on specific FOT parameters; and 3): establish whether patients with spirometric
bronchodilator reversibility had BD response in FOT parameters. 57 patients
(10 healthy, 26 asthmatic, 21 with COPD) underwent spirometry and FOT

measurements pre- and post-BD.

The first aim of the patient study was achieved by comparing measured pa-
rameters between patient groups pre-BD. It was found that FOT and spirometry
were both effective techniques for differentiating between the disease states of

asthma and COPD, and healthy volunteers. The most significant differences
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were seen between the Healthy group and the COPD group (p<0.001 all mea-
sured parameters except I and Rs — Rog where p=0.002). This demonstrates
that FOT is comparable to spirometry in differentiating between these disease

states.

The second aim of the patient study was investigated by comparing spirometry
and FOT measurements pre- and post-BD. For the asthma group it was found
that there was a significant change (p<0.001) for all parameters except FVC,
I and R5 — Roo (p = 0.928,0.053 and 0.242 respectively). This demonstrates
that FOT and spirometry are both effective in measuring response to SABA. A
heterogeneity was seen in BD response between the patient groups with respect
to measured parameter. This was most clearly seen in the FOT parameters C),
and fres for which the most significantly different patient groups (according to
BD response) were asthma and COPD respectively. This difference suggests
that these parameters are measuring different patient response to SABA that

potentially cannot be investigated using spirometry.

The final aim of the patient study was to investigate the response to SABA
as seen by the two different measurement techniques. This was done by plotting
the difference in FOT parameters against the percentage change in FEV;. A
variety in correlation between the FOT parameters and FEV1 was seen with
some FOT parameter responses correlating more to FEV; than others. It was
found that R, was most similar to FEV; (p=0.006) whilst I was the least
correlated (p=0.771). However, all FOT parameters (with the exception of
Rs5 — Rsp) detected a significant response to SABA in the asthma group. This
suggests that a variety of different responses were observed using FOT compared
to spirometry. This has clinical significance as understanding how a patient
will respond to SABA allows for treatment to be tailored to a patients specific

requirements. It was observed that although FOT provided information about
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patient response that was not observable using spirometry, the opposite was
also true. Therefore, in order to gain the largest amount of information about

a patients condition, both FOT and Spirometry would have to be carried out.

Overall, strong evidence was found for both tested hypotheses. The valid-
ity of the Nottingham system was confirmed through: a close match between
experimental and theoretical data; a strong relationship between the physical
conditions of a system and the corresponding FOT measurements; and a similar-
ity between the Nottingham system and commercial systems. FOT was shown
to provide complementary information to spiromtery about BD-response as it:
differentiated between patient states in a comparable manner to spirometry;
detected changes in the asthma group in a comparable manner to spirometry;
and, some FOT parameters measured a response to SABA that did not correlate

with FEV; suggesting alternative responses were being measured.

4.1.2 Hyperpolarised Gas MRI

HP gas MRI can be used as both a non-imaging technique and as an imaging
technique. Both of these modalities were investigated in this thesis using two
different noble gases. HP 3He was used to measure global diffusion within the

lungs for healthy volunteers, whilst HP 2Xe was used for lung imaging.

The aim of the >He study was to compared the ADC of healthy volunteers
measured at two different time scales (13ms and 2ms) two different sites: the
University of Nottingham and the University of Sheffield. A secondary aim of
this study was to investigate a potential relationship between age and ADC. No
significant correlation was seen between the different time scale measurements
from the two sites (p=0.707), however the sample size was very small (n=7) and
so more volunteers would need to be scanned to confirm a difference between the

two sites. There was also no correlation seen between age and ADC (p=0.526)
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for volunteers scanned at the University of Nottingham including data taken
during a previous study with a significantly larger sample size (n=269). This
was unexpected as previous studies have suggested a link between age and ADC

88, 89).

Lung imaging was done using HP 2Xe MRI as part of an ongoing study
aiming to develop this technique to the point where it is sufficiently reliable,
repeatable and interpretable for use in a clinical setting. In the future, the study
will then progress to look at various disease states with a focus on patients with
COPD and IPF. The aspects of HP '2Xe MRI investigated were: dynamic
imaging, coronal projections, the limitations of slice thickness, transverse plane
imaging, patient breathing patterns and dissolved phase imaging. Significant
improvements to the technique have been made since the initial scans were

attempted.

Each patient will continue to undergo a coronal scan of an infinite slice thick-
ness at the start of each scan session. This has already been done for many of
the volunteers scanned so far with the SNR of these measurements displaying a
surprising heterogeneity, both inter-, and intra-patient. It is thought that one
of the main causes of this variation is patient breathing patterns with some pa-
tients inadvertently exhaling some of the gas mix before the scan commenced.
A larger number of volunteers will have to be tested to fully explore the inter-
patient variation of these measurements. It has also been found that images of
a slice thickness of 10mm provide a good level of information however images of
this slice thickness have issues with low SNR making many of the acquired im-
ages unusable. On the other hand images taken with a slice thickness of 25mm
were reliably acquired however the increased thickness decreased the clinical

usefulness of the image.
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The majority of x-ray CT scans are performed in the transverse plane which
has the advantage of being able to capture the entirety of the extremities of the
lungs in one image. One issue with transverse plane HP gas MRI is that, due to
the shape of the lungs, a larger number of scans are required to image the whole
lung. As a result the patient is required to maintain a breath hold for a longer
period of time, which could be an issue for patients with lung disease. Another
issue with transverse plan imaging that was discovered is that the diffusion of the
gas throughout the lung affected the images if they were scanned sequentially.
This resulted in the first image being the brightest image with signal decaying
for each subsequent slice until information was lost. This can be alleviated by
scanning in an interleaved fashion rather than sequentially. Several scans were
performed to explore the benefits and difficulties of introducing a flushing breath
to the patients breathing to ensure there was no HP gas remaining in the upper
airways. This allows for better measurements of TLC at the expense of SNR

caused by an increased dilution factor.

It was found that both dynamic and dissolved phase imaging are currently
not viable imaging techniques. For dynamic imaging this is due to the fact that
the gas was being depolarised, due to the r.f. pulses of the scan, at the same
rate it was being inhaled. As a result the extremities of the lung could not be
imaged. It is possible this could be addressed by adjusting the scan parameters
in order to reduce the rate of depolarisation. However, this will also decrease
the SNR of the acquired images. The signal intensity from the dissolved phase
peak is significantly smaller that the gaseous phase and therefore the SNR of
dissolved phased images is currently too small to be clinically useful. As the
HP '29Xe gas MRI technique improves it should be possible to produce better

quality dissolved phased images that have clinical value.
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The main aim of the HP '29Xe MRI study is to investigate patient disease
states using ventilation imaging. This requires a standard scan protocol to be
developed that maximises image quality by striking a balance between reducing
slice thickness to increase spatial resolution and increasing slice thickness to
increase SNR. Progress has been made with the implementation of a standard
coronal projection at the start of each scan session, as well as exploration of
different scan techniques (e.g. dynamic imaging, transverse plane imaging etc.).
Unfortunately, there were technical issue with the polariser that prevented some
of the ideas presented in this thesis from being fully tested including super
resolution. These technical issue also prevented any clinical scans from being

acquired.

4.1.3 Comparison of Modalities

Overall the two techniques investigated in this thesis are very different with
very different applications despite both being lung function tests. The rela-
tive ease and low cost of FOT makes it a more viable test to be carried out
as a standard lung function test alongside other tests such as spirometry and
Peak Flow Tests. However, although both techniques can provide information
about obstructive airways disease, FOT (and spirometry) cannot provide any
information about the spatial location of obstructions within the lungs or the
mobility of these obstructions over time. For this information, HP gas MRI is
desirable despite its relatively high cost and risks associated with high strength
magnetic fields. Ultimately, airways diseases are still being understood and the
wide variety of conditions that can affect them requires a large variety of tests
to investigate the different aspects of lung disease. As a result there is no one
investigation that will provide all the necessary information for patient specific
treatment to be performed but rather different investigations should be applied

on a case by case basis.
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4.2 Future Work

4.2.1 FOT

One interesting finding of the FOT study was the difference in measurements
of the same phantom between the in-house Nottingham device and the Jaeger
IOS system from Leicester. This difference could be further explored by per-
forming FOT on the barrel phantom using the two Leicester devices and com-
paring these results to the measurements taken with the Nottingham device.
It was suggested that one of the causes of difference between the systems was
a difference in peak pressure due to the impulsive nature of the IOS system.
The relationship between Z and peak pressure should be further investigated
through a series of measurements taken using different amplitudes of a range
of phantoms in order to fully explore this idea. Alternatively the Nottingham
device could be reprogrammed to produce an impulsive waveform instead of a

continuous sinusoid in an attempt to replicate the IOS measurements.

Further work could also be done using the barrel phantom to fully explore
the difference between adiabatic and isothermal systems when measured using
FOT. One suggestion for how this could be done is to fill the barrel phantom
with a substance such as fibreglass to change the system from being adiabatic to
being isothermal. The addition of fibreglass to change the nature of the system
is currently being implemented by Thorasys (the company that produces the
tremoFlo device) [60]. Alternatively, a series of measurements on phantoms of
various volumes could be performed to investigate how the volume affects the
nature of the system. The barrel phantom could also be improved by developing

the resistive component of impedance to be frequency dependant.

The FOT study described in this thesis only considered patients with asthma

and COPD. One direction the study could go in, in future, would be to look at
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a larger variety of disease states to identify the range of disease states that FOT
can distinguish between. This could be done in tandem with the HP gas MRI
studies to allow the FOT and MRI measurements of different disease states to

be directly compared.

4.2.2 Hyperpolarised Gas MRI

The results of the 3He study were extremely inconclusive. This is mostly due
to the small samples size and so the main way to move forward with this project
is to perform further scans on a significant number of volunteers. Furthermore,
it would be beneficial for the University of Sheffield to scan the volunteers who
have already visited and measure ADC values at a larger time-scale in order
to provide a better comparison of values. Once the study is established with
a comparison drawn between healthy volunteers it could then be expanded to

patients with lung disease.

As well as implementing some of the techniques described in this thesis such
as super resolution, there are also many other developments that can and will
be made to the Xe study in the near future, particularly regarding equipment.
Firstly the new Clinical MR Solutions r.f. coil will be used on volunteers. As
previously discussed this coil is expected to have a reduced rejection rate due
to its more user friendly design. It is also hoped that the larger filling factor
and higher gain will give an increased SNR allowing for better image quality,

particularly at the 10mm slice thickness.

As well as a new 1.f. coil there will also be a new 2°Xe polariser in use that is
expected to be functioning within the next year. This will be a stopped-flow po-
lariser with the potential to increase the polarisation of the 29Xe administered
to volunteers by a factor of two or three which will again increase the SNR of

the images. The new polariser will also give the potential for both polarisers to

193



be run in parallel allowing for faster rate of scanning by reducing the duration

of scan sessions.

A new MRI scanner has recently been installed in the QMC which will be also
available for use in HP '2Xe lung imaging in approximately one year. This is a
0.5 T upright Paramed Medical Systems MRI scanner shown in Figure 4.1. This
will allow patients to be scanned in a variety of novel positions including seated.
This will provide interesting new information about ventilation whilst upright
and the effects of gravity on '??Xe within the lung, as well as also allowing
the imaging of patients with airways disease too severe to allow imaging in the
supine position. It can also be seen from Figure 4.1 that the Paramed scanner
has a much more open and friendly design to allow patients to be in a variety
of positions within the scanner. This will allow the study to include volunteers

with claustrophobia who would reject conventional scanning.

Along with the new hardware of a new r.f. coil, polariser and MRI scanner
there is also due to be a change in the gas mixture administered to the patients
from 2% natural abundance xenon to 50% natural abundance xenon. As well as
this a further change will be made switching from natural abundance xenon to
enriched xenon which contains a significantly higher proportion of 12?Xe. These
changes will increase the polarisation of the administered gas and therefore

increase image SNR.

Another option for future scanning is to perform ADC measurements using
129Xe that could be compared against >He ADC measurements of the same
patients. One advantage of using '?Xe for ADC measurements is that 29Xe
diffuses at a slower rate than 3He, which makes it better suited to measuring
small scale structures. However the absorption of '?°Xe into the bloodstream

would need to be considered in the ADC measurement.
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Figure 4.1: 0.5 T upright Paramed Medical Systems MRI scanner.

A particularly significant development to this research will be the shift to
performing scans on patients with airways disease as well as healthy volunteers.
The first addition will be patients with chronic obstructive pulmonary disease
(COPD) starting with less severe cases to ensure that there are no adverse
reactions to the 2°Xe that are exacerbated by the experimental set-up. Once
the study is well established with COPD patient it will then be extended to
include patients with idiopathic pulmonary fibrosis. These scans will be of

significantly more clinical use than the previous scans of healthy volunteers.
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