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Abstract

This work focuses on two distinct methods for pulmonary MRI: the devel-
opment of contrast-based hyperpolarised noble gases production techniques
and the implementation and application of free-breathing 'H-based func-
tional imaging at 0.5 T. An overview of the thesis and a list of published

works are provided in Chapter 1, followed by four novel research chapters.

Established Spin Exchange Optical Pumping (SEOP) polarisers typically
specialise in polarising a single noble gas isotope. Chapter 2 follows the
construction and testing of a versatile preclinical polariser, able to produce
large volumes of hyperpolarised ?Xe, ®3Kr and *'Xe. The SEOP pro-
cess necessitates the dilution of the hyperpolarised species and subsequent
purification is required to maximise SNR; however, hyperpolarised kryp-
ton cannot be purified by established cryogenic-based methods. Therefore,
Chapter 3 follows the engineering development of a novel purification ap-
paratus for hyperpolarised 1?*Xe and 83Kr, using molecular hydrogen as a

buffer gas, which is eliminated through controlled combustion with oxygen.

The established Phase Resolved Functional Lung (PREFUL) methodology
is typically employed with 1.5 T MRI, limiting its deployment with scan-
ners with an open architecture and in developing countries where low field
systems are typical. In Chapter 4, the PREFUL algorithm is adapted in a
custom-built pipeline for application with low field (0.5 T) MRI, account-
ing for a lower SNR and imaging rate. Conventional MRI scanners limit
participants to lying horizontally, therefore these investigations do not ac-
count for changes to the lung due to gravity. In Chapter 5, the PREFUL
pipeline is employed with Open MRI to probe changes in the distribution
of lung ventilation and perfusion in different postures. This is the first MRI

study to investigate the lungs in the inverted position.
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Chapter 1

This Thesis

1.1 Thesis Outline

Chapter 2 follows the development of a prototype pre-clinical polariser.
this system is designed to be highly adaptable, capable of operating under
the batch-mode and continuous-flow regimes, for the hyperpolarisation of

xenon-129 and krypton-83.

Chapter 3 builds on the work of Chapter 2, to develop a novel apparatus
for the reactive purification of post SEOP hyperpolarised noble gases, when

hydrogen is employed as the sole buffer gas

Chapter 4 deviates from the previous chapters, exploring an alternative
method for pulmonary MRI. This work seeks to adapt the Phase Resolved
Functional Lung (PREFUL) post-processing method for application with
0.5 T MRI scanners.

Chapter 5 uses the home-built pipeline developed in Chapter 5, utilising

its compatibility with open scanner architectures for a novel experiment
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Chapter 2

Development of a Prototype
Pre-Clinical SEOP Polariser



Abstract

This chapter describes the design, construction, and testing of a highly
adaptable, large-volume pre-clinical polariser for spin exchange optical pump-
ing (SEOP) of noble gas isotopes. The polariser was developed to address
the need for a versatile system capable of hyperpolarising multiple noble
gas species, including the quadrupolar nucleus krypton-83, for which no

large-quantity polariser (>0.5 L) previously existed in the literature.

The system incorporates five main components: a dual-zone forced-air heat-
ing system with PID temperature control, a double Helmholtz coil configu-
ration, interchangeable laser mounting systems accommodating 60-180 W
diode array lasers, adaptable pneumatic manifolds supporting both batch
and continuous-flow operation modes, and integrated electronics for valve
control. Furthermore, the system can be adapted into configurations for

rubidium pre-saturation and cryogenic purification.

The polariser successfully demonstrated hyperpolarisation of xenon-129,
krypton-83, and xenon-131 under various operating conditions. Polarisa-
tion measurements were conducted using a 9.4 T  NMR spectrometer with
thermal reference calibration. The modular design enables rapid reconfigu-
ration for different experimental requirements, gas mixtures, and operating

pressures, making it suitable for diverse pre-clinical research applications.

While the polariser successfully produced hyperpolarised noble gases, opti-
mization of polarisation levels for each nucleus remains an ongoing objective
requiring systematic characterization of operational parameters including

temperature, pressure, laser power, and gas mixture composition.
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2.1. INTRODUCTION

2.1 Introduction

2.2 Polarisation Theory

The intensity of the signal observed from NMR active nuclei during MR
experiments is proportional to the nuclear polarisation. All nuclei with a
non-zero spin quantum number will possess a polarisation which is defined
as the difference in the population between the spin states. Take for exam-
ple a nucleus with a quantum spin number of I = 1/2, which has two spin

sublevels m = +1/2 and m = —1/2; the polarisation is defined as:

N, — N_

p="* "=
N, + N_

(2.1)
where N, and N_ are the spin populations of the +1/2 and —1/2 states
respectively. In an external magnetic field the energy of states diverge due
the Zeeman effect. At equilibrium, the relative population of each of these
sublevels is dependent on the internal energy of the ensemble. Therefore,
this is known as the thermal polarisation. For a spin I = 1/2, this thermal

polarisation is defined by:

(2.2)

hB
Prhermal = tanh (7 0)

2kgT

where 7 is the gyromagnetic ratio, By is the applied magnetic field, and kp
is Boltzmann’s constant. However, this description breaks down beyond
spin I = 1 due to the quantum mechanical difference in the probability of
transitions between each spin state[l]. Instead, one must derive the spin

polarisation using the magnetisation (M) and the maximum magnetisation
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at zero kelvin (MI—K).

M,

P= MT—OK

(2.3)
Unfortunately, due to the small energy differences between spin state sub-
levels, spin polarisation drops very quickly with increasing temperature|[1].
Figure 2.1 demonstrates this temperature dependence near absolute zero
for the spin-active noble gas nuclei; the polarisation decays substantially
within the range of just half a kelvin. By the time one reaches ambient

temperatures, the polarisation of the noble gas nuclei is of the order of

107,
L0
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Sty - e
- — $Kr
. 064
2
I
N
k= !
£ 044
| | $Kr, 131Xe, 2'Ne
e ,YxFKr’ I = 3/2
ol \ N =
00 [ T— ]
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Temperature (K)

Figure 2.1: Temperature dependence of the thermal equilibrium polarisa-
tion of the spin active noble gas nuclei. Adapted from work by Stupic et
al.[2] Including data simulated from a fictitious krypton isotope with the
same gyromagnetic ratio but a spin [=3/2.

To attain the greatest SNR in MR experiments, it is desirable to conduct

studies using nuclei with a high spin polarisation. This is particularly

10
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important for gas phase studies due to the low number density of atoms.
However, it’s often not feasible to cool samples to temperatures low enough
to accomplish this, especially those involving living tissue. Instead, this can
be achieved by artificially altering the spin state of the ensemble of nuclei,
creating a hyperpolarised spin state, which is defined as a low nuclear spin
temperature compared to the thermal temperature of the surroundings.
This non-equilibrium state is temporary; the ensemble will 'relax’ back to
thermal polarisation given enough time. The temporal dependence of this
relaxation depends on many factors and serves as the basis for many gas
phase studies. Longitudinal relaxation times can vary greatly between the
noble gas nuclei, from hours for helium-3 and xenon-129, to just seconds
for the quadrupolar nuclei under identical conditions[1]. Therefore, noble

gas hyperpolarisation must usually be conducted on-site when needed.

2.2.1 Hyperpolarisation Methods

The hyperpolarised spin state can be attained via a variety of techniques,
each with its own strengths and weaknesses depending on the experimental
requirements[3]. These techniques exploit phenomena such as enhanced
Boltzmann polarization at low temperatures, selectively driven transitions
within energy levels, and polarisation transfer via chemical reaction. The

following section provides a brief description of several methods.

2.2.1.1 Brute Force Hyperpolarisation

Of the several diferent methods for creating the hyperpolarised state, the
Brute Force[4, 5] method may be the easiest to grasp. The target nuclei

are cooled to a very low temperature (< 3K) in the presence of a high

11



2.2. POLARISATION THEORY

strength magnetic field (> 107"). Given sufficient time in this environment,
the ensemble polarisation will stabilise to that denoted by Equation 2.2.
This thermal polarisation is significantly increased compared to that at
room temperature; however, notably the ensemble is not hyperpolarised
in this state. By definition, hyperpolarisation is achieved via the rapid
heating of the sample at a rate faster than the longitudinal relaxation time.
This method can be applied to any nuclei with a non-zero quantum spin
number, provided the longitudinal relaxation times allow enough time for
sample heating. However, rapid decay of thermal equilibrium polarisation
with temperature (Figure 2.1) necessitates very low temperatures which
can be difficult to attain, significantly limiting the attainable polarisation
levels. Furthermore, the time taken to stabilise at thermal equilibrium can

be of the order of 10s to 100s of hours[5].

2.2.1.2 Dynamic Nuclear Polarisation (DNP)

DNP utilises the larger magnetic moments of electron spins, compared to
nuclear spins, to amplify nuclear polarisation by orders of magnitude[6-10].
The theoretical limit of the attainable nuclear polarisation is dependent on
the ratio of the gyromagnetic ratios of the electron and nucleus; for pro-
tons this is 660. The process typically involves introducing paramagnetic
species (like stable radicals) to the sample, which, when kept at very low
temperature and in a high magnetic field, will attain significant polari-
sation, similar to the brute force method described above. The transfer
of this polarisation to the target nuclei is then facilitated by microwave
radiation at specific frequencies, which, depending on the conditions, is
achieved by one of several mechanisms: the Overhauser effect[11], the Solid
effect[10], the Cross effect[12], and Thermal mixing[13]. Each mechanism

varies in efficiency and is optimally applicable under different conditions,

12
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such as the molecular mobility target nuclei; DNP can occur in liquids and
solids. Modern ’dissolution” DNP approaches will then rapidly dissolve the
hyperpolarised sample into a target molecule for investigation[14]. This
polarisation method can be difficult to scale, requiring complex machinery
which must be kept sterile for clinical applications. Furthermore, the fast
longitudinal relaxation in the liquid state necessitates quick delivery to the

patient immediately following production of the hyperpolarised species.

2.2.1.3 Parahydrogen Induced Polarisation (PHIP)

PHIP exploits the nuclear spin properties of parahydrogen (p-Hs), a nuclear
spin isomer of molecular hydrogen[15-17]. At room temperature, molecu-
lar hydrogen can exist as two nuclear spin isomers, ortho- and para-, in an
approximately 1:3 population ratio[18], although the p-Hs state can be en-
riched at low temperatures in the presence of a catalyst. In this state, the
two proton spins are in an antiparallel, singlet state, giving the molecule a
total nuclear spin of zero and thus it will not produce an NMR signal. When
parahydrogen undergoes a chemical reaction (generally hydrogenation), the
H-H bond is broken and the hydrogen atoms are incorporated into a prod-
uct molecule[19]. In this chemical environment, the enhanced polarisation
of the incorporated hydrogen atoms becomes observable, creating amplified
NMR signals for the host molecule. The attainable polarisation is dictated
by factors such as the initial p-Hy population and reaction rate. However,
in this form, this method is limited to polarising unsaturated substrates
that will react with molecular hydrogen. Modern methods of PHIP, such
as Signal Amplification by Reversible Exchange (SABRE), circumvent this
limitation, where polarisation transfer occurs through temporary associa-
tion with a catalyst rather than chemical modification[20]. This expands

the range of molecules that can be hyperpolarised using parahydrogen-

13
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based methods[21, 22]. The strength of this technique is that it doesn’t
require complex equipment and thus can be conducted at reduced cost
compared to the other hyperpolarisation methods discussed. However, the
necessity of a catalyst, usually heavy metal-based, can complicate in vivo

experiments.

2.2.1.4 Spin Exchange Optical Pumping (SEOP)

SEOP employs alkali metal atoms as an intermediary for the transfer of spin
angular momentum from incident laser photons to the nuclei of a gaseous
species[23]. This two-stage process first involves the build-up of electron
spin polarisation of an alkali metal vapour (optical pumping)[24], followed
by transfer to the nucleus of the target species (spin exchange)[25]. This
process is typically used for the hyperpolarisation of the noble gas isotope
xenon-129, due to the relatively long lifetimes of the polarised spin state
of this nucleus and because of its chemical inertness towards the highly
reactive alkali metal vapour[23]. Attainable polarisation is dependent on
a number of factors, such as laser power and alkali metal vapour density.
Whilst enhancements of three to four orders of magnitude compared to
Boltzmann polarisation are typical (at field strengths of 9.4 T), this pro-
cess requires specialised equipment such as high-powered laser systems and
bespoke glassware[1]. This method is employed in this work and is further

explained in the following section.

2.2.2 SEOP Theory

Spin Exchange Optical Pumping is used to temporarily transfer noble gas

nuclei into a non-equilibrium hyperpolarised spin state. The effective re-

14



2.2. POLARISATION THEORY

duction in spin temperature enhances the magnetisation by many orders of
magnitude compared to thermal equilibrium under standard conditions[7].
SEOP is a two-stage process whereby spin polarisation is passed from inci-
dent laser photons to the nuclear spin of a noble gas, via intermediary alkali
metal atoms|23]. Circularly polarised laser photons are used to selectively
pump the electron spin states of a saturated alkali metal vapour[26]. This
electron polarisation is then transferred to noble gas nuclei via Fermi con-
tact interactions either stochastically during binary collisions or coherently
within temporary van der Waals molecules between the exchange pair[27].
This process often requires the mixing of a buffer gas (usually nitrogen) in
order to quench the destructive radiation trapping originating from alkali
metal fluorescence[23]. Of each of the alkali metals, SEOP has found most
widespread success using rubidium, although caesium systems are avail-
able[28]. This is due to the low temperatures required to saturate the gas
vapour, favourable cross sections during spin-exchange and spin-relaxation
interactions and the required D1 resonance transition wavelength being

well within the operating range of high intensity tunable laser systems[23].

2.2.2.1 Optical Pumping

The optical pumping process involves the selective excitation of the un-
paired valence electrons of an alkali metal vapour, using resonant laser
light. Figure 2.2 depicts a partial energy level diagram for a rubidium va-
lence election, including the ground and lowest electron states. The incident
laser light is tuned to the D1 transition of the rubidium vapour and left cir-
cularly polarised (photon spin s, = 1) parallel to a static B, field (helicity
04). Therefore, to maintain the total angular momentum of the system,
induced excitation is limited to transitions from the 5S5),,,m; = —1 /2

state to the 5P /o, m; = +1/2 state (red solid arrow in Figure 2.2). From

15
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this state, spontaneous decay will occur to the 55,5, m; = —1/2 and
551 /2, mj = +1/2 sublevels with respective probabilities of 2/3 and 1/3[29].
However, due to collisions with other atoms or molecules in the gas phase,
fluctuation spin-rotation interactions will result in the rapid equalisation of
each of the 5P, /, (L=1) sublevels. This is known as collisional mixing (Blue
solid line in Figure 2.2), and results in an approximately equal probability
of relaxation to each of the 557/, sublevels (Blue dashed lines in Figure
2.2). Critically, in contrast to the p orbital, little mixing occurs between
the 5512, m; = —1/2 and 552, m; = +1/2 sublevels. This is due to the
zero orbital angular momentum quantum number (L=0) associated with
the spherically symmetric s orbital. Continuous irradiation will continue
to pump the 5S;,2,m; = —1/2 transition, continuing the optical pump-
ing cycle. However, due to the A,, = 41 selection rule, electrons in the
551 /2, mj = 4+1/2 sublevel will remain in this state for a significant period.
Therefore, this process will result in the non-equilibrium build-up of the

population of the 55 /2, m; = 41/2 sublevel, polarising the electrons.

16
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Collisional Mixing
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Figure 2.2: Partial energy level diagram of the valence electron of rubid-
ium, including the ground state and the lowest excited state. Circularly
polarised (o) laser photons are used to excite the D; transition (red), con-
tinuously depleting the 52S,,—_; /2 sublevel. Polarisation occurs due to the
non-uniform spin population distribution created within the 5%S;/, energy
level. Diagram not to scale.

As the election polarisation build up time is typically very fast, the alkali
metal polarisation is normally expressed as the steady state polarisation,
Pay. This based on the relative rates of spin polarisation build up and

destruction[29]:

Yopr
P = 2.4
AM Yop + VspD (24)

where Yop is the optical pumping rate and ~ysp is the spin destruction rate.

The constructive term, yop is caused by the incident laser light[29]:

17
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Yop = /CID(A) co(N)dA (2.5)

where ®()\) is the laser flux, dependent on both laser power[30, 31] and
linewidth,[32, 33] and o(\) the absorption cross section, dependent on
the alkali metal and the vapour density[l], and typically Lorentzian in
shape[29]. Generally, SEOP using diode array lasers can benefit greatly
from higher laser power[30, 31| and line narrowing is useful to ensure laser
linewidth does not exceed the D; absorption line width[32, 33]. This ab-
sorption linewidth can be collisionally broadened through the introduction

of high pressures of buffer gas[34], as discussed in Chapter 3.

However, the assumption of a uniform ®()\) in Equation 2.5 assumes an
ideal scenario of uniform laser flux throughout the optically pumped medium.
In real-world conditions, and assuming uniform alkali metal vapour density,
absorption of the incident laser photons will result in a non-uniform optical
pumping rate throughout the sample[1]. The alkali metal vapour absorbs
incident laser light, acting as a translucent medium and casing an effective
‘shadow’ along the path of the laser. This magnitude of this phenomenon
depends on both the density of the alkali metal vapour, the relative pop-
ulation of the 5255, m = —1/2 sublevel and the geometry of the cell[29,
35]:

dd(A, 2)

z

= —[AM]o(A)(1 = Pan(2))®(A, 2) (2:6)

where z is the displacement through the cell along the laser path and [AM]
is the density of the alkali metal vapour. In the extreme, all circularly
polarised photons can be absorbed by the alkali metal vapour. If this

condition occurs within the geometry of the cell, the resulting alkali metal

18
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shadow will create a region of non-polarised (or 'dark’) alkali metal. This
can be highly destructive to the hyperpolarised state of the noble gas via

the inverse of the spin exchange process described below.

The remaining term in equation 2.4, the spin destructive term ysp, has

contributions from a number of sources:

YSD = YVirap + YBC + Yodw (27)

where 74rqp s due to radiation trapping, v,qw due to interactions with tem-
porary van der Waals complexes, and vpc due to binary collisions of the
electron spin polarised alkali metal atoms with additional species[1]. Ra-
diation trapping stems from the reabsorption of energy lost due to relax-
ations between rubidium spin sublevels. This process is described further
in Chapter 3. Depolarisation also occurs due to binary collisions between
the electron polarised alkali metal and the other gas phase atoms. This
depolarisation is dependent on the specific vapour density, [M], and spin
destruction rate, k44, between the atomic pair, summed for each additional

gas phase species (i):

YBC = Z K[ M) (2.8)

Literature values of for %, for xenon-129 and krypton-83 and common
species employed for SEOP can be found in work by Six et al.[36] As a
very general rule, alkali metal collisions with larger atoms/molecules are

the most destructive, with the magnitude for %, following the order:

pof > KB S>> kN > e (2.9)
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As the magnitude of this destruction also depends on the number density
of the corresponding gas phase atoms [M;], the higher the noble gas partial
pressure, the lower the achievable alkali metal electron polarisation under

otherwise identical conditions.

The final destructive term is due to temporary van der Waals complexes
formed between the electron polarised alkali metal and other gas phase
atoms. With sufficient lifetimes of these molecules, spin-rotation interac-
tions can depolarise the atoms[37]. The form of ~,qu is difficult to quantify;
however, at lower pressures significant polarisation is lost within these com-
plexes. As the pressure increases, so does the rate of formation of these
molecules, although this is countered by their increasing rate of destruc-
tion[36]. Therefore, within the operating ranges of SEOP systems, the
pressure dependence of this term is often considered negligible, especially

compared to the contribution from binary collisions.

2.2.2.2 Spin Exchange

The second stage of SEOP is the transfer of the accumulated electron spin
polarisation from the pumped alkali metal vapour to the nuclear spin of
the noble gas. This takes place via Fermi-contact hyperfine interactions,
inducing a ‘flip-flop’ exchange of polarisation between the species|27, 38|.

This process is described by:

oS- T = %[SJ_ +S_I,]+aS.1I, (2.10)

where I and S represent the nuclear and electron spins respectively and
the term within the square brackets the ‘flip-flop’ exchange[38]. « is the

coupling constant, proportional to the probability of finding the alkali metal
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valence electron at the nucleus of the noble gas:

8T
a= ?75'717#5(7“) (2.11)
where v; and 7g are the gyromagnetic ratios of the alkali metal electron
and noble gas nucleus respectively and r the relative distance between the
exchange pair[38]. Spin exchange can occur via two mechanisms: either
during binary collisions between the alkali metal and noble gas atoms, or

during temporary van der Waals molecules formed between the species.

These pathways are demonstrated in Figure 2.3.

> & ¢ %6

©
® @ ¢

A B

Figure 2.3: The mechanisms of spin transfer between the electron polarised
rubidium atoms and noble gas nuclei, in this case xenon. Spin can be passed
via binary collisions (A) or within temporary van der Waals complexes (B)
often mediated by a third body, displayed here as nitrogen[23, 39].

Intuitively, binary collisions are two-body in nature, occurring at a rate
that is dependent on both the specific alkali-metal-noble-gas cross-section

and partial pressure of each species. Polarisation transfer within temporary
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van der Waals complexes is mediated by a third body, usually a nitrogen
buffer gas. Alkali metal and noble gas atoms colliding in the presence of
this third body can form weakly bound van der Waals molecules. This
molecule will evolve freely, until it is dissociated by an additional third
body. Polarisation transfer probability within this molecule is based on the
lifetime of the complex, which is non-linearly dependent on gas pressure[25].
Both the rate of formation and destruction increase with increased pressure.
However, the resulting reduced complex lifetime at higher pressures will
suppress the ensemble polarisation transfer via this pathway. The relative
occurrence of each pathway is also dependent on the noble gas nuclei. For
the smaller noble gases, such as helium-3, polarisation transfer is normally
dominated by binary collisions[23]. However, for heavier noble gases such as
xenon-129 at sufficient partial pressure, spin transfer occurs mainly within

van der Waals complexes[23].

The spin exchange rate, ysg, quantifies the transfer of spin polarisation

from the pumped alkali metal elections to the noble gas nuclei:

vse = [AM] ((Jv) + 7["}3%0 (1 jbr)) (2.12)
where the first term within the brackets (ov), is the velocity averaged
binary spin exchange cross section and describes the spin transfer contri-
bution from binary collisions[1]. The final term within the brackets quan-
tifies spin transfer with the van der Waals dimers, characterised by the
rate constant vaang, which is specific to each alkali metal to noble gas
pair. The noble gas density is destructive to this term, as higher pressures
will result in the breakup of these complexes. The buffer gas molecules
within the mixture will also contribute to the dimer breakup, with these

contributions quantified by b = po(NG)/po(BG) the characteristic pres-
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sure ratio and r = p(BG)/p(NG) the partial pressure ratio[l]. Literature
values for each of these terms can be found in work by Six et al.[36] The
dilution of xenon with nitrogen can be beneficial to the spin exchange of
xenon, although detrimental to krypton due to the greater contribution
to the dimer breakup[l]. Both spin transfer mechanisms are mediated by
the number density of alkali metal vapour, [AM]. (ov) and yayne are 2-
3 orders of magnitude smaller for krypton-83 SEOP compared to that of
xenon-129[36]. Therefore, to counter the reduced exchange rate, the alkali

metal vapour pressure is increased by raising the temperature at which the

SEOP is conducted[40].

Finally, using the pumped alkali metal polarisation, P4, and the spin
exchange rate ygg, one can quantify the time-dependent noble gas nuclear

polarisation[34]:

Pne(t,) = ISE PAM<1 — exp(—(yse + F)tp)> (2.13)

vse + T

where I' is the relaxation rate, or more generally the inverse of the noble
gas longitudinal (7}) relaxation time. Within the brackets is the time
dependent term, reflecting the build-up in polarisation of the noble gas
nuclei with time. For sufficiently long SEOP pump times (¢,), this term
vanishes; the noble gas has reached its steady state polarisation. If the spin
exchange rate is much greater than the self-relaxation rate, the steady state
noble gas polarisation will closely reflect that of the alkali metal electron
polarisation. However, this is not the case for quadrupolar nuclei where I'

is high due to the fast quadrupolar relaxation[1].
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2.2.2.3 Noble Gas Depolarisation

The above sections detail the mechanisms for the build up of noble gas
nuclear spin polarisation during spin exchange optical pumping. However,
the limiting factor to ensemble polarisation is characterised by the relax-
ation rate I'. This term is omitted from Figure 2.2, although for rubidium,
describes transitions between the 55/, sublevels. High relaxation rates
also serve to limit the lifetime of the hyperpolarised state after production

as they cause the return to thermal spin equilibrium.

The relaxation rate is made up of a linear combination of relaxation path-
ways, which can be separated into two groups: intrinsic, due to interactions

within the gas ensemble itself, and extrinsic, due to external factors:

I'= an + Fex (214)

where I';,, represents the intrinsic contributions and I'., the extrinsic con-
tributions. For hyperpolarised noble gas nuclei, the intrinsic contribution
is made up of two primary components representing types of self-collisions

of the atoms:

L'y, = I'pe + Dyaw (2.15)

where I'ge is due to binary collisions and I',q due to temporary van der
Waals complexes of the gas phase species. The binary collisions term is

dependent on the noble gas density:

Lse =756 NG (2.16)
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where 75 is the noble gas specific density dependence of the longitu-
dinal relaxation and [NG] is in amagat. For xenon-129, this 75&% =
5.0 £ 0.5 x 107% amagat~'s7![41] and krypton-83 Y53 = 1.6 + 0.1 x

1073 amagat—'s™1[42].

At low field, the contribution from temporary van der Waals molecules is
independent of total gas density[43, 44]. Instead, this term is dependent
on the relative concentration of noble gas and additional species, typically
the buffer gas. For xenon-129, the contribution from this mechanism is

dictated by:

FX6129 o 7’52?/[/ 2 17
odW T (1+ [BG] ( )
r
[Xe})

where 'yqfffw is the Xe-Xe van der Waals relaxation term and r = kpg/kxe,

where kpg and kyx. represent the breakup rate coefficients for the buffer
gas and xenon atoms, respectively. For xenon-129, vX42% = 6.72 + 0.1 x
107°s~! [43]. This term is complicated for the quadrupolar nuclei, due to
the quadrupolar interactions within the noble gas dimer. For krypton-83,

this contribution is described by[44]:

Tpaw = Mo (2.18)

]
]

K
(ke + kpa [[]}Qf

)

where K is the chemical equilibrium constant for krypton dimer formation,
K = [Krs)/[Kr]?, and Mg represents the quadrupolar term in a linear

molecule[45]:

Mq

2 +3 [qu} 2 (2.19)

“Pel-1) | h
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where eQq/h is the quadrupolar coupling constant, dependent on electronic
charge, e, the nuclear quadrupolar moment, (), and the charge of the nu-

cleus, q.

The relaxation rate due to extrinsic contributions, I'.;, during typical con-

ditions for SEOP is made up of four terms:

| T (2.20)

where 'y is due to transit through magnetic field gradients, I'p due to
interactions with paramagnetic species in the gas after SEOP, 'y, due to
interactions with the wall of the containment vessel, and for quadrupolar

nuclei, I'g due to electric quadrupolar couplings.

Molecular movement through magnetic field gradients (V B) can be caused
by diffusion or transit of the hyperpolarised species. The relaxation rate

due to this effect is determined by[46]:

VB[

= (2.21)

FVB X

Furthermore, regions of very low or zero magnetic field will cause rapid

depolarisation due to the degeneracy of the Zeeman energy levels.

Intermolecular magnetic dipole coupling with paramagnetic species in the
gas phase can also cause depolarisation of the noble gas spin state. Typ-
ically for SEOP experiments this can stem from oxygen contamination
in the gas mixture following SEOP, although this can also be caused by
free radicals or any paramagnetic molecule in the gas phase. For oxygen-

xenon-129 interactions, the resultant relaxation rate has been empirically
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determined[47]:

e 388

1.013 bar T (2.22)

o, 273K (/300 K\
T

where po, is the oxygen partial pressure (in bar) and T is the gas temper-
ature (in kelvin). For xenon in air (po, = 0.21 bar) under standard con-
ditions, T5¢'* = 7.4 x 1072s7* (or T} ~ 14 s). The equivalent relaxation
pathway for krypton-83 is approximately two orders of magnitude smaller
than for xenon-129, due to the difference in the square of the gyromagnetic
ratios[40]. However, unlike for the spin half noble gas nuclei[47, 48], the
relaxation rate is difficult to empirically determine due to the magnetic

quadrupole moment.

Interactions with the walls of the containment vessel can also cause re-
laxation of the hyperpolarised ensemble. The term I'y, describes the spin
destruction rate of this interaction, although omits contributions from mag-
netic quadrupolar moments. These surface relaxation mechanisms are com-

plex, however can be summarised as[49, 50]:

1
Ty =-—— (2.23)

where S/V is the surface-to-volume ratio of the containment vessel and 7
the relaxivity of the cell walls, dependent on material, temperature and
magnetic field strength. Particularly for xenon-129, relaxations of this
kind stem from paramagnetic impurities within the glass surface. Surface
coatings are often employed to create a barrier between the xenon-129
atoms and these impurities[51, 52], reducing the relaxation rate due to this

mechanism.
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Finally, I'yy can be adapted for quadrupolar nuclei, introducing the term
I'g, which describes the relaxation due to surface interactions with the mag-
netic quadrupole moment of the nuclei. Therefore, this term is not present
for the spin 1/2 nuclei, helium-3 and xenon-129. This relaxation mecha-
nism stems from the interaction of the non-spherical charge distribution of
the quadrupolar nucleus with the electric field gradients associated with
the surface. For quadrupolar nuclei (I>1/2), this mechanism will likely
dominate the relaxation rate and is sensitive factors such as surface chem-
istry, temperature and hydration[53, 54]. Indeed, this mechanism has been
employed as a source of contrast using krypton-83[55, 56]. The relaxation

rate due to this mechanism is described by[44, 57]:

Lo o< Mg, (2.24)

where M takes the same form as Equation 2.18, and represents the surface
quadrupolar interactions and 7, represents the correlation time, approxi-
mately equal to the average residency time at a particular adsorption site

on the surface.

2.3 Polariser Development

2.3.1 Goals

Most modern polarisers are typically highly specialised devices, able to
attain very high noble gas polarisation when operating with specific proce-
dures and gas mixtures. Established ’large volume’ polarisers are generally

limited to the spin 1/2 nuclei, helium-3 and xenon-129, although previous
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attempts have been made to polarise quadrupolar nuclei such as xenon-
131 in these systems[58]. The aim of this project was to develop a highly
adaptable, large volume pre-clinical polariser. This includes the capability
to polarise multiple different noble gases with a range of buffer gases, oper-
ating under either batch or continuous-flow conditions. This includes the
quadrupolar noble gas krypton-83, for which there exists no large quantity
polariser (>0.5 L) in the literature; a key stepping stone on the path to

future clinical application.

2.3.2 Polariser Overview

The polariser has five main components, the heating system, coils, laser
and optics, gas manifolds, and electronics. Each of these components is
described in the following sections, however the polariser as a whole is

depicted in Figure 2.4.
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Figure 2.4: Labelled image of the polariser (A), with internal view of the
Helmholtz coils and oven (B).

2.3.3 Heating

The temperature of the SEOP cell is controlled using a forced-air oven.
The oven is manufactured primarily from aluminium, however the cell is
supported by PEEK mounts due to the lower thermal conductivity of this
material. This setup is depicted in Figure 2.5. The oven is fed by two heat
guns, which can be controlled independently to create two heating zones.
Three thermocouples (TC) are placed on the cell. Two are positioned
immediately above the heat-gun inlets and used to control the output of
each heat gun. The third thermocouple is placed on top of the cell to give

insight into the in-cell conditions.
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Figure 2.5: The thermal management system of the SEOP Cell, depicted
from the side (A) and front (B) profile. Thermocouple placement is indi-
cated by TC.

Each heat gun is controlled using manually tuned PID control software in an
Arduino Mega 2560 (Arduino, Italy). The Arduino reads the temperature
values from the thermocouples and sends an analogue control signal to each
heat gun, which themselves receive 240 V ac power. The electronic diagram

for this system is depicted in Figure 2.6.
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Figure 2.6: The interface used to control the temperate of the SEOP cell.
Including the electronic diagram (A) and a picture of the physical interface

(B).

2.3.4 Colls

A double Helmholtz coil pair is employed to create a uniform magnetic field
within the optical pumping cell. This is depicted in Figure 2.7. However,
the stray field from a nearby unshielded 9.4 T magnet (Oxford Instruments,
UK) located near the polariser causes a significant magnetic field perpen-
dicular to the laser path. This can permit unwanted transitions within
alkali metal vapour, and reduce the attainable polarisation in proportion
to the cosine of the angle between the resultant field and the laser path[1].

Therefore, a shim coil is installed on the roof of the polariser to reduce the
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magnitude of this transverse stray field at the cell.

The coils are connected in series to a dedicated power supply. The direction
of current within the coils can be changed using a custom-built switching
box’, although the use of this switching box is not part of standard operat-
ing procedure of the polariser. However, this is convenient if an experiment
require the reversal of the magnetic field compared to the laser propagation

direction, such as for polarisation build-up experiments.

A) Shim Coil
—

\

[ l
[ 1

Laser

L) L

Double Helmholtz Coils

Figure 2.7: The double Helmholtz coil pair used for creating the static
magnetic field within the SEOP cell, including a visual diagram (A), elec-
tronic diagram (B) and a representation of the stray field from the nearby
unshielded magnet.

2.3.5 Low field NMR

All polarisation measurements quoted in this work were determined in ref-
erence to a thermally polarised sample of the same nuclei using a 9.4 T
magnet (Bruker, Germany), described further in Section 2.3.9. However,

whilst this method is accurate for measuring the polarisation of the deliv-
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ered gas, this method requires the extraction of hyperpolarised gas from
the cell, which can be highly inefficient for polarisation optimisation exper-
iments. This will change the pumping conditions within the cell. Instead,
the polarisation within the cell can be monitored in-situ using NMR and

the By field of the coils.

A 350 turn, 1 cm in diameter coil was used, described previously in work
by Irwin et al.[59]. This coil is placed above the centre of the cell, secured
using the PEEK mountings. A custom ’tuning box’ was created to resonate
at the natural frequency of either xenon-129 in a field of approximately 30

G, or krypton-83 in a field of approximately 70 G:

wp = ——=—= =Dy (2.25)

where L is the inductance of the coil, C' is the capacitance of the capacitor
and v is the gyromagnetic ratio of the noble gas nuclei.. The resonance
of this circuit is manually selected using a switch to connect the desired
capacitor. The resonant frequency of the noble gas nuclei is then matched
to the resonance of the LC circuit using fine adjustments of By. The custom

switching tuning box is depicted in Figure 2.8.
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Figure 2.8: The switching-tuning box for on-cell NMR. Including pictures
of the system (A) exterior (i) and interior (ii) to the polariser housing, as
well as the coil attached to its mounting bracket (iii). A diagram of the
coil mounting method (B) is presented, as well as the circuit diagram (C)
of the system.

The resonant frequency of the xenon-129 circuit was 34.54 kHz, and that
for the krypton-83 circuit was 11.68 kHz. The required By field to detect

each nucleus and hydrogen is detailed in Table 2.1.

Required B, Field

Nuclei || Xenon-129 Circuit | Krypton-83 Circuit
'H 8.11 G 2.714 G

8BKr 210.08 G 71.04 G

129X e 29.12 G 9.85 G

Table 2.1: Required B0 to tune the resonant frequency of 'H, ®3Kr and
129Xe to each of the LC circuits.

Unfortunately, the stray field created by the external unshielded magnet
(Figure 2.7) resulted in large By inhomogeneity within the coil detection

region. This resulted in a rapid decay of the FID and large linewidth of the
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resulting spectral analysis. The use of the shim coil slightly reduced the
FWHM of the xenon-129 peak. However, sufficient RF noise was detected
from internal components of the system, primarily the heat guns and Peltier
devices in the Optigrate lasers. Therefore, the SNR of the xenon signal was
determined to be insufficient for reliable measurements. Furthermore, no
signal was ever found for the krypton-83 nuclei, likely due to these factors

and the reduced attainable polarisations of this nucleus[40].

2.3.6 Laser and Optics

The polariser has mountings capable of accepting three different narrowed
laser models: either the 60 W or 95 W Shark lasers from Optigrate (USA),

or the 180 W laser from QPC (USA). Details of these systems are presented

in Table 2.2.
Laser Systems
Manufacturer Model Power Linewidth
(FWHM)
OptiGrate LC-795-65W 65 W 0.15 nm
OptiGrate LC-795-95W 95 W 0.20 nm
QPC 6507-0003 180 W 0.25 nm

Table 2.2: Details of the laser systems employed in the polariser.

The Shark lasers produce an approximately 90% linearly polarised beam.
This is passed through a beam splitter to filter the non-linearly polarised
light, which is discarded to the adjacent beam dump. The circular polari-
sation is then created using a quarter wave plate, positioned downstream
in the optical path and oriented with its slow axis at 45 degrees to the

linear polarisation. Finally, collimating optical elements are used to shape
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the beam into a 25 mm diameter disk, the same size as the optical cells.
This disk of light is used to illuminate the cell, a short distance away. The
optical setup for the Shark lasers is displayed in Figure 2.9. Accurate align-
ment of each of these three components is required to achieve the greatest
laser power illuminating the cell. This process is simplified for the QPC
laser system, as all optical elements discussed above are integrated into the

laser unit.

The optical system is designed for easy laser alignment. The three discrete
components of the optical path, the laser, the optics and the SEOP cell are
all movable, although the degrees of freedom are not consistent. The laser is
positioned on rails and can move laterally relative to the optical path. The
optics are mounted on a moveable jack and two fine-adjustment plates, for
movement in all three axes relative to the optical path. Finally the SEOP
cell mountings are fitted to a moveable jack, for vertical adjustment relative

to the optical path.

The laser light transmitted through the cell is monitored using an opti-
cal spectrometer. This is used for monitoring the optical pumping system
and troubleshooting errors. The intensity of the transmitted light yield
information related to the rubidium vapour densities and electron polari-
sation. The remaining transmitted light, not used for spectral monitoring,
is dumped into the back plate of the polariser. The heat deposited in this

plate is radiated into the environment.
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Figure 2.9: The optical setup of the polariser for the Shark laser system
is illustrated, including a visual (A) and optical diagram (B) of the core
equipment.

In addition to the laser systems, and not displayed in Figure 2.9, are the

water-based thermal control systems for each laser.

2.3.7 Gas Manifold

Central to the polariser design are the pneumatic manifolds, for the con-
tainment and transport of gas within the system. The core manifold for
all operational modes of the polariser is depicted in Figure 2.10. Gas mix-
tures for SEOP are prepared externally to the polariser, or ordered directly
from commercial suppliers, and delivered to the system via regulated gas
cylinders. These regulated cylinders are connected to one of three gas in-
lets, in the gas inlet manifold (Figure 2.10A). This gas then passes through

one of four available gas purifiers, to remove potential contamination from
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O or H2O. Each purifier is designated for a specific gas mix, due to the
possibility of contamination via outgassing from the purifier when switch-
ing mixtures. A high (0.1 to 20 bar) pressure sensor is integrated into the
manifold via a three-way plug valve. This sensor can monitor either the
gas pressure from the delivery cylinders, or the gas pressure entering the
SEOP cell, which may differ due to gas flow restriction form the purifiers

or the metering valve.

Following delivery and purification in the inlet manifold, the gas mixtures
are delivered to the SEOP cell (Figure 2.10B) via a controlled pneumatic
valve. All controlled valves on the polariser are controlled via the interface
box depicted in Figure 2.12. These valves are positioned close to the SEOP
cell to reduce the volume of dead gas’ within the transfer lines. Pneumatic
valves are selected for this purpose to reduce exposure of the hyperpolarised
gas to the magnetic field gradients typical of solenoid valves. However, both
pneumatic valves in this system are controlled via high-pressure gas lines,
which themselves are regulated by three-way solenoid valves positioned re-
mote from the SEOP gas lines. This high-pressure manifold is not depicted

in this work.

A typical SEOP cell for use in either batch-mode or continuous-flow ex-
periments is depicted in 2.10. Gas is delivered into the SEOP cell via the
inlet stem, positioned at the optical back of the cell. Following SEOP,
the hyperpolarised gas is extracted via pressure differential from the out-
let stem at the optical front of the cell. This transport line is regulated
by the second controlled pneumatic valve. All controlled valves are set to

normally-closed, to isolate the SEOP cell in the event of a power loss.

The final manifold within the polariser is the Post SEOP Utility Manifold

(Figure 2.10C). This section is used for the set-up and cleaning routines of
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the polariser; therefore, the hyperpolarised gas will typically pass through
this system quickly. This manifold contains the final controlled valve, a
solenoid valve for the vacuum outlet. This is used for cleaning the transfer

line between hyperpolarised gas deliveries.

The final manifold depicted in Figure 2.10 is the Distribution Manifold
(Figure 2.10D). This manifold is used to mediate the delivery of hyperpo-
larised gas to experiments. However, it is not integrated into the polariser
itself and is instead positioned adjacent to the NMR/MRI spectrometer.
During core operational modes, this manifold is connected directly to the
polariser via a short length of transfer line. However, if hyperpolarised gas
purification or compression is required, systems for these purposes are posi-
tioned between the polariser and this manifold. Furthermore, this manifold
is always the final stage before hyperpolarised gas delivery to experiments.
Finally, the pressure sensor on this manifold is used to monitor the hyper-

polarised gas pressure during experiments.
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Figure 2.10: Pneumatic manifolds of the polariser, including the Gas Inlet

Manifold (A), the SEOP Cell (B), the Post SEOP Utility Manifold (C)
and the external Distribution Manifold (D).

The above description and Figure 2.10 concerns the gas manifolds for the
core operation of the cell. However, this polariser can be easily adapted,

either for additional functionality or for optimisation of specific operational
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modes. Two pneumatic modifications frequently employed in our labora-

tory are depicted in Figure 2.11.

First, the SEOP cell can be substituted for the SEOP pre-saturator vessel
(Figure 2.11A), which is optimised for continuous flow operation. The ben-
efit of this cell is that the temperature dictating rubidium loading of the
gas phase can be decoupled from the temperature of the SEOP chamber.
Additionally, the lower volume of this chamber increases the rubidium sur-
face to volume ratio, which improves vapour distributions. Furthermore,
with the laser shield in position, the likelihood of a rubidium run-away is
reduced, allowing for more precise control of the rubidium loading condi-
tions. The temperature of the pre-saturator chamber is mediated via a
heating cuff, controlled with the electrical diagram depicted in Figure 2.13.
The cuff is thermally coupled to the chamber via a folded graphite sheet.
This cell, with a rubidium pre-saturator, is less susceptible to polarisation
reductions due to rubidium contamination, compared to the typical cell
depicted in Figure 2.10B. The decoupling of the Rb saturation and SEOP
temperatures means that the prior can be raised to account for a lower
vapour pressure due to Rb contamination, without the forfeiture of the

attainable polarisation associated with SEOP at higher temperatures.

This pre-saturator fitted cell also employs a rubidium trap, upstream of
the pre-saturator chamber. Over long periods of gas flow, contaminated
rubidium appears to ‘creep’ towards the source of the contamination. If this
contamination stems from the gas mix, this means that eventually rubidium
will make its way upstream to the inlet manifold. For batch-mode cells,
the cell is normally considered poisoned and replaced before rubidium can
reach the inlet stem. However, for the constant gas flows characteristic of
continuous-flow mode, this effect can occur quickly, particularly when using

highly contaminated gas mixes. Therefore, the rubidium trap consists of a
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small glass vessel with the termination of the PFA inlet tube suspended at
its centre. This suspension creates an effective break in continuous surface
leading back to the inlet manifold and thus slows the rate of rubidium
‘creep’ upstream. Additionally, this trap serves as an additional purifier
to the inlet gas stream, as any remaining impurities may react with this
rubidium before reaching the pre-saturator chamber. Indeed, observation
of these cells after significant use shows silver rubidium within the pre-
saturator and brown deposits typical of rubidium contamination in the

rubidium trap.

Figure 2.11B depicts a typical setup for the cryogenic purification of hyper-
polarised xenon-129. The requirement for hyperpolarised gas purification is
discussed further in Chapter 3. Typically, this apparatus is employed with
the polariser operating under continuous-flow conditions and its operation
follows largely standard operational procedures[30, 34, 60]. The flow-rate-
controlled hyperpolarised gas is passed through a cold finger, which itself
is submerged in liquid nitrogen. In this system, the hyperpolarised xenon
condenses to form a solid, while the now-redundant buffer gases are ex-
hausted to the atmosphere. Xenon is accumulated in a high magnetic field
until the requisite quantity of hyperpolarised medium has been collected.
Then it is thawed using a vessel of room-temperature water. Typically, the
gas flow, pressure, mixture composition and accumulation time are opti-
mised to yield the greatest polarisation of xenon batch produced. Clinical
investigations of the human lung commonly require 0.6 to 1.0 L of hy-
perpolarised xenon-129 and employ 3% xenon mixtures[61]. However, the
preclinical experiments for which this polariser was built typically require
significantly reduced quantities of hyperpolarised gas (between 50 - 200
ml)[55]. Therefore, gas mixtures containing 1% xenon can be used without

significant extension to the accumulation times[62] or changes to pumping
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conditions[36] which could forfeit polarisation. This optimisation can sig-
nificantly increase the attainable polarisation during SEOP compared to
3% or 5% xenon mixtures. Finally, the concentrated hyperpolarised xenon
is delivered to the experiment via the distribution manifolds. A Tedlar
bag is sometimes introduced to the experimental setup to act as an 'over-
flow” volume. This prevents the experimental gas pressures from exceeding

ambient pressure.
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Figure 2.11: Typical substitutions or additions to the polariser pneumatics,
including the Rb pre-saturator fitted flow-SEOP cell (A) and the cryogenic
purification setup (B).

Two additional pneumatic substitutions are commonly made to the po-
lariser, which are not depicted in Figure 2.11. The first is the apparatus
for the purification of hyperpolarised species which utilise hydrogen as the
sole buffer gas. This has been omitted from this section as Chapter 3 is
devoted to its description. Secondly, a piston-based recompression system

can be employed to increase the pressure of hyperpolarised gas delivery
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to experiments. This system has been described previously in work by

Hughes-Riley et al.[40]

2.3.8 Electronics

The pneumatic valves on the inlet and outlet of the cell are each controlled
via high pressure (5 bar) lines, mediated by three-way solenoid valves. The
power to these solenoid valves is controlled by the polariser control box,
pictured in Figure 2.12. This control box permits either the manual or
computer-based operation of the valves, determined using a manual switch.

This control box can also control the vacuum line on the outlet manifold.
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Figure 2.12: Tllustration of the polariser control box, including a simplified
circuit diagram (A) with only one solenoid valve depicted and picture of
the physical interface (B).

The temperature of the heating cuff, depicted in Figure 2.11 is controlled
using the pre-saturator control box. This apparatus reads the temperature
of the thermocouple and mediates a 230 V AC current to the cuff, using

an auto-tuned PID controller. This device is pictured in Figure 2.13.

46



2.3. POLARISER DEVELOPMENT

2
Controller 3
£
[0
£
+230V ac +12V dc 0V GND
+230V ac TC
AaY
Heating
Cuff

B)[ L=
4 R PRESATURATOR CONTROL

\
RE11 LUMEL

Mains Power

I Heating Cuff |

P
v

Figure 2.13: Illustration of the polariser control box, including a circuit
diagram (A) and picture of the physical interface (B).

2.3.9 Polarisation Determination

All polarisation measurements were made using a 9.4 T Bruker Avance III
spectrometer (Bruker, Germany). Gas was transferred from the SEOP cell
into a glass vessel within the magnet, where is was subjected to a calibrated
90° RF pulse. The magnitude of the resultant signal is compared to a

thermal reference sample to calculate the sample polarisation|[1]:
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P[;SOOK,QAT U(?O 300K (2.26)

U8.4T T
In practice, differences in pressure, gas composition will change the mag-
nitude of the detected signal, therefore the above equation can be adapted

to account for these factors.

2.4 Results

The polariser was used to produce hyperpolarised xenon-129, krypton-83
and xenon-131. Due to the often changing dynamics in the SEOP cell,
it is difficult to quantify the optimal polarisation attainable for each of
these nuclei. Therefore the data presented is representative of a typical

experimental day.
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2.4.1 Xenon-129
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Figure 2.14: Polarisation vs SEOP pressure relationship of xenon-129 at a
range of temperatures. Data was collected using the 65 W laser, with a
1% Xe'?, 10% Ny, 89% He mix in a 600 ml cell. Experiments were started
at 2 bar with a pump time of 10 minutes. Gas batches were successively
extracted from the cell in 5 minute intervals. The reduction in cell pressure
and respective polarisation of the next batch yielded this plot.
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2.4.2 Krypton-83
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Figure 2.15: Polarisation vs SEOP pressure relationship of krypton-83 at
a range of temperatures. Data was collected using the 65 W laser, with
a 5% Kr (NA), 95% Ny mix in a 600 ml cell. Experiments were started
at 1.2 bar with a pump time of 8 minutes. Gas batches were successively
extracted from the cell in 3 minute intervals. The reduction in cell pressure
and respective polarisation of the next batch yielded this plot.
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2.4.3 Xenon-131
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Figure 2.16: Polarisation vs SEOP pressure relationship of xenon-131 at
a range of temperatures. Data was collected using the 65 W laser, with
a 5% Xe (NA), 95% N mix in a 300 ml cell. Experiments were started
at 1.2 bar with a pump time of 8 minutes. Gas batches were successively
extracted from the cell in 3 minute intervals. The reduction in cell pressure
and respective polarisation of the next batch yielded this plot.

2.5 Discussion

The polariser has been demonstrated to produce hyperpolarised xenon-
129, krypton-83 and xenon-131. However, significant work is required to
determine optimal polarisation conditions and characterise the attainable
polarisation of these nuclei using this system. This includes both batch

mode operation of each nucleus, as well as continuous flow operation of

xenon-129.
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The strength of this polariser stems from its versatility: its ability to po-
larise multiple different nuclei with only minor changes to the experimental
setup. However, this system is likely not able to match the magnitude of
polarisation attainable using systems dedicated to specific nuclei or opera-

tional modes[63-68].

The operation of this polariser may be more complicated than established
commercial systems as the operational parameters can vary significantly
between nuclei. Hence stems the impetus to design simple intuitive features
such as the gas delivery manifold (Figure 2.10) and thermo-control interface
(Figure 2.6). However, standard operation between batch and continuous
mode includes the swapping of the glass SEOP cell, which is typically
beyond the realms of established commercial systems and requires trained
personnel. Finally, the use of custom gas mixes, often produced in-house,
can introduce contamination to the cell. This compounds the need for gas
purification by the gas purifiers (Figure 2.10) and rubidium trap (Figure
2.11).

2.6 Conclusion

This work describes the components of a pre-clinical polariser, designed
to hyperpolarise the noble gas isotopes xenon-129, krypton-83 and xenon-
131. Key components include the dual heat-gun-fed oven, intuitive gas
manifolds and interchangeable laser mountings. The primary benefit of this
polariser as a pre-clinical research system is its versatility. This includes the
capability to hyperpolarise these noble gas nuclei with different buffer gases

including nitrogen, helium and hydrogen (discussed further in Chapter 3).
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Abstract

Spin-Exchange Optical Pumping (SEOP) requires buffer gases to enhance
optical pumping efficiency, but these dilute the final hyperpolarised gas
mixture, resulting in reduced signal intensity for MRI applications. While
conventional phase-change separation methods exist for xenon purification,
they are limited to batch processing and can result in significant polariza-

tion losses.

This work explores the use of molecular hydrogen as a buffer gas, which can
be eliminated through reaction with oxygen to produce water vapour that
is subsequently removed via condensation. The combustion system was
designed and constructed, featuring a 4 L glass-walled reaction vessel with
integrated safety systems, automated control software, and dual ignition
mechanisms (platinum catalyst and high-voltage electrodes) and pneumatic

recompression capabilities for gas delivery.

Two operational modes were developed and tested: batch mode for rapid
purification of single gas deliveries, and semi-continuous mode for process-
ing multiple smaller deliveries. Preliminary results demonstrate that the
hyperpolarised spin states of xenon-129 and krypton-83 survive the com-
bustion process at low magnetic fields with minimal polarization loss due
to the purification process. Batch mode experiments achieved noble gas

concentrations of 714£2% for xenon and 8142% for krypton.

This reactive purification approach offers advantages over traditional pu-
rification methods, including cryogen-free operation and applicability to
both xenon and krypton. The work establishes the foundation for a new
paradigm in hyperpolarised gas purification that could facilitate wider clin-

ical deployment of hyperpolarised noble gas MRI.
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3.1. INTRODUCTION

3.1 Introduction

3.1.1 Buffer Gases for SEOP

In order to obtain the highest noble gas polarisations, buffer gases are com-
monly introduced to SEOP gas mixtures. These gases serve two primary
purposes, to prevent depolarisation via radiation trapping and to increase

the efficiency of laser photon absorption by the alkali metal vapour[l, 2].

3.1.1.1 Radiation trapping

Radiation trapping stems from the reabsorption of the photons produced
due to the optical pumping process; due to the relaxation of the alkali metal
electron to the ground state sublevels[3]. These non-circularly polarised
photons can cause unwanted transitions within the alkali metal electron
energy levels, which themselves can spontaneously emit photons due to
relaxation. Therefore, if left unchecked, this phenomenon will lead to the
rapid depolarisation of the alkali metal due to the depletion of the Sy /o, m =
+1/2 state. A quenching agent is required within the gas mixture to quench
this process, by absorbing the free energy. Without the introduction of a
sufficient partial pressure of this gas, rubidium fluorescence can be observed

as a violet glow[4].

Typically, molecular nitrogen is introduced to the SEOP gas mixture as
a quenching agent to prevent significant depolarisation due to radiation
trapping. Its utility owes to its triple covalent bond, which not only grants a
high quenching cross section[1, 5|, but can also absorb lots of energy into its

vibrational energy levels[6]. Furthermore, this molecule has a low rubidium
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3.1. INTRODUCTION

spin destruction cross section (/{i\g) and will not react chemically with the

alkali metal vapour. The effectiveness of this mechanism is dependent on
the partial pressure of nitrogen, [/Vs]. This is described by the branching

ratio w., the probability that radiation trapping occurs[2, 5, 7]:

3

Wy = 3T 835 (3.1)

where [Ns] is in units of amagat. At least 5 kPa of nitrogen is generally
required within an SEOP gas mixture to effectively suppress the depolarisa-
tion associated with radiation trapping.[1, 2] Although this increases with
the rubidium vapour density. Therefore, greater quantities are required for

krypton SEOP due to the associated higher temperatures|6].

3.1.1.2 Pressure broadening the D1 Transition

Buffer gases are employed to increase optical pumping efficiency using diode
array lasers. Pure rubidium vapour requires radiation of 794.7 nm to stim-
ulate the D1 transition.[3] However, laser systems possess a broadband
spectral output. Therefore, without significant line narrowing, a portion of
the laser power will be wasted, reducing the efficiency of the optical pump-
ing process. The absorption profile linewidth can be collisionally broadened
via the introduction of a buffer gas.[8] This allows the alkali metal vapour
to absorb a greater range of wavelengths to better suit the spectral profile
of the laser. Molecular nitrogen can be used for this purpose; however,
the greatest efficiency can be attained using helium as it has the lowest
rubidium spin destruction cross section (ksd”®). This allows for the intro-
duction of the many hundreds of kPa required for line broadening, without

significant penalty to the attainable rubidium polarisation. To date, gas
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mixtures comprising Xe/Ny or Xe/Ny/He have found the most widespread

success.

3.1.2 Apparent Polarisation

The previous sections in this work have discussed at length the need for a
buffer gas within the SEOP gas mixture. However, the addition of these
buffer gases will inevitably reduce the concentration of hyperpolarised noble
gas within the resultant mix. Without further processing of the hyperpo-
larised gas mix, this will reduce the observable signal intensities within NM-
R/MRI applications, due to the reduced number density of the polarised
species. This phenomenon is described by the apparent polarisation, Py,
the effective polarisation observed during experimentation when accounting

for the dilution of the hyperpolarised nuclei[9]:

, NG

app = PNa X S M (3.2)

where Py¢ is the polarisation of the noble gas, [NG] is the concentration
of the noble gas, i represents each species in the gas phase (excluding the
alkali metal vapour), and [M;] represents the concentration of each of these
constituent parts. For example, if a fictitious noble gas ensemble is po-
larised to 100%, but this is achieved with a 1% noble gas concentration,
then the resulting apparent polarisation would be 1%. Considering a more
scientifically relevant scenario: it is possible to polarise 5% xenon mixtures
to polarisations of 60%[9], however this will result in an apparent polarisa-

tion of only 3%.

Given this effect of reducing the hyperpolarised noble gas concentration,
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3.2. HYPERPOLARISED GAS PURIFICATION

one may assume that SEOP should be conducted with maximal concen-
trations of this target nuclei. After all, greater partial pressures of this gas
will contribute to the pressure broadening of the D1 transition, and only
a small concentration of nitrogen is required to quench the radiation trap-
ping. However, increasing the concentration of the target nuclei will reduce
the attainable polarisation of the ensemble (see Chapter 2). Therefore, one
must balance these effects in order to attain the optimal observable signals
for MR experiments. This is demonstrated in work by Hughes-Riley et
al.[10], Figure 3.1.
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Figure 3.1: Demonstration of the effect of SEOP cell pressure on the ap-

parent polarisation of xenon-129 (A) and krypton-83 (B) for a range of
noble gas concentrations|10].

3.2 Hyperpolarised Gas Purification

To attain the greatest signal in NMR experiments, it is beneficial to pu-
rify the hyperpolarised gas species, thereby eliminating the penalty from
gas dilution (at full concentration). However, to be useful, the noble gas

hyperpolarised spin state must survive the purification process.
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3.2. HYPERPOLARISED GAS PURIFICATION

3.2.0.1 Phase Change Separation

Following SEOP, hyperpolarised xenon-129 is typically purified via a phase
separation method. For Xe/Nj or Xe/Ns/He gas mixes, this process utilises
the xenon’s significantly higher boiling point compared to that of the other
components. The post-SEOP gases are passed through a cryogen trap,
generally a high-surface-to-volume glass apparatus submerged in a cryo-
gen bath. The hyperpolarised gas mixture is continuously flowed through
this apparatus, accumulating condensed xenon. Upon collection of a suf-
ficient quantity of xenon, the hyperpolarised medium is thawed to return
it to a pure gaseous state. This separation method has been employed to
produce concentrated hyperpolarised xenon with apparent polarisations of
50%.[8] However, as it involves the storage of solid xenon, this process is
inherently batch mode. It is also difficult to automate and thus less suited
to widespread clinical applications[6]. Although the longitudinal relaxation
time of solid xenon-129 within a magnetic field is reasonably long[11] polar-
isation is lost during the accumulation phase. Within simple setups, often
up to 1/3 of the polarisation is forfeited.[6, 11, 12] Furthermore, this sep-
aration method is not feasible for krypton SEOP, due to fast quadrupolar

relaxations in the condensed state.[13, 14]

Conventional post-SEOP cryogen traps employ a freeze-thaw method for
gas separation where concentrated hyperpolarised xenon is accumulated
via condensation. Imai et al.[15] have presented an alternative approach
to this process, where instead the buffer gas is condensed, leaving just
the hyperpolarised xenon in the gas stream. This method circumvents
many of the disadvantages associated with conventional cryogen traps and
is capable of continuously supplying concentrated hyperpolarised xenon

gas. Isobutene was employed as the buffer gas for this method, proving
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3.3. HYDROGEN AS A BUFFER GAS

effective as a quenching agent due to its double bond. This compound has
a high boiling point of 266.2 K, over 100 K greater than that of xenon.
Therefore, by passing the post-SEOP gas mixture through a tubular spiral
cryogen trap, liquid isobutene is accumulated, leaving a purified gas flow of
hyperpolarised xenon. The greatest apparent polarisation obtained using

this method was 11.9%.

3.3 Hydrogen as a Buffer Gas

Previously, molecular hydrogen has been largely overlooked as a quenching
agent for SEOP. Small molecules without a double or triple bond generally
possess very low IR quenching cross sections, making them unsuitable as
a buffer gas. This is evident for methane; as SEOP using this molecule
as a quenching agent yields very low spin polarisations[16, 17|. Hydro-
gen molecules appear to be a rare exception to this rule, although they
still possess a quenching cross section an order of magnitude lower than
that of nitrogen[5]. Hydrogen’s ability to quench the destructive rubidium
fluorescence has been previously investigated by Rogers et al.[17] The D2
fluorescence was used to give quantitative insight into the radiation quench-
ing efficiency of nitrogen, hydrogen and methane at a range of pressures.
As evident in Figure 3.2A, above partial pressures of 40-60 kPa, hydro-
gen acts as a remarkably efficient quenching agent. Little fluorescence was
detected within this regime, even within the high rubidium density envi-
ronments associated with krypton SEOP, with efficiency comparable to the
well-established quenching agent, nitrogen. However, below 40 kPa consid-
erable radiation was detected, signifying that the hydrogen failed to prevent
significant radiation trapping. This is in agreement with previous measure-

ments of the quenching cross section. For effective suppression of radiation
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3.3. HYDROGEN AS A BUFFER GAS

trapping comparable to nitrogen, approximately ten times the quantity of
hydrogen is required. Rogers et al.[17] conducted SEOP experiments using
highly concentrated hydrogen as the sole buffer gas, attaining polarisations
similar to those expected using pure nitrogen, albeit not at lower pres-
sures. Polarisation curves comparing the effectiveness of each buffer gas
are presented in Figure 3.2B. The highest spin polarisations attained us-
ing hydrogen as the sole buffer gas were 63% and 29% for xenon-129 and
krypton-83 respectively, which was comparable to that of nitrogen under
similar conditions. Therefore, the utilisation of hydrogen as a buffer gas

during SEOP has the potential to attain spin polarisations comparable to

nitrogen.
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Figure 3.2: Previous work by Rodgers et al.[17] demonstrating the feasibil-
ity of molecular hydrogen as a buffer gas for SEOP compared to nitrogen
and methane. The D, florescence (A) was measured for each buffer gas in
a 95% concentration. The polarisation attained (B) from SEOP using 5%
noble gas, 95% buffer gas mixtures.

Whilst molecular nitrogen is inert to the rubidium vapour used for SEOP,
hydrogen will react. Optical pumping of rubidium in the presence of hydro-
gen can lead to on-resonance formation of rubidium hydrides (RbH)[18].
Indeed, this phenomenon was observed as white depositions on the cell
walls during SEOP, although to a lesser extent on the laser entry win-
dow|[17]. However, after approximately 30 hours of SEOP, no significant

reduction in the attained polarisation was observed, suggesting that depo-
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3.3. HYDROGEN AS A BUFFER GAS

sitions of this kind have little effect on the efficiency of the optical pumping
process. Work by Rohrbaugh et al.[19] demonstrated that T1 reductions
of xenon-129 under these conditions (field strength, cell profile and tem-
perature) would have a negligible effect on the SEOP process. Previously,
relaxation times of the quadrupolar isotope xenon-131 have been shown to
increase with RbH surface build-up[20]. Therefore, depositions of this kind
may reduce krypton depolarisation due to surface quadrupolar interactions,

yielding higher polarisations[17].

3.3.0.1 Reactive Separation

The use of molecular hydrogen as a buffer gas has one great advantage
compared to nitrogen: it can be eliminated via an oxidative reaction process
following SEOP. Hydrogen reacts exothermically with oxygen to produce

water vapour and yields approximately 286 kJ per mole of hydrogen:

Hydrogen reacts readily with oxygen at concentrations of between 4% and
94% at 1 atmosphere pressure[21], forming a colourless flame. At lower
pressures, the flammability range is narrowed: raising the Lower Flamma-
bility Limit (LFL) and lowering the Upper Flammability Limit (UFL).
Below approximately 0.076 atmospheres, no hydrogen-oxygen mixture will
combust[22]. The addition of a third species also reduces flammability, as
depicted in the flammability diagram for hydrogen-oxygen-nitrogen mix-
tures[21] in Figure 3.3. The auto-ignition temperature of hydrogen-oxygen
mixtures is approximately 839 K[22] and this temperature is largely inde-

pendent of pressure[23]. However, combustion can be initiated at much
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3.3. HYDROGEN AS A BUFFER GAS

lower temperatures via an external ignition source such as a spark or a
flame. The resulting exothermic reaction is self sustaining as long as suffi-
cient hydrogen and oxidiser are present. The reaction of hydrogen-oxygen
mixtures is comparatively easy to initiate through external ignition, re-
quiring a very low energy input of approximately 19 uJ[24]. This reaction
can also be catalysed using a metal catalyst, particularly platinum, pal-
ladium and rhodium[25]. The heat generated by this adsorptive reaction
process can ignite hydrogen and oxygen mixtures when the auto-ignition

temperature is reached.
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Figure 3.3: Tertiary flammability diagram of hydrogen-oxygen-nitrogen
mixtures. Shaded orange regions represent the flammability range, be-
tween the LFL and UFL. The black line represents the oxygen-nitrogen
mix of air. Adapted from work by Ring et al.[21]

Following the work by Rogers et al[17], demonstrating the feasibility of

using molecular hydrogen as a quenching agent for SEOP, a novel and
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3.3. HYDROGEN AS A BUFFER GAS

potentially revolutionary mechanism for the purification of hyperpolarised
gases has been introduced. Using hydrogen as the sole component of a
buffer gas mixture, permits the reactive purification of the hyperpolarised
species. The buffer gas reacts with molecular oxygen to produce water
vapour, which can be subsequently removed via condensation at ambient
temperatures. Thus the hyperpolarised species is purified by this two-stage
process involving reaction followed by phase separation. However, funda-
mental to this process is the conservation of the noble gas hyperpolarised
state during the oxidation process. Significant destruction of spin polarisa-
tion during the harsh conditions associated with combustion would render

this purification method redundant.

Previous work has demonstrated the combustion resistance of the xenon-
129 hyperpolarised state[26]. Although insufficient as a sole quenching
agent,[5, 16] methane was introduced to a standard SEOP gas mixture (5%
Xe, 85% Ny, 10% CHy4). Employed for continuous flow optical pumping,
the hyperpolarised gas mixture was used to fuel a small flame within an
upright 9.4T small bore scanner. Significant signal was attained from the
post combustion gases, validating the survival of the hyperpolarised spin
state within these conditions[26]. The majority of signal loss was attributed
to the presence of excess oxygen, destructive to the polarisation due to
oxygen’s paramagnetic characteristics. Therefore, it was determined that
the low spin temperature of the hyperpolarised state is resistant to the high

thermal temperatures of the combustion process.

Preliminary investigations of the hyperpolarised spin state lifetime in the
presence of the oxidation of hydrogen have been conducted by Rogers et
al.[17] Batch mode SEOP was performed using molecular hydrogen as the
sole buffer gas and the post SEOP gases were combined with a known vol-

ume of oxygen in a small glass walled combustion vessel. A catalyst powder
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3.3. HYDROGEN AS A BUFFER GAS

(5% Pt, AlyO3) coating the walls of the vessel was employed to stimulate
the oxidation process. Approximately 100 ms after the introduction of the
gas to this environment, localised reaction sites were observed on the vessel
walls, followed by the primary combustion event 20 ms later. Within 200
ms, the oxidation process appeared largely complete, corresponding to a

significant pressure reduction within the vessel. Figure 3.5 depicts a typical

combustion process within this vessel.

100 ms 110 ms 120 ms 130 ms 140 ms 180 ms

L

Figure 3.4: Sequential images from the preliminary investigations of the
hydrogen combustion resistance of xenon-129 and krypton-83. The glass-
walled reaction vessel, coated with the powder Pt-based catalyst, is de-
picted at sequential stages of the combustion process, including initial lo-
calised reaction sites at 100 ms, followed by the rapid ignition of the full
vessel at 120 ms after gas delivery. Adapted from work by Rogers et al.[17]

During the combustion process, the vessel was suspended within the bore
of a 9.4 T superconducting magnet (Bruker, USA). Using a series of low flip
angle pulses, the NMR spectrometer was used to continuously probe the no-
ble gas nuclear spin polarisation during the reaction process. The evolution
of the observed signal from xenon-129 and krypton-83 during combustion
is presented in Figure 3.5, coupled with the corresponding pressure varia-
tion within the reaction vessel. This demonstrates that these combustion

events, in the presence of a high magnetic field, had little effect on the
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hyperpolarised state of the xenon-129 and krypton-83 nuclei. While the
total gas pressure within the vessel dropped significantly, there was neg-
ligible impact on the observed signal from the hyperpolarised species, be-
yond contributions from known depolarisation pathways. For example, the
post combustion xenon mixture experienced a greater rate of depolarisation
compared to the control experiment due to the presence of excess param-
agnetic oxygen after the combustion[17]. Indeed, the effect was amplified
for the experiment utilising a greater partial pressure of oxygen. Surpris-
ingly, the krypton experienced a reduced depolarisation rate following the
combustion event; a consequence of the competitive co-absorption of wa-
ter molecules on the glass-walled combustion vessel[17]. Previous work has
demonstrated that this effect can reduce krypton quadrupolar surface inter-
actions[27]. Additionally, due to its lower gyromagnetic ratio and smaller
electron cloud compared to xenon, krypton polarisation is largely insen-
sitive to excess paramagnetic oxygen[10]. These factors contribute to the
extended lifetime of the krypton hyperpolarised state due to the hydrogen

oxidation process.
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Figure 3.5: Adapted results from work by Rodgers et al.[17], demonstrating
the combustion resistance of xenon-129 (A) and krypton-83 (B) hyperpo-
larised spin state. A typical pressure profile (i) for each combustion event is
plotted alongside the flip-angle-corrected NMR signal (ii) from the hyper-
polarised species. Three experiments are presented utilising a small (red
circles) or a large (green circles) excess of oxygen, or a control experi-
ment with no oxygen (black open circles). The increase in xenon signal
associated with the combustion event was due to the addition of extra hy-
perpolarised gas from the inlet lines. This phenomenon was not observed
for krypton due to the fast quadrupolar relaxation within the transport
tubes|28].

3.4 Aims

Rodgers et al.[17] previously demonstrated the combustion resistance of
the xenon-129 and krypton-83 hyperpolarised states. However, these ex-
periments were completed with a small quantity of gas, within a high field
environment (9.4 T), for a near-instantaneous reaction. However, these
conditions may not be feasible for the widespread deployment of this tech-
nique. Therefore, the combustion resistance of the xenon-129 and krypton-
83 hyperpolarised state, should be tested at low-field (<100G), larger gas

quantities and for prolonged reactions. Furthermore, an extraction mech-
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anism is required for the purified gases to be useful for studies.

Therefore, the aim of this work is to develop a prototype device capable
of purifying large quantities of hyperpolarised noble gases at low field, as
well as recompressing the resulting mix for delivery to experiments. These
processes must take as little time as safely possible in order to reduce the
signal lost due to depolarisation. For xenon gas mixtures, mixing with
oxygen must be reduced as much as possible due to the fast relaxation

associated with contact with paramagnetic molecules[10].

3.5 The Combustion system

3.5.1 Hardware

The combustion system is centred around a vertically-orientated, glass-
walled cylinder, approximately 5.65 L in volume. This vessel is 50 cm in
length with an inner diameter of 12 cm and a wall thickness of 5.2 mm, and
is expected to sustain up to 5 bar of internal pressure, although this hasn’t
been tested. Each end of the combustion vessel is covered with acrylic end
caps, sealed with O-rings and held in place by calibrated springs. Figure
3.6 presents a diagram of the combustion system, coupled with an image

of the device.

The combustion system houses a piston which is used to pneumatically
recompress the post-oxidation gases. This piston splits the glass vessel
into two regions: the reaction vessel above the piston and the compression
volume below. The SEOP gas mixture is stored within the combustion
chamber during the oxidation and recompression process. Following the

completion of the combustion process, the compression chamber is pres-
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surised relative to the reaction vessel, extending the piston and compress-
ing the gases above. The piston is later retracted via the use of a vacuum
pump. At 15 cm in length, this piston reduces the usable volume of the

reaction vessel to approximately 4 L when fully retracted.
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Figure 3.6

3.5.1.1 Ignition Sources

The system incorporates two methods for initiating a hydrogen-oxygen re-
action: a Pt-coated catalyst and a pair of high-voltage electrodes. These
features are depicted in Figure 3.7. Each of the ignition mechanisms is
housed in an aluminium heat sink, located at the top of the reaction ves-
sel. This heat sink is in direct contact with the catalyst, which can heat
significantly during the reaction process. Therefore, this housing must be
able to endure the high temperatures associated with the reaction process,

shielding the rest of the components.
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The custom-made (Johnson Matthey™, UK) catalyst comprises an alu-
minium oxide (Al;O3) foam structure, washed with a 1% wt. covering
of platinum. The catalyst can facilitate hydrogen-oxygen reactions on its
surface at room temperature. These reactions will heat up the structure
and thus the surrounding gas, until the self-ignition point of the hydrogen-
oxygen mixture is reached. The catalyst is cylindrical in shape, with a
length of 4 cm and a diameter of 2 cm. It is mounted within an oxygen
inlet to the reaction vessel, and a hole of radius 1 mm has been bored
through the centre of its long axis to allow for easier gas flow through the
catalyst. It protrudes about 1 ¢cm into the combustion chamber (the piston
has an indent to account for this when fully extended). This ensures that
the gas mixture within the chamber can reach the catalyst, even whilst the

inlet oxygen is passing through the system.

The electrodes allow for a greater level of control of the ignition process
compared to the catalyst. Whereas the catalyst initiates reaction analogous
to a glow-plug, the electrodes are analogous to a spark plug. The electrodes
are positioned with their tips approximately 2 mm apart. A high voltage
is applied across this apparatus, which can create a plasma between the
electrodes. This plasma can ignite the hydrogen-oxygen gas mix. The
electronic circuit diagram for the electrodes is incorporated into Figure
3.9. A single AA battery, combined with a step-up transformer, is used to

create an inter-electrode voltage of approximately 15,000 V.
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Figure 3.7: The ignition sources of the combustion system, viewed from a
below (A) and side (B) profile. Additionally, the plasma created by the
activation of the electrodes in air (C) is presented.

3.5.1.2 System Housing

The core system is placed within an aluminium housing. This housing
serves multiple purposes, primarily for protection of the operators as de-
tailed in Section 3.5.4. Additionally, this housing is used to mount the
pneumatic and electrical control systems, and equipped with wheels to
permit the easy transportation of the system. The housing is depicted in

Figure 3.8. The sides of the system are removable for system maintenance.

83



3.5. THE COMBUSTION SYSTEM

Figure 3.8: The housing of the combustion system, pictured from: the
front (A) which holds the manual control pneumatics, the back both with
(B) and without (C) the curtain, permitting access to the system, and the
reverse of the front panel (D) with the side panel removed, housing the
controlled pneumatic and electronic systems.

3.5.1.3 Electronics

The electronics diagram for the system is depicted in Figure 3.9. The sys-
tem interfaces with a control computer via a Data Acquisition Board (DAQ)
(National Instruments, USA). This board controls the solenoid valves using

relays and receives analogue voltage signals from the pressure transducers.
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Figure 3.9: The simplified electronic diagram of the combustion system.
The circuit for a single solenoid valve is depicted in the orange box. The
circuit for the high voltage electrodes is depicted in the magenta box.
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3.5.1.4 Magnetic Field

A static magnetic field is created within the chamber using a four circular
coils. These four coils are connected in series, are each approximately 30
cm in diameter and have 112 turns. Magnetic field gradients can cause
depolarisation of the noble gas nuclei (Equation 2.21). Therefore, the po-
sition of these coils was optimised to yield the lowest field gradients within
the reaction vessel. This optimisation was achieved by calculating the re-
sultant magnetic field from the four coils in 3D. Modelling each coil as 15

discreet segments the field is calculated using the Biot-Savart law:

o el dlx 7
dB = ==
4 r?

(3.4)

where 1 is the permeability of free space, I is the current in the coils, r is
the distance from the coil element, dl is the vector of the coil element and
7 is the vector from this element to the point in space where the field is to
be calculated. Both the average and maximum field gradients within the
reaction vessel region were calculated for respective spacings of the internal
and external coils. The resulting 2D optimisation plots are presented in

Figure 3.10.
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Figure 3.10: Plots to determine the optimal internal and external spacing
of the double-coil pair for the lowest mean (A) and maximum (B) relative
field gradient within the reaction vessel.

Based on the spacing optimisation simulations, the coils were positioned
with an internal spacing of 15.5 cm and an outer spacing of 14 cm. This is
depicted in Figure 3.11, with the resultant average field within the reaction

vessel calculated for varying currents.
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Figure 3.11: Diagram of the optimum coil spacing about the reaction vessel
(A) and plot of the resultant mean field within this vessel (B) for different
currents.

Using the same field calculations as used in Figure 3.10, the field char-
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acteristic for the coil spacing used in the system is presented in Figure

3.12.
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Figure 3.12: Simulations of the static field created by the double coil pair,
showing field lines (A), field magnitude (B) and relative field gradient (C).
All simulation presented use a current of 3.61 A.

3.5.1.5 Pneumatics

PFA tubing with Swagelok connections is used to transport the gases. Brass
connections are used in any areas in contact with hyperpolarised gases, to
reduce the depolarisation during gas transfer. Gas flow is controlled by a
number of pneumatic valves, each connected to a central control computer.
Figure 3.13 describes the complete pipework for the combustion system.
The pressures in the reaction vessel and compression volume are monitored

independently.

There are four gas inlet lines into the system, three into the reaction vessel
and one into the compression volume. Two of the inlets above the piston
(including through the centrally housed catalyst) are used to deliver oxy-
gen. These holes are 1 mm (through the catalyst) and 2 mm in radius,

designed to vary the rate of oxygen delivery. The oxygen flow through the
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catalyst is controlled using a metering valve, calibrated to 0.86 mbar/s into
the reaction vessel with the piston fully retracted (approx 3.44 ml/s). The
final inlet into the reaction vessel is 1 mm in diameter and is of dual use:
first as an inlet for the post-SEOP mixture, then later as an outlet for the
dilute hyperpolarised noble gas. The gas line into the compression volume
is 2 mm in diameter, and is capable of drawing a vacuum in this volume

or pressurising it with atmospheric or compressed air.

Several manual valves are present in the system. These are present in areas
where automation is not required such as the set-up of the device. Addi-
tionally, these valves are placed as redundancy, should the control software
fail. This is the case for the control of the piston and the vacuuming of the

reaction vessel.

89



3.5. THE COMBUSTION SYSTEM

From SEOP
>
Flow Restrictor
To Experiment % :I—

Reaction
Atmosphere @{ V l.
esse

@)
o
. % 3
Piston g
© i —4
ompression
c Volume X >
- 3
boo G %\ 8
T Filter 3
4
Vacuum
<

Compression Manifold Plug Valve

Distribution Manifold Metering Valve

Oxygen Manifold Controlled Valve
Utility Manifold @ Pressure Sensor (High)

Vacuum Manifold @ Pressure Sensor (Low)

Figure 3.13: Pneumatic diagram of the combustion system. Controlled
valve labels refer to descriptions in Table 3.1. All Pneumatic valves are
controlled via high pressure gas line, mediated by three-way solenoid valves
(not depicted).

The controlled valves in the stem are a combination of pneumatic and
solenoid valves, dependent on whether they will come into contact with

hyperpolarised gas. These valves are detailed in Table 3.1.
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Controlled Valves of the Combustion System.
# | Name Type Normal State
A | Delivery Outlet Pneumatic Closed
B | SEOP Inlet Pneumatic Closed
C | Fast Oxygen Inlet Pneumatic Closed
D | Hydrogen Inlet Pneumatic Closed
E | Slow Oxygen Inlet Pneumatic Closed
F | Top Vacuum Pneumatic Closed
G | Utility Line Pneumatic Open
H | Bottom Atmosphere Solenoid Closed
I Bottom Compressor Solenoid Closed
J Bottom Vacuum Pneumatic Open

Table 3.1: Details of the controlled valves within the pneumatic manifold
of the combustion system.

3.5.1.6 Gas delivery

Post SEOP Gases

The combustion system receives post SEOP gases directly from the po-
lariser and serves as an intermediary between the outlet manifold and the
polariser distribution manifold in Figure 2.10. For experiments that mon-
itor the polarisation loss due to the combustion process, and where direct
SEOP polarisation validation is required, researchers fitted an additional

gas line to bypass the combustion system.

Hydrogen

The delivery of pure hydrogen occurs via two methods. For initial volumes

prior to the combustion process, delivery is achieved using a small transfer
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cylinder, pressurised to 5 to 6 bar. Multiple deliveries from this apparatus
are performed as required, with each yielding approximately 50-60 mbar of
gas pressure in the reaction vessel under standard conditions. For subse-
quent deliveries of hydrogen, generally to feed the combustion process, an
additional hydrogen supply system is attached directly to the distribution
manifold, as seen in Figure 3.13. This feeds the reaction vessel via an in-
termediary metering valve, calibrated to deliver hydrogen at twice the flow

rate of oxygen delivered by the oxygen metering valve.

Figure 3.14: Image of the hydrogen transfer cylinder, including plug valve
and female quick connect.

Oxygen

Oxygen is delivered to the reaction vessel via the oxygen manifold, de-
picted in Figure 3.13. Through this manifold, oxygen can flow into the
chamber following three distinct paths. The first two paths constitute the
fast oxygen delivery lines. These paths both enter the reaction vessel via
the same inlet and are controlled automatically via the same pneumatic
valve. However, prior to this valve, two parallel paths permit the selec-
tion of two flow rates, either with no specific restriction of the gas flow,
or with a flow restrictor (a length of 1/8” OD tube). Manual operation
of two plug valves determines the selection of these paths before the au-
tomated sequence commences. The final path provides a metered flow of
oxygen, using the oxygen metering valve. This route enters the reaction

vessel through the catalyst and is controlled via its own pneumatic valve.
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Rather than connecting an oxygen cylinder directly to the system, oxy-
gen was delivered via an intermediary vessel. This was attached to the
oxygen manifold via a quick-connect. Originally, a simple party balloon
was employed for this purpose, attached to the quick connect using elastic
bands. However, this apparatus broke frequently and introduced contam-
ination via the powder coating on the interior surfaces of the balloons.
The balloon was therefore replaced with a Tedlar bag (similar to those
used for hyperpolarised xenon-129 delivery to humans[29]), connected via
a JACO connector to the quick connect. This apparatus yielded a signif-
icantly improved operational lifetime, as well as eliminating new powder
contamination of the pneumatic manifold. However, this device provided
a non-linear delivery profile for the oxygen during near-total delivery from
the vessel. This occurred because, when nearly depleted, the walls of the
Tedlar bag would partially seal the gas outlet and restrict the flow of oxy-
gen. Therefore, in the final iteration of this design, foam was introduced

into the Tedlar bag to prevent it from self-sealing at the end of the delivery.

Originally, the oxygen transfer vessel was filled using a pneumatic piston-
based apparatus, depicted in Figure 3.15. Whilst simple to operate, it was

difficult to repeatably fill the transfer vessel to the same volume of gas.

PP

%Atmosphere Vacuum | Oxygen
SR R
Piston
¥ Quick-Connect
Compressor

Figure 3.15: Design of the piston-based Oxygen Filling station.

As evident in section 3.5.6, accurate delivery of oxygen was of paramount

importance for generating the greatest purity of hyperpolarised gas. There-
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fore, an automated oxygen filling apparatus was developed. This utilised
a slow oxygen flow rate through a calibrated metering valve, to produce a
user-selected quantity of gas by flowing for a predetermined duration. The

apparatus was controlled via an Arduino and is depicted in Figure 3.16.

C) User Interface
Vacuum m LCD Display
—>

Control Dials

Oxygen
]

AVT+

ccccc FINE FILL | VACUUM

X X0

Valve Control

Figure 3.16: Apparatus for filling the oxygen delivery vessel, including the
pneumatic diagram (A), an image of the interface (B) and the electronics
diagram (C). Arduino serial connection to the LCD display is omitted for
simplicity.

While the oxygen filling device represented a significant improvement over
the previous apparatus, partly because it was fully automated, it was not
without its faults. Primarily, changes in experimental conditions such as
room temperature and pressure would slightly change the oxygen flow rate,
reducing the accuracy of the device. The flow rate variations were generally
repeatable within a few hours, however the next iteration may benefit from
a calibrated mass-flow metre to control the oxygen delivery, rather than a
simple timing device. Finally, the device is calibrated to produce a specific
volume of gas to generate a user-determined pressure within the reaction

vessel. Described by the ideal gas law, this is also dependent on the internal
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temperature of the reaction vessel. The delivery timing calculations are
based on an assumed vessel temperature of 20°C, however future iterations
of this device should account for temperature variations in the reaction

vessel.

3.5.2 Polariser Control

The combustion system is also capable of controlling the polariser described
in Chapter 2. This is achieved using the same methods as the solenoid
valves, where then DAQ sends a 5 V signal to the relays in the polariser
control box (Figure 2.12). This functionally is useful for the automated
purification of hyperpolarised gas, especially when multiple deliveries are

required from the polariser such as during the semi-continuous flow mode.

3.5.3 Control Software

The combustion system is typically controlled using an external computer
(Computational Hardware detailed in Appendix B). The control software
(coded in MATLAB 2024a) allows the user to control the gas flow in and out
of the combustion system, whilst displaying the real-time pressure changes

within the chamber. The GUI used for this is depicted in Figure 3.17.

The state of each pneumatic valve is controlled by passing a digital signal
through the DAQ board output to the respective solenoid valves. This
control system has a maximum update frequency of 5000 Hz, although the
response time of the pneumatic valves will be significantly slower due to the
non-instantaneous gas flow used to operate the valves. The valves can be
controlled either manually in the software, or by the pre-encoded automated

delivery sequences. A similar method is used to apply the potential across
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the electrodes, although this is terminated after 0.05 s.

Within the control software, a data acquisition object seeks pressure in-
formation (in the combustion vessel and recompression volume) from the
DAQ at a rate of 0.1 Hz. Each data dump collects 100 pressure data points
and associated time points. These are averaged to ten groups, before plot-
ting on the pressure plot in the GUI. Therefore, the temporal resolution
of the plotted pressure data is 0.01 s. The display window is 10 s wide,
plotting the previous 8 s of pressure data. This object is also used to run

the automated sequences, described in Section 3.5.3.2.

An additional data acquisition object seeks temperature information from

a thermocouple placed on the glass exterior of the reaction vessel.
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Figure 3.17: Control GUI for the Combustion System, including alternative
panels highlighted in the orange and blue boxes.

Pressure and temperature data is stored in a FIFO buffer, then in a binary
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file to prevent memory overflow for experiments of significant duration. this
data can be later saved if desired for future analysis. The position state of

each valve for each time-point is also saved in this way.

3.5.3.1 Display Pressure Curves

The saved pressure and temperature data can be visualised using the dis-
play interface depicted in Figure 3.18. This interface can overlay up to
six datasets, each time-shifted independently depending on the associated

valve positions.
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Figure 3.18: Display interface for visualising the pressure and temperature
variation during experiences, with associated valve states.

3.5.3.2 Automation

Due to the fast reaction rates typically associated with hydrogen-oxygen

ignition, it is necessary to automate the purification process. This automa-
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tion is achieved within the control software, using nested switch statements.
Both the sequence and an stage within said sequence are assigned to vari-
ables. During each iteration of the data acquisition object, the software
look up code to execute based on these parameters. Therefore, the refresh

rate of the automated sequences is 10 Hz.

An example nested switch statement is depicted below, for two typical
steps of automation. To initiate the automated sequence, the ’Sequence’
variable is set to the desired sequence and the 'Step’ variable set to one. In
the example code, the software will check the pressure within the reaction
vessel ten times a second, until it surpasses 100 mbar. A this point, a
timer is started for step two, and the "Step’ variable updated as such. The
code will then continuously check how much time as passed, until this
parameter reaches 10 s. This is the end of this automation sequence, so
the Step variable is set to 0, which in turn will set the set the Sequence

variable to None.

Sequence = 'Example Sequence 1';
Step = 1;
h ——mmmmmmm - Repeating Code -----------

switch Sequence
case 'None'
%» Do Nothing
case 'Example Sequence 1'
switch Step
case 0
%» Abort Sequece
Sequence = 'None';

case 1
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if Pressure > 100 Y Monitor
Pressure
tic % Start Timer
Step = 2; ) Proceeed to step 2
end
case 2
if toc > 10 7 Monitor time
% -- Sequence Completed --
Step = 0; 7% End Automation
end

end

This method of iteratively updating the auto sequence is necessary to per-
mit the continued update of the pressure plot in Figure 3.17. However, it
means the sequence can only update at a rate of 10 Hz, thus fast ignition
evens could be missed. For this reason, the automation programming is

capable of looking back at the last 8 s of pressure data in the FIFO buffer.

3.5.4 Safety

Operation of the combustion system comes with its own risks, both to
the operators and the equipment itself. Primarily, these stem from the
use of the highly flammable hydrogen gas and the risk of vessel rupture
due to over-pressure. Therefore, the system was designed to incorporate
a number of safety features, both active and passive. These measures aim
both to reduce the likelihood of an accident, or mitigate the effects if one
occurs. Aside from a significant hydrogen leak, the greatest risk to the

operators and equipment associated with the combustion system would
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likely be due to the rupture of the central reaction vessel. Rupture of the
vessel may launch projectiles towards the operators and the equipment,
particularly the glass of the vessel walls. This is most likely to occur due to
the rapid pressure increase associated with the oxidation of a large quantity
of hydrogen gas. A quick back-of-the-envelope calculation indicates that
a stoichiometric mixture of hydrogen and oxygen will increase in pressure
10-fold during complete combustion, reaching a temperature of nearly 3000
K. Measures taken to reduce the risk of this happening fall under three

categories: hardware, software and operation.

3.5.4.1 Hardware

The safety precautions built into the system are depicted in Figure 3.19.
The glass walled reaction vessel is expected to sustain internal pressures
of up to 4 atmospheres pressure differential. However, two physical mech-
anisms are in place to ensure this condition is never reached. First, a
pressure release valve calibrated to a 1 bar pressure differential is mounted
to the pipework beneath the recompression chamber. This item’s primary
purpose is to prevent the over-pressure of the vessel during the recompres-
sion sequence. Secondly, the acrylic end caps are secured to the reaction
vessel using four springs in parallel. This feature allows the reaction vessel
to open, should pressure within surpass a calibrated limit: the springs are
compressed to a calibrated length to permit venting at a 0.4 atmosphere
over-pressure. This feature should reduce the risk of a catastrophic failure

of the reaction vessel due to over-pressure, save for two factors:

e The opening created in the pressure vessel is small compared to the
volume of the vessel; therefore, it may not be able to vent an adequate

quantity of gas in a short-time period.
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e The rate of vessel opening is dependent on the mass of the acrylic
end caps, as dictated by Newton’s second law. Therefore, for very
fast increases in pressure, they may not open sufficiently rapidly to

prevent the failure of the reaction vessel.

Should the springs be insufficient to release the end caps, the nylon rods
supporting them are designed to be sacrificial. In the event of significant
over-pressure, they will break under the tensile stress, fully releasing the
contents of the reaction vessel. In this eventuality, the steel end plates

should prevent the end caps from causing injury.

The system also includes a number of safety measures to mitigate the risk to
the operators and equipment should the internal reaction vessel fail catas-
trophically. This is in the form of a hierarchical shield system, comprised
of a primary, secondary and tertiary shield. The primary shield is made
up of a Perspex cylinder and capped by the same acrylic end caps as the
reaction vessel. This Perspex shield contains a number of blow-out holes,
directed away from the opening of the system housing. The second shield
comprises three sides of an aluminium grating, with clear Perspex on the
fourth side to allow viewing of the system by the internal camera. This
shield is capped with steel plates. The final shield is an aluminium frame,
with one side covered by a thick curtain to allow the operator to access
the system. This layer serves a dual purpose, both as a shield and for
mounting electronic and pneumatic control systems. Finally, at the base of
the compression chamber, a rubber buffer is sometimes installed. This is
to protect the piston and bottom end cap from a sudden impact, although

should be removed for accurate internal gas mix calculations.

The risk of a hydrogen fire is mitigated by storing the pure hydrogen sep-

arately from the combustion system, thus minimising the quantity of com-
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bustible gas available to the system at any one time. However, this is
not the case for the hydrogen/noble gas mix, which is connected via the
SEOP polariser (Chapter 2). A hand-held combustible-gas meter is used
to monitor for hydrogen leaks, although in future this capability should be

integrated into the system itself.
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Figure 3.19: Diagram of physical hardware designed to protect the opera-
tors and equipment. Including active and passive measures to for prevent-
ing and mitigating risks associated with the combustible medium.
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3.5.4.2 Software

In addition to the hardware-based measures, safety controls are integrated
into the control software. These include limiting the activation of the ’spark
plug’ to low pressure mixtures, below 300 mbar. This should reduce the
risk of a catastrophic failure of the reaction vessel due to the rapid increase
in pressure associated with combustion, although it does not abate the risk

of a catalytically induced reaction.

Additionally, the system will not permit the activation of the recompression
sequence while the reaction vessel is under vacuum conditions. This is
to protect the piston and internal components of the reaction vessel, as
pressurising the compression volume under vacuum conditions would cause

the piston to impact the top acrylic cap and aluminium catalyst housing.

3.5.4.3 Operation

To protect the central reaction vessel, all pre-recompression operation within
the chamber is limited to low-pressure gas mixes (< 0.5 bar). This ensures
that even with an erroneous combustion, the pressure will not spike to
above the rupture pressure of the vessel. Furthermore, when the combus-

tion is expected, internal pressures are maintained below 0.25 bar.

Emergency-stop buttons are integrated into the system, both physically
on the outside of the housing and virtually in the control software. When
pressed, the emergency-stop buttons cease all automated sequences, close
all valves in the system, and ensure the piston is retracted to the bottom
of the chamber. The control software is also able to operate this emer-
gency stop protocol, should the reaction vessel exhibit unexpected internal

conditions.
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Finally, core functionalities such as control of the piston position and vac-
uum of the reaction vessel can be manually bypassed without the control
software. The default position of both the top utility and bottom vac-
uum pneumatic valves is set to 'open’ (Table 3.1), therefore the system
can be controlled manually in the event of power loss or control software

malfunction.

3.5.5 Operational Modes

Multiple operational modes are programmed into the control software, each

optimised for different gas quantities or noble bas nuclei.

3.5.5.1 Single Spark

The simplest method of purifying hyperpolarised gas mixtures is to deliver
a stoichiometric mixture of hydrogen and oxygen and activate the elec-
trodes to ignite the mixture. This sequence is named ’Single Spark’ and is

described in Figure 3.20.
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Single-Spark
Automated Sequence

Reset all valves

Open oxygen dump

Check change in

I pressure
Oxyge i

Call recompression
sequence

Figure 3.20: Single-Spark Automation Sequence Flowchart

However, while simple to implement, this sequence is limited in the quan-
tity of gas it can produce due to structural integrity of the reaction vessel.
If a stoichiometric is expected to expand to ten times its starting pressure

suing a reaction, and the vessel can sustain up to 5 bar, than the max-

106



3.5. THE COMBUSTION SYSTEM

imum pressure of gas that ignited is 500 mbar. In reality, to keep safe
working bounds, this is limited to 250 mbar. Therefore, for a 5% noble gas
mix, the maximum quantity of hyperpolarised gas that can be produced is

approximately 30 ml.

An alternative method to purify a larger quantity of gas, is to continually
react gas mixtures as they enter the chamber, or between multiple deliveries

of gas.

3.5.5.2 Catalyst Warm-up Sequence

For these sequences, the reaction vessel must be primed, this can be achieved

using a combustion event initiated using the electrodes or the catalyst.
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Figure 3.21: Catalyst Warm-up sequence Flow Chart
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3.5.5.3 Batch Mode

Batch mode is designed to purify a full delivery of gas from the polariser
very quickly. This mode utilises a primed reaction vessel with excess oxy-
gen. Delivery of a post SEOP gas mixture into this regime results in the
immediate reaction of the hydrogen. This is because the temperature of
the gas is above the self-ignition point of a hydrogen-oxygen mix. Extra
oxygen can be delivered gas required to sustain the reaction, therefore the
quantity of gas purified by this mode is limited by the delivery from the
polariser. A clean up combustion is typically required to attain the greatest

noble gas concentrations
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Figure 3.22: Batch-Mode Automation Sequence Flowchart

110



3.5. THE COMBUSTION SYSTEM

Continued m—

Check SEOP delivery
time

Close oxygen trickle

Close SEOP line

Close oxygen dump

Close oxygen trickle

Wait 25

Record SEOP outlet
pressure

Open polariser inlet o

Check SEOP outlet
pressure

Start sparks

Check change in
pressure

Close polariser inlet

Close polariser inlet

Polariser Control

Call recompression
sequence

Stop sparks

Figure 3.23: Batch-Mode Automation Sequence Flowchart, Continued

The hyperpolarised spin state resistance to the batch mode process is

demonstrated in Figure 3.26.
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3.5.5.4 Semi-Continuous Mode

The semi-continuous mode sequence is designed to gradually purify many
deliveries of hyperpolarised gas mix slowly. This method requires a catalyst
based warm-up step. This method utilises an inverted oxygen flame in the
catalyst, within a hydrogen environment. This hydrogen reservoir can be
topped up using gas from the polariser, or using the hydrogen delivery
metering valve calibrated to double the flow rate of the oxygen delivery.
SEOP deliveries can extinguish the flame, however it can be relit using the
electrodes. This mode is not suitable for the quadrupolar nuclei due to the

fast quadrupolar relaxation.

3.5.5.5 Re-compression

The recompression sequence is automated using the pipeline in Figure 3.24.
This permits fast recompression using both atmospheric and compressed
air. The delivery lines can also open at a predetermined point during

recompression for optimal signal recovery.
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Figure 3.24

3.5.6 Gas Mix estimation

It is difficult to track the reaction using changes in pressure due to the

large variations of pressure inside the reaction vessel that are not neces-
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sarily detected by the thermocouple. However, the purity of the resulting
mix is calculated based on the known gas input into the system. This is
based upon the measured priming hydrogen and oxygen quantities, the gas
delivered from the polariser (accounting for cell temperature), the oxygen
quantity in the delivery Tedlar bag, or the total time the oxygen meter-
ing valve was open. Water vapour partial pressure is estimated based the

measured temperature of the glass, using the Buck equation[30]:

T T
P = 0.61121 exp ((18.678 v T)> (3.5)

3.6 Results

3.6.1 Batch Mode

A pressure curve for a batch-mode sequence is presented in Figure 3.25.
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Figure 3.25: Pressure within the reaction vessel (A) during a batch-mode
sequence and associated image of the SEOP gas delivery (B). This mode
concentrates a single delivery of noble gas (100 ml demonstrated) upon de-
livery to the combustion chamber. The vessel is primed via spark-triggered
combustion with excess Oxygen before SEOP gas is delivered, combusting
on entry. A final spark-ignited ‘clean-up’ combustion increases the noble
gas purity. Blue volume denotes the quantity of noble gas purified using
a 10% noble gas / 90% H, mixture. Pressure spikes on delivery of SEOP
gas are not representative of pressure within the vessel.

The resistance of the hyperpolarised spin state to the batch mode process
is demonstrated in Figure 3.26. In this figure, the relative signal enhance-
ment (RSE) is employed as a unitless metric to capture the many changing
dynamics of the reaction process. These include contributions from the
change in polarisation and gas purity. However, as it is a relative factor, it
omits the magnitude of the polarisation. RSE is calculated based on the

apparent polarisation (AP), at several time points (t):

AP(#)

o O
RSE = Z50 =0y

(3.6)

where AP(t = 0) is the apparent polarisation prior to combustion. There-
fore, the RSE metric is effectively the relative apparent polarisation. In
Figure 3.26, each experiment used a 20% noble gas mix; therefore, the
maximum RSE, representing 100% gas purity and no loss to polarisation,

is five. For the 71% and 81% respective xenon-129 and krypton-83 purities
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depicted in this figure, the RSEs with no penalty to the polarisation would
be 3.55 and 4.05. By back-calculating the polarisation losses due to relax-
ation in the chamber (dashed red line), the hyperpolarised state of both
xenon-129 and krypton-83 appears largely unaffected by the combustion

process.
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Figure 3.26: Pressure corrected signal enhancement and decay after pu-
rification via batch mode (without clean up step) (red +’s) of each noble
gas, compared to a non-combusted delivery (black circles). Un-combusted
T1 measurements were collected at a chamber pressure of 14+1 kPa, with
20% Xe/Kr and 80% Hy mixtures. Post combustion T1 measurements were
collected at 4.3+£0.5 kPa, 71+2% Xe, 10+£2% O,, 194+2% H,, plus water
vapour and 3.5+0.5 kPa, 814+2% Kr, 12.54+2% O,, 6.5+2% Hs,, plus water
vapour. Data corrected for an assumed water vapour pressure of 2.2kPa at
19°C.

3.6.2 Semi-Continuous Mode

A pressure curve for an example semi-continuous automated experiment
with six gas deliveries for the hyperpolariser is demonstrated in Figure

3.27.

116



3.7. DISCUSSION

70

601 125
©
& 50+ 1 2 3 4 5 6 120 <
= =)
o % 15 §
=}

» 30+ @
3 -
101 :

0 . e

0 100
Time /s

Figure 3.27: Pressure within the reaction vessel (A) during semi-
continuous-mode sequence and associated image of the SEOP gas deliv-
ery (B). Semi-continuous mode concentrates multiple deliveries of noble
gas via gradual reaction. The vessel is primed via catalytic-triggered com-
bustion to initiate an Oxygen-fed flame at the catalyst. Multiple batches
(6 pictured) of SEOP gas can then be delivered into the vessel to attain
the desired noble gas volume (220 ml demonstrated), whilst the buffer gas
combusts via the flame. A ‘clean-up’ combustion finalises the purification.
Blue volume denotes the quantity of noble gas purified using a 10% noble
gas / 90% Hy mixture. Pressure spikes on delivery of SEOP gas are not
representative of pressure within the vessel.

Further experimental work is required to investigate the combustion resis-

tance of xenon-129 during this operational mode.

3.7 Discussion

As shown in Figure 3.26, the hyperpolarised spin states of xenon-129 and
krypton-83 appear to sustain during the combustion process of batch-mode
operation. This suggest that these spin states are resistant to the combus-
tion process at low field and during extended reactions. Future work should
focus on further development of this system and further testing of the hy-

perpolarised spin resistance under other operational modes.

This system has a number of benefits over established cryogenic separation
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techniques. Primarily, this is the only method currently able to purify the
quadrupolar nuclei, krypton-83 for hyperpolarised studies. This represents
a fundamental stepping stone in the path for future clinical applications of
this nucleus for respiratory MRI. Additionally, the consumable overhead
of this method is lower compared to established systems. This reactive
separation technique is cryogen-free; therefore, it does not require a source
of liquid nitrogen. This resource can require significant infrastructure to
supply and store and is accompanied by safety risks when handling. Fur-
thermore, this technique foregoes helium as the buffer gas, which is non-
renewable. Instead, this system employs a pure hydrogen buffer gas, which
can be produced relatively simply via electrolysis of water. Finally, the
fully automated reaction sequence eliminates the need for specialist opera-

tor training and reduces susceptibility to user errors during operation.

While this method has a reduced consumable overhead, the equipment
requirements of this prototype are significantly more complex than typical
cryogenic separation hardware. In comparison to the cryogenic separation
apparatus described in Figure 2.11, this system has a larger footprint and
comprises many more components, each of which could be a point of failure.
Furthermore, although this system alleviates safety concerns from cryogens,
the system uses significant quantities of hydrogen. While every effort has
been made to reduce the risk of a thermal explosion and mitigate the effects

should it occur, the hazard remains.

This system introduces a number of extrinsic depolarisation mechanisms,
although the relative contribution from each of these mechanisms has not
been investigated. Interactions of the hyperpolarised nuclei with the in-
ternal surfaces of the reaction vessel (wall relaxation) likely contributed to
the depolarisation of the ensemble. In subsequent iterations, the hyperpo-

larised xenon-129 lifetime in the system could be extended by coating the
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walls with a siliconising agent; however, this was omitted in this system for
adaptability between xenon-129 and krypton-83. The relaxation rate due
to this mechanism likely increased during recompression, particularly for
krypton-83, due to the increased surface-to-volume ratio. Additionally, the
low molar mass of hydrogen-based gas mixtures will result in greater diffu-
sion within the reaction vessel. Therefore, depolarisation due to magnetic
field gradients is likely increased for hydrogen gas mixtures in the system
compared to mixtures utilising pure nitrogen as the buffer gas. However,

no experiments were completed to quantify this effect.

Finally, for xenon-129, significant depolarisation is observed following com-
bustion due to excess oxygen. Even with a purely stoichiometric mixture,
trace oxygen appears to remain following an ignition event. This quantity
is increased under excess oxygen conditions; therefore, precise gas metering
is of paramount importance. Relaxation due to this mechanism is accel-
erated with the recompression of below-ambient gas mixtures, due to the
increased partial pressure of oxygen. One could reduce the contribution
from this depolarisation mechanism by using excess hydrogen in the re-
action process. However, this may be problematic following delivery of
the gas, especially if it is to be inhaled by a patient. As per Figure 3.3,

hydrogen gas in air exceeding 4% by volume poses a risk of ignition.

This system is limited by the volume of gas produced during SEOP and the
pressure limits imposed on the system for safety. To purify the quantities
of gas typically required for clinical lung studies (0.6 to 1.0 L[29]) using the
current iteration of this system would require a fast throughput from the
SEOP polariser, or the storage of hyperpolarised gas. However, adapting
the SEOP gas flow-rate may incur a significant penalty to the initial polari-
sation of the hyperpolarised gas. Furthermore, although the hyperpolarised

state of each nucleus is demonstrated to be resistant to the purification pro-
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cess, wall relaxation in the reaction vessel and the persistence of oxygen in
the gas mixture following purification reduce the feasibility of storing the
purified hyperpolarised gas. Therefore, to minimise polarisation losses, the
resultant gas mixture should be consumed soon after processing. Alter-
natively, non-purified post-SEOP gases could be stored before delivery to
the reaction vessel. This would alleviate depolarisation contributions due
to contact with oxygen. However, this would require the storage of signif-
icant quantities of hydrogen: to produce 1 L of xenon from a typical 3%
mix would require the storage of over 30 L of hydrogen. Without further

development, this constitutes a significant hazard.

Future versions of this technology could permit the storage and ignition
of larger quantities of gas, prior to delivery to purification. As discussed
above, this would prevent depolarisation due to prolonged contact with
oxygen and may be facilitated by an all-aluminium combustion vessel. Al-
ternatively, many small quantities of gas, from either a storage reservoir or
from the cell itself, could be purified in rapid succession. This may limit
depolarisation by shortening the time for which the polarised species is in

contact with oxygen and surfaces.

3.8 Conclusion

This work describes the development and operation of a prototype appa-
ratus to demonstrate the feasibility of the purification of large quantities
(100 ml to 220 ml) of hyperpolarised xenon-129 and krypton-83 via reactive
separation. Instead of the nitrogen-helium buffer gas employed with con-
ventional SEOP methods, this technique employs a hydrogen buffer gas,

which is removed via reaction with oxygen following SEOP. At present,
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this cryogen-free technique is the only method for purifying hyperpolarised
krypton-83, a key milestone for the future clinical applications of this hy-

perpolarised nucleus.

The system is capable of purifying hyperpolarised gas via two automated
operational sequences, batch and semi-continuous modes, providing rapid
purification of a single delivery or prolonged accumulation of multiple deliv-
eries of gas, respectively. The hyperpolarised spin states of both xenon-129
and krypton-83 are demonstrated to be resistant to the reaction process
during batch mode operation, with negligible depolarisation observed from
the reaction process itself. Instead, observed depolarisation is thought to
stem from wall relaxation and the interaction with residual oxygen remain-
ing in the gas phase following purification. The system is also capable of
recompressing the resultant below-ambient-pressure purified gas; however,
contributions to the depolarisation of the hyperpolarised gas are exacer-

bated by this process.

The system described in this work served its purpose as a prototype de-
vice to demonstrate the feasibility of this technology to purify a significant
quantity of hyperpolarised xenon-129 and krypton-83 at low field. However,
in its current state, it is not applicable to clinical studies due to residual
oxygen and hydrogen in the gas phase, which cause depolarisation and pose
a safety risk to the patient. Future iterations of this device could focus on
either purifying a large quantity of hyperpolarised gas via a single ignition

event, or numerous small quantities in rapid succession.
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Abstract

This chapter presents the development of a home-built Phase Resolved
Functional Lung (PREFUL) post-processing pipeline optimized for appli-
cation with 0.5 T scanners. While PREFUL methodology has been suc-
cessfully demonstrated at 1.5 T, low-field implementation presents unique
challenges. These can manifest as reduced SNR, imaging rates and image

resolution compared to studies at 1.5 T.

The pipeline was developed using datasets acquired from two 0.5 T sys-
tems: an Open MRI system (ASG Paramed, Italy) and a conventional
bore system (Bruker, Germany). Key innovations include: automated res-
piratory phase assignment using 2D lung area measurements; capability to
reconstruct an undersampled cardiac cycle; a dual-stage batch-wise regis-
tration pipeline combining feature-based and intensity-based methods; and
analysis methods for extracting ventilation and perfusion dynamics where
SNR is limited. Furthermore, five convolutional neural networks (CNNs)
were trained for automated lung segmentation across different acquisition

planes and sequences.

Successful ventilation-perfusion processing was demonstrated for 2D gra-
dient echo sequences in coronal and sagittal planes, with mixed results in
the axial plane and for coronal 2D HASTE sequences. However, valida-
tion against established imaging modalities for assessment of pathological

conditions is required for clinical deployment.

This work demonstrates the feasibility of PREFUL methodology at 0.5 T,
potentially enabling functional lung imaging in resource-limited settings
and facilitating research in postural lung dynamics through open-bore scan-

ner compatibility.
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4.1 Introduction

4.1.1 Functional Lung Imaging

Currently, X-ray-based methods such as Computed Tomography (CT) dom-
inate the field of structural lung imaging[1]. CT scans have found widespread
clinical application as they can provide excellent spatial resolution within
short scan times[2]. While this modality is capable of investigating lung
function, using methods such as Dual-Energy Computed Tomography (DECT)
or Four-Dimensional Computed Tomography (4DCT), these techniques are
not widespread in the clinical setting. For functional lung assessment,
SPECT scanning serves as a well-established standard for evaluating re-
gional lung ventilation and perfusion[3, 4]. However, these methods neces-
sitate that the patient be exposed to ionising radiation. Radiation dose
constraints therefore serve to limit assessment frequency, particularly in
paediatric patients due to the greater radiosensitivity of developing tissues

and their generally longer life expectancyl5, 6].

4.1.1.1 Proton-Based Lung MRI

Proton-MRI offers an alternative radiation-free approach for pulmonary
imaging. This highly adaptable technique is capable of characterising dif-
ferent tissue types, where x-ray-based modalities may have difficulty. These
techniques can gain functional contrast by tracking variations in spin den-
sity, such in Fourier Decomposition (FD)[7], or by magnetically-tagging
blood entering the lung, such as in Arterial Spin Labelling (ASL)[8], or by
introducing an exogenous agent to change the relaxation dynamics of pro-

tons in the lung tissue, such as in Dynamic Contrast-Enhanced (DCE)[9]
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or Oxygen Enhanced (OE)[10] MRI

However, pulmonary characteristics can complicate the MR acquisition pro-
cess. Firstly, lung regions have a very low tissue density, approximately
0.1 g/cm?® in healthy individuals[11]. Therefore, even under identical con-
ditions, the SNR within lung tissue is significantly reduced compared to
surrounding tissue. In addition, the numerous air-tissue interfaces within
the lungs create highly inhomogeneous magnetic field gradients, due to
the susceptibility differences between the tissue (diamagnetic) and oxygen
(paramagnetic) in the void space. This results in rapid spin de-phasing
during gradient echo imaging, characterised by the very short T2* of lung
parenchyma (Table 4.1). Therefore, MR investigations of the lungs can be

highly challenging, requiring pulse sequences with very short echo times.

T2* of Healthy Lung Parenchyma
B0 Field Strength T2%*
0.55 T 8.2 + 2.4 ms[12]
15T 2.11 £ 0.27 ms[13]
3.0 T 0.74 £ 0.10 ms[13]

Table 4.1: Literature values for the T2* of Healthy lung parenchyma for a
range of field strengths

4.1.1.2 Low Field Pulmonary Imaging

As demonstrated in Table 4.1, the T2* value of lung parenchyma is highly
dependent on magnetic field strength. Therefore, lung MRI methods could
benefit greatly from reduced By field strengths (<0.5 T). This would not
only reduce susceptibility artifacts, but also preserve signal from the lung
tissue that would otherwise be lost due to rapid de-phasing at higher field.

This may enable a greater detection of subtle anomalies and improved over-
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all image quality in the organ. However, disregarding associated changes in
relaxation mechanisms, the SNR of MR imaging is dependent on B field

strength:

SNR /By (4.1)

SNR can be increased by increasing voxel sizes and slice thickness in 2D
studies, although this may beget the inability to resolve smaller pulmonary
features due to partial volume effects[11]. Alternatively, while all field

strengths typically benefit from averaging, this is especially true for low-

field studies.

4.1.1.3 Respiratory Gating

MR signal averaging of the pulmonary regions is complicated by the high
degree of movement of this organ during to normal respiration. One of
a number of techniques can be employed to reduce this effect, known as
methods for respiratory gating. The three most common methods employed

for signal averaging within the lung are detailed below:

Breath Hold While not strictly a respiratory gating method, the sim-
plest technique for reducing the effect of respiratory motion is to ask
the participant to hold their breath at specific stages of the respi-
ratory cycle. The scanning sequence is initiated for the duration of
the breath-hold, when movement of the lungs and abdominal organs
is assumed to be minimal. Commonly, this method utilises a deep
inspiration or exhaled breath-hold; however, repeatability between
sessions can be difficult. This method is limited to acquisition times

of 15-30 seconds or as long as the participant can hold their breath.
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However, this period is often reduced in patients with respiratory
conditions. Furthermore, this method is limited to investigations of

compliant participants, thus excluding studies of very young children.

Prospective gating In contrast to breath-hold imaging, this method per-
mits the patient to breathe normally during the scanning procedure.
The patient’s breathing is then monitored in real-time and used to
initiate the scanning sequence at specific points within the respira-
tory cycle. Commonly, the gating window is positioned around the
exhaled state, where respiratory motion is minimal. However, this
method typically extends the imaging procedure as scans are only

acquired during selected portions of the respiratory cycle.

Retrospective gating Similar to prospective gating, for this scanning
procedure the patient is permitted to breathe normally. However,
unlike prospective gating, information is continuously acquired for
a predetermined period, irrespective of the breathing cycle. This
data is then retrospectively binned, based on its specific point within
the respiratory cycle, which is either measured during the acquisi-
tion or determined from the data itself (self-gating). This technique
captures the full respiratory cycle, permitting four-dimensional anal-
ysis and extraction of dynamic functional information. However, this
method typically requires complex post-processing which can intro-
duce uncertainty to the result. Furthermore, although possible using
x-ray-based modalities, radiation doses are typically higher due to

the continuous acquisition.

Alternatively, instead of 'freezing’ the lungs in place by respiratory gating,
the complete dynamic free-breathing time-series can be analysed to yield

functional information. With appropriate registration - deforming each
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image such that the parenchyma appears stationary - the signal variation
of each voxel correlated with the respiratory and cardiac cycles can be used
to attain insight into local ventilation and perfusion. This analysis method
is known as Fourier Decomposition (FD) [7] and has served as the basis
for a plethora of functional pulmonary MRI studies across a range of field

strengths.

4.1.2 Fourier Decomposition

Fourier Decomposition (FD)[7] is a frequency domain analysis technique
used for generating pulmonary functional information from a proton-based
image time-series of the lungs. The core principle of FD is that the noise-
free time varying signal (S(t)) within each stationary lung voxel can be

separated into three constituent parts:

S(t> = SO + Avent COS(27Tfrespt + ¢resp> + Aperf COS(Zﬂfcardt + (bcard) (42)

where S is the time independent signal intensity associated with the voxel,
Ayent and A, s are the amplitudes of signal variation due to ventilation
and perfusion respectively, which vary depending on their respective fre-
quencies: fresp and ferq, With phase offsets ¢resp, and ¢eqrq With respect
to time, t. The first component, Sy, is the only time-independent part of
Equation 4.2, and can provide a qualitative structural representation of
the lung. The two cosine terms relate to the signal variation due to the
respiratory and cardiac cycles. These terms are assumed to be independent

and thus can be isolated via filtering in the frequency domain.
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Typically, this technique involves capturing many MR images of free-breathing
lungs in quick succession, at a sampling frequency sufficient to satisfy the
Nyquist criterion for both the respiration and particularly the cardiac cycle.
Each voxel will exhibit a time varying signal at frequencies correlated to
each of these cycles, although breathing irregularities and motion artifacts
can complicate the analysis. The amplitude of these variations can relate

to the change in air and blood associated with the voxel.

For perfusion (@), it is intuitive to imagine that if a voxel possess a greater
blood flow, the variation in the number of spins within that voxel is in-
creased. Therefore, to a first approximation, and disregarding associated
changes in relaxation mechanics and blood oxygenation effects (BOLD),

the signal attained using MRI should correlate with perfusion:

Q ~ Aperf (43)

For ventilation, the relationship is slightly more complicated. Previous
work by Zapke et al.[14] demonstrated that for specific pulse sequences
(particularly T1-weighted sequences), the ventilation (V) within each voxel
can be inversely related to the signal amplitude in that voxel due to air

dilution effects on proton density:

V& (4.4)

Therefore, the time varying signal of each voxel can be decomposed using a
standard Fourier transform, with the intensity of resultant respiratory and
cardiac peaks containing voxel-wise information relating to local ventilation

and perfusion.
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This technique has been validated with with helium-3 MRI[15] and em-
ployed to investigate asthma[16] and COPD[17], where a high correlation in
VDP was observed between the modalities. Furthermore, ventilation mea-
surements exhibit strong correlations with those derived using fluorine-19
MRI[18, 19]. FD has also been used to investigate pulmonary perfusion in
both cystic fibrosis young patients[20] and patients preparing for operations

to remove lung cancer[21].

FD exhibits a high degree of reproducibly for investigating ventilation and
perfusion in healthy volunteers[19]. This technique has been validated
with helium-3 MRI[15] and SPECT/CT[22] and employed to investigate
asthma[16] and COPDI17], where high correlations in VDP were observed
between the modalities. Furthermore, ventilation measurements exhibit
strong correlations with those derived using fluorine-19 MRI[18, 19]. FD
has also been used to investigate pulmonary perfusion in both young pa-
tients with cystic fibrosis[20] and patients preparing for lung cancer resec-

tion operations|21].

With appropriate registration, this method is relatively easy to implement,
and permits direct comparison of ventilation and perfusion information for
each voxel. However, this method requires uniform temporal sampling,
with accuracy dependent on the consistency of patient breathing patterns.
Appropriate frequency bands must be selected for the respiratory and car-
diac components, although spectral leakage artifacts can be introduced
with a non-integer number of cycles sampled. Furthermore, phase informa-
tion is typically disregarded. Therefore, a number of new techniques have
been developed based on the principle of FD, which try to address some of
the limitations of this methodology. These include Non-uniform Fourier-
Decomposition (nuFD)[23], Matrix Pencil Decomposition (MPD)[24], and

Phase Resolved Functional Lung (PREFUL)[25] MRL
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4.1.2.1 Non-uniform Fourier Decomposition

Non-uniform Fourier-Decomposition (nuFD) is an advancement of FD | to
account for irregular sampling and time varying respiratory and cardiac
characteristics[23]. This includes variations in the rate and depth of pa-
tient breathing, which is typical of pathology. This technique takes such
signals and, whilst maintaining their sequence, artificially temporally redis-
tributes the sampled points to generate a signal varying at a uniform fre-
quency. This signal undergoes a non-uniform Fourier transform[26, 27], or
is interpolated to simulate uniform temporal sampling and regular Fourier
transform applied[28]. When implemented correctly, this has the effect of
narrowing the spectral peak associated with the respiratory and cardiac
cycles compared to standard FD methods. Then like for FD | intensities of
these peaks are then used to attain functional information. However, com-
plex phase information is also captured from the spectral frequency bins,
to generate 'signal delay’ information relative to a reference voxel. While
this is possible for standard FD methods, phase errors are common due to
the spectral peak overlaps associated with variations in the respiratory and

cardiac cycles[23].

4.1.2.2 Matrix Pencil Decomposition

Instead of direct analysis on the frequency domain, MPD employs spec-
tral analysis based on the Matrix Pencil approach linearised least-squares
fitting[24]. Following filtering to isolate contributions from the respiratory
and cardiac cycles, the variation of the MRI signal of each registered voxel
is modelled as the sum of exponentially damped sinusoids[29]. For the

respiratory cycle, and without the noise term, this takes the form:
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Sp(n) = Z Urp2yp (4.5)
p=1

where v is the number of detected respiratory frequency components, a,, is
n

the complex respiratory amplitude (a,, = |a,,|e’* ) and 2", the simulated

damped exponentials with signal poles:

ap = elwryHrp)At (4.6)

where for each pole at time, ¢, w,, is the frequency and R, , is the damping

factor. The signal poles are used to form a matrix:

1 1 1

Zr,l ZT‘,2 Zr,u
2 2 2

V4 Z, V4
r,1 2 U

7 = (4.7)
N N N
_Zr,l ZT,Q Zr,u_

where N is the total number of signal points, or the number of acquired
MRI images in the time-series. Generally, for a low-pass-filtered respiratory
signal, one pole will possess w ~ 0 and thus represent the signal offset
analogous to Sy in Equation 4.2. The voxel-wise complex amplitudes can
be obtained using the Moore-Penrose pseudo-inverse of the matrix and the

local signal time-course (S, (z,y):

a(z,y) = Zs(x,y) (4.8)

where Z™ is the Moore-Penrose pseudo-inverse of matrix Z. The voxel-wise

summation of each of these complex amplitudes yields the total respiratory
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amplitude, A,:

u

Ar(z,y) = ary(r,y) (4.9)
p=1
A similar method is employed for the cardiac contributions and this tech-

nique can also yield phase information to calculate blood arrival times[24].

Although computationally expensive, this automated method can provide
improved functional analysis compared to typical FD methods, especially
for participants with irregular breathing patterns[24]. This technique has
so far been used to quantify ventilation and perfusion abnormities in pa-
tients[30] and in children with cystic fibrosis and congenital diaphragmatic

hernia[31].

4.1.3 Phase Resolved Functional Lung [MRI]

In contrast to the above described techniques, PREFUL performs the ma-
jority of analysis in the spatial domain. Therefore, this technique draws
significant parallels to retrospective gating, and is typically self-gated to
reconstruct a single ventilation or perfusion cycle from the many-image dy-
namic time series[25]. Combining the registered images in this way greatly
improves the typically poor SNR associated with imaging the lungs with
proton-MRI and allows for regional function investigation. The PREFUL

pipeline includes three core steps:

Phase Assignment The goal of PREFUL is to increase lung SNR via
averaging many images together. However, you can’t simply combine
any frame with another due to the motion of the lungs between acqui-

sitions. Furthermore, to retain functional information, only frames
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of a similar ventilation or cardiac phase can be combined. Therefore,
the first stage of PREFUL is to determine each frame’s phase with

respect to the ventilation and perfusion cycle, or conduct self-gating.

Image Registration An image series for PREFUL can take many min-
utes to acquire and subjects are expected to breathe throughout.
However, this means the lungs are constantly in motion. Lung tissue
moves within the field of view, and thus it occupies different voxels at
different points during the ventilation cycle. Prior to averaging, each
image must be deformed such that the lung parenchyma appears sta-
tionary throughout the time series. Consequently, the second stage
of PREFUL is the registration of all frames to the same point of the

ventilation cycle.

Interpolation The penultimate-stage of PREFUL is to combine the reg-
istered images to create a single breath or heartbeat. Sorting each
frame by its previously assigned phase would result in sporadically
sampled ventilation and cardiac cycles. Therefore, all frames are
interpolated via weighted mean to predetermined equidistant phase

points.

Analysis Finally, changes throughout the reconstructed ventilation and
perfusion cycle can be used to gain information based on the air and
blood-flow dynamics. Strategies for this analysis and the associated
biomarkers for pathology are currently an active area of develop-

ment[25, 32-34].

This process can yield both amplitude and phase offset information to
attain local ventilation, perfusion and respective time-to-peak metrics[25,
32]. Contemporary studies also employ flow-loop analysis ventilation anal-

ysis[33] as well as blood arrival time for perfusion[34, 35]. However, this
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process can be difficult to automate, particularly during respiratory and

cardiac binning.

The validity of PREFUL has been extensively explored across multiple re-
peatability and validation studies with other imaging modalities[36]. Ven-
tilation results have been validated against hyperpolarised xenon-129(33,
37] and fluorine-19[38] MRI, with high correlations in defect detection be-
tween the modalities. The validity of derived perfusion results has also
been explored, with significant overlap of defect regions determined using
SPECTI[39]. The repeatability of this technique has been demonstrated

with several multi-site, multi-vendor patient studies[32, 40-42].

PREFUL has been employed to investigate ventilation and perfusion ab-
normalities stemming from a wide range pulmonary pathologies, including
asthmal43, 44], COPD[32], pulmonary embolism[41], post-acute COVID-
19[45] and chronic thromboembolic pulmonary hypertension[46]. This tech-
nique has been used to track responsiveness to COPD treatment[47], as well
as to predict the probability of graft loss following double lung transplan-
tation, with a greater accuracy than established spirometry methods[48].
The feasibility of using this method to investigate infants and neonates has

also been demonstrated[49, 50].

In the above studies, PREFUL is typically applied to image-series captured
at 1.5 T for both 2D[25, 32] and 3D (ventilation only) studies[36, 42, 51].
However, investigations have also utilised this processing method on image-

series captured at 0.55 T[52] and 3 T[53].

PREFUL studies typically employ a SPGRE sequence to acquire the dy-
namic image series, due to its accessibility and robustness at 1.5 T and
3 T[54]. Alternatively, bSSFP sequences are typically used for FD meth-

0ds[23] and have been employed for PREFUL at low field[52]. Due to the

143



4.2. AIMS

high T2/T1 ratio of blood[14], these can yield improved SNR in the lung
compared to SPGRE techniques[54], however, are susceptible to banding
artifacts[b5]. Additionally, UTE sequences have been employed for FD
based methods when scanning at 3 T[56], due to the short T2* associated

with this field strength[13].

4.2 Aims

Typically, the PREFUL algorithm has been employed in conjunction with
data collected at 1.5 T, due to the compromise between attainable SNR and
T2* inhomogeneity. The aim of this work was to develop a home-built pro-
cessing pipeline based on the PREFUL algorithm, optimised for application
with data collected at 0.5 T. Previously this has been achieved in conjunc-
tion with a high-performance prototype 0.55 T whole-body Free.Max MRI
system (Siemens Healthcare, Germany) using a bSSFP sequence[52]. How-
ever, this methodology has not yet been successfully applied to older 0.5 T

MRI systems, or low-field systems with an open architecture.

The successful application of PREFUL with these low-field devices con-
tributes to the democratisation of MRI; demonstrating the feasibility of
this modality’s deployment in low- and middle-income countries. Further-
more, application of this methodology to open-MRI systems permits the

investigation of lung dynamics in a range of postures beyond the horizontal.

The custom-PREFUL pipeline was developed solely in MATLAB 2024b
(MathWorks, USA), based on the original work by Voskrebenzev et al.[25].
It was applied in conjunction with off-the-shelf 2D GRE and HASTE se-
quences, to generate functional maps describing both ventilation and per-

fusion dynamics. While three-dimensional acquisitions were not explored
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in this work, the PREFUL pipeline was developed to process single-slice

2D acquisitions in the coronal, sagittal and axial imaging planes.

4.3 0.5 T Scanners

The custom-PREFUL algorithm was developed using image-series acquired

on two 0.5 T MRI systems each pictured in Figure 4.1.

0.5 T Tomikon S50 (Bruker, USA) Located at Moscow State Univer-
sity, Russia, this system is equipped with a superconducting magnet
(Magnex, UK) with a bore diameter of 60 cm, a 2 kW RF transmitter
LPPA 2120 (Dressler, Germany) and a S630 gradient system with a
maximum power of 16.7 mT/m with a rise time of 0.5 ms. The built-
in 1H whole body coil was used in all experiments. Scan management
and initial data processing were performed using XWinNMR v.1 and
ParaVision v.1. This system is referred to as the 'Bruker Scanner’

henceforth..

0.5 T MROpen Evo (ASG Paramed, Italy) Located at the Univer-
sity of Nottingham, UK, this system is equipped with a supercon-
ducting magnet, with an open bore width of 56 ¢m, and a gradient
system with maximum power of 20 mT/m with a rise time of 0.6
ms. All experiments were conducted using the commercial 4-channel
receive body coil. Scan management and initial data-processing (in-
cluding B0 field correction and zero filling) were conducted using the
inbuilt MR-GUI Pro software. This system is referred to as the "Up-

right Scanner’ henceforth.
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Figure 4.1: Depictions of the 0.5 T scanners utilised in this work: the
Tomikon S50 Bruker system (A) and the MROpen ASG Paramed system

(B).

4.4 PREFUL Pipeline

An overview of the PREFUL pipeline employed in this work is presented

in Figure 4.2.

Segment Determine
Read Data Diaphragm / Ventilation
Lungs Phase

Register Filter

Images Ventiation

Determine
Perfuion
Phase

Segment
Aorta

Reconstruct Analyse
Cycles results

Filter
Perfusion

Figure 4.2: Overview of the PREFUL Pipeline used in this work. Blue
cells correspond to general processing, Dark blue cells to ventilation
specific processing and Red cells to perfusion processing.
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4.5 Phase Assignment

A note on ‘phase’ terminology:

When discussing the reconstruction of the ventilation or perfusion cycles, it
is easy to become lost in the various references to phase. This confusion may
relate to the phase of the respiratory and cardiac cycle, or the corresponding
ventilation and perfusion phase of the reconstructed frames or the phase
reconstruction of the MR images. Importantly, phase in this context does
not correspond to the phase associated with the reconstruction of MRI
images. At the outset, we will coin several definitions to assist with future

understanding;:

Cycle Phase The phase of each frame within the breath or heartbeat
cycle of the person, which is by definition a continuous cycle from 0

to 27, shall be referred to as respiratory or cardiac phase henceforth.

Reconstructed Phase The artificial phase assigned to each frame with
respect to the reconstructed image series, which exists within a single
cycle of 0 to 27 and is the phase alluded to when discussing 'Phase
Assignment’, shall be referred to as ventilation or perfusion phase

henceforth.

Lung State Defined as the condition of the lung at a certain time, with
respect to the absolute ventilation and perfusion. The core aim of the
PREFUL algorithm is to combine frames of the same lung state. As
both the respiratory and cardiac cycles vary semi-independently, it is
uncommon to find two frames with the same ventilation and cardiac
state. This work will attempt to decouple these cycles to permit their

consideration independently.

147



4.5. PHASE ASSIGNMENT

Ventilation reconstruction uses the respiratory phase as the determining
factor for reconstructed phase. Perfusion reconstruction uses the cardiac

phase.

4.5.1 Ventilation

Methods for determining the ventilation and perfusion phase for each slice
can be divided into two camps: Physical methods, using external equip-
ment to measure the respiratory cycle[57]. Or software methods, using the

acquired image series itself to determine these parameters.

4.5.1.0.1 Physical Methods

Respiratory bellows A common method to track the respiratory cycle is
to measure changes in thoracic circumference. As a subject inhales,
the intercostal muscles contract, raising the rib cage and in turn in-
creasing the size of the chest. This can be measured using a device
called respiratory bellows[58, 59]: an elastic belt placed around the
chest connected to a piezo-electric transducer to measure displace-
ment, generating an electrical signal proportional to the respiratory
state. Connected to the scanner, this method has found widespread
application as gating for MRI studies of the lungs[60, 61]. Images are
only acquired within a designated respiratory range to reduce arti-
facts from diaphragmatic motion. This method is very reliable and

less affected by additional motion[62].

Optical tracking (Camera or Laser) A less common method for track-
ing the respiratory cycle is via optical tracking of the subject, either

tracking the rise and fall of their chest or shoulders. For open scan-
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ners, motion tracking using optical cameras can be employed[63]. For
conventional scanners, laser range finders combined with mirrors can
be used to detect the thoracic movement[64]. This method requires

no physical changes to the setup for each subject.

No physical gating methods were explored as part of this work.

4.5.1.0.2 Software Methods

Diaphragm Position Established PREFUL methodology determines the
ventilation phase of each frame using the relative position of the di-
aphragm: it is normally nearest to the apex when exhaled and moves
away with inhalation. Diaphragm position is a favourable indicator

for this purpose for several reasons:

e Physiological differences between the tissue of the diaphragm
and abdominal organs, and the lung parenchyma can provide
good MRI contrast between these features. This increases the
SNR of the boundary and makes it easier to determine the po-

sition of the diaphragm-lung interface.

e Movement of this boundary is normally larger in magnitude
than movement of the rest the thoracic cavity during respira-
tion. Therefore, tracking this feature should provide the greatest

sensitivity during the respiratory cycle.

e The diaphragm is present in all coronal slices of healthy lungs.
Therefore, ventilation phase can be determined for each slice in

multi-slice acquisitions.

However, this marker is not without its drawbacks. If the diaphragm

position is not measured relative to another physiological feature,
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then it is highly sensitive to movement of the subject within the
FOV. For example, if a sitting subject were to slouch during a scan,
then their diaphragm may appear artificially lower in the FOV for the
rest of the sequence, irrespective of respiratory phase. Additionally,
the diaphragm is not the sole mechanism by which the lung expands.
During inhalation, the intercostal and accessory muscles contract,
lifting the ribs upward and outward. This contribution may result
in a decoupling of the ventilation state from the diaphragm position,
especially during deep breathing when this mechanism is amplified.
Furthermore, this method is often focused on a single lung. Any
variation in diaphragm movement between both lungs may create

errors during reconstruction.

2D Lung Area An alternative marker for determining lung ventilation
phase is the two-dimensional area of the thoracic cavity for each
frame. This indicator is not measured relative to the FOV, and thus
vertical movement of the subject will not skew the results, assuming
the complete lung remains in frame. Furthermore, as this method
utilises changes of the full lung, it accounts for movements beyond
the diaphragm position, albeit those in plane with the captured im-
age. However, manual masking of each frame is time consuming and
generally not feasible for the many-image acquisition necessary for
PREFUL. Therefore, this process requires automatic segmentation

of the lung regions for widespread application.

3D Lung Volume The natural progression from 2D area is to mask the
complete 3D volume of the thoracic cavity. This shares all the same
benefits as 2D, whilst accounting for expansion in every plane. This
method would also require automatic segmentation for widespread

application. However, PREFUL requires fast acquisition of frames
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to resolve the cardiac cycle; therefore, this method is currently only
demonstrated on higher field strength scanners. This method was not

explored in this work.

Zero Frequency Intensity (Navigator pulse) An alternative method
to determine the respiratory state is to track the intensity changes of
the centre frequency of the MRI image’s frequency domain. This is
the simplest of the software-based methods, requiring little processing
or user input. It is often used as a prospective self-gating method in

thoracic MRI studies.

4.5.1.1 Determining the Respiratory Marker

4.5.1.1.1 Diaphragm Position - Intensity Based

The simplest method for determining the position of the diaphragm is to
use the average intensity of an ROI encompassing the lung-diaphragm in-
terface. Generally, the diaphragm has a higher signal intensity than the
lung parenchyma. Therefore, when the subject is fully exhaled and the
muscle is at its most cranial position, the average intensity of the ROI is
greatest. Conversely, when the subject is fully inhaled, a greater portion of
the ROI is lung parenchyma, resulting in a lower average intensity. There-
fore, this signal variation can be used to track the respiratory cycle. This
method is easy to implement; however, it relies on the assumption that
the relative signal intensity between the muscle from lung tissue remains

constant. This is often not the case for several reasons:

e The cardiac cycle contributes to observed signal intensities, thus, any

result must be low-pass filtered.
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e The characteristics of the diaphragm may change during expansion

and contraction resulting in variation of its observed signal intensity.

e As more of the lung enters the ROI, more lung vessels contribute
to the mean intensity of this region. These features usually ex-
hibit an increased signal intensity compared to the surrounding lung
parenchyma, therefore can change the ROI’s average intensity. This
is observed in Figure 4.4Aii as a small increase in the measured signal

each time the lung reaches maximum inhalation.

Consequently, as this method is directly dependent on intensities, it is
highly susceptible to noise. The filtered signal of the diaphragm position,

determined by signal intensity, is presented in Figure 4.4Aii.

4.5.1.1.2 Diaphragm Position - Edge Detection

Instead of relative intensity, edge detection relies simply on existence of a
difference in intensity between the lung and the diaphragm. Consequently,

it is significantly less susceptible to relative variation in signal intensities.

A single ROI is selected over the centre of the diaphragm, encompassing
its full range of motion during the scans, from just above its position at
full exhalation to just below its position at maximum inhalation during
the acquisition. Selecting the width of this ROI is a trade-off between
accuracy and SNR. A wide slice will result in a greater SNR simply by
including more voxels in the calculation. However, a healthy diaphragm is
naturally curved; therefore, its position will vary within the ROI and by
a greater magnitude with increasing segment width. This will result in an
averaging of the diaphragm position and effectively reducing its apparent

range of motion. For the greatest accuracy, this ROI placement is done
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manually and adjusted for optimal performance. However, this process can
be assisted or automated using the output of the neural network detailed in
section 4.9.2. If applied successfully, this automated method will position
the ROI to encompass the centre of the diaphragm-lung boundary of the

right lung for each frame in the image sequence.

This segment, designated by the ROI, is extracted for each frame and used
to determine the diaphragm position. First, each segment is subjected to
vertical edge detection using the kernel (k) displayed, adapted to suit the

width of the segment:

-1 -1 -1

-1 -1 -1

This kernel is oriented such as to amplify vertical changes in voxel in-
tensity. This processing creates a one-dimensional vector corresponding
to the average vertical change in signal intensity across the segment, as
shown in Figure 4.3. A low to high signal boundary, characteristic of the
lung-diaphragm interface, will result in a positive result. A high to low
signal boundary, typical of the diaphragm-stomach interface for example,
will result in a negative result. A centre of mass calculation is taken of
the three points about the maxima, to estimate the sub-pixel location of
the lung-diaphragm boundary. Omitting this step would result in a dis-
cretised position determination, where the diaphragm position is assigned
to the nearest pixel. This would reduce the accuracy of the algorithm, a
problem exacerbated for lower resolution acquisitions where the diaphragm

may only move a few pixels.
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Diaphragm

Positior/

Diaphragm Segmentation Edge Detection Sub Pixel Location

Figure 4.3: Method of diaphragm detection using edge detection. A ROI
is selected encompassing the diaphragm in each image. One-dimensional
edge detection is then applied to this region, followed by a centre of mass
calculation about the most maximum point.

This method was found to be visually far more robust than simply using
the average intensity of the ROI. This, therefore, was the desired procedure
for determining diaphragm position going forward and was implemented
into the PREFUL pipeline. The filtered signal of the diaphragm position,

determined by edge detection, is presented in Figure 4.4Bii.

4.5.1.1.3 2D Lung Area

As a healthy individual inhales, the lungs will expand in volume. When
imaged with a 2D slice, this will be observed as the 2D area of the lung
increasing. Likewise, exhalation will be observed as a reduction in the 2D
lung area. Therefore, if the lung is segmented for each image, this property

can be used as a marker for the respiration phase.

Similar to detecting the diaphragm position by edge detection, this method
determines the position in the ventilation cycle by image features, rather

than signal intensity. Therefore, it is less susceptible to contributions from
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the cardiac cycle. Additionally, this method circumvents pitfalls of using
the diaphragm position, such as participant movement in the FOV and only
considering a single lung. However, this method requires segmentation of
the lungs in each frame of the acquisition. This process is discussed in
Section 4.9.2; however, if done manually, it would be highly time consum-
ing. Furthermore, variation in segmentation between frames will lead to
errors in the determined respiratory phase. Therefore, for widespread ap-
plication, this process should employ an automatic segmentation method.
This can be provided by a convolutional neural network, also discussed in
that section. The number of voxels included in each mask can be used as
a respiratory marker. The filtered signal of the 2D lung area is presented

in Figure 4.4Cii.

This method was visually found to be very robust, although it was occasion-
ally exposed to errors associated with the automatic segmentation process.
Furthermore, as discussed in Section 4.9.2, this segmentation method will
only work when trained on similar data, such as field strength, acquisition
properties and differences due to healthy vs pathological tissue. However,

this method was also implemented in the PREFUL pipeline.

4.5.1.1.4 Zero-Frequency (Navigator Pulse)

The final software based method investigated as a marker for the respiratory
phase was the intensity of the zero-frequency peak in k-space. This peak is
related to the average intensity of the image. At maximal inhalation, the
average intensity of the image as a whole is expected to be reduced as the
low intensity lung parenchyma takes up an increased portion of the FOV.
Likewise, at maximal exhalation, the low intensity lung parenchyma will

be displaced by the higher intensity abdominal organs, thus the average
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intensity of the image will increase. Therefore, this property can be used

as a marker for the respiratory phase.

In this work, this metric as simulated retrospectively by applying a 2D
Fourier transform to each image in the image sequence. The average inten-
sity of the central 3x3 pixel grid in k-space, filtered along the time sequence,
is presented in Figure 4.4Dii. The plot created by this method shares sim-
ilarities to that of the diaphragm position, determined by signal intensity.
However, this variation appears slightly noisier. Therefore, this method
may not be accurate enough to be used as the ventilation marker, when
alternatives are available. An additional observation is the increased value
of the first images in the series. This is likely because the spin ensemble
has not reached a steady state in the 2D GRE sequence used to acquire

this data.
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Figure 4.4: Demonstration of discussed methods of respiratory phase track-
ing, including diaphragm position, detected by signal intensity (A) and
edge detection (B), 2D lung area (C) and zero-frequency intensity (D).
Each is presented with an example image of the process (i), with the effec-
tive ROI used for analysis overlaid in green. These are depicted alongside
the resulting variation in the marker (ii) during 40 seconds of deep breath-
ing respiration. Note, the size of the green overlay for the zero frequency
has been exaggerated to be visible in this plot.

Intensity-based methods for determining the respiratory marker are more
sensitive to contributions from the cardiac cycle, compared to the region-
based method. However, a marker determined using all of the above meth-
ods should be filtered to remove contributions from other sources of noise.
This is achieved using the ventilation filtering method described in section

4.7.
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4.5.1.2 Ventilation Phase Assignment

When a marker for the respiratory cycle has been assigned to each frame,
the associated ventilation phase can be determined. However, the respira-
tory cycle is prone to significant variation in amplitude and thus frames of
the same cycle phase may not necessarily share the same lung state. For
example, the lung at 50% of the respiratory cycle will be significantly larger
when deep breathing compared to tidal breathing, even though these states
share the same cycle phase. Therefore, the respiratory phase is not gener-
ally equivalent to the assigned ventilation phase. Instead, the ventilation
phase is calculated for each frame directly from the assigned marker[25].
This marker for the respiratory cycle is assigned the value (R), and is

described for each frame using the equation|25]:

Ri(t) = Acos(2nft) + K (4.10)

where A is the amplitude range, f is the respiratory frequency, K the offset
and ¢ the associated frame number. Therefore, ft represents the artificial
ventilation phase ®". Frames corresponding to inhalation or exhalation
may share the same respiratory marker, whilst differing in phase. There-
fore, before Equation 4.10 can be applied, the frames must be separated
into two groups depending on if they correspond to inhalation (R;,) or ex-
halation (R.,). This is achieved for each frame using the relative value of
the respiratory markers of the frames prior to and preceding it. When 2D
lung area is employed as the respiratory marker and one assumes that the

cycle is symmetrically sinusoidal, the following rules applies:

R, > Ri+1 then R; € Exhalation
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R; 1 < R;y1 then R; € Inhalation

where 7 denotes the image number in the acquisition. This rule must be
amended for the scenario where both markers are equal, in which case
the frame type is equal to that of the previous frame. The application
of this rule is shown in Figure 4.5. Note, this rule applies to respiratory
markers where inhalation results in a increasing marker value, such as for
2D lung area. For markers where the opposite is true, such as intensity
based approaches, then the inverse rule applies. Furthermore, as this rule
can not be applied to the first of last images in the acquisition sequence,

these are omitted.

Case 1 Case 2 Case 3 Case 4

Respiratory Marker

i-1 i Ri+1 i-1 i i+1 i-1 i Ri+1 i-1 i Ri+1

Figure 4.5: Demonstration of the assignment rules to determine if each
frame belongs to the inhalation or exhalation regime. The blue line rep-
resents an ideal continuous variation in the respiratory marker, where the
black dots represent temporally adjacent frames on this curve. Cases 1
and 2 both satisfy the rule: R;_; < R;y1, therefore belong to the inhalation
regime. Cases 3 and 4 each satisfy the rule R;_; > R;.1, therefore belong
to the exhalation regime. An additional 5th case is omitted, for the rare
occurrence that: R; 1 = R;.q.

With the successful assignment of images in the acquisition cycle to either
the inhalation or exhalation regime, Equation 4.10 can be adapted for ei-
ther condition to calculate the artificial ventilation phase (®") for each

frame|[25]:

159



4.5. PHASE ASSIGNMENT
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The amplitude (A) is calculated based on half of the difference between
the maximum and minimum values of the respiratory markers associated
with the image series. The offset (K) is the midpoint between these points.
Using these equations, an artificial ventilation phase is assigned to each
image. This process is summarised in Figure 4.6A, with the variation in
respiratory marker (in this case lung volume) presented in Figure 4.6Ai,
with each frame designated to either inhalation or exhalation. The corre-
sponding visualisation of the ventilation phase assigned to each image is
presented in Figure 4.6Aiii. This process uses a direct calculation to as-
sign the respiratory phase, therefore there is no variation from the artificial
sinusoidal distribution. The images located exactly at the artificial 0 and
7w phase points are those from which the amplitude in Equations 4.11 and

4.12 was determined.

4.5.1.2.1 Thresholding

When asked to free-breathe, the subject will often exhibit a large variation
in the amplitude of the respiratory cycle. For example, a healthy individual
may take many tidal breaths, interspersed with occasional deeper breaths.
As the ventilation phase is determined directly from the maximum and

minimum values of the respiratory marker, these larger breaths contribute
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to the full range of the amplitude (Equations 4.11 and 4.12). This often
results in the undersampling of much of the resulting artificial ventilation
cycle as seen in Figure 4.6Aiii, particularly at the points of maximum ex-
halation and inhalation, due to the reduced number of respiratory cycles
of this amplitude. This inequality can be quantitatively measured using
the number of images contributing to each frame, which is dependent on
the number of frames and the interpolation kernel bandwidth, described in
Section 4.8. The resulting distribution for the respiratory cycle presented
in Figure 4.6A is plotted in Figure 4.6Aiv. This sampling inequality may
result in a significantly reduced SNR of the ventilation cycle correspond-
ing to the points of maximal inhalation and exhalation, compared to the

frames in-between.

One method to reduce this effect is to threshold the respiratory marker.
This will omit images with the greatest marker amplitude from the phase
determination calculation and ensure a more temporally uniform distri-
bution of images contributes to the reconstructed sequence. This process
can be completed manually, by moving the position of each threshold and
visually inspecting the resulting reconstruction quality. When the respira-
tory marker is thresholded, all images outside of the bounds are discounted
from the reconstruction process (Section 4.8), with the amplitude and offset
terms in Equations 4.11 and 4.12 calculated based on half of the difference
between the bounds and the midpoint between them, respectively. The
information presented to the user to assist with the manual positioning of
the thresholds is presented in Figure 4.6, with Figure 4.6A representing
a pre-thresholded and Figure 4.6B representing a thresholded state. The
reconstruction quality metrics (Figure 4.6iv) are dependent on the number
of frames and interpolation bandwidth chosen in the reconstruction step

(Section 4.8), each of which are kept constant for both parts of Figure 4.6.
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Figure 4.6: Demonstration of thresholding of the respiratory marker to cre-
a more temporally uniform distribution of frames along the artificially
reconstructed ventilation cycle. Plots are presented for the un-thresholded

ate

(A) and thresholded (B) case. This includes the variation in respiratory
marker with time (i), where images determined to correspond to exhalation

are

ber

The temporal distribution of frames along the artificial ventilation cycle is

marked with black dots, and inhalation with red dots. Images are
discounted either due to being outside of the thresholded bounds, or at the
start of the imaging sequence and are denoted as red x’s. The total num-

of images in each of these groups is used to populate a bar chart (ii).

plotted visually (iii) onto a sinusoidal curve, where each dot represents an

ima,
and

ge and each vertical dashed line represents a reconstructed frame,
quantitatively (iv), as the number of images averaged to create each

reconstructed frame using the interpolation detailed in section 4.8.

This thresholding process can also be automated. The aim of the threshold-

ing

step is to increase the relative number of images used to reconstruct the
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most inhaled and exhaled frames; this is achieved by moving the threshold
bounds towards the mean respiratory metric value; however, this will also
result in a reduced number of frames included in the reconstruction of the
full cycle. These properties can be quantified and used to calculate a Qual-
ity metric (@) for each position of the thresholding bounds. To determine
the position of the upper threshold (representing the inhaled state), this

metric is calculated using:

211
2
k=2-1 br

M v

(4.13)

where (k) denotes each frame, (n) denotes the total number of frames and
(b) the total (weighted) number of images used to reconstruct each frame,
calculated using the denominator of Equation 4.19. The numerator of this
equation represents the number of images used to reconstruct the three
frames corresponding to the most inhaled state. This is adapted for the
exhaled state when calculating the optimal position of the lower bound.
The denominator represents the total number of images used to construct
the full cycle. Each threshold (upper and lower) is stepped independently
between the respective maximum and the central respiratory marker posi-
tion and the quality metric calculated for each of these steps. The resulting
variation of this metric for a typical acquisition is plotted in Figure 4.6. The
point corresponding to the maximum quality metric for each bound is then
determined to be the optimal threshold position. Figure 4.6 depicts this
process for the data presented in Figure 4.6 and the resulting threshold

position is presented in Figure 4.6B.
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Figure 4.7: Variation of the calculated Quality metric with movement of the
respiratory thresholds, in this case using 2D lung area as the respiratory
marker. Movement of the inhaled threshold is depicted in orange, and
exhaled in blue. The determined most optimal positions of each of these
bounds are denoted as black x’s.

This process of ventilation phase assignment assumes that images of the
same respiratory marker (and of consistent inhalation/exhalation regime)
will share the same lung state. In other words, a voxel will possess the
same parenchymal density across images with the same assigned ventilation
phase. However, due to the high degree of variation in the amplitude
of the respiratory cycle, and the known hysteresis in the pressure-volume
curve[65] associated with this process, this assumption is likely false. For
example, the lung at maximal inhalation during tidal breathing may share
a similar respiratory marker value with a lung that is partially inhaled
during deep breathing. Images acquired in these different physiological
states may therefore exhibit significantly different physiological properties.

This is not accounted for in this work, and further investigation is required
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into the magnitude of this potential error. Furthermore, as previously
discussed, there may be a decoupling of respiratory marker and lung state
depending on the choice of marker. This would create further errors in the

determination of ventilation phase.

4.5.2 Perfusion

4.5.2.0.1 Physical Methods

Electrocardiogram (ECG) ECG is widely used for cardiac gating in
imaging studies of the heart[66, 67]. This method employs electrical
signals from the heart, detected using electrodes attached to the skin,
to determine cardiac phase. Using this information, the position in
the cardiac cycle can be determined for either prospective or retro-
spective gating. However, placing the electrodes on the patient can
be time consuming, and considerations must be made for Magneto-

hydrodynamic (MHD) effects at high field[68, 69].

Peripheral Pulse Detection An alternative method for indirectly deter-
mining the cardiac phase is by detecting peripheral pulse waves[70].
This is usually achieved by placing a detector on the patient’s fin-
ger or toe. However, although this method doesn’t suffer from the
same MHD effects at high field, it is less preferred than ECG due
to the long and unpredictable delay between myocardial contraction

and arrival of the pulse wave to the detector[71].
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4.5.2.0.2 Software Methods

Heart Analysis If the MRI slice position captures the heart, analysis of
that organ could be used to generate a marker for the cardiac phase.
Analogous to diaphragm position as a marker for ventilation phase,
this technique would rely on structural image information, rather
than absolute voxel intensity. And it could therefore be susceptible
to less noise. At the simplest level, this could be done by tracking
the position of the edge of the heart; it will expand and contract as
the heart beats. However, a potentially more robust method would
be to train a neural network to recognise the state of the heart in the
context of the complete image stack[72, 73]. Therefore, to be able to
determine each frame’s point in the cardiac cycle. This technique has

not been explored in this work.

ROI Intensity Although simple to implement, this method is not without
its drawbacks. Similar to the ROI intensity method for determining
the respiratory cycle, this marker is highly susceptible to contribu-
tions beyond that of the cardiac cycle. These contributions come
primarily from the respiratory cycle, as the tissue within the ROI
can move around as the subject breathes. Therefore, the time-series
of this marker must be filtered to remove these contributions. Errors
of this nature may also be reduced by determining this marker using
previously registered frames. Furthermore, this method is susceptible
to intensity variations due to noise from the MRI acquisition, which
is amplified if the ROI is smaller. Finally, any movement of the sub-
ject can cause this method to break down. Changes in intensity due
to the tissue moving within the slice should be somewhat countered

during filtering. However, should the tissue leave the imaging plane
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entirely, this method may no longer work. Modern PREFUL method-
ology uses an iterative-based approach for optimising this ROI[39,
74]. The standard deviation of each voxel intensity along the time
series is used to determine those which exhibit the greatest variation.
These are assumed to correspond to the central lung vessels and thus
those with the greatest variation are included in the ROI. The num-
ber of voxels included is steadily increased, until the quality of the

subsequent perfusion phase assignment ceases to improve.

4.5.2.1 Determining the Cardiac Marker

4.5.2.1.1 Aorta Intensity

To create a marker for the cardiac cycle, an ROI is placed manually over
the aorta. This process is assisted using the automated segmentation net-
work detailed in section 4.9.2. The region between the segmented lungs is
assumed to contain the aorta, therefore this region is isolated using mor-
phological operations. However, this process often benefits from manual
segmentation of these vessels. Manual refinement is assisted through the
visualisation of the greatest frequency components for each voxel, as shown
in Figure 4.8, which gives good contrast between the aorta and the sur-
rounding tissue. This allows the user to see which part of the anatomy
has the greatest signal variation within the expected range for the cardiac
cycle, and thus include this in the ROI. This approach both increases the
SNR by omitting weaker contributions from the cardiac cycle and addresses

cases where the aorta may not be immediately obvious in some MRI data.
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Figure 4.8: Demonstration of the frequency analysis method used to assist
in the ROI selection for cardiac phase assignment. Including the input
image series (A), the associated voxel-wise maximum component analysis
of frequency space (B) and the frequency spectrum of the displayed ROI

(©).

The marker for the cardiac cycle varies at a greater frequency than that
of the respiratory cycle. Therefore, for the imaging rates typical at 0.5 T,
it is more useful to visualise the variation in the perfusion signal in the
frequency domain, rather than a time-series. Generally, the contribution
from the cardiac cycle should form a distinctive peak, with an SNR ideally
greater than two, although this is not always the case, as variation of the
heart rate throughout the acquisition sequence will result in a broadening
of this peak. At this point, this plot should be used for quality assurance,

to iterate the ROI to resolve a greater SNR of the cardiac cycle.

This cardiac phase determination method is based on ROI intensity; there-
fore, it may experience contributions from the respiratory cycle. To reduce
this effect, the variation in the cardiac marker is filtered using the using

the cardiac filtering method described in Section 4.7.

4.5.2.2 Perfusion Phase Assignment

Unlike for the respiratory cycle, the cardiac cycle is less prone to vari-
ations in amplitude. Therefore, the determined cardiac phase for each

frame should adequately correspond to the reconstructed perfusion phase.
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The signal variation is assumed to be sinusoidal, thus permitting phase
determination via fitting to a sine curve. However, the heart rate can vary
throughout the acquisition sequence and thus fitting the whole time-series
at once will result in a compounding error in the determined phase. This is
demonstrated in the work by Voskrebenzev et al.[25] Instead, the fitting is
done piecewise on smaller sections of the time-series. The number of parts
is user selected, with changes in this parameter having a profound effect
on the fit quality. It is not always immediately clear why the number of
fitting parts has such an effect on the total fit quality, although as a rule

of thumb:

e A greater number of parts results in a lower number of points per fit,
which reduces the quality of each fit but responds to changes in heart
rate well. This approach is good for acquisitions where the heart rate
varies a lot but is more sensitive to noise. Generally, it results in

slower processing times.

e A lower number of parts results in a greater number of points per fit.
This approach increases the quality of each fit as it is less sensitive
to noise. However, it does not respond well to changes in heart rate.
This method is good for acquisitions where the heart rate doesn’t
change much. Generally, this method results in faster processing

times.

In general, one should aim for a lower number of parts and increase as
necessary to best fit the data. When the optimum number of parts has
been selected, the average number of cardiac markers per fit is equal to the
total number of included frames divided by the number of parts. However,
these parts are not of constant size throughout the time series, as the

fitting algorithm sizes them such that they start and end at local maxima
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of the cardiac marker[25]. This may improve the accuracy of the fitted

parameters. Each part can then be fitted to the equation:

Ci(t) = Aycos(2mfut + o) + K, (4.14)

where C' is the cardiac marker, n denotes the fitting part, A denotes the
amplitude, f denotes the frequency, ¢ denotes the phase offset and K
denotes the marker offset. Therefore, the fitted perfusion phase (UF) of

each frame can be calculated according to:

U =2nf,t + o, (4.15)

To assist with the fitting algorithm, the variation in the cardiac marker
within each part is pre-processed. As mentioned previously, the data is fil-
tered to reduce the contribution from both the cardiac cycle and movement
of the subject. This filtering is commonly achieved via the application of a
high pass filter above the contribution from the respiratory cycle (details in
Section 4.7). For acquisitions proving difficult to fit, this can also be done
with a band pass filter, however, one must be cautious against over-filtering
the data. If this happens, the fit may seem exemplary, but at penalty to
the validity of the final result. All filtering is done using a zero-phase in-
finite impulse response filter. Following filtering, each part is normalised

independently via two steps:

1. The mean marker value of each part is subtracted.

2. Each part is scaled such that its average RMS value is equal to 2/7.

Each of the normalisation steps assumes there are sufficient cycles within
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each part to reduce the effect of outliers and partially sampled cycles. They
have the effect of suppressing the value K such that it can be omitted as
a fitting parameter, as well as setting the amplitude to approximately 1 to

assist the fitting algorithm.

When the data is prepared, each part (n) is fitted to a sine curve with
fitting parameters: amplitude (A), frequency (f) and phase offset ().
To further assist with fitting, starting values and limits are set for the
parameters. The amplitude has been normalised; therefore, its starting
value is set to one although this is not bounded. The phase offset is started
at 7, but not limited. The frequency start point is selected based on the
greatest frequency contribution from the cardiac cycle. This start point is
determined by the greatest frequency contribution to the variation of the
cardiac marker within the pass band of the high-pass filter. This can also be
manually selected if desired. The fitted frequency parameter is limited to
+0.25 Hz (15 bpm) of the start frequency. This range is denoted as (A fr;).
Each part is fitted using a non-linear least squares regression[75-77|. This
algorithm returns the R? value to be used as a fit quality measure. Any
part with an R? lower than 0.7 is omitted from future processing. This
value can be adapted in the user interface. Then, using Equation 4.15 with
the fitting results for each part, the cardiac phase (and therefore perfusion
phase) can be calculated for every image. Finally, this phase is normalised

to between 0 and 27.

The fitting process is iterative. When completed manually, the user should
gradually increase the number of fitting parts until a maximal number
of images are assigned a phase with sufficient R? to be included in the
perfusion reconstruction. This process is accelerated by multithreading
the fitting of each part independently. Furthermore, the iterative process

can be automated, with the number of fitted parts increased sequentially
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to a predetermined maximum. The number of parts for which the greatest
number images exhibit sufficient k2, is used for the subsequent processing.
Furthermore, if a number of parts returns all images of sufficient k2, then

the iteration is aborted and this value is used.

4.5.2.2.1 Cardiac Aliasing

It is generally accepted that to adequately sample a time-varying sinusoidal
signal, one must do so with at least double the sampling frequency of said
signal. This is referred to as satisfying the Nyquist condition. The resting
heart-rate of a healthy individual is expected to be between 60 and 100
bpm (1 to 1.67 Hz). This would require a sampling frequency of at least
3.3 Hz to satisfy the Nyquist frequency for the full range of expected rates.
Therefore, established PREFUL methodology will often acquire images at
a rate between 3-5 Hz to adequately sample variation due to the cardiac
cycle. However, the lower sensitivity and longer T2* of lung parenchyma
when investigated at lower field (Table 4.1) often results in longer imaging
times. If the cardiac cycle is undersampled, then this variation will appear
as an aliased signal in the frequency domain of the cardiac marker. This
is demonstrated in Figure 4.9, where the aliased signal folds linearly back
onto the lower frequencies, effectively mirrored at the Nyquist frequency.
In isolation, this signal is indistinguishable from a lower frequency con-
tribution. However, if the expected cardiac frequency is roughly known,
for example by external measurement, then the correct cardiac frequency
can be determined from this spectrum. This can subsequently be used to
constrain the fitting algorithm to the appropriate frequency. However, this

method comes with its own caveats:

e The heart rate must be measured either before, after or ideally during
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the scan to select the correct frequency for fitting.

If the acquisition period encompasses the full time between images,
the apparent amplitude of the cardiac signal will decrease as the
cardiac frequency increases. This is due to the averaging of a larger
portion of the cycle and is demonstrated for a simple model system in
Figure 4.9C. Therefore, it is unfavourable to scan at a rate such that
the signal aliases further than halfway back through the frequency

domain, or:

3
fcardiac > §fNyquist (4 16)

where foaraiae 15 the cardiac frequency and fyyquist is the Nyquist

frequency determined by the sampling rate.

When sampling at a lower rate, the cardiac frequency may alias near
or onto the respiratory frequency. This would make the signals diffi-

cult or impossible to decouple via filtering.

When the cardiac frequency is close to the Nyquist frequency, it can
be hard to determine if the signal is aliased or not. Moreover, with
sufficient variation of the cardiac frequency, the signal may only be
aliased for some of the acquisition. Additionally, cardiac signal may
vary, fluctuating above and below the Nyquist frequency at different
times during the same acquisition. Furthermore, for cardiac frequen-
cies near the Nyquist frequency, the restriction bounds on the fitted
frequency may encompass both the real and aliased peak positions.
This may create errors in the phase determination step as the fitting
algorithm could fit to either frequency. To prevent this, the following

rule should apply:

Afpi
2

|fcardmc - fNyquist | > (4 ]_7)
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Therefore, it may be possible to recover perfusion information from an un-
dersampled time-series. Using the Equation 4.16, the minimum sampling
frequency required to sample the full resting heart-rate range is approxi-
mately 2.2 Hz. However, this could result in a reduction of approximately

40% of the apparent amplitude of the cardiac signal.
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Figure 4.9: Demonstration of the effect of aliasing on the frequency domain
of the cardiac marker. The effect was modelled using a constant sampling
frequency to sample artificial sinusoidal functions with varying frequency.
The resultant frequency domain of the signal is presented in A, for 6 ex-
ample frequencies. The x axis is scaled relative to the sampling frequency.
This is broken down to demonstrate the effect of changing sinusoidal fre-
quency on the apparent frequency B, and the apparent amplitude C. In
each case, the Nyquist frequency is indicated as a black dashed line. The
amplitude variation is based on the assumption that signal is acquired uni-
formly throughout the acquisition window, analogous to the shutter-speed
of an optical camera. However, MRI acquisitions do not function this way.

If the cardiac frequency is determined incorrectly, for example by assuming
the signal is aliased when it is not, then there may be errors in the generated

perfusion maps. These errors are explored in Figure 4.10. For the perfusion
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weighted maps, the resultant errors are negligible, as this map is based on
the amplitude of signal variation due to the cardiac cycle. However, this
error can have a significant impact on the QTTP maps, as these are based
on the phase of signal variation with respect to the cardiac cycle. This
effect can be simulated using an undersampled sinusoidal signal. Using
Equation 4.15, the determined erroneous calculated phase for the time-
points appears to have been reflected about 7 and shifted = degrees out
of phase. This distribution is plotted in Figure 4.10Biii. Therefore, while
the perfusion weighted maps may only suffer from a reduced SNR due to
undersampling, the QTTP maps present a significant possibility for errors.
Therefore, great care should be taken in the assignment of cardiac frequency

during the PREFUL pipeline.

175



4.5. PHASE ASSIGNMENT

' Aiii)

Weighted Perfusion

©
=}
3

©
=3
=3

o

o

&
*

0.07

o
o
@

Q (Fit assuming Aliasing)
=
()]

Voxel Intensity
Y=X

0.02r

Weighted Perfusion

003 0.017

' 'l . | 0 * 1 i " "
Fitted Alias oot 0 0.02 0.04 0.06 0.08 0.1
Q (Fit assuming No Aliasing)

100

.| Biii)

QTTP (Fit assuming Aliasing) / %

o Fitted Alias
Voxel Value
Simulated
FlttEd Alias '60 80 100

QTTP (Fit assuming No Aliasing) / %

Figure 4.10: Comparison of the reconstructed perfusion weighted (A) and
QTTP (B) maps of a typical healthy participant, when the fitting algo-
rithm is constrained to an aliased and non-aliased frequency domain peak.
The reconstructed maps are displayed for fitting to the non-aliased (i) and
aliased (ii) peak. These are compared on a voxel-wise basis (iii) to display
the potential errors associated with incorrect frequency assignment.

Finally, considering the distribution of QTTP values in Figure 4.10Biii,
there may be a physiological mechanism for determining if the correct fre-
quency was chosen based on the cardiac peak in the frequency spectrum.

To aid in visualisation, histograms of the variation of QTTP values are
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presented in Figure 4.11. Due to the reconstruction method employed, the
peak aorta signal occurs at 25% of the cardiac cycle. Then physiologically,
one would expect healthy lung parenchyma to reach peak perfusion shortly
afterwards. Highlighted in Figure 4.11, for this acquisition, this occurs
when the non-aliased peak has been used for fitting. Therefore, this may
be the correctly processed result. Further investigation with additional
methods of cardiac frequency determination are required to confirm this
hypothesis, which may be affected by pathology. At this time, this quality

control step has not been implemented in the PREFUL pipeline.
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Figure 4.11: Distribution of reconstructed QTTP values when fitted to the
cardiac signal assuming no aliasing (blue) and aliasing (orange). The
time of peak aorta signal is depicted as a black dashed line.
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4.6 Registration

4.6.1 Background

Core to FD based methods is the accurate registration of the lungs between
varying respiratory states, such that the parenchyma appears stationary
throughout the cycle[7]. Image registration can be thought of as an opti-
misation problem: for registration between two images, one must determine
the optimal transformation which yields the lowest difference between the
registered and target image. Biomedical registration methods can therefore
be characterised based on the method for calculating this difference. Typi-
cally, techniques will either use the intensity of the voxels, or the similarity
between a predetermined feature map. These methods are therefore termed

intensity-based registration and feature-based registration, respectively.

The above example concerns registration between two images, where one
serves as the target while the other is transformed. This constitutes an-
other characterisation of image registration methods, pairwise or groupwise.
Pairwise registration involves just two images, where one is transformed to
match the other. Groupwise registration can involve multiple images, where
all images are transformed to a calculated intermediary position between

them.

The transformation function can include multiple components. These trans-
formations can be applied globally to the entire image, or locally to specific

regions. The transformation types with increasing complexity are:

Translation Voxel shift.

Rigid Voxel shift and rotation.
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Similarity Voxel shift, rotation and scale.

Affine Voxel shift, rotation, scale and sheer.

Additional to these methods, is deformable registration (non-rigid registra-
tion). In this technique, local transformations are applied specifically to

certain voxels.

4.6.2 Lung MR Registration

Lung registration techniques for images acquired with MRI typically use
non-rigid intensity-based techniques. A number of toolkits are available for
this purpose, including the Advanced Normalisation Toolkit (ANTSs)[78],
Elastix[79], NiftyReg[80] and the commercial software fMRLung 3.0 (Siemens,
USA). For implementation solely in MATLAB, two further options are
available: the inbuilt MATLAB Demons-based registration function[81, 82

and the Forsberg[83] toolkit.

4.6.2.1 GOREG

Established PREFUL methodology typically employs a two-stage approach
to pulmonary image registration. Instead of registering all frames directly
to an intermediary position of the respiratory cycle, Group-Oriented Regis-
tration (GOREG) registers each image to predetermined frames positioned
at equidistant phase points of the respiratory cycle[84]. These registered
frames are then averaged to form discrete groups. Intergroup pairwise reg-
istration then occurs, starting with the groups at start and end expiration
points to the adjacent group in the respiration cycle, in the direction of

the centre respiratory position. This process is repeated for all groups, to
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calculate the stepwise transformation fields towards the centre respiratory
position. Finally, the resulting deformation fields are used to register each
frame individually to this position. All registration steps in GOREG em-
ploy non-rigid intensity-based pairwise registration. This method has been

employed for 2D[84] and 3D[85] datasets.

4.6.3 Typical Errors of MR Pulmonary Registration

Beyond incorrect assignment of registration parameters, errors in pulmonary

MR registration at low field appear to stem from three sources:

1. Low SNR of lung parenchyma, particularly at 0.5 T.

This can result in few real features internal to the lungs for the
intensity-based algorithm to use, which would be typical of images
captured using other modalities such as CT. Therefore, these algo-
rithms may try to perform registration based on the noise within the
void regions. Ultimately this would result in inaccurate results, al-
though this may not be immediately obvious to the operator due to
the aforementioned lack of visual features in these regions. For each
successive pairwise registration, these errors can compound from noise
associated with the frame being deformed and the target frame. The
prevalence of these errors can be further exacerbated with the low
SNRs associated with imaging at low field. The GOREG pipeline
averages the frames together to create groups. These groups will ex-
hibit an increased SNR compared to the input images. However, this
process precedes the pairwise registration of each frame to its respec-
tive group’s target frame and can therefore be sensitive to the errors

discussed above.
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2. Failure of non-rigid registration over large displacements.

Non-rigid deformable registration algorithms can fail when large voxel
displacements are required between lung states, such as between fully
exhaled and fully inhaled lungs. This may be corrected with the op-
timisation of parameters associated with registration, although ac-
quisition specific optimisation may hamper universal application of
these tools. The GOREG pipeline accounts for this source of error
by repeatedly applying non-rigid registration only between frames of
a similar respiratory state. Therefore, large voxel displacements are
typically not required. However, this process can create compounding

errors if they occur early in the stepwise process.

3. Varying signal between frames of the same respiratory phase.

Intensity-based registration algorithms utilise the same signal varia-
tions for registration as are employed for functional analysis. They
assume that variations in signal intensity, used for respiratory regis-
tration, stem purely from the respiratory cycle. However, regions of
parenchyma may exhibit significant variation in MR signal intensity
throughout the cardiac cycle. Pairwise intensity-based registration
algorithms, which have no context of the dynamics of the lung, may
attempt to 'correct’ for this variation. Thus, creating errors in the re-
sulting deformation maps between images captured at differing points
of the cardiac cycle. This is visually most evident in the central lung
vessels, which can vary in intensity significantly throughout this cycle.
Often it is possible to distinguish the cardiac pulse wave transiting
the largest vessels. These dynamics may be erroneously registered by
a pairwise intensity-based registration algorithm, which will result
in these vessels moving around in the reconstructed perfusion cycle.

One might assume cardiac contributions can be removed prior to reg-
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istration via filtering. However, due to the movement of the lung, the

registration step is a prerequisite of filtering.

This work presents a registration pipeline that employs a number of tech-
niques to account for these sources of error. This includes two key methods

implementing dual-stage registration, and batch-wise registration.

4.6.4 Dual-Stage Registration Pipeline

This work utilises a dual-stage approach to lung registration to overcome
the second error typical of pulmonary MR registration. In the first stage,
the bulk voxel displacement is crudely performed using feature-based reg-
istration. This is followed by a non-rigid intensity-based registration algo-
rithm for displacements on the fine scale. This method partially accounts
for the first and third error associated with pulmonary registration tech-
niques, as feature-based registration algorithms can be less sensitive to low

SNR and cardiac signal variations than intensity-based techniques.

4.6.4.1 Feature Based Registration Methods

This work employs two methods of region-based registration, each based on
features previously determined in this PREFUL pipeline: the diaphragm
position and 2D lung region. The selection of the feature-based method
for registration is dependent on the accuracy of the determined features.
For example, in low-quality datasets where accurate segmentation of each

frame was unsuccessful, the diaphragm position method can be used.
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4.6.4.1.1 Linear Deformation based on Diaphragm Position

The simplest of these methods is a linear deformation, based on the posi-
tion of the diaphragm within each image. This technique is therefore only
possible in imaging planes where the diaphragm is visible. This method
assumes that most of the movement in the lung during respiration is along
the apical-to-basal axis, thus respiratory motion can largely be nullified by
linearly deforming each image such that the diaphragm appears stationary
throughout the image series. This transformation is applied to a region
determined by an ’anchor point’ specific to the image series and the image-
specific sub-pixel diaphragm position. The anchor point is usually placed
just above the hilum, either manually or based on the automated segmen-
tation algorithm. The process of this linear deformation registration step

is summarised in Figure 4.12.

1) Partition 2) Cut 3) Stretch 4) Crop

Anchor Point

Diaphragm Position

Figure 4.12: Demonstration of the feature-based registration method using
the diaphragm position. The process is depicted for an example frame, at
the start of inspiration position. Therefore, the linear deformation resem-
bles a stretch. The final stage constitutes a crop of the image to maintain
image matrix size. For the case of linear compression, this region is padded
with zeros.

4.6.4.1.2 Affine Transinformation based on 2D Lung Region

Alternatively, the feature-based registration can employ the segmented

mask of each image, generated using the trained CNN. An affine trans-
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formation is applied to each lung independently so as to register the mask
of each image to a target mask. The resulting deformation field is then

applied to the associated image.

4.6.4.2 Intensity based Registration Methods

Two intensity-based registration algorithms are integrated into this PRE-
FUL pipeline: the MATLAB demons-based function[81, 82] and the Fors-
berg algorithm. Each of these functions applies pairwise non-rigid intensity-

based registration[83].

4.6.5 Batch-wise Registration

A batch-wise registration algorithm was developed to account for the first
and third errors typically associated with pulmonary MR image registra-
tion. In contrast to GOREG, averaging occurs prior to the non-rigid reg-

istration step; thus, this algorithm is not applied to individual images.

Using the interpolation method detailed in Section 4.8, each frame is in-
terpolated based on its assigned respiratory phase, to create 20 equidistant
respiratory phase ’batches’. Depending on the number of frames contribut-
ing to each batch, this process should increase the SNR of each batch com-
pared to the input data. Furthermore, this method can reduce the impact
of the cardiac cycle on the registration algorithm. If the interpolated frames
are assumed to be distributed evenly throughout the cardiac cycle, then
the time varying signal from these contributions should be minimised dur-
ing averaging. This assumption becomes more valid the more images are

included in each interpolated batch.
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Following construction of the respiratory batches, non-rigid intensity-based
registration is applied in a pairwise fashion from each batch to a target
batch, usually at the intermediary respiratory position. The resulting de-
formation fields for each transformation are then stored to determine the
transformation required of each frame individually. However, the slight
difference of each constituent frame from their respective averaged batch
will result in errors in the registration. If the displacement of lung tissue
between the batches can be approximated as linear, then the deformation
field associated with an individual frame can be estimated. Therefore,
these parameters are back-interpolated from the deformation fields associ-
ated with the respiratory batches, based on the relative respiratory phase of
each frame and batch independently. Finally, these estimated deformation

fields are applied to each frame in the series.

An additional benefit of this process is that it requires fewer applications
of the non-rigid registration algorithm, which can be computationally ex-
pensive to perform. As it is only applied between the 20 reconstructed
batches, it doesn’t scale with the total number of frames in the acquired
image series. This is beneficial for large sets or where computational power

is limited.

4.6.6 Pipeline Integration

Both the dual-stage and batch-mode registration algorithms are integrated
into this pipeline. The user can toggle each of these processes and select
which feature-based and/or intensity-based algorithms to employ. When
the dual-stage and batch mode processes are deployed in tandem, the
feature-based registration is implemented before the formation of the batches.

This is because the feature-based deformation methods are less sensitive to
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the low SNR and cardiac signal variations and thus can be applied to each

individually.

These methods require further exploratory work to investigate the validity

of the assumptions used and the accuracy of the resulting registration.

4.7 Filtering

Key to the PREFUL pipeline is the filtering of the time-dependent data to
decouple contributions from the cardiac and respiratory cycles. Primarily
this applies to each voxel in the time series; it also applies to the markers for
the cardiac and respiratory cycle. In this work, the same filtering method

is applied to both.

4.7.1 Digital Filtering

The time-varying data are filtered computationally using a digital filter.
Unlike analogue filtering where input data are filtered with physical hard-
ware, digital filters are applied computationally. Digital filters can be di-
vided into two groups, characterised by the length of their impulse re-

sponse|[86]:

e Infinite Impulse Response (IIR) filters, whilst being less com-
putationally intensive than their counterpart, produce a non-linear
phase response. This results in a non-linear shifting of the frequency

components of the signal.

e Finite Impulse Response (FIR) filters can be designed to intro-

duce no phase distortion. All frequencies are shifted by the same
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amount and hence any phase relationships are maintained. However,
the implementation of these filters is generally more memory and

computationally expensive.

An FIR filter type was selected for this work for its favourable phase char-
acteristics. However, this should be less important later due to the zero-
phase application of the filter. Furthermore, no significant computation

time difference between the two methods was observed in this work.

4.7.2 Filter Design

Four types of filters are encoded in this PREFUL pipeline: Low-Pass, High-
Pass, Band-Pass, and Band-Stop. Each of these can be selected by the user
in each processing tab. However, in general the low-pass filter is used for

respiratory processing and the high-pass filter for cardiac processing.

With the type of filter selected, the filter is created using inbuilt MAT-
LAB tools. The FIR filter selected for processing is generated using the
’kaiserwin’ algorithm[87], chosen for its linear magnitude response within
the pass-band. The user-editable properties of the filters are the pass-band
frequency and stop-band frequencies. As the relative magnitude of these
values is important, and will change for each filter type, the user-interface
will assist the user in selecting them correctly. In general, they should be
placed at a frequency in between the contributions from the respiratory

and cardiac cycles. Further to this, the following parameters are fixed in

the back-end:

e Stop band attenuation: 60 dB

e Pass band ripple: 0 dB
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e Minimum Order: Any

e Scale Passband: True

4.7.3 Filter Application

The filter is applied using inbuilt MATLAB functions. To preserve the
temporal location of features in the filtered waveform, the data are zero-
phase filtered. This is done by processing the data in both the forward
and reverse directions[88]. The result has zero phase distortion as opposed
to being shifted as would happen if it were filtered in just one direction.
Application of this filter is done along the x-dimension for the cycle markers
and in the z-dimension for each voxel. The processing time of this function
will increase with the number of voxels in the image, resulting in a cost

function of:

O(Nw X Nh)

where N,, is the number of voxels in width and N}, is the number of voxels
in height. Therefore, this process is multi-threaded to reduce computation

time.

4.8 Reconstruction

The final step of the reconstruction pipeline is to combine all the included
images into a single ventilation and perfusion cycle. Sorting each of the
frames by their assigned phase will result in a sporadically sampled cycle.

To simulate a constant sampling rate, the images are interpolated onto an
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equidistant time grid. Furthermore, this process increases SNR by signal
averaging. The number of interpolated frames is selected by the user and
each of their phases calculated so as to space them equally throughout a

single cycle.

4.8.1 Algorithm

To estimate each voxel value of the interpolated images, non-parametric

kernel regression is employed[89, 90]. This can be written as:

E(Y|X) = m(X) (4.18)

where the conditional expectation value F of Y (interpolated frames) rela-
tive to the value X (input frames) can be estimated using the function m.
A locally weighted mean, based on the Nadaraya-Watson estimator is used

to approximate m for each interpolated image (h):

_ 2?21 Kh(d%,z‘)?/i
Z?:l Kh(dxh,i)

mp(z) (4.19)

where ¢ denotes the input frames, y the input voxel intensity and K the
weighting kernel, dependent on the relative phase x. In this work, the

weighting kernel is calculated using a Gaussian:

Kn(z — ;) = exp (%) (4.20)

where ¢, the standard deviation controlling the kernel bandwidth, is chosen

by the user. For every interpolated frame, the contribution from each input
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frame is calculated based on the difference in phase value:

dxp; = |zn — x4 (4.21)

This calculation also wraps to account for the repeating nature of the cycle.
This process is applied to every voxel and is multithreaded to reduce pro-
cessing times. This process can also be used to calculate the true phase of
each of the interpolated images by combining the phase of the input frames
instead of the voxel value. Furthermore, as well as returning the estimated
voxel value, this process returns the weighted number of included frames
for each process as the denominator in Equation 4.20. This results in a

‘frame quality’ metric, as utilised previously in Equation 4.13.

4.8.2 Observations

Example plots for the frame quality of a reconstructed ventilation and car-
diac cycle are displayed in Figure 4.6iv. The frame quality metric is based
on the weighted number of images combined to create each frame. For the
perfusion cycle, these values usually appear approximately uniform for all
frames within the reconstructed sequence. However, this is not the case
for the ventilation cycle. The contribution to images at the limits of the
ventilation cycle (fully inhaled or exhaled) is reduced compared to those
in the intermediary. Primarily, this is because of the variation in respi-
ratory amplitude during the acquisition. If all points are included in the
ventilation phase assignment, then there is reduced sampling at the great-
est amplitude. This effect is more pronounced at the inhaled limit due to
greater variation in respiratory amplitude. Thresholding of the ventilation

marker reduces this effect; however, it is not alleviated completely. Errors
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likely persist due to two primary reasons:

e During thresholding, a middle ground must be chosen. Such as to
omit the ends of the greatest cycles whilst still retaining sufficient data
points and thus variation in the lung state. However, this threshold
often must surpass the amplitude of the lowest peaks. Therefore,
phase points near the limits of the thresholding still suffer reduced

sampling.

e Secondly, the algorithm projects the respiratory marker onto a sinu-
soidal curve, when in practice post-thresholding this approximation
is flawed. A complete marker cycle better fits this assumption; how-
ever, a thresholded cycle is not complete. Therefore, at their new
artificial limits, the markers do not exhibit sinusoidal properties and
are changing at a much greater rate. Furthermore, the inverse applies
for cycles where the threshold surpasses their amplitude. They are
projected onto the same sinusoidal relationship and therefore their
greatest amplitude points contribute to the over sampling of the in-

termediary phase points.

Two options present themselves to reduce this effect:

e Ensure there is little to no variation in the respiratory amplitude
during the scan. This is often unfeasible even for healthy patients.
A breathing restriction could be put in place; either by restricting
airflow or expansion of the thoracic cavity. However, this could be

uncomfortable to the patient and may change the lung characteristics.

e Only include respiratory cycles of nearly identical amplitude. How-
ever, this would require very long scan times to collect sufficient ac-

ceptable data points.
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Additionally, the phase points associated with inhalation and exhalation
may not experience the same amount of sampling. This is signified by the
differing amplitude of included frames in the quality plot. This can occur
when the subject exhales at a faster rate than they inhale, or vice versa,

resulting in fewer phase points within this regime.

4.9 Segmentation

To display the only anatomically useful regions of the functional maps, the
lungs must be segmented as a region of interest. This can be achieved
either manually or by automatic segmentation. Each approach was imple-
mented in this pipeline using the processes detailed below. The process of
segmenting the lungs may be more straightforward than other anatomical
regions of the body, due to the high contrast between the lung parenchyma

and walls of the thoracic cavity, typical of proton pulmonary MRI.

4.9.1 Manual

The simplest method for segmenting the lungs is by manually outlining the
thoracic cavity. In Matlab, this process can be assisted using the Image
Segmenter App, part of the Image Processing Toolbox. However, to achieve
accurate results, this can be a meticulous process, made especially difficult
with the use of a mouse. Therefore, this process can be prone to human
error, which can be abated by implementing several semi-automated pro-
cessing steps, detailed in Figure 4.13. The first step is a rough manual
segmentation of the interior of the thoracic cavity. This is followed by an
iterative region-growing algorithm[91, 92] (known as snakes or active con-

tours) to expand the user defined mask to the walls of the thoracic cavity.
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The number of iterations used is selected by the user, depending on the size
of the image. The user may need to adapt this mask with the "paint brush’
tool if the algorithm expands beyond the thoracic cavity, for example by
expanding into a low signal region such as the stomach, which constitutes a
low signal region adjacent to the thoracic cavity. Finally, a morphological
erode operation is applied to the mask to remove contributions from the

wall of the thoracic cavity, typically by one voxel.

Active

Finished

Figure 4.13: Typical process for the assisted manual segmentation of the
lung. Depicting the manually-drawn rough interior of the thoracic cavity
(A) and resulting mask (B). The active contours algorithm is applied to
expand the mask to the walls of the thoracic cavity (C). Finally, the mask
is eroded to reduce contributions from the wall of the thoracic cavity (D).

Individual images captured during the acquisition sequence may exhibit
a low SNR. This could reduce the accuracy of the resultant segmentation.

Instead, a reference image is generated for each dataset to facilitate manual
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segmentation. This is achieved using the mean value of each voxel for all

images in the time-series, each registered to an intermediary lung state.

This process is highly reliable, as significant errors in segmentation will
be immediately apparent to the operator. Therefore, this process is most
useful for lower quality data sets with reduced SNR. However, by nature
this process requires user input and thus can be time consuming. This is
exacerbated for processes requiring the segregation of each acquired image,
and is thus not feasible for the many-hundred-image sequences typical of

PREFUL. In such cases, it is useful to automate this process.

4.9.2 Automated

The PREFUL algorithm benefits greatly from automation of the segmenta-
tion process, especially with translation to the clinical setting. Automating
this process reduces the requirement for user input, accelerating this post-
processing and increasing repeatability. Furthermore, approaches requiring
the segmentation of multiple images, such as using 2D lung area to deter-

mine respiratory phase, are not feasible for manual completion by the user.

Under ideal conditions, the lungs may appear to be a simple organ to im-
plement automated segmentation. The low parenchymal signal intensities
associated with pulmonary MRI typically result in significant contrast be-
tween these regions and the surrounding tissue. Therefore, an automated
thresholding function may suffice to segment the void space. However, vari-
ation between participants combined with signal drop-off in the peripheries
of some low-field scanners often renders this method insufficient. An alter-
native technique is to employ artificial intelligence to segment these regions.

This method is explored below.
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4.9.2.1 Al for Image Segmentation

Artificial intelligence is defined as the simulation of human cognitive func-
tion. Hailed as the fourth industrial revolution[93] after steam, electricity
and computers, Al is finding more and more application in the world around
us. To attempt to summarise in this text the latest developments would
be futile. Given its rapid rate of development, the information would be
obsolete within the year. However, to name just a few advances, progress
has included development in large language models[94], driverless cars|[95],

and assistive medical diagnosis technologies[96].

Many Al innovations can be characterised as two camps, machine learning
and deep learning. Machine learning is defined as the ability of an algorithm
to analyse data, learn from this data, and then apply this learning to make
informed decisions. Whilst powerful, these algorithms still require human
intervention during the learning process, defining features important to
analysis, and tweaking the algorithm if the output is not as required. For
example, consider a program to recognise the difference between a cat or
a dog; the algorithm could be programmed to include features such as the

tail length and ear shape.

Deep learning is a subset of machine learning and can be considered its
evolution. Now the system can determine for itself which features are
important. It does this using an algorithm with a logical structure like that
of a human brain would make decisions. This is called an artificial neural
network. Take the previous cat/dog example as before, a deep learning
algorithm may decide for itself that in fact nose shape and total mass are
the best indicators of species. However, it can often settle upon features
far more abstract, and therefore when these models are trained, can act

as somewhat of a 'black box’. That is to say, it will return a result often
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without the user having a full understanding of how the decision was made.

Therefore, although requiring much less human intervention than machine
learning, training a deep learning algorithm requires much more data. Fur-
thermore, the quality of this network will only be as good as the data it
learns from. For example, if you train a deep network on purely ginger cats
and black dogs, and then show it a black cat, it may reasonably distinguish

it as a canine.

4.9.2.1.1 Artificial Neural Networks

Artificial neural networks, as their name suggests, were developed to simu-
late the connections in the human brain[97]. Therefore, a brief description
of their biology is useful for comparison. By the simplest model, a neuron
system can be thought of as having four components, each with its own

function:

Cell body (Soma) Containing the nucleus and controlling the function

of the neuron.

Dendrites Branch-like structures extending from the cell body responsible

for communication and receiving signals from other neurons.

Axon Carries electrical impulses along the length of the neuron and ends

in the axon terminal, where signals are passed to other neurons.

Synapse The chemical junction between the axon terminal of one neuron
and the dendrites of another. A chemical reaction here effectively
decides how information is transmitted between neurons, called the

action potential.
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The human brain has approximately 86 billion of these neurons. Connec-
tions within this network form the basis of our ability to process information

and form complex thought.

The ‘neurons’ in an artificial neural network consists of three components,

each analogous to their biological counterparts:

Node Where computation is performed, based on the cell body.

Weights Similar to the axon, in charge of signal transfer and connecting

to other nodes.

Activation Like a synapse, dictates the transfer of information from one

node to another.

An artificial neural network can be thought of as a structure of layers,
made up of three groups: the input, the output, and the hidden layer(s).
Named as such, the input and output layers accept and return the resultant
information respectively. There is generally only a single instance of each.
However, a neural network typically has many hidden layers, and it is
within these layers that the complex calculation takes place. These layers
are made up of artificial neurons as described previously, each connected

to every neuron in adjacent layers, but not to neurons in the same layer.

The input layer nodes are created to reflect each of the variables input into
the network. For example, that could be tail length and total mass for
the dog/cat differentiator network. For classification problems requiring
a discrete result, the output layer nodes are initialised such to reflect the
desired outputs: cat or dog in this case. Information is passed through
these layers such that a probability is produced from the output layer.

Importantly, without alteration this network is only capable of returning
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the probability of the input belonging to a cat or a dog. Should it be given
the properties of a rabbit for example, it will still return the likelihood of

the creature belonging to the feline or canine groups.

Input Hidden Layers Output

Layer Layer
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Figure 4.14: Diagram of the core components of an artificial neural net-
work, including nodes (blue circles) and weights (black arrows), within
the input, hidden and output layers. Activation functions are visualised
within some of the nodes, including rectified linear units and sigmoid func-
tions within the hidden and output layers, respectively. Note: modern
artificial neural networks will typically contain many more layers in the
hidden section than the two displayed here.

Each node accepts a weighted sum from all its inputs and then applies an
activation function, mimicking the action potential of its biological coun-
terpart. This function can take multiple forms in the hidden layers, such
as a Rectified Linear Unit (Depicted in the nodes of the hidden layers in
Figure 4.14), which suppresses negative values and allows the function to
act non-linearly. In the output layer a sigmoid activation function is often
used (depicted in the nodes of the output layer in Figure 4.14) such that

the network generates a probability.

A typical Neural network will have many variables or trainable parame-
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ters, often into the tens of millions. The act of training the network is
effectively an optimisation problem of a non-linear function; finding a com-
bination of parameters that result in the lowest error from an expected
result. The parameters can start randomly assigned and data is submitted
to the network. The result from the output layer is then compared to the
ground truth and the difference is used to determine the error using a loss
function. This loss is then used to adjust the training parameters via a
process called backpropagation[98]. Hyperparameters are used to control
how much these trainable parameters are adjusted in response to the asso-
ciated loss. Repeated many times, this process should increase the network
accuracy, effectively 'training’ it. This often requires significant computing
capabilities to avoid long training times. However, with the development
of GPUs and cloud computing infrastructure in the last decade, this has

become more accessible.

An example of a common artificial neural network is a convolutional neural
network, specifically designed for image processing and object detection,
such as that required for recognising road signs in driverless cars. This
network type is discussed further in the next section. Recurrent neural
networks share a similar architecture to convolutional neural networks but
have built-in feedback loops that permit the algorithm to 'remember’ pre-
vious data. These are used when the input data is sequential, such as in
language processors such as Al assistants (Siri (Apple, USA), Alexa (Ama-

zon, USA) etc.), or translators (Google Translate (Google, USA) etc.).

4.9.2.2 Convolutional Neural Networks (CNN)

Widely used for object detection and classification, convolutional neural

networks[99] are inspired by the function of the visual cortex, where sig-
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nals from the retina are processed as if by a hierarchical system of cells.
For example, when reading text some cells detect shapes/patterns to form
individual letters. This information is then passed to further cells with
greater context to form syllables. These are then processed by other cells
to form words and so on to form sentences before the information is sent to
higher centres in the brain. Inspired by this understanding, the first CNN
was generated, comprised of a hierarchical mathematical model using con-
volution and down-sampling[100]. This works like the model of the visual
cortex, processing only part of an image at a time to extract features. Then
combining these features with additional context to attain insight into the
entire system. In a CNN, each of the input nodes can represent a pixel of
the input image. Convolutional neural networks generally comprise of six

layer types:

Convolution layer A layer where features are extracted via convolution
with a filter. These filters can perform operations such as blurring,

sharpening or edge detection.
Activation layer Applies an activation function discussed previously.

Pooling layer Reduces the dimensionality of an image often by taking
the maximum value or averaging a region. Spatial pooling can also

be referred to as downsampling.

Batch Normalisation layer Controls input distortion by normalising and
scaling to make the network more robust to initial parameter values

and covariance shift.

Dropout layer A layer that randomly ignores the activation layer to pre-

vent over-fitting.

Fully Connected layer An output layer used for object classification.
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These networks are commonly used for computer vision applications. Four

typical classes of computer vision are defined as:

Image Classification Globally classifying the main subject of an image.

Classification and Localisation Classifying and locating the main sub-

ject of an image.
Object Detection Classifying and locating multiple subjects of an image.

Semantic Segmentation Applying a classification to each individual pixel

of an image.

The application of each of these classes is demonstrated in Figure 4.15. For
the image segmentation task in this work, a network capable of semantic

segmentation is required.

Classification + . ) Semantic
Localisation =~ Object Detection  go 00 ntation
?.s‘;. ] 7 14

Classification

Cat Cat, Human, ,
Foliage,

Figure 4.15: Demonstration of the application of each discussed computer
vision classification technique. Classification and segmentation were ap-
plied through manual evaluation for these examples.

4.9.2.2.1 CNN Architectures

Designing a CNN architecture from scratch is beyond the scope of this

work. Typically, models are trained using pre-existing architectures, which
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may be adapted slightly to suit local requirements. Below are descriptions

of two models that are relevant to this work:

UNet UNet was designed specifically for biomedical applications[101]. Vari-
ations of this model[102] have found widespread application in biomed-
ical image segmentation[103, 104]. This architecture is comprised of
two parts: contraction and expansion. Displayed graphically in Fig-
ure 4.16, these resemble the letter 'U’, for which this network was
named. The contraction segment consists of several sequential blocks
of convolution and max pooling layers, which reduce the spatial infor-
mation whilst increasing feature information. The expansion segment
combines feature and spatial information and can be thought of as a
decoder. Information is passed between the contraction and expan-

sion layers to guide localisation.

SegNet SegNet[105] is similar to UNet in architecture, although it is less
memory intensive. This is because SegNet passes a reduced quantity
of information from the contraction layers to the expansion path.
Although not specifically designed for biomedical applications, the
strength of SegNet in this case is the readily available pre-trained
models in Matlab. This includes the VGG-16 network[106], capable
of recognising 1000 different objects. However, these objects are not

necessarily related to biomedical imaging.
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Figure 4.16: Simplified visualisation of the UNet architecture, including
3 pooling layers. Information is passed between successive neighbouring
layers and also between contraction and expansion blocks, with both path-
ways indicated by the black arrows.

4.9.2.2.2 Network Training

With the network architecture selected, model parameters must be opti-
mised before the system can produce meaningful predictions. This process
typically requires a significant quantity of training data, depending on the
task complexity and model architecture. The training data comprises input
data for which the expected output is known. For semantic segmentation
tasks, this is generally in the form of numerous human-labelled images.
However, human labelling can introduce inconsistencies in the training
dataset and is very resource-intensive. These data are typically split into
three groups: the training, validation, and test sets. The first two sets
are used for model training and hyperparameter tuning, respectively. The
final group is used to determine performance metrics such as Intersection

over Union (IoU)[107], pixel accuracy, and mean average precision for the
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resulting model and is not used during the training process.

When training a model from scratch, the weights and biases are typically
initialized at random. Inputting the training data to this system will yield
erroneous results; however, this is the first stage of model training. These
results are compared to the expected output, and a loss metric is gener-
ated based on the loss function. This loss is then used to adjust the model
parameters via a process called backpropagation[98], before more training
data is passed through the model and the process repeated. Effectively, this
training process is an iterative optimisation problem, which aims to deter-
mine a set of model parameters for which the loss is minimised. Training
is deemed complete when convergence criteria are met, such as validation
loss plateauing, reaching maximum epochs, or achieving satisfactory perfor-
mance metrics. It is possible to over-fit a trained network, where the model
learns training-specific patterns that fail to generalize to unseen data, often

detected by divergence between training and validation loss.

4.9.2.2.3 Transfer Learning

An alternative method for model training is transfer learning[108], which
can significantly reduce training times and data requirements. Instead of
initialising model parameters at random, this method utilises a pre-trained
model trained on large-scale datasets to determine the starting values for
model weights and biases. The existing model, often trained on related
but distinct tasks, may have captured generalisable feature representations
which are transferable between tasks. Common approaches include fine-
tuning all parameters with reduced learning rates, or freezing early lay-
ers while retraining only the final classification layers. This can improve

trained model performance, especially in scenarios where training data or
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computational resources are limited. However, transfer learning effective-

ness depends on the similarity between source and target tasks.

4.9.2.3 Training Lung Segmentation Networks

The aim of this section was to train a number of artificial neural networks
capable of the semantic segmentation of the lung, from MR images captured
using the 0.5 T scanners described in this work. This includes four scanning
modalities: 2D GRE scans in the coronal, axial and sagittal planes, as well
as 2D HASTE scans in the coronal plane. These networks were based on
pre-existing architectures and trained using inbuilt MATLAB tools. Mod-
els trained to an acceptable accuracy were integrated into the home-built
PREFUL pipeline. Scanner protocols for all scans used for model training

are described in Tables 4.5 and 4.7.

4.9.2.3.1 Image Labelling

Prior to manual segmentation, images were pre-processed to meet the re-
quirements of the network architecture. This included changing the image
size to 128 by 128 voxels and scaling the image values to between 0 and
255 (8-bit). A benefit of PREFUL for generating labelled data for training
a neural network is the large number of images captured for each scan.
Therefore, many hundreds of training images can be created from only a

handful of acquisitions.

The aim of the first network trained was to segment coronal lung images
captured using a standard 2D GRE sequence. Ground truth labels for
training the coronal 2D GRE network were manually generated using the

Medical Image Labeller application, part of MATLAB’s medical imaging
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toolbox. In total, 3552 training images were generated from MR images of
15 healthy individuals across each of the acquisition types. This encom-
passed participants in the postures: supine, prone, sitting and upside down
(although scans were rotated or flipped as required to ensure the base of
the lung remained at the bottom of the image and left lung on the right).
All voxels within all images were assigned one of three classes: Left Lung,

Right Lung and Background.

Left Lung For voxels within the left lung.
Right Lung For voxels within the right lung.

Background For all other voxels in the image, regardless of anatomy.

Generally, the segmentation of each of the 2D GRE coronal images was
achieved using a semi-automated process. The rough edges of the lungs
were painted onto each image by the user, ensuring a complete loop was
made within each of the lungs. Then a custom function was employed to
snap this rough outline to the edges of the thoracic cavity. This function

followed the steps:

1. Fill holes.
2. Active contours, 5 iterations.

3. Close function (dilate then erode) using a disk shaped kernel of di-

ameter 3 pixels.

Finally, any remaining segmentation errors were manually corrected.

For the image labelling of the later networks, the previously trained 2D

coronal network was applied to assist with the initial rough outline of the
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lung. Any errors in the resulting labels were corrected and the above func-
tion was applied if necessary. The number of training images and the

number of healthy participants used for model training is summarised in

Table 4.2.

Image labelling was performed by two people, Matilda Chalk and Arthur
Harrison, with details of their respective contributions in Table 4.2. No

inter-observer repeatability studies were employed in this work.

For the coronal and axial scan, a 200-image sequence could be fully labelled
in approximately three hours, equating to just over one minute per frame.
Sagittal scans were generally slightly faster to label as only one lung is in
frame. Haste scans typically took slightly longer to label, due to the lower
quality of the images. This lower SNR often resulted in the failure of the
semi-automated edge-finding algorithm, requiring the labelling process to

be fully manual.

Labelled Training Data

Acquisition | Plane Images | Participants| Scanner(s) Labeller(s)

2D GRE Coronal | 3552 15 0.5 T Open | 90% MC
0.5 T Bruker | 10% AH

2D GRE Axial 135 10 0.5 T Open | 100% AH
2D GRE Sagittal | 200 8 0.5 T Open | 100% AH
2D HASTE | Coronal | 150 13 0.5 T Open | 100% AH

Table 4.2: Number of training images manually labelled and number of
healthy participants for each acquisition type. MC represents Matilda
Chalk, AH represents Arthur Harrison.

An image augmentation function was employed to adapt the training data
each time it was passed through the training algorithm. This was to in-

crease both the noise and variation in the training data to prevent over-
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fitting. The augmentation function applied a number of random trans-

formations to each labelled training image, within the bounds specified in

Table 4.3.

Augmentation Limits
Transformation Type Limits
Rotation (Degrees) -10 to 10
X Scale 0.8 to 1.2
Y Scale 0.8 to 1.2
X Translation (Voxels) -10 to 10
Y Translation (Voxels) -10 to 10

Table 4.3: Limiting bounds to random transformations applied to each
training imaged by the augmenter function.

4.9.2.3.2 Network Generation

Two networks were generated using inbuilt MATLAB protocols for the
semantic segmentation of the Coronal 2D GRE images. These were based
on the UNet and SegNet architectures, each with three pooling layers and
adapted to include a Dice classification output layer. The UNet model was
trained from scratch, however the SegNet network was initialised with the
pre-trained VGG-16 model for transfer learning. Each model was created

to classify the three classes designated by the training data.

Networks for the Axial 2D GRE and Coronal 2D HASTE images were
trained via transfer learning, with initialised weights and biases from the
prior trained Coronal 2D GRE SegNet network. As the output labels were
the same across each of these acquisitions, all weights and biases were
taken from the Coronal 2D GRE network. For the Sagittal 2D GRE net-

work, the pre-trained Coronal 2D GRE SegNet network was also used for
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transfer learning, however the classification layers wee replaced to reflect
the single lung within the image. These replacement classification layers

were generated using inbuilt MATLAB protocols.

4.9.2.3.3 Network Training

All training data was partitioned into training, validation and test sets
with the respective ratios 75:20:5. All model training and hyperparameter
optimisation was completed within MATLAB’s Experiment Manager envi-
ronment, part of the Deep Learning Toolbox. Training was completed using
the computer hardware detailed in Appendix B. Hyperparameter optimisa-
tion is beyond the scope of this thesis. The hyperparameters used to train
each of the models are listed in Appendix A.1. The training progress plots
the Coronal 2D GRE UNet network is depicted in Figure 4.17. Training

times for each network was generally between 10 and 20 minutes.

The Axial 2D GRE, Sagittal 2D GRE, and Coronal 2D HASTE networks
had significantly less training data compared to the Coronal 2D GRE net-
work (Table 4.2). To address this limitation, transfer learning using the
pre-trained Coronal 2D GRE model was employed. This approach utilised
the extensive labelled dataset from the Coronal 2D GRE network to com-
pensate for the limited training data from the other MR acquisition modal-

ities.
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Figure 4.17: Training progress plots for the 2D GRE SegNet network,
including the change in accuracy and loss due to model training.

4.9.2.3.4 Training Results

Initially, the UNet and pre-initialised VGG-16 SegNet networks were trained

on the Coronal 2D GRE images. The accuracy of the trained networks was

contrasted using Intersection over Union (IoU) score[107] of each network’s

respective test set in Table 4.4. Additionally, typical segmentation results

for each of the networks are presented in Figures 4.18 and 4.19, accompa-

nied by heat maps summarising the types of error within the network.

210



4.9. SEGMENTATION

A)

=]

C

-

= 0.01517
il 0.8
S
Ro) 07 m
S g
5 o 106 g'
LE -
N = 0.01393 9
o 7 e
g 104 3
2 2
S, 103 @
O ©
2= {02

= .

f:” 0.005011

§ 10.1

— 0
LeftLung RightLung Background

Training Label Category

Figure 4.18: Summary of the accuracy of the trained Coronal 2D GRE
network, based on the pre-initialised VGG-16 SegNet architecture. This
figure includes examples of typical semantic segmentations of three typical
pulmonary MR images from the test set (A). In these segmentations the
segmented right lung is depicted in yellow, the left in blue, while the
background is omitted. Additionally, the network accuracy heat map, also
based on the test set, is presented (B), detailing the relative frequency of
each voxel segmentation category.
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Figure 4.19: Summary of the accuracy of the trained Coronal 2D GRE
network, based on the UNet architecture. This figure includes examples
of typical semantic segmentations of three typical pulmonary MR images
from the test set (A). In these segmentations the segmented right lung
is depicted in yellow, the left in blue, while the background is omitted.
Additionally, the network accuracy heat map, also based on the test set, is
presented (B), detailing the relative frequency of each voxel segmentation
category.

The accuracy of each of the 2D Coronal GRE trained networks was eval-
uated on the Axial 2D GRE and Coronal 2D HASTE test data. The 2D
sagittal GRE test data was omitted from this process due to the difference
in the output labels. A summary of the efficacy of each trained network is

presented in Figure 4.20.
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Figure 4.20: Summary of the application of the trained Coronal 2D GRE
networks on the additional MR image data types with the same voxel
classes. The figure includes the segmentation of Coronal GRE (i), Ax-
ial GRE (ii) and Coronal HASTE (iii) MR images, by the trained SegNet
(A) and the UNet (B) - based networks. This is accompanied by a com-
parison of the Weighted IoU score (C) for the application of each network
on each acquisition type.

Both the UNet and pre-trained SegNet network architectures appear to be
able to segment the coronal 2D GRE datasets well, yielding IoU scores of
over 98% (Table 4.4). However, it appears that the UNet based network is
slightly more accurate. However, when applied to pulmonary MR images

acquired in different planes and modalities, the SegNet based network per-
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formed better. Therefore, this network may be more robust at segmenting
the lungs. The UNet network, while more efficient at the task for which it

is trained, may be more specialised to this data type.

This observation may be explained by the method used to train each of
the networks. The SegNet based network was trained via transfer learning,
using the VGG-16 network which is capable of recognising 1000 everyday
objects. Therefore, when trained on the lung images, this model may have
a more fundamental recognition of the shape of the pulmonary organs,
rather than just pattern recognition specific to the limited training data.
Consequently, this model was subsequently used for transfer learning of the
additional networks. The results of this training, for the Axial 2D GRE,
Sagittal 2D GRE and Coronal 2D HASTE data, are presented in Figures

4.21, 4.22 and 4.23, respectively.
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Figure 4.21: Summary of the accuracy of the trained Axial 2D GRE net-
work, based on the pre-trained Coronal 2D GRE SegNet architecture. This
figure includes examples of typical semantic segmentations of three typi-
cal pulmonary MR images from the test set (A). In these segmentations
the segmented right lung is depicted in yellow, the left in blue, while the
background is omitted. Additionally, the network accuracy heat map, also
based on the test set, is presented (B), detailing the relative frequency of
each voxel segmentation category.
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Figure 4.22: Summary of the accuracy of the trained Sagittal 2D GRE
network, based on the pre-trained Coronal 2D GRE SegNet architecture.
This figure includes examples of typical semantic segmentations of three
typical pulmonary MR images from the test set (A). In these segmentations
the segmented lung is depicted in blue and the background is omitted.
Additionally, the network accuracy heat map, also based on the test set, is
presented (B), detailing the relative frequency of each voxel segmentation
category.
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Figure 4.23: Summary of the accuracy of the trained Coronal 2D HASTE
network, based on the pre-trained Coronal 2D GRE SegNet architecture.
This figure includes examples of typical semantic segmentations of three
typical pulmonary MR images from the test set (A). In these segmentations
the segmented right lung is depicted in yellow, the left in blue, while the
background is omitted. Additionally, the network accuracy heat map, also
based on the test set, is presented (B), detailing the relative frequency of
each voxel segmentation category.

Finally, the accuracy of each model was evaluated using the test set asso-

ciated with each network. These results are presented in Table 4.4.
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Trained Network Accuracy
Trained Network Architecture Weighted IoU Score
Coronal 2D GRE SegNet 0.974
Coronal 2D GRE UNet 0.982
Axial 2D GRE SegNet 0.991
Sagittal 2D GRE SegNet 0.991
Coronal 2D HASTE SegNet 0.958

Table 4.4: Comparison of the accuracy of each Trained Networks using the
weighted ToU score[107] determined using each network’s test data set.

4.9.2.3.5 Pipeline Integration

Each of the SegNet based networks were integrated into the home-built
PREFUL pipeline. These networks serve to automatically segment the
thoracic regions, either for ROI designation or for ventilation phase assign-
ment by 2D lung area. However, following the neural network based seg-
mentation an additional processing step is applied to the segmented lungs
to reduce noise and remove potential errors. This processing followed three

steps:

1. Fill holes - All enclosed spaces within each of the segmented lungs

are removed.

2. Remove islands - All but the largest island by 2D area for each lung

segmentation are removed.

3. Smooth edges - A morphological close operation with a disk shaped

kernel of diameter of 3 voxels is applied to each segmented lung.

Usually these operations have a minor effect on the segmented lung mask.
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However, they may reduce the error in segmentation if the networks expe-
rience data that varies from their training data. For example, in Figure
4.20Aiii and 4.20Bii, this processing would have significantly reduced the

segmentation error.

4.9.2.4 Network Evaluation

This section follows the training of five CNNs, each trained to segment 2D
data acquired using specific sequences or specific imaging planes, acquired
at 0.5 T. Each of these networks appears to be highly capable at segmenting
healthy lungs when imaged under these specific conditions. Therefore, each
of the Segnet-based CNNs was integrated into the PREFUL pipeline for

lung segmentation and respiratory phase determination.

However, these networks were trained on data with specific acquisition pa-
rameters. Varying these parameters can significantly change the contrast
within each MR image, even within the same pulse sequence. Further-
more, these networks have been trained on data acquired of relatively few
individuals. Therefore, in future, these networks should be tested on a
larger range of datasets with a greater variance in acquisition parameters
and a wider range of individuals. These networks were trained via transfer
learning from the VGG-16 network with the hypothesis that the resulting
networks will be highly adaptable to new data types. However, future re-
training may be necessary, potentially using these networks as the basis for

transfer learning.

The above discussion is limited to healthy volunteers. No analysis has been
performed on the capability of these CNNs to segment diseased lungs. If
pathology were to alter the appearance of the lungs in their MR images

then the networks may exhibit a reduced performance. This represents a
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significant limitation to this work. If the networks become too inaccurate,
then they will no longer be useful for determining the respiratory phase
of each acquired image. Therefore, future work should explore the perfor-
mance of these networks for segmenting diseased lungs, with a range of

pathology types, and perform retraining if necessary.

Further exploratory work may use the labelled training data to conduct
transfer learning using a pretrained UNet network, an architecture more
commonly used for medical image segmentation tasks[103, 104]. Addition-
ally, the training data could be compiled into a single set, used to train a
single network capable of segmenting the lungs from any of the available

image series employed in this study.

4.10 Analysis

With successful PREFUL reconstruction, two lung cycles are generated
representing an artificial ventilation and perfusion cycle. The final step is
to glean useful voxel-wise information from these cycles relating to the local
ventilation and perfusion. The original PREFUL paper[47] presents two
primary methods for this: using the relative intensities of voxels in the cycle
(fractional ventilation and perfusion weighted) and the time each voxel

takes to reach its maximum value or time-to-peak (VITP and QTTP).

4.10.1 Ventilation

This PREFUL pipeline is not always successful in processing image series.
This could be due to low-quality input data, or the incorrect selection of

processing parameters. Furthermore, a data-set may exhibit successful ven-
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tilation processing, whilst the perfusion fails, or vice versa. Therefore, the
success of each of these processing types is determined separately. For ven-
tilation, the correlation between the average fractional ventilation within
the lung for each reconstructed frame of the ventilation cycle frame, and
the associated respiratory markers is used to automatically categorise the
processing output as either a pass or a fail. Figure 4.24 displays the rela-
tionship of these metrics for two example processing outputs. This assumes
that with lung expansion, the air-fraction within the lung increases. There-
fore, the pass threshold for the correlation coefficient of these metrics is set
to >0.5. This threshold was selected based on the data available during
development of this PREFUL pipeline, which only contains healthy volun-

teers. Therefore, further work is required to validate the reliability of this

threshold.
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Figure 4.24: Demonstration of the process for determining if ventilation
processing has been successful. Displayed for an example case of successful
processing (A) and unsuccessful processing (B), based on the correlation
of the respiratory marker and average fractional ventilation within the lung
for each case. Error bars omitted.
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4.10.1.1 Fractional Ventilation

The voxel-wise fractional ventilation is determined using the method pre-
sented by Zapke et al.[14] The signal (S) of each voxel is expected to vary
throughout the ventilation cycle. One can define S, to be the signal at
greatest exhalation and .S;, to be the signal at greatest inhalation. With
successful registration, the total amount of lung parenchyma within each
voxel through the ventilation cycle should remain constant, however the
air fraction increases as one draws a breath. Therefore, the average density
of the lung tissue will decrease. This should increase again as the subject
exhales. This results in lower signals observed with inspiration compared
to exhalation. This variation, with associated errors, is presented for a typ-
ical lung voxel in Figure 4.25. Using the signal from each voxel with time

(S(t)), one can calculate the time dependent fractional ventilation[14]:

Sez - S(t)

FV(t) =
( ) Se:r - Snoise

(4.22)
where S5 1S equivalent to the background noise, usually omitted for
PREFUL[25]. This equation can be altered to give the fractional ventilation

at greatest inhalation FV[14]:

(4.23)

The values of S., and S;,, can be estimated from the reconstructed ventila-
tion cycle using the signal intensity at the time points representing greatest
exhalation and inhalation (0% and 50% of the ventilation cycle). This tech-
nique is demonstrated in Figure 4.25. A typical fractional ventilation map,

generated using this method, is presented in Figure 4.26Ci. The voxel-wise
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error can be calculated using the standard error of the time-point used in

the calculation. However, this methodology presents a number of draw-

backs:

e It assumes that the point of maximum ventilation (thus minium sig-
nal) occurs at the point of maximum inhalation. If this property
occurs earlier or later in some regions, then the resultant map of the
fractional ventilation may not accurately reflect the air within these
zones. In the extreme, then the local ventilation appears our of phase
with the respiratory cycle, this method can yield negative fractional

ventilation values.

e It is based on the intensity of only two points in the phase cycle.
Furthermore, as demonstrated in Figure 4.6iv, the corresponding re-
constructed frames will often have used the fewest images for recon-
struction. This is reflected as the larger error bars at the limits (0%
and 50%) of the ventilation cycle in Figure 4.25. Therefore, this
method is highly sensitive to errors, especially at the lower sensitivi-

ties associated with scanning at low-field.

These limitations may affect the reliability of pulmonary ventilation assess-
ment using this method. Therefore, an alternative method was developed
to reduce the effect of the above limitations. The variation in the signal
intensity within each voxel is assumed to be sinusoidal with respect to the
ventilation phase. If this assumption is correct, then this signal can be

fitted to a sine curve using the equation:

S = Avent SN2 ft + dvent) + C (4.24)

223



4.10. ANALYSIS

where Ay.,: is the ventilation amplitude, f the frequency, ¢ the position
in the ventilation cycle of the reconstructed frame, ¢y.,; the phase offset
of the fitted ventilation cycle and C' the magnitude offset. This fitting is
based on an artificially reconstructed cycle with a known frequency of 1
Hz. Therefore, the fitted variables are A, ¢ and C'. The weighted fitting,
based on error of the reconstructed voxels, is achieved via non-linear least-
squares regression[75-77]. Depicted in Figure 4.25, these values can be

used to estimate the voxel intensity at inspiration and exhalation:

Sex =C+ AVent (425)

Sin =C — AVent (426)

Substituting these into Equation 4.23 gives:

2AVent

PV=———
C+AVent

(4.27)

This method uses the weighted variation in voxel intensity of all frames
of the reconstructed image sequence, therefore, the resultant maps of the
fractional ventilation may be less susceptible to noise. This fitting method
is demonstrated in Figure 4.25. An example map of the fractional venti-
lation, generated using this method, is presented in Figure 4.26Ai. Each
value of the fractional ventilation is accompanied by a map of the associ-
ated error of each voxel, calculated using the standard error of each fitting

parameter.

An additional method explored for determining the fractional ventilation

224



4.10. ANALYSIS

of each voxel, was to simply use the greatest variation in signal along the
reconstructed sequence. Therefore, for Equation 4.23, S;,, is determined us-
ing the value SV, and S, is determined using SK. This method is demon-
strated for a typical voxel in Figure 4.25, with a reconstructed fractional
ventilation map using this method presented in Figure 4.26Bi. Like the
first method discussed, this method is sensitive to noise as it only uses two
points for ventilation determination. However, unlike the first method, this

method doesn’t produce negative fractional ventilation values.
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Figure 4.25: Demonstration of methods used to determine local fractional
ventilation, for the three methods discussed in this work. The local signal
variation with respect to the reconstructed ventilation cycle is plotted as
a black line, with error bars representing the standard error calculated
during the reconstruction process. A sinusoidal curve is also fitted to the
data (Orange line). S;,, S., and VTTP values are determined from the
ventilation cycle limits (Blue lines), the maximal change in signal (Green
lines), and using the sinusoidal fitting (Red lines).

Example Fractional ventilation maps generated using each of the three
methods discussed are demonstrated in Figure 4.26 for a free-breathing
healthy volunteer. Each map is accompanied by a histogram to visualise

the spread of the data. The image series used to reconstruct these maps
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were acquired on the 0.5 T Upright scanner, with acquisition/processing

parameters detailed in Tables 4.5 and 4.6.

Fractional Ventilation

. I
Ai) Aii)
0.3
250
0.25
200
0.2 8
e é 150
0.15 3
o
0.1 100
0.05 50
0 0

0 0.05 0.1 0.15 0.2 0.25 03 0.35

Occurrences

0.05 0.1 0.15 0.2 0.25 0.3 0.35

200

150

Occurrences

-0.2 -0.1 0 0.1 02 03 0.4
Fv

Figure 4.26: Comparison of analysis methods used to determine the voxel-
wise fractional ventilation generated from the PREFUL processing. Maps
of the fractional ventilation (i) and associated histograms (ii) are displayed
for the sinusoidal fitting (A), maximum difference (B) and temporal ref-
erencing (C) methods. Underlying data was captured using a Coronal 2D
GRE acquisition on the 0.5 T Upright scanner, whilst the participant was
in the supine posture, breathing freely.

This PREFUL pipeline utilises the sinusoidal fitting method for calculating
the local fractional ventilation. Voxel-wise errors are calculated based on

the standard error of the weighted fit parameters.

226



4.10. ANALYSIS

4.10.1.2 Ventilation Time-To-Peak

VTTP may provide insight into the air filling dynamics of the lung. This
metric is referenced to the start of the ventilation cycle at 0%. Two meth-
ods present themselves to determine the voxel-wise VI'TP, demonstrated
in Figure 4.25. The first is to use the point within the reconstructed venti-
lation cycle for which the voxel exhibits the lowest signal and thus assumed
maximum air fraction[25]. Whilst simple to implement, this method only
uses the signal of a single reconstructed frame and therefore is susceptible
to noise. Furthermore, this method creates a discretised VI'TP result, de-
pendent on the number of reconstructed ventilation frames selected during

processing. This is demonstrated in Figure 4.27Bii.

Alternatively, the fitted phase term (¢yen) from Equation 4.24 can be used
to determine VI'TP using all of the weighted points of the reconstructed
ventilation cycle. This term can then be used to calculate the fractional

VTTP using the equation:

3 27
2 ¢V€nt’0

VTTPy, = 100% x | o (4.28)

This method uses all frames of the reconstructed ventilation cycle, thereto-

fore may be less susceptible to noise. A comparison of each analysis method

for a typical dataset is provided in Figure 4.27.
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Figure 4.27: Comparison of analysis methods used to determine the voxel-
wise VI'TP generated from the PREFUL processing. Maps of the VI'TP
(i) and associated histograms (ii) are displayed for the sinusoidal fitting
(A) and maximum difference (B) methods. Underlying data was captured
using a Coronal 2D GRE acquisition on the 0.5 T Upright scanner, whilst
the participant was in the supine posture, breathing freely.

This PREFUL pipeline utilises the sinusoidal fitting method for calculating
the local VI'TP. Voxel-wise errors are calculated based on the standard

error of the weighted fit parameters.

4.10.1.3 Jacobian Determinant

The Jacobian determinant is an alternative method for investigating the
regional expansion of the lung tissue, which may yield results related to
the local ventilation. This analysis method is generally used for CT stud-
ies[109-111], but can also be used in conjunction with lung MRI[112]. In-
stead of the signal-based calculations used for the fractional ventilation,

the Jacobian determinant is a region-based approach. This method uses
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the results of the non-rigid, intensity based registration step described pre-
viously. Using the forward displacement map, the 2D Jacobian can be

calculated for each voxel (v)[113]:

Ovg Ovg
e oy

Jole,y)=|{ = * (4.29)
o oy

from which, the determinant is calculated, yielding a single number quan-
tification of local expansion. Values greater than 1 represent areas of ex-
pansion, values lower than 1 represent areas of contraction. The Jacobian
determinant can be calculated using the displacement field generated via
the successful registration between the reconstructed maximally exhaled
and inhaled states. This may yield information related to local maximum
ventilation associated with the image series. However, similar to the frac-
tional ventilation calculations, this processing is based on only two lung
states. Furthermore, these lung states typically exhibit the highest errors
in voxel value compared to their counterparts. Therefore, this method may

be highly sensitive to errors.

An alternative method for calculating the local maximum expansion, may
use the temporal variation in voxel-wise Jacobian determinant. Applying
registration from the maximally exhaled state to each subsequent recon-
structed state, permits the plotting of an expansion vs respiratory cycle
relationship. Assuming this relationship is sinusoidal, one can fit a sine
curve to this distribution, similar to Equation 4.24. Then the amplitude
may be a more reliable representation of local expansion. Additionally,
the phase of the associated fitted curve, could be used to gain temporal
dynamic information, the Jacobian [Determinant] Time-To-Peak (JTTP),

which is analogous to VI'TP. Example maps of the Jacobian determinant
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and JTTP using this processing method are presented in Figure 4.28. How-

ever, further testing is required to test the validity of these results.
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Figure 4.28: Comparison of analysis methods used to determine the voxel-
wise Jacobian Determinant and JTTP generated from the PREFUL pro-
cessing. A Jacobian Determinant map (Ai) and associated JTTP Map (Bi)
is presented for a typical dataset, with accompanying histograms (ii). Un-
derlying data was captured using a Coronal 2D GRE acquisition on the
0.5 T Upright scanner, whilst the participant was in the supine posture,
breathing freely.

This PREFUL pipeline utilises the sinusoidal fitting method for calculating
the local Jacobian determinant and JTTP. Voxel-wise errors are calculated

based on the standard error of the fitted parameters.

4.10.2 Perfusion

To determine if perfusion processing has been successful, the number of

frames for which the perfusion phase was successfully assigned is used. This
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threshold is arbitrarily set to >50%); this value was chosen based on the
datasets available for development of this pipeline. Therefore, this thresh-
old may need to be optimised when investigating pathology. Furthermore,

this threshold does not take into account the size of the underlying dataset.

4.10.2.1 Perfusion Weighted

The local weighted perfusion is calculated based on the variation of signal
intensity of each voxel of the reconstructed perfusion cycle. This can be
achieved using simply the difference between the greatest voxel intensity
and lowest voxel intensity: S_CE and S¢. This method is demonstrated in
Figure 4.29. The magnitude of the perfusion weighted (Q,,) variation can

then be defined as:

Qu =S¢ - 5S¢ (4.30)

However, like for the fractional ventilation determination, this method is
reliant only on two reconstructed frames and therefore is susceptible to
noise. This analysis can be adapted to consider the weighted contribution
from all reconstructed frames by fitting a sinusoidal curve to the variation
of each voxel through the perfusion cycle. For a high-pass filtered signal,

the fitted equation takes the form:

S = Aperf sin(27rft + ¢Perf> (431)

where Ap., is the perfusion amplitude, f the frequency, ¢ the phase point
corresponding to the reconstructed frame, and ¢y, s the phase offset of the

fitted perfusion cycle. The magnitude of perfusion weighted variation is
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then defined as:

Qw = 2APerf (432)

This sinusoidal weighted fitting method is demonstrated in Figure 4.29,
however, if the signal variation within the reconstructed perfusion cycle is

not sinusoidal in shape, then this analysis method can be unreliable.
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Figure 4.29: Demonstration of methods used to determine local weighted
perfusion values, for the two methods discussed in this work. The local
signal variation with respect to the reconstructed perfusion cycle is plotted
as a black line, with error bars representing the standard error calculated
during the reconstruction process. A sinusoidal curve is also fitted to the
data (Orange line). S;, S_ and QTTP values are determined from the
maximal change in signal (Green lines), and using the sinusoidal fitting
(Red lines).

Example perfusion weighted maps generated using the methods discussed
are demonstrated for a typical acquisition from a free-breathing healthy vol-
unteer. Each map is accompanied by a histogram to visualise the spread of
the data. The image series used to reconstruct these maps was acquired on

the 0.5 T Upright scanner, with acquisition/processing parameters detailed
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in Table 4.5 and 4.6.
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Figure 4.30: Comparison of analysis methods used to determine the voxel-
wise perfusion generated from the PREFUL processing. Maps of the per-
fusion weighting (i) and associated histograms (ii) are displayed for the
sinusoidal fitting (A) and maximum difference (B) methods. Underlying
data was captured using a Coronal 2D GRE acquisition on the 0.5 T Up-
right scanner, whilst the participant was in the supine posture, breathing
freely.

In the above examples, the maximal change method appears to have a
greater SNR, however this work uses the sinusoidal fitting method for per-
fusion weighting determination. Errors of the fitted parameters are calcu-

lated based on the standard error of the weighted fit parameters.

4.10.2.2 Perfusion Time-To-Peak

The QTTP may provide insight into the perfusion filling dynamics of the
lung. This metric is referenced to the peak value of the cardiac marker, in

this case the intensity of the aorta. For this PREFUL reconstruction, this
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is located at 25% of the perfusion cycle. Similar to VITP determination,
the simplest method to calculate the voxel-wise QTTP is to isolate the
frame of greatest signal within the reconstructed perfusion cycle. However,
this method is susceptible to errors due to the small amount of included
data. Furthermore, it creates a discretised result, demonstrated in Figure
4.31. Alternatively, the fitted phase term from Equation 4.31 can be used

to calculate the fractional QTTP of each voxel:

2m
s
2 ¢P€’"f’0

QTTPy, = 100% x | - (4.33)

This method uses all frames of the reconstructed perfusion cycle, thereto-
fore may be less susceptible to noise. A comparison of each analysis method

for a typical dataset is provided in Figure 4.31.
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Figure 4.31: Comparison of analysis methods used to determine the voxel-
wise QTTP generated from the PREFUL processing. Maps of the QTTP
(i) and associated histograms (ii) are displayed for the sinusoidal fitting
(A) and maximum difference (B) methods. Underlying data was captured
using a Coronal 2D GRE acquisition on the 0.5 T Upright scanner, whilst
the participant was in the supine posture, breathing freely.

This PREFUL pipeline utilises the sinusoidal fitting method for calculating
the local QTTP. Voxel-wise errors are calculated based on the standard

error of the weighted fit parameters.

4.10.3 Vessel Segmentation

While primary vessels can appear appealing to view in perfusion-weighted
images, the signal variation in voxels associated with the primary ves-
sels does not represent local pulmonary blood-flow[114]. Therefore, these
should be removed from both ventilation and perfusion maps for accu-

rate analysis. This work utilises a home-built k-means clustering based
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approach to segment the primary vessels based on their elevated signal
intensity compared to surrounding tissue. Typically, this is conducted
on the perfusion weighted maps, as these provide the greatest vessel-to-
parenchyma contrast. However, for acquisitions where perfusion processing
was unsuccessful, it can be applied to the average of all registered images.
A k-means clustering segmentation algorithm[115] is applied to the data.
Starting with two clusters within the lung, the algorithm is applied with a
successively greater number of clusters (up to 20). For each segmentation,
the cluster encompassing the voxels with the lowest average intensity is
assumed to represent the lung parenchyma. All other voxels are assigned
to the vessels. The optimum number of clusters is automatically chosen
based on a user selected threshold, such that greatest proportion of the
lung mask is assigned to vessels, whilst not surpassing this threshold. This

process is depicted in Figure 4.32.
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Figure 4.32: Process for segmenting the primary vessels following PREFUL
processing. The perfusion weighted map (A) is segmented multiple times
using a k-means clustering based approach. The resulting segmentations
(B) are displayed for 2 (i), 3 (ii), 4 (iii) and 6 (iv) internal clusters. The
proportion of lung taken up by the vessels is calculated for each segmen-
tation, and plotted against the number of clusters (C). The segmentation
with the greatest number of clusters, with a vessel proportion below the
user-defined threshold, is used for the final vessel segmentation mask (D).

However, this process is only capable of removing the resolvable primary
vessels. Smaller vessels cannot be distinguished from lung parenchyma.
Therefore, while the blood in these vessels is not yet contributing to pul-
monary gas exchange, it will contribute to the perfusion weighted maps.
This problem exists at all field strengths, although it is exacerbated in this

work due to the large voxel sizes required for imaging at low-field. In fu-
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ture, this process may benefit from using shape information rather than

simply intensity[116].

4.11 User Interface Implementation

The PREFUL algorithm is very complex, with many steps and many vari-
ables within each of those steps. Although many of these parameters can
be estimated or standardised, there is always the possibility of the model
breaking down when presented with lower quality input data. Further-
more, without adequate quality assurance, errors may go unnoticed, un-
less the output result is anomalous. The best results are often achieved
with time-consuming optimisation of the processing parameters specific to
each dataset. This is particularly important for processing data collected
on low-field scanners, as the images can suffer from lower SNR compared

those captured at 1.5 T[25].

A user-friendly interface was developed using MATALB’s App Designer
Feature, to enable manual utilisation and optimisation of the PREFUL

algorithm. Five discrete stages facilitate the application of the pipeline:

1. Importing MRI data, Figure 4.33.
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Figure 4.33: The interface used for reading the MR image series and ini-
tialising acquisition parameters. If necessary, the data can be transformed
via rotation or reflection to position the lungs vertical within frame. The
segmentation network is also selected using this interface.

2. Ventilation Processing, Figure 4.34.

239




4.11.

USER INTERFACE IMPLEMENTATION

Diaphagm Position Filtering FFT Analysis Diaphagm Position Filtering FFT Analysis
AN NN
- \ [Low Pass v
7000 \ e
. { Low
g Pass 07| Hz
il | My %\
2 4000 | Stop 08| He oo o8 T 12
= | Frequency / Hz ®
3000 | (
2000 \ \ ‘i’.' 0.145 029 0435 058 0725 0.87 1015 1.16 1.302
reofl. Nl \ \ P
\ ] Display T Ay
NI A (O EPEyiType) | s U "ej‘;im
o 02 04 06 08 T 12 T4 = | (summary v igma:
— Visualize Fifter L

[m] X

[4 PREFUL: Ventilation Settings: 3_PREFUL_GE_2D_RT_TE=1

Previous . Next
Eraine Frame: 2 ‘ T ‘ ‘ Update ] [ Back ] \ Process ]
Diaphagm Position Filtering FFT Analysis
2100
21501 X
- x
2200 L8
L3 ® . ’
° x J
S 22500 ] . ]
g oo
323001
< x
22350
g
3
2400 N
L 1 . L i il L L - L J
o 10 20 40 50 60 70 2
Time /'s
[¥] Apply Filter Exclude Points: High: = 2208 E] @ Low: | 2452 @ \3 [ Auto | Reset |
Included Frames Phase Assignment Frame Quality

80

Phase Determination
60
Method: [Lung Volume v
40
20
Registration Method H
0 i
ionUnused
[[] Linear Warp Anct (]
Interpolation
Region Warp
Fast S No. Frames: 20 Width: 0.025
ast ( ow
[ Non-rigid Warp MATLAB I Fordanic

Phase Assignment Frame Quality

20

-
o

o

Included Images
=
o

o

10 20;

Frame Number

(=)
o

Figure 4.34: The interface for processing the ventilation and registration
components of the PREFUL pipeline. Alternative windows are displayed
in the blue and red boxes. Typical optimisations include selecting and
thresholding the respiratory marker (and segmenting an ROI over the di-
aphragm if necessary), selecting the registration method, and determining
ventilation cycle interpolation characteristics.

3. Ventilation Quality Assurance, Figure 4.35.
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Figure 4.35: The interface for checking the quality of the ventilation pro-
cessing and creating the lung segmentation mask. Processed image series
can be viewed using the Display Interface, Figure 4.38.

4. Perfusion Processing, Figure 4.36.
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Figure 4.36: The interface for processing the perfusion components of the

PREFUL pipeline.

Alternative windows are displayed in the blue and

red boxes. Typical optimisations include selecting the aorta ROI, by-part
fitting of the signal variation due to the cardiac cycle, and determining
perfusion cycle interpolation characteristics.

5. Perfusion Quality assurance, Figure 4.37.
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Figure 4.37: The interface for checking the quality of the perfusion pro-
cessing and adapting the lung segmentation mask if necessary. Processed
image series can be viewed using the Display Interface, Figure 4.38.

Additional to this, an interface was developed to visualise the dynamic

image sequences. This is displayed in Figure 4.38 and primarily used for

quality control.
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Figure 4.38: The interface used to display the dynamic PREFUL image-
series, generally for quality control purposes. Additional functionality in-
cludes the writing of the displayed image-series to either the MATLAB
workspace, a number of JPEG images, or an animated gif file.
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Each interface is coded as its own independent MATLAB app which can
be easily navigated back and forth through the PREFUL process, while
maintaining the selection of processing parameters. This permits fast op-

timisation of processing parameters.

4.11.1 Automation

Following the selecting of the input data and appropriate trained CNN,
almost all stages of this PREFUL pipeline provide some level of automa-
tion. These automation methods have been described throughout this text,
including optimisation of the respiratory thresholding and by-part fitting
of the sinusoidal signal variation due to the cardiac cycle. Furthermore,
all ROI selection is automated using the segmentation network, including
selection of diaphragm, the linear registration anchor and the region be-
tween the lungs containing the aorta. Therefore, it is possible to apply this
algorithm with minimal operator input. With full automation, functional
maps are typically generated within 1 to 2 minutes (for an 89 x 89 voxel,
200-image series dataset, using the computational hardware described in
Appendix B). However, the greatest SNR in the resultant functional maps
can generally be attained via manual optimisation of processing parame-
ters, particularly for low SNR input data. In this case, this process can

take a trained operator between 5 and 10 minutes to complete per dataset.

4.12 Results

To demonstrate the capability of this home-built pipeline to execute the
PREFUL algorithm, it was applied to seven dynamic MR image-series,

captured of apparently healthy individuals. This includes four datasets
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from the 0.5 T Upright scanner and three from the 0.5 T Bruker scanner,

each with variations the in respective acquisition parameters.

4.12.1 0.5 T Upright Scanner

Four datasets were acquired on the Upright scanner for post-processing
with the PREFUL pipeline. The first three of these were collected using
a 2D GRE sequence, applied in each of the orthogonal imaging planes:
coronal, sagittal and axial. An additional dataset was collected using a
HASTE sequence in the coronal plane. Acquisition parameters for each
dataset are detailed in Table 4.5 with corresponding PREFUL processing

parameters in Table 4.6.
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Acquisition Parameters

Figure 4.39 4.41 4.40 4.42
Scan Type 2D GRE 2D GRE 2D GRE 2D
HASTE
Imaging Plane Coronal Sagittal Axial Coronal
No. Images 200 200 200 200
Acquisition Time 0.385 0.385 0.385 0.405
(0.81)**
TR (ms) 5.7 5.7 5.7 405
TE (ms) 1.2 1.2 1.2 108
Flip angle (°) 10 10 10 90
(120)%**
Matrix Size (Voxels) 64 x 64 (89 | 64 x 64 (89 | 64 x 64 (89 | 64 x 64 (89
x 89)* x 89)* x 89)* x 89)*
FOV (cm?) 32 x 32 32 x 32 32 x 32 32 x 32
Slice Thickness (mm) | 20 20 20 20

Table 4.5: Acquisition parameters for the data acquired on the 0.5 T Up-
right Scanner. * Data zero-filled to 89 x 89 voxels. ** Data acquired for

0.405s, followed by a delay of the same length for spin de-phasing.

Kk

Excitation pulse: 90°, refocusing pulse: 120°, echo spacing of 8 ms for an

echo train of 46.
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PREFUL Processing Parameters

Figure 4.39 4.41 4.40 4.42

Scan Type 2D GRE 2D GRE 2D GRE 2D HASTE

Imaging Plane Coronal Sagittal Axial Coronal

Registration Method | Region, Region, Region, Region, Fors-
Forsberg Forsberg Forsberg berg

Respiratory marker 2D Area 2D Area 2D Area 2D Area

Respiratory filtering Low Pass Low Pass Low Pass Low Pass

method (Hz) Pass: 0.4 | Pass: 0.4 | Pass: 0.4 | Pass: 0.3
Stop: 0.5 Stop: 0.5 Stop: 0.5 Stop: 0.4

No. interp. ventilation frames | 20 20 20 20

Ventilation interp. width 0.05m 0.057 0.057 0.057

Cardiac Aliasing No Yes No Yes

Cardiac filtering High Pass | High Pass | High Pass | Band Pass

method (Hz) Pass: 0.5 | Pass: 0.5 | Pass: 0.5 | Pass: 0.15, 0.4
Stop: 0.4 Stop: 0.4 Stop: 0.4 Stop: 0.2, 0.3

Cardiac Fitting R2 Thresh. 0.7 0.7 0.7 0.7

No. interp. perfusion frames 20 20 20 20

Perfusion interp. width 0.057 0.057 0.057 0.05m

Table 4.6: PREFUL processing parameters for the data acquired on the

0.5 T Upright Scanner.

The first results presented in this work were acquired of a participant in

the supine posture in the coronal plane using a 2D GRE sequence. Both

ventilation and perfusion processing were successful, with a respiratory

correlation coefficient of 0.9776 and 79.95% of the images included in the

perfusion processing. The functional maps generated from this dataset are

presented in Figure 4.39.
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Input Data Fractional Ventilation Perfusion Weighted

Weighted Perfusion

Ventilation Cycle / %
Perfusion Cycle / %

Figure 4.39: Typical results from PREFUL processing of Coronal 2D GRE
image data, acquired on the 0.5 T Upright Scanner. Including a frame of
the input data (A), the average registered frame (B), fractional ventilation
(C), VITP (D), perfusion weighted (E) and QTTP (F). Data acquired
whilst the participant was supine and breathing freely. Mean FV = 0.1 +
0.06.

The next results presented were acquired of a participant in the supine
posture in the axial plane using a 2D GRE sequence. Both ventilation
and perfusion processing were successful, with a respiratory correlation
coefficient of 0.963 and 95.79% of the images included in the perfusion
processing. The functional maps generated from this dataset are presented

in Figure 4.40.
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Input Data Fractional Ventilation Perfusion Weighted

o o
o o
N w

Weighted Perfusion

Mean Data VTTP

Ventilation Cycle / %
Perfusion Cycle / %

Figure 4.40: Typical results from PREFUL processing of Axial 2D GRE
image data, acquired on the 0.5 T Upright Scanner. Including a frame of
the input data (A), the average registered frame (B), fractional ventilation
(C), VITP (D), perfusion weighted (E) and QTTP (F). Data acquired
whilst the participant was supine and breathing deeply. Mean FV = 0.09
+ 0.06.

Image-series were also acquired of a participant in the supine posture in
the sagittal plane using a 2D GRE sequence. Both ventilation and perfu-
sion processing were successful, with a respiratory correlation coefficient of
0.9702 and 81.58% of the images included in the perfusion processing. The

functional maps generated from this dataset are presented in Figure 4.41:
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Input Data Fractional Ventilation Perfusion Weighted

Weighted Perfusion

Mean Data

Ventilation Cycle / %
Perfusion Cycle / %

Figure 4.41: Typical results from PREFUL processing of Sagittal 2D GRE
image data, acquired on the 0.5 T Upright Scanner. Including a frame of
the input data (A), the average registered frame (B), fractional ventilation
(C), VITP (D), perfusion weighted (E) and QTTP (F). Data acquired
whilst the participant was supine and breathing freely. Mean FV = 0.17
+ 0.01.

The final results presented from the 0.5 T upright scanner were acquired
of a participant in the sitting posture, used a 2D HASTE sequence in the
coronal plane. Both ventilation and perfusion processing were successful,
with a respiratory correlation coefficient of 0.5552 and 85.79% of the images
included in the perfusion processing. The functional maps generated from

this dataset are presented in Figure 4.42.
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Input Data Fractional Ventilation Perfusion Weighted

Mean Data

Ventilation Cycle / %
Perfusion Cycle / %

Figure 4.42: Typical results from PREFUL processing of Coronal 2D
HASTE image data, acquired on the 0.5 T Upright Scanner. Including
a frame of the input data (A), the average registered frame (B), fractional
ventilation (C), VITP (D), perfusion weighted (E) and QTTP (F). Data
acquired whilst the participant was sitting and breathing freely. Mean FV
= (0.11 + 0.06.

4.12.2 0.5 T Bruker Scanner

All datasets collected using the 0.5 T Bruker scanner were acquired in the
coronal plane using a 2D GRE sequence with varying acquisition parame-
ters. Acquisition parameters for each dataset are detailed in Table 4.7 with

corresponding PREFUL processing parameters in Table 4.8.
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Acquisition Parameters
Figure 4.43 4.44 4.45
Scan Type 2D GRE 2D GRE 2D GRE
Imaging Plane Coronal Coronal Coronal
No. Images 200 200 200
Acquisition Time 0.341 0.845 0.341
TR (ms) 3.21 9.6 3.21
TE (ms) 2.14 2.7 2.14
BW (Hz) 200 52.6 200
FOV (cm?) 22 x 25 27.5 25 22 x 25
Matrix Size (Voxels) | 44 x 50 88 x 80 128 x 128
Slice Thickness (mm) | NA* 15 10

Table 4.7: Acquisition parameters for the data acquired on the 0.5 T Bruker
Scanner. * Non-slice-selective acquisition.
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PREFUL Processing Parameters

Figure 4.43 4.44 4.45
Scan Type 2D GRE 2D GRE 2D GRE
Imaging Plane Coronal Coronal Coronal
Registration Method Region, Region, Linear,

Forsberg Forsberg Forsberg
Respiratory marker 2D Area 2D Area Diaphragm

Position

Respiratory filtering method Low Pass Low Pass Low Pass
(Hz) Pass: 0.45 | Pass: 0.3 Pass:

Stop: 0.55 | Stop: 0.35 | Stop:
No. interp. ventilation frames 20 20 20
Ventilation interp. width 0.057 0.057 0.057
Cardiac Aliasing No Yes No
Cardiac filtering method High Pass | High Pass | High Pass
(Hz) Pass: 0.8 Pass: 0.35 | Pass:

Stop: 0.7 Stop: 0.3 Stop:
Cardiac Fitting R2 Thresh. 0.7 0.7 0.7
No. interp. perfusion frames 20 20 20
Perfusion interp. width 0.057 0.05m 0.057

Table 4.8: PREFUL processing parameters for the data acquired on the

0.5 T Bruker Scanner.

The first results from presented in this work the 0.5 T Bruker scanner were

acquired using a non-slice-selective 2D GRE sequence. Both ventilation

and perfusion processing were successful, with a respiratory correlation

coefficient of 0.7045 and 88.95% of the images included in the perfusion

processing. The functional maps generated from this dataset are presented
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in Figure 4.43.

Input Data Fractional Ventilation Perfusion Weighted

Weighted Perfusion

Mean Data QTTP

Ventilation Cycle / %
Perfusion Cycle / %

Figure 4.43: Results from PREFUL processing of Coronal 2D GRE non-
slice selective image data acquired using the Bruker 0.5 T scanner. In-
cluding a frame of the input data (A), the average registered frame (B),
fractional ventilation (C), VITP (D), perfusion weighted (E) and QTTP
(F). Mean FV = 0.13 £ 0.08.

The next results presented in this work were acquired using a slice-selective
2D GRE sequence, acquired at a higher resolution than the previous result,
although at a reduced imaging frequency. Therefore, the cardiac cycle was
not adequately sampled and only the ventilation processing was successful,
with a respiratory correlation coefficient of 0.7673. The functional maps

generated from this dataset are presented in Figure 4.44.
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Input Data Fractional Ventilation

Mean Data
100

Ventilation Cycle / %

Figure 4.44: Results from PREFUL processing of Coronal 2D GRE non-
slice selective image data acquired using the Bruker 0.5 T scanner. In-
cluding a frame of the input data (A), the average registered frame (B),
fractional ventilation (C), VITP (D). Perfusion processing was not suc-
cessful for this dataset. Mean F'V = 0.13 £ 0.08.

The final results presented in this work were acquired using a slice-selective
2D GRE sequences capture at a higher frequency than the previous result.
The input image series exhibited a low SNR, therefore only the ventilation
processing was successful with a respiratory correlation coefficient of 0.9478.
Furthermore, due to the low SNR of the input data, it was not possible
to accurately segment each image in the series. Therefore, the diaphragm
position was used as the respiratory marker and the linear warp method was

used for the feature-based registration step. The functional maps generated
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from this dataset are presented in Figure 4.45.

Input Data Fractional Ventilation
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Figure 4.45: Results from PREFUL processing of Coronal 2D GRE non-
slice selective image data acquired using the Bruker 0.5 T scanner. In-
cluding a frame of the input data (A), the average registered frame (B),
fractional ventilation (C), VITP (D). Perfusion processing was not suc-
cessful for this dataset. Mean FV = 0.06 4 0.06.
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4.13 Discussion

4.13.1 Quality of Functional Maps

4.13.1.1 2D Gradient Echo Experiments

When applied with GRE sequences this PREFUL algorithm can create
visually pleasing results. This includes for both ventilation and perfusion
on the 0.5 T Upright scanner (Figures 4.39, 4.40 and 4.39). Applied to the
0.5 T Bruker data (Figures 4.43, 4.44 and 4.45), ventilation was generally
deemed successful, whereas perfusion processing often failed. This may be

due to the apparent lower SNR associated with these datasets.

While processing may have been successful for these datasets, the results
have not been validated against other modalities. Therefore, it is not pos-
sible to determine if the results’ accuracy reflect regional ventilation and
perfusion in the lung. This pipeline has been employed to study regional
variation in lung function with respect to participant posture, yielding re-
sults that reflected established theory (Chapter 5). However, in future
this pipeline must be validated compared to established methods of lung

function investigation.

4.13.1.1.1 Rib artifacts in non-slice selective acquisitions

The non-slice selective acquisition (Figure 4.43) exhibited artefacts that re-
sembled lateral bands across the image. These horizontal bands of delayed
VTTP are most easily viewed in Figure 4.43 and represent out-of-phase re-

gions. When using just the linear region-based registration method, these
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appeared to ’bounce’ up and down in the registered sequence. These arte-
facts were therefore determined to stem from the rib cage. The rib cage
remains approximately stationary within this projection throughout the
respiratory cycle, although it is subject to registration along with the rest
of the lung. Therefore, although appearing to move vertically in the recon-
structed ventilation cycle, this artefact will likely cause significant errors
in the results as the difference in signal intensity of the ribs to intercostal

muscles is likely greater than the signal change associated with respiration.

4.13.1.1.2 Through plane movement in axial scans

The axial acquisitions using the 0.5 T upright scanner appeared to yield
good results. However, these scans are particularly sensitive to through-
plane movement, more so than the coronal and sagittal planes due to the
large displacement of the diaphragm. In an effort to avoid regions of large
vertical displacement of lung parenchyma, this imaging plane was placed
high in the chest (see Figure 5.7). However, no investigation was under-
taken to check the magnitude of the parenchymal movement in this region.
Therefore, until these investigations have taken place, results in the axial

plane may be unreliable for functional lung assessment.

4.13.1.2 2D HASTE Experiments

This algorithm was also applied to data acquired using a 2D HASTE se-
quence. Although the presented dataset was processed successfully for ven-
tilation and perfusion, this was an outlier. In Chapter 5, the HASTE scans
were removed from the protocol due to their unreliability for PREFUL pro-
cessing. This may be due to a combination of factors. HASTE scans are

typically T2* weighted[117] and may therefore be more sensitive to spin
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density variations due to blood rather than tissue density tissue due to
the comparatively long T2 of blood[12]. This is reflected in the maximum
component analysis used for guiding the ROI over the aorta (Figure 4.8) as
when plotted this way the signal in the whole lung appears to vary the most
due to cardiac variations. However, the low imaging rate of the HASTE
scans employed in this work (Table 4.5) means it is difficult to adequately
sample the cardiac cycle, even when accounting for signal aliasing. Fur-
thermore, it is common for the signal cardiac peak to alias to frequencies
similar to the respiratory cycle. If this occurs, then it is difficult to isolate
each of these components via filtering. For the HASTE results presented
in this work, perfusion filtering was performed using a band-pass filter (Ta-
ble 4.6). Typically, this means that either the ventilation processing will
fail due to significant contributions from the cardiac cycle, or the cardiac
processing will fail due to inadequate temporal sampling. Although this ac-
quisition sequence has been employed previously for PREFUL at 1.5T[41],
it appears that the HASTE acquisitions employed at 0.5 T in this work
are not suitable for PREFUL processing. Further optimisation may yield
useful results at this field strength, however this was not completed in this

work.

4.13.2 Application with Pathology

The development of this pipeline was conducted using datasets captured of
only healthy volunteers. Furthermore, no attempt has been made in this
work to characterise pathology, or assign regional ventilation or perfusion
defects. Therefore, before deployment of this pipeline to investigate lung
defects a number of investigations must take place to ensure the validity

of the results. Initially, a number of assumptions have been made in this
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work based on the dynamics of healthy lungs. Primarily, these are:

Diaphragm position and 2D lung area are appropriate indicators of
respiratory state and the state of adjacent frames can be used to

determine if frames correspond to the inhalation or exhalation regime.

e The variation in signal due to the cardiac cycle is assumed to be

sinusoidal for cardiac phase assignment.

e The variations in signal in the reconstructed ventilation and perfusion
cycle can each be fitted to a sinusoidal curve for voxel-wise functions

analysis.

e The displacement between neighbouring respiratory states can be

modelled as linear for the batch-wise registration method.

In addition to these assumptions, the accuracy of the trained CNNs must be
validated for segmenting diseased lungs. Following the validation of these
processing assumptions, this pipeline must be employed for investigations
of pathology, and the resulting functional maps analysed to determine if
this method is sensitive to the changes associated with changes in lung
dynamics. Furthermore, it must be determined if sufficient contrast exists
between healthy and diseased tissue for meaningful assignment of venti-
lation and perfusion defects. This process will require validation using

additional imaging modalities.
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4.13.3 Processing Functional Dynamics

4.13.3.1 Perfusion Dynamics

During the perfusion processing, the signal variation due to the cardiac
cycle is assumed to be sinusoidal. This assumption is made twice, at the
cardiac phase assignment step and and during the final analysis. This
assumption may provide good approximation of perfusion dynamics, espe-
cially for fitting low SNR data, however it may not be correct. Indeed, in
Figure 4.29, the signal variation appears as an initial pulse followed by a
period with little variation. This is similar to to the variation in pulmonary
artery pressure due to a single heartbeat. Further iterations of this work

should explore different fitting models for perfusion.

This perfusion analysis method is based purely on signal intensity, without
any data specific normalisation step. Therefore, it is difficult to compare the
magnitude of these results between individuals. It is possible to normalise

the perfusion weighted results[32]:

Qu

SBlood

QN

(4.34)

where () is the normalised perfusion, and Sg;..q is the signal from a voxel
containing only blood. This value can be used to calculate the Quantified

Perfusion (Qguant)[32]:

QN
QQuant B

4.
U pers (4.35)

where )., is the time between two heart beats. This metric represents a

262



4.13. DISCUSSION

fully quantitive lung perfusion biomarker[118]. Typically, the signal from
a voxel sampling the aorta is used for Spgjue[32]. However, beyond ef-
fects due to differences in relaxation mechanics of blood compared to lung
parenchyma, the larger voxel sizes associated with scanning at low field in
this study were determined to complicate this method. Often the aorta
was subject to partial volume effects. Therefore, no further normalisation
process was undertaken for perfusion in this work, and comparison between
participants during experimental studies should use relative change within

the perfusion weighted map.

4.13.3.2 Ventilation Dynamics

The calculated values of the fractional ventilation are dependent on the
target frame chosen during the registration step. This is eloquently demon-
strated by Klimes et al.[119]. Instead, regional ventilation can provide a
better representation of local ventilation, independent of the lung state se-
lected for registration. Fractional ventilation is equivalent to regional ven-
tilation, only when the target frame is the point of maximal inspiration.

Regional ventilation is calculated using[119]:

RVent = i?d _ Smid (4.36)

where S,,;4 is voxel-wise average respiratory signal. Applying this equation
to the sinusoidal fitting method employed in this work, S,,;; = C in equa-
tion 4.24. Therefore, adapting Equation 4.36 or use with the sinusoidal

fitting method:

26114\/@7115

RVent = ——— Vet
o 02 + AVent2

(4.37)

263



4.13. DISCUSSION

Therefore, future iterations of this pipeline should introduce calculations
of the regional ventilation. However, even with this alteration, the magni-
tude of the observed ventilation is highly dependent on subject breathing
patterns during the acquisition, and substituent thresholding of the respira-
tory marker. Therefore, ventilation investigations using PREFUL typically
used flow-loop metrics as marker for heath and disease. Future iterations of
this work should explore the use of this metric in conjunction with low-field

imaging.

For some lung regions, highlighted in the VIT'TP maps, the lung ventilation
appeared to be 180 degrees out of phase with the respiratory cycle. That is,
as the lung expanded, the MR signal in that region increased, thus the air
content was assumed to decrease. This paradoxical result may be indicative
of regions of competitive ventilation or gas trapping[65, 120]. However, this
phenomenon was observed for apparently healthy volunteers, therefore, it
may instead be due to errors in registration step. For example, if a vessel
is registered incorrectly, those voxel to which it appears to move to upon

full participant inhalation, will exhibit this behaviour.

Finally, the magnitude of the fractional ventilation is dependent on the
breathing patterns of the participant and the selection of the positioning
thresholding. This is a problem inherent to this free breathing technique
and contributes to the use of flow loop analysis for ventilation assessment

instead of the fractional ventilation.

4.13.4 Comparison to Literature

PREFUL is typically employed in conjunction with data collected at 1.5

T[25, 32, 33, 51, 53]. However, in this study, no repeatability experi-
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ments have been conducted at this field strength. Therefore, to validate
the ventilation results, the functional parameters acquired in this study

were compared to those from healthy participants in the literature.

As discussed above, modern PREFUL investigations typically use regional
ventilation as a parameter to explore ventilation. Therefore, to compare
with these studies, this value was calculated (Equation 4.36) and the mean
taken for each dataset presented in this chapter. The median values for the

fractional ventilation and regional ventilation for each scanner are presented

in Table 4.9.
Mean Values of Helathy F'V and RVent
Scanner FV RVent
0.5 T Open (N=4) || 0.11 (0.10-0.14) 0.12 (0.11-0.16)
0.5 T Bruker (N=3) || 0.13 (0.08-0.13) 0.14 (0.08-0.14)
All (N=T) 0.11 (0.09-0.13) 0.12 (0.10-0.14)

Table 4.9: Mean values of FV and RVent for the healthy participants inves-
tigated in this chapter. Quoted results represent the median values with
25th and 75th percentiles in parentheses.

Values for the regional ventilation from literature are presented in Table
4.10 for healthy volunteers investigated at a range of field strengths in the

supine posture.
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Literature Values for Healthy RVent

0.55 T 1.5T 3.0T

0.13 (0.09-0.16)[52] | 0.14 (0.10-0.16)[53] | 0.18 (0.14-0.27)[53]

( )
0.14 (0.11-0.17)[51]
11 (0.09-0.21)(33]
0.18 (0.14-0.24)[32]
( )

0.17 (0.13-0.25)[32]

Table 4.10: Literature values for the average RVent within the lung for
healthy volunteers investigated using PREFUL in 2D at different field
strengths. Quoted results represent the median values with 25th and 75th
percentiles in parentheses.

The values of the regional ventilation acquired in this study appear to be
similar to those acquired at different field strengths. However, no statistical
analysis has been performed. Furthermore, the values acquired in this study
represent only a small number of participants, so a wider repeatability

study should be performed in the future.

It was not possible to compare the perfusion dynamics acquired in this
work to values from the literature, as no data normalisation was performed
in this chapter. This is due to the partial volume effects of the blood filled
voxels as discussed above. In the future, this normalisation step should be

implemented and repeatability studies performed.

4.13.5 Drawbacks of PREFUL

PREFUL is a highly complex algorithm. The high number of optimisable
parameters associated with image acquisition and post-processing (which
are often interdependent) can lead to a high degree of variability in re-

sults. Therefore, standardisation of these processes in conjunction with
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with healthy and diseased lungs may be necessary.

The PREFUL algorithm derives local ventilation and perfusion information
directly from variations in voxel intensity with the respiratory and cardiac
cycles, respectively([25]. This method assumes all signal variation is due to
variations in air and blood flow that contribute to gas exchange. However,
this assumption is likely not valid[114]. No distinction is made between
areas of anatomical dead-space or anatomical shunt, such as the bronchioles
or pulmonary arteries. Furthermore, no distinction is given to the initially
inspired air occupying areas of anatomical dead-space, which had been
expelled during the previous expiration. These factors may be accounted
for with appropriate models of these functions; however, this is was not

explored this work.

All signal-based FD methods assume consistent proportionality of signal
intensity to spin density throughout each image and the image-sequence
as a whole. Therefore, these methods typically omit influences from T1,
T2/T2* variations, through-plane motion of parenchyma (for 2D acquisi-

tions) and intra-voxel motion of excited spins[74].

e T2* is known to vary based on parenchyma density. Varying signal
influences can therefore manifest regionally[13, 121-124] and depend-

ing on the respiratory phase[122, 123].

e Motion of the lung parenchyma orthogonal to the 2D imaging plane
during breathing can result in differing features of the lung imaged
at different points of the respiratory cycle. Whilst accurate registra-
tion can account for in-plane lung motion, these algorithms cannot
account for through-plane motion of pulmonary features. This phe-
nomenon is expected to occur to some degree for all imaging planes,

however with the greatest magnitude for axial acquisitions, due to the
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relatively high degree of movement of the diaphragm during normal

respiration. This error can be reduced using 3D acquisitions[51].

e Inflow and outflow of excited spins to a voxel can cause signal at-
tenuation if the rate of this is a similar timescale as the echo time
in gradient echo experiments. Blood flow varies significantly within
the lung[65]; measured in the main pulmonary artery up to approx-
imately 100 cm/s at peak systole[125] and up to 1 cm/s in the pul-
monary capillaries[126]. For the approximately 2 ms TE typical of
the GRE sequences employed in this work (Tables 4.5 and 4.7), this
would result in approximately 2 mm and 0.02 mm of spin displace-
ment between excitation and echo, respectively. This is smaller than
the 5 mm x 5 mm typically employed in this work, therefore this ef-
fect is assumed to have a negligible impact on imaging lung features

downstream of the main pulmonary artery.

4.13.6 Future Work

Further iterations of this pipeline may include the automation of the re-
maining manual processing steps, such as improved segmentation of the
aorta for cardiac phase assignment. An additional CNN could be em-
ployed for this purpose. This pipeline is only designed to process 2D single
slice data, therefore it could be adapted to process 2D multi-slice or 3D
acquisitions. The processing methods employed in this work must be val-
idated both for accuracy and repeatability. This could include repeated
participant investigations, multicentre studies and validation with addi-
tional imaging modalities. The capability of this pipeline for investigating

diseased lungs can also be validated in the same way.

This work has explored PREFUL using data sets captured with 2D GRE
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and HASTE acquisitions. Previous deployment of the PREFUL algorithm
at 0.55 T used a bSSFP sequence[52], therefore this could be explored in
future work. Additionally, the capability of this pipeline for processing data
captured at 1.5 T could also be explored. Finally, this work has investigated
ventilation dynamics using the F'V, VI'TP and Jacobian determinant, and
perfusion dynamics using the perfusion weighted and QTTP maps. Further
work could investigate if additional metrics typical of PREFUL are possible
with the SNR limitations observed at this field strength, including flow loop

analysis and pulmonary pulse wave transit time[32].

4.14 Conclusions

This work demonstrates the application of PREFUL methodology|[25] for
functional lung imaging at 0.5 T. The home-built pipeline was employed
with two different 0.5 T systems with varying hardware configurations,
indicating the robustness and generalizability of the developed methods.
Demonstration of this algorithm at field strengths below 1.5 T, typical of
PREFUL acquisitions[25, 32], contributes to the democratisation of this
advanced pulmonary MRI technique. Furthermore, the compatibility with
open-bore scanners, which are typically low field, enables investigation of
lung function in various postural conditions, opening new research avenues
in gravitational physiology and postural effects on pulmonary function

(Chapter 5).

This PREFUL pipeline possesses several adaptations from the original al-
gorithm[25] to address the challenges associated with low field imaging,
including reduced SNR, dynamic image acquisition rates and image res-

olution, compared to equivalent studies at 1.5 T. These adaptations are
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integrated into several stages of the PREFUL processing;:

e Phase Assignment

For accurate assignment of the respiratory state of each frame within
low resolution datasets, this algorithm is capable of determining the
sub-pixel diaphragm position using an edge detection method. Al-
ternatively, lung volume can be used for determining the respiratory
state; this method may be less sensitive to alterations in partici-
pant breathing regimes associated with different postures, a capabil-
ity available when scanning using open scanners. For perfusion, the
low imaging rates in this study often meant the cardiac cycle was
undersampled. This pipeline permitted the determination of the car-
diac cycle via sinusoidal fitting of a cardiac cycle that doesn’t satisfy

the Nyquist condition.

e Image Registration

A dual-stage registration approach was implemented to reduce the
prevalence of errors from non-rigid registration algorithms when large
voxel displacements are required. This is achieved by using feature-
based registration for bulk registration, followed by non-rigid intensity-
based registration for fine-scale registration. Additionally, a batch-
wise method was implemented whereby only reconstructed frames
are subjected to intensity-based non-rigid registration. This reduced
errors associated with the low SNR of lung parenchyma, as well as

signal variations due to the cardiac cycle.

e Functional Analysis

Functional analysis methods were implemented that utilised signal

variation throughout the full reconstructed ventilation and perfusion
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cycles. This method is less sensitive to noise than the original two-
point analysis methods[25] and returns non-discreet time-to-peak re-

sults.

Additionally, five CNNs were trained, achieving >95% accuracy for lung
segmentation tasks across multiple acquisition types and imaging planes,
enabling automated respiratory phase determination and assisting with
ROI selection of the diaphragm and aorta. While the pipeline is capa-
ble of processing data with minimal user-input, the algorithm is integrated
with an intuitive interface for optimisation of processing parameters and

quality assurance of each processing step.

Future investigations should focus on validation of this algorithm against
established modalities, as well as repeatability and reproducibility studies.
Furthermore, this pipeline was developed and tested exclusively on healthy
volunteers, thus it requires validation in pathological conditions to test its
capability for functional defect assignment. The successful completion of
these validation studies would position this technology for clinical transla-

tion and broader research adoption.
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Abstract

Understanding the factors influencing regional pulmonary functional is of
great importance for improving clinical care. Established theory attributes
systematic variation of ventilation and perfusion to gravitational[l, 2] and
physiological mechanisms[3]. However, due to the spatial constraints com-
mon to modern scanners, few modern imaging studies have probed the
maximal difference in functional distribution in the human lung between

the gravitationally opposite upright and inverted positions|4].

Twenty-three healthy volunteers (aged 21+2 years) underwent functional
pulmonary imaging in the sitting, head-down, supine, and prone postures.
This variation in participant positioning was facilitated using a 0.5 T Open
MRI scanner with functional information generated using a home-built
PREFUL algorithm[5]. Quantitative analysis was performed to examine

positional differences in functional parameters across all four postures.

Asymmetric distributions of tissue density between gravitationally opposite
postures suggest additional physiological contributions from the structure
of the primary vessels and early bronchi, and the shape of the thoracic
cavity. Tissue compression appeared to be a primary determinant of the
distribution of ventilation in the lung[6]. However, a consistent bias to-
wards the basal regions, irrespective of gravitational orientation, suggested
additional mechanical contributions based on the changing shape of the

thoracic cavity.

Regional perfusion largely aligned with predictions based on established
gravitational mechanisms|[1, 2, 7], however, these models cannot fully ac-
count for the small variations observed within isogravitational planes. There-

fore, additional physiological factors may contribute to these observations.
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5.1. INTRODUCTION

5.1 Introduction

The human respiratory system is a complex and dynamic structure, with
the lungs playing a central role as a gas exchanger between the atmosphere
and our bloodstream|8]. Sufficient supply of air (ventilation) and blood
(perfusion) throughout the organ is critical; however, these do not dis-
tribute evenly[3]. Therefore, the mechanisms behind regional ventilation
and perfusion distribution and how they correspond to each other, is of cen-
tral importance to our understanding of pulmonary gas exchange. Insight
into this relationship has evolved in complexity over time, progressing from
the assumption of functional uniformity, to recognising gravitational effects,
and now appreciating structural and mechanical contributions. Our under-
standing of this topic continues to advance with improvements in imaging

technologies.

5.1.1 Clinical Implications

Expanding our knowledge on the normal distribution of ventilation and
perfusion in the lungs, as well as the mechanisms governing them, has
far-reaching implications for clinical care[9]. This knowledge serves as the
foundation for the interpretation of diagnostic imaging and the assessment
of pulmonary diseases. Additionally, it enables clinicians to differentiate be-
tween regional functional changes typical of a healthy lung and alterations
due to pathological changes[10, 11]. Indeed, many pulmonary diseases are

characterised by changes in lung ventilation and perfusion, for example:

e Asthma: Regional bronchoconstriction narrows airways, increasing

their resistance and altering the ventilation in areas of the lung which
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they serve[12].

e Chronic Obstructive Pulmonary Disease (COPD): A collec-
tive term encompassing regional airway constriction and alveolar em-
physema, resulting in uneven ventilation distribution with both areas

of increased and reduced air flow[13].

e Pulmonary embolism: Blockage in the pulmonary arteries caused
by a blood clot, altering regional perfusion via the restriction of flow

to blood vessels[14].

Furthermore, knowledge of functional heterogeneity typical of healthy lungs
can help with the treatment of lung disease. This knowledge allows for
tailoring personalised medicine and drug delivery approaches, targeting
treatment to where it is required and mitigating damage or side effects
in healthy, high-functioning parts of the lungs[15, 16]. It can also guide
methods in clinical care settings, such as strategies for mechanical ven-
tilation[17] and surgical and post-operative care[18]. Finally, in addition
drug delivery methods, understanding aerosol deposition is important for
the understanding of particle deposition of contaminants and pollutants for
occupational and public health[19]. Deepening our knowledge of functional
lung physiology has wide-reaching implications for intervention, diagnosis
and treatment for the improvement of patient outcomes. Further develop-
ment in this field and application in clinical settings will allow for more

precise and effective respiratory care[20, 21].
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5.1.2 Historical Perspective on Regional Lung Func-

tion

Today, a multitude of studies aim to understand pathophysiological fea-
tures and their response to treatments in diseased lungs. Core to that
research our understanding of the physiological features and mechanisms
determining the function of lungs in their healthy state. Until the 1950s,
pulmonary functional distribution was assumed to be uniform throughout
the organ [3]. However, studies on regional gas exchange in animal models
and humans during this decade revealed heterogeneous characteristics [22,
23]. These investigations were the first to demonstrate greater ventilation
and perfusion at the base of the lungs compared to the apex. Modalities
based on the detection of radioactive gases, were employed to investigate
the vertical distribution of lung function. External scintillator counters
were used to detect inert gases such as the metastable isotope 33X e™ that
were either inhaled or injected intravenously. These demonstrated a trend
of greater blood flow[24-27] and ventilation[28-30] at the base of the lungs
compared to the apex. It was therefore theorised that the observed ver-
tical distribution of lung ventilation and perfusion could be attributed to
gravitational forces. These early experimental results contributed to the de-
velopment of two models to explain these phenomena: West’s zonal model
for perfusion[2] and the later-termed ‘Slinky effect’[1] for ventilation[31].
These findings, paralleled the first theories regarding the relationship be-
tween ventilation and perfusion in the lungs. These were determined highly
correlated, as despite each’s individual variability, gas exchanged remained
highly efficient. With both ventilation and perfusion increasing down the
lung, this matching was attributed to the shared influence of gravity[32].

Indeed, this perspective has been presented in textbooks and taught to
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generations of medical students|3, 6].

Limitations of imaging technology prior to the 1970s necessitated the sum-
mation of lung function within isogravitational planes. However, as method-
ologies with greater spatial resolution became available, physiologists ob-
served regional changes in lung perfusion that could not be attributed to
gravitational effects alone. Studies on humans[33, 34] and animal mod-
els[35] observed variations in blood flow within isogravitational planes that
could not be accounted for by hydrostatic or West’s zonal conditions. These
studies were the first to suggest that the shape and structure of the pul-
monary vascular tree may contribute to blood flow distribution within the
lungs[3]. Canine models of the 1980s were the first to cast doubt on the
solely gravitational dependence of ventilation distribution. Non-uniformity
of ventilation was observed within isogravitational planes[36], not consis-
tent with the classic model for regional ventilation. Therefore, it was theo-
rised that a complex interplay between the shape of the thoracic cavity|[37]
and the relative motion of the lung lobes[38] contribute to variations in re-
gional ventilation. These observations marked a shift in the understanding
of pulmonary functional distribution to the modern perspective, expanding
from simple gravitational models to more nuanced explanations account-
ing for the complex structural and mechanical properties of the lungs and

surrounding tissues.

Many investigations have utilised animal models for studies of lung func-
tion distribution. Animal models were practically useful where the tech-
nology of the time did not permit equivalent investigation in humans. One
such technology is microsphere methods[39]: an early method for recon-
structing three-dimensional maps of ventilation and blood flow. However,
this method is based on the ex vivo analysis of the lung and thus typi-

cally requires the subject to be euthanised. These method confirmed the
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observed heterogeneity of lung function within isogravitational planes, ob-
serving this phenomenon both in the ventilation[40] and perfusion[41] dis-
tribution of goats. It was also used to demonstrate that the distributions
of ventilation[42] and perfusion[43] are spatially correlated to themselves
— with high flow regions neighbouring high flow regions, and low flow re-
gions neighbouring low flow regions. These observations gave weight to
the theory that the geometry of the airways and vascular trees may con-
tribute to functional distribution. Microspheres were used to demonstrate
the tight matching of ventilation and perfusion under normal conditions in
large laboratory animals[40, 44]. As this method can take a snapshot of
lung function at roughly the time of administration, it was also employed
for studies where the gravitational environment of lungs was altered. Per-
fusion distribution was investigated in primates suspended upside down|[45]
and a study on pigs aimed to remove the effect of gravity entirely, utilising
brief periods of weightlessness on parabolic flights[46]. Each found gravity
to be an important, but not predominant determinant of pulmonary blood

flow distribution within these animals.

Approaching the modern day, a plethora of scanning methodologies is
available for lung function investigations. Positron Emission Tomogra-
phy (PET) methods have been used to observe vertical heterogeneity in
the ventilation and perfusion of humans[47, 48] and dogs[49]. Computed
Tomography (CT) with inhaled xenon has demonstrated ventilation dis-
tributions in animals[50, 51] while Electron Beam CT was employed to
visualise perfusion heterogeneity in humans[52]. Single Photon Emission
Computed Tomography (SPECT) has been used to investigate functional
distribution, contributing some of the first observations of hilar to periph-
eral gradients of blood flow[53]. Although, the magnitude of this effect has

since been disputed as an artifact of the methodology[54-56]. The redis-
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tribution of lung function was investigated in a variety of postures using
SPECTI[57]. Subject received a radioactive nuclides dose both orally and
intravenously, whilst assuming different postures. These were then detected
whilst the subject laid down to negate the effects of parenchyma redistribu-
tion[7, 58]. This included perfusion distribution in the head-down posture
and noted a non-opposite distribution to the upright lung[4]. Indirect mea-
sures of functional distribution, based on the profile of exhaled gas, have
been used to investigate the effects of weightlessness on the distribution of
lung function during parabolic flights and in space. Observing a significant,
but not total reduction in vertical heterogeneity[59, 60] whilst sustaining
similar although slightly diminished quality of ventilation and perfusion
matching[61]. Magnetic resonance imaging (MRI) has been utilised to in-
vestigate the distribution of pulmonary ventilation and perfusion, as well as
the relationships between them|[62]. Studies have confirmed the functional
redistribution between the supine and prone postures[63, 64]. Expanding
in scope with contrast-enhanced methods, utilising agents such as oxygen
to change the relaxachon mechanics of hydrogen[65-67], or directly im-
aged contrast agents such as fluorine[68, 69] and the hyperpolarised noble
gases helium-3[70-73] and xenon-129[74-76]. These studies have afforded
great insight into the distribution of lung function and relationships of gas

exchange in the lungs[71].

5.1.3 Contributions to Normal Regional Lung Func-

tion

The regionality of healthy lung function is thought to stem from a com-
bination of both gravitational and physiological mechanisms; however, the

relative contribution of each of these is still an active are of discussion|[77].
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For simplicity this explanation will focus on the mechanisms controlling
functional distribution on the large to medium scales, omitting mecha-
nisms below the length scales of the acinus. This explanation separates
description of lung function distribution into ventilation and perfusion.
Although, that is not to suggest they are unrelated. Furthermore, the
following description generally concerns functional distribution in healthy
lungs. Pathophysiology can have a significant effect on ventilation and

perfusion distributions beyond the scope of this description|[§].

5.1.3.1 Pulmonary Ventilation

5.1.3.1.1 Gravitational Contributions to Regional Ventilation

The lungs are a highly deformable and compressible organ and weigh ap-
proximately a kilogram for a normal adult[6]. Therefore, this organ will
compress under its own weight due to the force of gravity. The resulting
vertical gradient in the deformation of lung parenchyma contributes to a
non-uniform distribution of lung ventilation; increasing from the least de-
pendent (the top) to the most dependent (the bottom) of the organ[6].
To aid in the explanation of this phenomenon, it is useful to imagine the
lung as a compliant, edge-wound spring, i.e. a Slinky™][1]. This effect is

demonstrated in Figure 5.1.
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Figure 5.1: Demonstration of the Slinky Effect[1] using a circularly wound
spring. When positioned perpendicular to the force of gravity (A), each
loop is positioned at equidistant intervals. This is analogous to a uniform
distribution of lung parenchyma along the isogravitational plane. When the
spring is extended, all coils expand uniformly. However, when positioned
parallel to the gravitational vector (B), the gravitationally dependent loops
are spaced closer than those in the superior position. This is analogous to
the non-uniform compression of parenchyma under its own weight. When
the spring is expanded, the more compressed coils expand to a greater
degree.

Applying this analogy to the lung, it is supported in the thoracic cavity
by negative pleural surface pressure[6]. This pressure increases down the
lung; in an upright posture a typical apical to basal distance of 30cm re-
sults in a pressure change of approximately 0.75kPa due to gravity|[78].
Therefore, for a lung with otherwise uniform compliance, alveoli at differ-
ent vertical heights will populate different points on the pressure-volume
curve (Figure 5.2). Similar to gravitational changes in the spring (Figure
5.1), changing pleural surface pressure results in changes in the size of the
alveoli: experiencing more compression the lower they are in the lung. The
pressure-volume relationship is non-linear; these more compressed alveoli
occupy a steeper part of the curve and are therefore more compliant[79]. A

change in pressure here results in a greater change in volume compared to
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the less compressed alveoli on the shallower part of the curve. Therefore,
the same inspiration will result in a greater expansion of alveoli as one
moves further down the lung. Thus, in an upright posture, lung ventila-
tion increases apex to base. This effect remains consistent for a horizontal
lung, although with a reduced magnitude to the smaller ventral to dorsal

distance. Reproduced from [78].

-10 cm H0

Intrapleural
pressure

—2.5cm HEG

— 100%
©
= EDU}E E
=
=
| j I 0
+10 0 =10 -20 -30

Intrapleural pressure (cm Ha()

Figure 5.2: Hydrostatic forces generate a vertical gradient of pleural pres-
sure within the thoracic cavity. This causes alveolar units at different
vertical heights to occupy different parts of the pressure-volume curve. In
the upright lung, the basal regions will experience a less negative pleural
pressure resulting in a relative compression of parenchyma compared to
regions near the apex. These compressed regions occupy a more compli-
ant (steeper) part of the pressure-volume curve and therefore expand to a
greater degree than those near the apex during inspiration. Reproduced
from|6].
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5.1.3.1.2 Physiological Contributions to Regional Ventilation

The above description of the dependence of ventilation on gravitational
forces relies on the assumed uniformity of mechanical properties within the
lung[6]. However, this is often not the case: the lung can possess regional
differences in resistance, compliance or both[6]. The resistance dictates the
difficulty for air to navigate the airways and reach the alveoli, whilst the
compliance represents the readiness of the alveoli to expand. Therefore,
the lung can be thought of as a series of parallel units, each comprised of a
small tube representing the resistance, feeding a container with a specific
compliance [80]. Multiple factors can affect these properties, with the most

relevant being:

e Airway dilation can change the resistance of airways and thus the

ventilation of the regions of which the serve[9)].

e Non-uniform distributions of surfactant can alter regional alveolar
surface tension and consequently their compliance, resulting in het-

erogeneous ventilation distributions|6, 81, 82]

Although, the above examples are not thought to be typical of a healthy

lung|6].

The ‘time constant of a lung unit’ is the product of the regional resistance
and compliance and describes the rate of change of ventilation given a sud-
den change in pleural pressure[80]. Inequalities in time constant across lung
unit can create a phenomenon termed ‘Pendelluft’[83], where upon inspira-
tion, air that initially occupied fast-filling units can transfer to slower-filling
units. This reduces the lung’s effective tidal volume and can pose a chal-

lenge when measuring regional ventilation[9].
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A significant contributor to the non-uniformity of regional ventilation in
healthy lungs is the structure of the airway tree[3]. Inequalities at each bi-
furcation can lead to heterogeneous airway resistance for different regions
of the lung. This is primarily a temporal phenomenon, causing inequality
in the rate of expansion of different parts of the lung[9]. Alveoli served
with shorter, wider airways will exhibit less resistance those served with
longer and narrower airways. Reduced resistance means inspired air can
reach the alveoli more easily and thus will expand more readily with in-
spiration. The extent to which this determines the spatial distribution of
ventilation depends on the duration of inspiration. Given enough time,
all alveoli with common pleural surface pressure will achieve the same ex-
pansion ratio. However, if the inspiration is brief, then regions with high
resistance may not have sufficient time to inflate, leading to heterogene-
ity in ventilation. As neighbouring lung regions share a common history
of branching in the airway tree, and consequently possessing similar resis-
tances. Therefore, ventilation heterogeneity due to this mechanism is often
spatially correlated with high flow regions neighbouring high flow regions
and vice versa[42]. In addition to changes in regional resistance, the un-
even contraction of respiratory muscles can create regional heterogeneity
of ventilation[9]. For example, increased contraction of the intercostal and
accessory muscles, associated with distortion of the rib cage, can increase
apical ventilation[84]. This can be associated with forced inspiration from
residual volume. Furthermore, heightened contraction of the diaphragm
can increase air flow to the base of the lungs. This is observed in many

postures, but particularly when lying on one’s side[85].
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5.1.3.2 Pulmonary Perfusion

5.1.3.2.1 Gravitational Contributions to Regional Perfusion

Pulmonary circulation operates at much lower pressures compared to sys-
temic circulation, at approximately 25/10 mmHg[86]. This low perfusion
pressure means that hydrostatic pressure differences (approximately 23
mmHg in an upright lung with a basal to apical distance of 30cm) within
the lung play a significant role in the distribution of blow flow. This mech-
anism is described by the long-established Zonal model for perfusion, de-
veloped by West et al.[2] This model describes blood flow as a product
of the relative magnitude of the arterial, venous and alveolar pressures.
Both arterial and venous pressures increase vertically down the lungs by
the same magnitude due to the gravitational hydrostatic forces. Although,
this change is relatively greater for the arterial pressure due to the greater
contribution from the heart. Whereas, the alveolar pressure remains equal
throughout the lung, assuming patent airways. West’s zonal model sees
the lung divided into three vertically stacked zones. The lower-most zone,
zone three, sees the greatest perfusion, and its mechanism is the most in-
tuitive. Here, blood flow depends on the relative magnitude of the arterial
and venous pressures, each greater than the alveolar pressure due to hydro-
static effects. Moving up the lung, both the arterial and venous pressures
are reduced, and zone two begins when the venous pressure falls below
that of the alveolar pressure. Here, the alveolar pressure can be though
of ‘squeezing’ the capillaries, restricting pulmonary blood flow[87]. There-
fore, perfusion in this zone is dependent on the relative magnitude of the
arterial and alveolar pressure. In zone one, the uppermost portion of the
lung, alveolar pressure surpasses both arterial and venous pressures, caus-

ing capillary collapse and preventing blood flow. While zone one doesn’t
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exist in a normal lung, it can occur in situations of high alveolar pressure
or low pulmonary pressure. Finally, an additional zone is present in the
most dependent part of the lung. Sometimes called zone four, this zone
sees a reduction in blood flow down the lung due to the high interstitial
pressure compressing alveolar blood vessels[27]. Importantly, these zones
do not represent fixed anatomical regions but rather physiological condi-
tions that can shift based on a multitude of factors such as body position,

lung volume, cardiovascular status, atmospheric pressure and external (G)
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Figure 5.3: Depiction of West’s zones of pulmonary perfusion|[2], based on
the interplay of arterial (P,), venous (P,), and alveolar (P,4) pressures.
Estimated pulmonary blood flow is depicted for zones 1, 2, and 3 within
the lung. However, zone 4 is omitted from this diagram. Reproduced from

2].

Further to gravitational effects due to hydrostatic forces, the lung will also
see regional perfusion heterogeneity due to tissue compression[88]. The
same mechanism as described for ventilation, known as the ‘Slinky Ef-
fect’[1]. The higher tissue and thus alveolar density in the most dependent
region of the lungs results in a higher density of alveolar capillaries. How-
ever, while measured blood flow per volume is increased due to this effect,

the blood flow per alveolus does not increase. This distinction must be
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made for any investigation of perfusion distribution[58].

5.1.3.2.2 Physiological Contributions to Regional Perfusion

In addition to systematic gravitational effects, physiological mechanisms
contribute to the distribution of blood flow in the lung. However, their
contribution to the perfusion distribution in the lungs remains an area of
scientific debate. One such mechanism is the geometry of the vascular tree;
taking the form of a dichotomously branching fractal pattern[6]. Like a
tree, it is similar across all length scales such that the early branching will
resemble the late branching. This is thought to be due to its evolutionary
benefits[89]. During early development, a recursive fractal network requires
fewer instructions to form a complete vascular tree, instead of having spe-
cific DNA for every vascular branching[90]. Additionally, a fractal network
also creates the largest possible surface area within a given volume[6]. Fi-
nally, a fractal distribution minimises the amount of material needed to
create the vascular network, and the amount of blood to fill it[55]. This
has the effect of minimising the work required from the heart to perfuse
the pulmonary regions[91]. However, this structure inherently creates het-
erogeneity of the blood flow distribution due to asymmetry of branching
resistances. Thus, each of the generations of branching may not perfectly
split blood flow 50:50. For example, a two percent heterogeneity (49:51)
of blood flow compounded over 17 generations will result in a two-fold
maximal difference in perfusion between lung regions. This mechanism is
genetically determined and remains consistent during ageing, resulting in
spatially correlated blood flow distributions, as neighbouring lung regions

will share vascular history[92].
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5.1.3.3 Ventilation and Perfusion Matching

The cornerstone of efficient pulmonary gas exchange is the relationship
between ventilation and perfusion within each lung unit. This relationship
is often denoted by the ventilation-perfusion ratio, V/Q. The lungs are most
efficient with a V/Q close to 1. This is due to the similarity between the
oxygen content in the atmosphere (21%) and the oxygen capacity of blood
(20%) with a normal haemoglobin level. Thus, the lungs require a similar
total quantity of air and blood of approximately 5-6 L per minute[6]. It
is clinically useful to describe V/Q variation in the lungs with the highly

simplified three-compartment model. These compartments are termed:

e Shunt — An area with perfusion but no ventilation, hence a V/Q of

zero. Perfusion to this area is wasted.

e Dead-space — An area with ventilation but no perfusion, hence V/Q

of infinity. Ventilation to this area is wasted.

e Ideal — Collective area encompassing all remaining ventilation and
perfusion. This is the only compartment that can contribute to gas

exchange.

In a healthy lung, only the conducting airways represent true anatomical
dead space, and there are rarely any true shunt compartments[9]. Instead,
in this model, any wasted ventilation or perfusion due to V/Q mismatch is
assigned to the dead-space or shunt compartments respectively. Although
simple, this model allows clinicians to build up a quantitative description of
the lungs. Using clinical measures of gas exchange, the distribution of ven-
tilation and perfusion can be assigned to each of the virtual compartments.

This provides a useful description of the lungs in health and disease.
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It is often more useful to adapt this relationship to the alveolar ventila-
tion to perfusion ratio, Va/Q, to only account spaces contributing to gas
exchange. This ratio determines the concentration of oxygen and carbon
dioxide in any lung unit, given the concentration of each molecule in the
inhaled gas and blood entering from the pulmonary artery. As discussed
previously, both ventilation and perfusion vary significantly within the lung.
With such variability, one might assume there would be significant varia-
tion in Va/Q. However, this is not the case. In healthy lungs ventilation
and perfusion are highly correlated to each other, resulting in Va/Q ratios
close to 1 and thus highly efficient gas exchange. Measures of the regional
matching of ventilation and perfusion have resulted in an average correla-
tion coefficient of above 0.7. The exact mechanism behind this correlation
remains a topic of scientific debate, although it is thought to be a com-
bination of shared gravitational and physiological effects. Intuitively, any
heterogeneity of ventilation and perfusion due to gravitational effects will
be caused by a common force. Therefore, functional non-uniformity due to
the ‘Slinky effect’[1] and West’s Zonal model[2] will apply along the same
vector. A simple explanation for the physiological matching is that the
lung is constructed in such a way to match regional ventilation and perfu-
sion. This passive mechanism is a result of similarities between the airway
and vascular trees, each following the same path. Therefore, any inequali-
ties in blood flow and airway resistance may be shared at each bifurcation.
Whilst this results in a heterogeneous functional distribution, correlation
between regional ventilation and perfusion is maintained. However, whilst
elegant in its simplicity, this explanation omits the contribution to ventila-
tion distribution due to differences in regional compliance; often a greater
determinant to ventilation distribution than airway resistance. This could
be explained via a concept termed symmorphosis|[93], where structural de-

sign matches functional demand. This may result in a correlation between
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regional compliance and airway geometry. Indeed, correlation has been
noted in the diameter of airway branches and the volume of peripheral

lung served by said branch.

The above explanations for ventilation and perfusion matching are based
on passive processes. However, the distribution of perfusion in the lungs
can be actively altered via a mechanism called Hypoxic Pulmonary Vaso-
constriction (HPV)[94]. This mechanism serves to redistribute blood away
from areas with low ventilation (Shunt), to match ventilation and blood
flow and thus optimise gas exchange. This is achieved by contraction of the
pulmonary vascular smooth muscle due to the local tension of oxygen[95].
This mechanism is generally not thought to be present to a significant
degree in healthy lungs; however, one’s susceptibility to it is an inherent
genetic characteristic of the individual[96]. This mechanism may be acti-
vated with lung disease, or with the reduction in oxygen partial pressure

typical of ascent to high altitude[9].

5.1.4 The Current Study

This work aims to build upon previous studies and provide more human
data regarding normal regional lung function. However, decoupling the rel-
ative contributions of physiological and gravitational mechanisms is not a
straightforward endeavour. There is currently no method capable of imag-
ing the lungs without the presence of gravity. Studies must instead vary
the relative direction of gravity experienced by the lungs and use the result-
ing change in functional distribution to infer the contribution from gravity.
This variation in the relative direction of gravity is achieved by positioning
the participant in a range of postures to alter the angle of the lungs to the

vertical. While the effects of gravity on human pulmonary function have
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been studied extensively using modern imaging modalities, these studies
are generally limited to the subject lying horizontally. This is due to the
spatial restrictions inherent to the design of modern imaging systems. As
a result, few investigations have probed the distribution of lung function
in the vertical lung. In this position, one would expect a maximal contri-
bution from gravitational effects due to the larger apical-to-basal distance
compared to the anterior-to-posterior. Humans spend most of their awake
time in the upright position, either whilst standing or sitting down. There-
fore, an understanding of functional mechanisms in this posture is of great
importance. Additionally, although not a common posture for most peo-
ple, imaging the lung whilst in the opposite orientation, or upside down (or
head-down), could provide valuable insight into lung function distribution

by maximally changing the relative direction of gravity.

Few studies have sought to compare functional redistribution in human
lungs between the upright and head-down posture. Glenny et al. used
primates as a bipedal animal model for humans, employing fluorescent
microspheres to map the distribution of pulmonary blood flow in four pos-
tures: upright, head-down, supine, and prone[45]. They found the greatest
perfusion heterogeneity due to gravity in the upright posture, followed by
head-down and supine, with almost no gradient whilst prone. Combined
with previous studies that observed persistent functional inequity in mi-
crogravity[61], this work deduced gravity to be a secondary determinant
of blood flow distribution. This challenged the traditional gravitational
model of perfusion, suggesting that mechanisms due to vascular structure
and anatomy are likely greater contributors[3]. Peterson et al. have con-
ducted a series of studies investigating the redistribution of lung function
distribution using SPECT[4, 7, 58]. This method is based on the detec-

tion of radiotracers that, when administered intravenously or orally via
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aerosol, remain in place in the lung for a period. The first study aimed
to investigate the contribution from redistribution of lung parenchyma to
observed blood flow distribution in the supine and prone posture[58]. It
found that this mechanism has a major influence on the observed distribu-
tion of perfusion. Following this work, the researchers set out to investigate
the distribution of ventilation and perfusion in the upright lung[7]. They
applied radiotracers while the subjects were seated upright to be investi-
gated whilst supine. They found a much greater influence from gravity on
the distribution of function in the upright posture compared to the hor-
izontal lung. Both ventilation and, with a greater magnitude, perfusion
increased towards the most dependent lung regions, resulting in a decreas-
ing ventilation-perfusion ratio. Finally, the group set out to investigate the
maximal influence of posture on blood flow distribution, mapping perfusion
in the upright and head-down posture[4] The results of this study are sum-
marised in Figure 5.4. Using a tilt table, radiotracers were administered
intravenously while the subjects were positioned upright and upside down,
to be detected whilst supine. This work observed a significant apical re-
distribution of blood flow when the subject was in the head-down posture
compared to upright, although not to the magnitude required to observe an
inverse distribution. Therefore, they concluded that whilst gravity plays a
role in the distribution of regional blood flow, it is a secondary contribution

behind that of lung structure.

315



5.1. INTRODUCTION

A)

B) .
—e— Upright

\“\ --m--Head-down
. L H : Max el .
Upright

Basal-to-apical distance %

.-i-,..- h.

Head-down R :
- TR
é". ] _"“-'

I‘l‘ ™~ i

Min 0

T T T T T

T T T
0 02 04 06 08 1 12 14 186

Normalized blood flow

Figure 5.4: Summary of results from Ax et al. [4], investigating the apical-
to-basal distribution of perfusion in the upright and head-down lung using
SPECT. Radionuclide particles were administered intravenously to partici-
pants in the upright and head-down postures (A). These were investigated
using SPECT (B) whilst the participants were supine. Averaging these
maps over ten isogravitational planes provided a comparison of blood flow
between the gravitationally opposite postures in the human lung (C).

Numerous previous studies have employed MRI to investigate the distribu-
tion of pulmonary ventilation[65-69, 71, 72, 76| and perfusion|[1, 6264, 97,
98], however, these have been generally been limited to patients in a hori-
zontal postures. This is due to the spatial constraints associated with the
horizontal cylindrical bore, common to most scanners. Therefore, studies
of this nature have constrained participants to lying prone, supine or in a
lateral recumbent position. These studies have reported significant apical-
to-basal gradients in pulmonary function in the supine posture[62, 63, 71],

with generally[98] more uniform distributions when prone[62, 63, 71, 97].

Hopkins and colleagues have published many studies using proton MRI

to investigate functional distributions in the lung, employing arterial spin
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labelling[98-100] to investigate pulmonary perfusion and oxygen enhanced
MRI[66] for specific ventilation in the supine and prone posture. Fur-
thermore, their observations of vertical gradients of parenchymal density
in supine humans led to the terming of the Slinky effect[l]. Figure 5.5
summarises the results of this study, including observations of the anterior-
to-posterior gradients in lung perfusion and tissue density in the supine
lung. These were found to be highly related, leading to the conclusion that
anterior-to-posterior perfusion variations in the supine posture are primar-

ily dependent on tissue density/composition.
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Figure 5.5: Summary of results from Hopkins et al.[1], investigating the
contribution from tissue density to the distribution of perfusion in the
supine lung. Sagittal maps of perfusion (Ai) and proton density (Bi)
were created using arterial spin labelling and FLASH proton density, re-
spectively. These were combined to create a tissue-density-normalised map
(Ci). Averaging these maps along isogravitational planes created distri-
butions of the perfusion (Aii), lung density (Bii), and tissue density nor-
malised perfusion (Cii).

Spatial constraints typical of conventional horizontal cylindrical-bore MRI

scanners can be alleviated with the use of Open MRI. These scanners are
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designed to allow a far greater degree of subject positioning; however, this
is generally at the expense of field strength and homogeneity. This technol-
ogy has been employed for studies that would be difficult with conventional
MRI, including musculoskeletal system[101, 102], gastric emptying[103] and
respiratory kinematics investigations[104]. These investigations have posi-
tioned participants in a number of postures, including supine, prone, sitting
upright, and standing[101, 102, 104]. Furthermore, open MRI has been
used to investigate the stomach whilst participants adopted a head-down
posture[103]. However, due to difficulties associated with lung imaging with
proton MRI, no studies have utilised the opportunities associated with open
MRI for pulmonary investigations. This limitation includes investigating
the distribution of lung function in the upright lung. Therefore, this study
aims to investigate the maximal change in pulmonary function, by placing

participants in the upright, supine, prone and head-down postures.

Functional information will be derived for each using proton-based Phase
Resolved Functional Lung (PREFUL) methodology[5] during free breath-

ing. A full description of this method can be found in Chapter 4.

5.1.4.1 Health Risks of a Head-Down Posture

Assuming an inverted posture is not without its risks, although it is com-
mon in activities such as yoga and gymnastics, or with the use of inversion
tables. These activities should only take place with due care and consider-
ation. Common side effects of an inverted posture can include an elevated
blood pressure in the head and eyes, dizziness, headaches and nausea[105].
Long term inversion of healthy individuals can lead to death, with the
risk to the subject increasing significantly if they have underlying health

conditions[106-108]. This can be via several mechanisms:
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e Asphyxiation — The weight of the organs resting on the lungs when
upside down makes it harder to breathe and will eventually impede
gas exchange sufficiently to be fatal. This is called positional as-
phyxia. This risk is greater if the subject is overweight or obese due

to the greater weight on the lungs[109].

e Heart Failure — Our circulatory system has evolved to work with
gravity. Therefore, when upside down, the heart must work harder
to pump the blood around your body. Blood must travel a greater
vertical height to reach your feet, compared to your head when up-
right. Therefore, a greater systolic pressure is required to overcome
the increased hydrostatic pressure difference. The risk of heart failure

is increased if the subject has a cardiovascular condition[106-108].

e Brain haemorrhage - The muscles in your legs assist with the re-
turn of blood to the heart when upright. However, your head does not
have such a mechanism for blood return when upside down. With
sustained inversion, this can result in blood pooling in the brain.
Combined with the increased blood pressure of the inverted posture,
this can lead to ruptured blood vessels and brain haemorrhages. The
risk of a brain haemorrhage is elevated if the subject has high blood
pressure[106-108].

Recoded incidents describe fatalities due to long periods of inversion of
healthy individuals occurring after approximately 20 hours[106-108]. How-
ever, this time can reduce significantly with pathology to just tens of min-
utes[109]. Studies on this process are understandably hard to conduct.
Animal models have been used to investigate this phenomenon[108], but
studies on humans are largely retrospective following fatal accidents|[106].

This is especially true for individuals who are obese, whom generally exhibit
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reduced lung function anyway|[110].

Therefore, for the safety of the subject, any inversion period should be
short, and participation should exclude those who are elderly, pregnant, or
have health conditions such as cardiovascular problems, hypertension, or

are overweight.

5.1.5 Aim of this Study

The aim of this study was to investigate the effect of changing the direction
of the force due to gravity experienced by the lungs. This was achieved
by scanning the participants in different positions, thus orientating their
lungs at different angles to Earth’s gravitational force. The maximal change
in the distribution of ventilation and perfusion, as well as their variation
within isogravitational planes, was used to infer the relative contributions

of gravitational and physiological factors on normal lung function.

In the sitting and head-down postures, the gravitational vector is parallel
to the long axis of the lungs: towards the base and the apex, respectively.
When the lungs are positioned horizontally, the gravitational vector is per-
pendicular to this axis; towards the posterior when supine and anterior
when prone. Furthermore, functional variation was also investigated in a
number of isogravitational planes: along the apical-to-basal axis in both
supine (coronal and sagittal planes) and prone positions (sagittal plane),
and along the anterior-to-posterior direction in the sitting position (sagittal

plane).
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5.2 Methodology and Materials

5.2.1 Equipment

5.2.1.1 Scanner

All MRI experiments for this study were carried out using a 0.5 T Open
MRI Scanner (ASG Paramed, Italy) located in the University of Notting-
ham Medical school. This scanner is equipped with a four-channel receive
body coil, and a gradient system with a maximum power of 20 mT /m and

rise time 0.6 ms.

Mlustrated in Figure 5.6, this scanner comprises two parallel cylindrical
magnetic poles separated by a gap of width 56cm. The static magnetic
field (BO) is oriented horizontally between these poles, with a spherical re-
gion of magnetic field homogeneity of approximately 20cm in diameter at
the isocentre. The space between these magnetic poles remains accessible,
facilitating a diverse range of experimental configurations. The system in-
corporates a movable, articulated support platform with a central hinge,
enabling variable subject positioning. In the horizontal configuration re-
sembling a bed, the system permits conventional supine imaging protocols.
However, when the central hinge is actuated to 90 degrees, the support
mechanism provides a seated configuration for upright studies. Further-
more, removing the support mechanism entirely enables studies of the sub-
ject whilst standing. These examples represent a subset of the potential
experimental orientations enabled by this open-bore architecture. Indeed,
this study will employ atypical human postures to explore maximal changes

in pulmonary functional distribution.
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Figure 5.6: The 0.5T open MRI scanner (ASG Paramed, Italy) employed
in this study is pictured with the central support mechanism articulated
to resemble a bed (A) and a chair (B). The commercial body coil (ASG
Paramed, Italy) used for all experiments in this study (C); resting hori-
zontally, exterior to the scanner. The By field direction is labelled in red.

5.2.1.2 Scanning Protocols

Scout Scans TR/TE=8/84.3ms, FOV=320x320x100 mm (15mm slices,
Smm gap, 5 slices), matrix size=192x128x5. 5x3 images acquired in

3 different orientations (axial, coronal, sagittal).

2D Gradient Echo (GRE) TR/TE = 5.7/1.2ms, FOV = 320x320 mm,
matrix size = 64x64, cartesian sampling, slice thickness = 20mm
(single slice: either axial, sagittal or coronal), flip angle = 10 degrees,

TR per slice 365ms.

Half-Fourier Acquisition Single-shot Turbo spin-Echo (HASTE)
TR/TE = 405/108ms, FOV = 320x320 mm, slice thickness = 20mm,
acquired matrix size of 64x64, refocusing pulse of 120 degrees (exci-

tation=90), echo spacing of 8ms for an echo train of 46.

Henceforth, all scanning protocols will be referenced by the above names.

322



5.2. METHODOLOGY AND MATERIALS

5.2.1.3 Slice Positioning

All slices were positioned by eye, with the rough location of each plane
depicted in Figure 5.7. The slice in each imaging plane had its own posi-

tioning protocol:

Coronal Slice Positioned posterior to the heart while still obtaining a
partial volume of the aorta for the perfusion processing. A general
rule for this positioning is to place the slice such that it captures
approximately half of the aorta, above the heart. The slice may also
be tilted slightly from the vertical to match the angle of the spine
to capture more of the lungs and to compensate if the participant is
slouching. For each subject and each posture, the positioning of this
slice was checked by collecting 10 2D GRE images to ensure the heart

did not enter the frame.

Sagittal Slice Positioned over approximately the centre of the right lung.
This lung was chosen to avoid cardiac interference associated with
the left lung. Furthermore, due to the curvature of the diaphragm,
the length of the lung is greatest in the dorsal region. This resulted
in a greater likelihood that the base of the lung in this area could
leave the FOV during a respiratory cycle, compared to investigations
in the coronal plane where the slice is positioned more anterior to this
region. Therefore, deep breathing experiments were omitted in this
plane due to the greater associated expansion of the lung compared

to normal breathing.

Axial Slice Positioned just above the heart while still capturing the top of
the aorta for perfusion processing. This area was selected to observe

the greatest lateral expansion in the lung area in later ventilation
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processing. This expansion was due to the activation of the inter-
costal muscles in this region. Furthermore, participants were only
investigated whilst breathing deeply in this plane to maximise this
effect. 10 frames were captured using the 2D GRE sequence to check
that changes in the lung 2D area could be observed during the deep

breathing respiratory cycle.
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Figure 5.7: Diagram of the slice positioning used in this study. Rough slice
positions are depicted as coloured overlays on two sample MRI images in
the sagittal (A) and axial (B) planes, captured using the Scout sequence of
a participant in the sitting posture. The heart is labelled in both images,
and the aorta is labelled and highlighted in red in the axial image. The
axial slice, shown in yellow, is located just above the heart. The sagittal
slice (green) is located over approximately the centre of the left lung.
The coronal slice (blue) is located behind the heart, angled as required
to avoid the organ while still sampling the diaphragm. This slice should
also partially sample the aorta. The slice overlays in this figure are not to
scale. The highlighted axial and sagittal slice positions do not represent
the position depicted in the axial and sagittal views.

5.2.2 Independent Variables

5.2.2.1 Participant Postures

Each subject was investigated while assuming each of at least three pos-

tures, sitting, head-down and supine. Some participants were also investi-
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gated in the prone position. These were chosen such as to maximally vary
the relative direction of gravity experienced by the lungs. Each posture

required a different setup and subject positioning, depicted in Figure 5.8:

e Supine - The hinge at the centre of the movable bed was set to
180 degrees, resulting in a horizontal flat surface. The subject was
positioned lying on their back on this bed and the coil placed around
their torso. This posture resulted in the lungs assuming a horizontal
orientation with the dorsal lung the most dependent. The bed was
then moved into position such that the lungs occupied the isocentre

of the magnet.

e Prone — The bed setup was identical to that for the supine pos-
ture; however, instead of lying on their back, the participants were
instructed to lie on their front, with their arms above their head.
This resulted in the lungs being oriented horizontally with the ven-
tral regions being the most dependent. The bed was then moved into

position such that the lungs occupied the isocentre of the magnet.

e Sitting - The central hinge was set to 80 degrees to create a seat.
The participant was directed to sit on the resulting seat and again the
coil was fitted around their abdomen. This posture resulted in the
lungs assuming a upright vertical orientation. A cushion was placed
in front of the subject, within the coil. This was to restrict forward
movement; however, it was soft enough so as not to restrict breathing.
The seat was then moved into position such that the lungs occupied

the isocentre of the magnet.

e Head-Down — Unlike the previous three postures for which the par-
ticipant was positioned in the desired posture outside and later moved

into the isocentre of the magnet, this posture required the participant
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to be positioned in situ. Like the setup for the sitting posture, the
central hinge was set to 80 degrees to create a platform that resem-
bled a chair. The coil was placed at a height determined by eye, based
on the height of the subject and such that their shoulders would be
level with its bottom. If necessary, the subject could be later raised
or lowered with the use of foam pads on the base of the chair and
initially a pillow was placed on the base of the chair for the comfort of
the participant. With the coil in place, the chair was then moved to
the isocentre of the magnet. Then, in the space behind the bed, two
large foam blocks were placed to create a platform level with the top
of the chair. To enter the head down posture, the participants were
instructed to climb upon this platform and lower themselves head-
first through the coil. This manoeuvre was assisted by a researcher
acting as a ‘spotter’, positioned in front of the chair. When in the
correct posture, the participants were upside-down facing the back of
the chair and supporting themselves with their forearms above their
head and their waist on the chair top. This posture resulted in the
lungs assuming a near-vertical upside-down orientation. Importantly,
the participants were positioned such that their torso was not pressed
up against the back of the chair, which could have restricted breath-
ing or created motion during respiration due to the expansion of the
chest. For all scans whilst the participant was in this position, a re-
searcher remained in the scanning room to monitor their well-being
and be positioned to quickly release them from the posture if neces-
sary. To exit this posture, the subjects were asked to climb back out
reverse of the way they entered. However, if this were not possible
for them to exit this way or in an emergency, they could be released
by removing the front of the coil and moving forward from the top of

the chair.
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Figure 5.8: These images show the participant postures employed to vary
the relative direction of the gravitational vector to the lungs: sitting (A),
supine (B), prone (C) and head-down posture (D). Each image is accom-
panied by a respective diagram of the participant posture.

Each posture was chosen to maximally vary the orientation of the lungs to
the vertical; however, in practice this positioning method would not result
in the participants’ lungs perfectly assuming the desired orientation. While
a good approximation can be made for the lungs in horizontal orientation

(90 4 3 degrees from vertical), this deviation is greater for the upright and
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head-down positions. For both postures, the bed was set to 80 degrees;
therefore, in the upright posture the orientation of the lungs would typi-
cally be 10 4+ 10 degrees from vertical, estimated from participant scans.
The potential for deviation was greater in the head-down posture, due to
the nature of the posture and because subjects were asked to assume a
comfortable position for the scans. This permitted a high degree of devia-
tion from the desired orientation as participants would position themselves
to slightly horizontally. This is evident in Figure 5.15C. Therefore, the
orientation of the lungs in this posture would typically be 20 + 20 degrees

to the vertical, estimated from participant scans.

5.2.2.2 Breathing Exercises

During the study, the subjects were asked to practice several different
breathing exercises. This was to investigate how the lungs and associated
functional distribution change in response to different inspiration volumes
in each posture. These breathing exercises are depicted in Figure 5.9, in-

cluding:

e Normal (”free”) breathing — Regular breaths over the tidal vol-
ume as the subject would conduct normally. As it was assumed the
subject would be doing this without direction, they would only be
instructed to free breathe if they were currently undertaking a dif-
ferent breathing exercise. This is because, paradoxically, being told
to "breathe normally’ can make a person concentrate on each breath

and in doing so may this result in abnormal breathing patterns.

e Deep breathing — Larger and generally slower breaths than for nor-
mal breathing. Participants were not coached on this breathing ex-

ercise; however, these breaths were expected to result in an increased
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tidal volume. This breathing exercise achieves a greater activation of

the diaphragm and intercostal muscles.

The inspiration volumes were not measured externally for any of these

exercises.

A

|

- |
Inspiration |

reserve I
volume
Deep

Total lung Vital breathing

capacity capacity

I

Tidal
Volume

Normal
breathing

!

Lung Volume 2

4
Expiratory
reserve volume

) Exhaled breath-hold
Residual volume

O \

Time->

Figure 5.9: Depiction the breathing regimes employed by this study. The
formal definition of lung volumes are shown in red, whilst the breathing
exercises used in this study are indicated in green.

5.2.3 Participants

21 healthy volunteers were recruited for the study (5 male, 16 female), with
ethics approval from the University of Nottingham Medical School Ethics
Committee, no. FMHS 236-0323.
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5.2.3.1 Eligibility

Further to the general eligibility requirements for having an MRI, the par-

ticipants were selected based on:

Age 18-35 years

BMI above 18.5, below 30 kg m ™2

No known heart conditions

Blood pressure under 140/90 mmHg

Not currently taking medications (not including contraceptive pill)

No joint disorders

Furthermore, the FOV in the scanner is limited in size. Therefore, to ensure
their entire lung regions fit within frame, particularly while deep breathing,

an additional criterion was introduced:

e Under 180 cm in height

However, this requirement has an inadvertent impact on recruitment for
this study: a gender imbalance. The average height of a 25- to 35-year-old
man in England in 2021 was 177.6(£6.9) cm[111], just below the inclusion
criterion. Therefore, a significant proportion of men were ineligible for this
study. If one only considers this criterion, 36.4% of this male demographic
were ineligible. This had far less of an effect on the recruitment of women,
who have an average height of 164.4(+6.6) cm (for 25 to 35-year-olds in
England in 2021[111]). Therefore, only 1% of this demographic were in-

eligible due to this criterion. As a result of this, the gender balance of
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this study was heavily skewed towards women. Out of the 21 participants

investigated, 16 were women and 5 were men.

5.2.3.2 Recruitment

Participants were recruited via word of mouth and posters within the SP-
MIC. Initial communication was conducted via email. Each subject was
sent the participant information sheet, study consent form and standard
MRI safety questionnaire. This was completed in good time to enable them
to make an informed decision regarding their participation in the study.
During this period, they were able to ask any questions they desired. For
those interested, this interaction also involved establishing if they met the
general inclusion criteria. If they met the criteria and were still happy to

participate, they were invited to attend an in-person screening visit.

5.2.4 Study Visits

A study in two parts:

This study was conducted in two cohorts. Approximately halfway through
the study, the protocol was amended to remove the HASTE scans as these
were deemed too unreliable for PREFUL post processing in their current

form.

An additional posture was introduced — Prone, to maximally reverse the
relative direction of gravity experienced by the supine lung. Furthermore,
to measure posture dependent anterior to posterior functional distributions,
sagittal scans using the 2D GRE sequence were introduced. However, this

was omitted for the head-down posture as there was not sufficient time
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within the 15 minutes permitted for safety.

These changes resulted in two protocols, to be referred to as Protocol 1
and Protocol 2. Of the 21 participants, 10 took part in Protocol 1 and 11

took part in Protocol 2.

5.2.4.1 Screening Visit

The screening visits were completed at the SPMIC or a convenient loca-
tion on the University of Nottingham Park Campus. The purpose of the
visit was to ensure they met all the study criteria, complete the requisite
forms, and allow them to ask any further questions they may have. Dur-
ing this visit, the participants were given a paper copy of the Participant
Information Sheet to keep. They also completed the Consent Form, MRI
Safety Form and Tattoo Form, if required. The screening section of the

Case Report Form was also completed by the study investigator present.

As part of this visit, the blood pressure of each participant was checked
to ensure it was in the acceptable range. This was done using a portable
OMRON blood pressure monitor. Their blood pressure was checked three
times and an average taken to avoid 'white coat syndrome’, where the stress
of being checked artificially increases blood pressure. If the blood pressure
was over 140/90 mmHg, it would be checked again ten minutes later. If the
pressure remained outside of inclusion criteria, then the participant would
be removed from the study. Their doctor would also be informed of the

incidental finding.

At the end of the screening visit, the eligible participants were given instruc-
tions on how to find the SPMIC satellite department in the medical school

and given a map of the building if necessary. They were also instructed to
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wear MRI-appropriate clothing, should they not wish to change into scrubs.
Finally, participants were advised not to eat a significant meal within the
hour prior to the scanning visit, to avoid discomfort due to pressure on the

lower oesophageal sphincter while assuming the head-down posture.

5.2.4.2 Scanning Visit

The scanning visits were scheduled over email and were always within two
months of the screening visit. Upon arrival at the screening visit, partici-
pants underwent a final screening to confirm their eligibility for their study.
This was done to ensure no details had changed since the screening visit:
for example, if their blood pressure had risen above acceptance criteria.
Blood pressure was checked via the same method as per the screening visit
and the 'Study visit’ section of the CRF completed. Following the final
screening, the subjects were given the opportunity to change into scrubs,

if required.

Details of the scans conducted for each participant in each posture are de-
tailed in Section 5.2.1.2. For both protocols, the participants were first
scanned in the sitting posture, followed by head-down and supine. Par-
ticipants completing protocol 2 then took part in an additional posture
prone. This order was chosen so as to familiarise the participants with the
scanning protocols before undertaking the head-down posture and reduce
setup time between scans for rearranging the scanner setup. For example,
a similar setup was used for the sitting and head-down scans, as well as for

the prone and supine scans.

It was often deemed more efficient to scan multiple participants during the
same session. In this case, each participant was scanned in each posture

sequentially. For example, if there were two subjects in the same session,
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each subject would be scanned in the first posture before moving onto the
next. Generally, three participants were scanned in a session for protocol 1
and two participants scanned in a session for protocol 2, each resulting in a
total session length of approximately three hours. The protocol descriptions

that follow concern a study session with only one participant.

Descriptions for each protocol for each of the three postures are presented
in the sections below. Each protocol ended upon completion of the exper-
iments in the final posture: supine for protocol 1 and prone for protocol
2. Upon completion of this position, the subject was removed from the
scanner and permitted to change back into their regular clothes, if neces-
sary. This marked the end of the scanning session, and the participant was

released to go about their day. There were no repeat visits.

5.2.4.2.1 Scanning Protocol

A timeline for the protocol is presented in Figure 5.10, with the experiments

conducted for each posture summarised in Table 5.1.

1. Sitting - For both protocols, the first scanning posture was sitting
upright (Figure 5.8A). This order was chosen to familiarise each par-
ticipant with the scanning environment and procedure while in a
comfortable position. Furthermore, this position required a similar
scanner bed set up to the head-down posture, reducing down-time
between scans for the bed to be reset. The hinge at the centre of the
support platform was set to 110 degrees as per Figure 5.8A. The coil
was positioned such that the top was approximately level with the
subject’s shoulders while sitting. If multiple subjects were scanned

in the same session, the coil remained in this position throughout
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each of their sitting scans. If there was significant variation between
the height of the participants being scanned, they could be raised or

lowered to fit the coil with foam pads beneath them.

The first experiments were the scout scans. These were conducted to
ensure the subject was positioned correctly in the field of view and
for slice positioning (Figure 5.7). Correct subject positioning was de-
termined by the location of the lungs within frame. The whole lung
needed to be visible, while leaving room below the lung to accom-
modate its expansion due to deep breathing. If the participant was
positioned satisfactorily, then the resultant scout images were used to
position a coronal slice over the lungs. The position of this 2D slice
was confirmed by collecting ten 2D GRE images while the participant
was deep breathing, ensuring the diaphragm remained visible for all
frames. If required, the subject could be raised or lowered via the
addition or removal of foam pads beneath them, before repeating the
above process. When positioned satisfactorily, this slice position was

used for all single slice coronal acquisitions of this posture.

When the slice position was confirmed, the acquisition was ready to
begin. The first scans were the coronal 200-image 2D GRE normal
breathing experiments. Immediately following the completion of this
sequence was the 200-image coronal HASTE normal breathing exper-
iment. As they should already be breathing normally, no instruction
was needed for the participant. Indeed, their only indication that the
next experiment had started was the change in the acoustic noise from
the scanner. The next scans were the coronal deep breathing exper-
iments, 200-image 2D GRE and 200-image HASTE sequences. The
subject was asked to deep-breathe, and upon confirmation they had

complied, the scans were initiated. The scan parameters remained the
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same as for the corresponding normal breathing experiments. There
was no pause nor instruction given to the participant between the

transition from 2D GRE to HASTE experiments.

Following the completion of these scans, the sitting section of Protocol
1 was complete. The participant was removed from the scanner and
returned to a waiting room. There would then follow at least a 10-
minute wait period before the participant continued with the next

posture, as per the protocol.

. Head-down - The second part of protocol two was the scans of the
participant in the head-down posture (Figure 5.8D). After familiari-
sation with the protocol during the sitting scans, these scans had to
adhere to a strict 15-minute time limit for the safety and comfort
of the participant. This covered the full time the participant was
inverted, including positioning, scanning sequences and down time

between scans. Therefore, efficiency was imperative.

The participants were first asked to practice entering and exiting the
head-down posture. This was to familiarise themselves with each
procedure and because generally they reported entering a more com-
fortable position on the second attempt. This practice attempt was
not included in the 15-minute scan time limit as the participant was
permitted some recovery while upright before entering the process.
When they reported feeling ready to proceed, the participant was in-
structed to enter the head-down posture once again. At this point,
the 15-minute time limit began. Before checking the position with
the scanner, their lateral position could be corrected by eye as they
might not have positioned themselves vertically in the coronal plane.
This could happen when they did not position their forearms directly

below their hips and therefore their body assumed a slight lateral
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angle. With permission from the participant, this could be quickly
corrected by slightly sliding their hips left or right, so their body ap-
peared to be vertical in this plane. At this time, the angle of their
body in the sagittal plane was not corrected as this position was
chosen by the participant to be comfortable. When in position, the
researcher, remaining in the room to monitor the participant, sig-
nalled to the scanner operator to begin the Scout sequence. This
sequence lasted approximately 40s and was used for final positioning
quality control. As achieving perfect participant positioning could
be time-consuming, a lower quality of positioning was acceptable for
this posture compared to the others. Although it remained impera-
tive that the full lung was captured in frame. If necessary, they could
be raised or lowered with the addition or removal of pillows/thin
foam blocks below their forearms. They could also be asked to as-
sume a more vertical posture in the sagittal plane to quickly raise
them. A single additional scout sequence was permitted for position-
ing quality control during the 15-minute time limit. If their position
remained unsatisfactory, the participants were asked to exit the scan-
ner and permitted some down time while upright to reset the time
limit. When reporting feeling ready to continue once again, the po-
sitioning protocol was repeated from the point prior to completion
of the practice positioning. With satisfactory positioning determined
by the scout images, the slice was positioned with the same criteria
as detailed in Figure 5.7. Ten coronal 2D GRE images were captured
while the participant was deep breathing to ensure their full lungs re-
mained in frame. If necessary, repositioning could occur via repeating

the procedure above.

With the satisfactory positioning of the participant, the full scan-
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ning procedure was ready to begin. If still breathing deeply from
the positioning scans, the subject was asked to breathe normally and
the coronal 200-image 2D GRE sequence was initiated. The 200-
image HASTE sequence was initiated immediately upon its conclu-
sion. Combined, these sequences took approximately three minutes.
When completed, the researcher communicated with the participant
to confirm they were happy to continue. If not, they were removed
from the scanning posture and the following scans omitted. If happy
to proceed, the participant was instructed to begin breathing deeply
and upon their compliance, the scanner operator signalled to begin
the next scans. The additional coronal 200-image 2D GRE and 200-
image HASTE sequences were initiated in sequence for a further three
minutes of scanning time. These were the final scans for protocol 1

in the head-down posture.

With the completion of the final scans, the head-down posture imag-
ing was complete, and the participant was asked to exit the posture
but remain sitting upright on top of the foam blocks behind the chair.
The researcher within the room communicated with the participant
to assess their condition and if they were experiencing any side ef-
fects. When they no longer felt any effects, they were assisted down
from the blocks and to a waiting area where they could recover from
the head-down posture for at least ten minutes before moving on to

the next scanning posture.

. Supine - The final posture for Protocol 1 was supine. For this pos-
ture, the hinge at the centre of the support mechanism was set to 180
degrees, or horizontal, to resemble a bed (Figure 5.8B). Positioning
was far easier in this posture than for sitting and head-down and no

time limit was imposed. The coil was positioned over the participant
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such that their shoulders were level with its end and then the bed
moved to position it at isocentre of the magnet. The Scout sequence
was used to confirm the position of the participant was correct. If
not, the participants were asked to slide themselves up or down the
bed as required, and this was checked again with an additional scout
sequence. Coronal slice positioning followed the same criteria as the
sitting and head-down postures and was checked with 10 images cap-
tured with the 2D GRE sequence while the participant was deep

breathing.

Once satisfactory positioning was achieved, the normal breathing
coronal 200-image 2D GRE sequence was initiated, followed immedi-
ately by the 200-image HASTE sequence. Upon completion of these
scans, the participant was asked to breathe deeply and the same se-
quences were repeated. These were the final scans for the supine
position and concluded the experiments for Protocol 1. Upon com-
pletion of these scans, the participant was removed from the scanner

and taken to the waiting area.

. Prone - The final posture for Protocol 2 was the newly introduced
prone position (Figure 5.8C). The participant was placed on their
front with the coil enclosing their torso, level with their shoulders.
Positioning was first confirmed by eye and then with the Scout ac-
quisition. If adjustment was needed the participant was asked to
slide themselves up or down the scanner bed before repeating the
scout acquisitions. This posture was introduced to complement the
supine posture for investigations in the sagittal plane. For this reason,
all non-scout coronal-experiments were omitted. Therefore, following
satisfactory participant and slice positioning, detailed in Figures 5.8C

and 5.7 respectively, the only scans in this posture were the 200-image
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sagittal normal breathing 2D GRE experiments.

Final

Screening

Sitting
Scans

Supine

Scans

Prone*
Scans

| |
Arrive 10

I
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Time (Minutes)

80

90
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Figure 5.10: Timeline for Protocols 1 & 2, comprising a final screening,
followed by scans in four postures. The first three postures were separated
by a ten-minute break for participant recovery and reconfiguring the par-
ticipant support mechanism. However, there was no break between the
supine and prone postures as participants were instructed simply to roll
over in the scanner. * denotes only for protocol 2.

Protocol 1
o
w |5 | o %
. g2 1A | .58 Q .
Sequence Plane Breathing | ‘Z i 2. | 8 | Time (m)
m s |a | &
T
Scout All Normal v | vV |V 0:31
2D GRE Coronal Normal v | vV |V 1:17
HASTE* Coronal Normal v |V |V 2:53
2D GRE Coronal Deep v [ VY 1:17
HASTE* Coronal Deep v vV Y 2:53
2D GRE Sagittal Normal v - v 1:17

Table 5.1: Timeline of MRI Sequences completed for each posture in Pro-
tocol 1. * Only in Protocol 1, ** Only in Protocol 2.

5.2.5 Data Analysis

The scanner acquires each image as a 64 x 64 pixel matrix and applies zero-

filling and filtering before the Fourier transform. A warp is then applied to
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each image to counter the known B0 magnetic field inhomogeneities, which
are calculated based on the size and position of the slice. The effect of this
is sometimes visible in the periphery or corners of the image (particularly
in Figure 5.7). Finally, the scanner interpolates the image onto an 89 x 89

voxel grid and outputs each image as its own DICOM file.

5.2.5.1 PREFUL

Functional maps were generated by applying the PREFUL algorithm[5]
to the resultant image series. This was done using a home-built pipeline,
applied in MATLAB 2024b. A full desciption of this proces can be found
in Chapter 4. Processing parameters used for this study are detailed in

Table 5.2.
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PREFUL Processing Parameters
Registration Method Region, Forsberg
Respiratory marker 2D Lung Area
Respiratory filtering method Low Pass
(Hz) Pass: 0.4

Stop: 0.5
No. interp. ventilation frames 20
Ventilation interp. width 0.057
Cardiac marker Aorta Intensity
Cardiac filtering method High Pass
(Hz) Pass: 0.5
Stop: 0.4
Cardiac Fitting R2 Thresh. 0.7
No. interp. perfusion frames 20
Perfusion interp. width 0.057

Table 5.2: PREFUL processing parameters.

5.2.5.2 Regional Analysis of Functional Maps

5.2.5.2.1 Lung ROI Sectioning

The PREFUL processing detailed above resulted in the creation of five
2D functional maps for each acquisition: FV, VI'TP, weighted perfusion,
QTTP and Jacobian determinant. Maps of the exhaled signal intensity
were also created. To compare the distributions of these functions for each
posture, it was useful to reduce the dimensionality of the data. This was
achieved by projecting the variation within each map onto two orthogonal

axes: apical-to-basal for the coronal acquisitions, and apical-to-basal and
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anterior-to-posterior for the sagittal acquisitions. Functional distributions
along these axes were assumed to be independent of each other, although

the validity of this assumption is discussed later.

All acquisitions were transformed as necessary (by rotation or reflection)
to standardise the lung orientation between postures. In the coronal plane,
this resulted in a lung orientation equivalent to observing the lungs as
viewed from in front of a sitting individual, with the apex at the top and
the right lung to the left of the image. In the sagittal plane, the lungs
were transformed to orient the apex and anterior surface to the top and
left of the image, respectively. Examples of each standardised orientation

are depicted in Figures 5.11A and 5.12Ai.

The projection of each functional result onto each axis was achieved via
an averaged zonal method, similar to previous studies[4, 7, 58]. Instead
of plotting each voxel’s value individually, the mean value of multiple dis-
tinct zones was used to visualise the posture-dependent distributions. The
number of zones was chosen to balance resolution and SNR, due to the
width and number of voxels combined by each zone. This method signif-
icantly improved the SNR of the results compared to plotting the means
of individual lines of pixels. Along the apical-to-basal axis, each lung was
sectioned into several vertically stacked rows of equal height. This was
achieved by isolating the pixels nearest to the apex and to the base, then
distributing each row’s boundary at equidistant intervals between them,
rounded to the nearest pixel. Typical examples of the resulting sectioned
zones for each imaging plane, sectioned into five zones, are depicted in Fig-
ures 5.11A and 5.12Ai. Each zone was assigned a fractional position along
the apical-to-basal axis, corresponding to the vertical position of its centre.
This fractional approach was chosen in preference to an absolute distance

to permit easy combination of participant data and comparison between
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postures. However, this method is sensitive to the size of the lung at the
intermediary respiratory state. For each participant, the functional values
and their associated errors for all voxels within each zone were used to
calculate the weighted mean and standard error of the zone. These values
were then combined using a weighted mean across all participants, yield-
ing a single functional distribution for each posture and breathing regime.
These values were used to populate a graph of the variation along the
apical-to-basal axis. Examples of such plots, with artificial data points,
are presented in Figures 5.11B and 5.12Aii. Figure 5.11 represents the
standard format employed for the presentation of coronal results in this
chapter: a plot of the functional distribution with respect to the associated
axis, presented next to an example mask to aid in the visualisation of the
data. The apical-to-basal axis is orientated vertically, matching the orien-
tation of the lung depicted alongside. However, this means that, contrary
to standard convention, in these plots the dependent variable is plotted on

the horizontal axis.
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Figure 5.11: This figure depicts the standard format for plotting the func-
tional variation along the apical-to-basal axis of coronal acquisitions in
this work. An example five-zone sectioned mask (A) is presented, with an
accompanying artificial apical-to-basal distribution (B). The red arrows
indicate which lung sections correspond to their respective data points.
The dashed line represents the linear fit of the artificial data.

The investigation along the anterior-to-posterior axis follows a similar method
to that of the apical-to-basal axis. However, instead of vertically stacked
rows, the lung is sectioned into several horizontally adjacent columns of
equal width. The columns are distributed based on the location of the
most anterior and most posterior pixels. A five-zone example sectioned
mask is depicted in Figure 5.12Bi. The mean value of each zone was cal-
culated, which in turn were averaged over each participant. The resulting
functional distributions were plotted against the anterior-to-posterior dis-
tance, oriented horizontally to reflect the lateral adjacency of the zones.
Figure 5.12 shows the standard format used in this chapter for presenting

sagittal results.
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Figure 5.12: This figure depicts the standard format for plotting the func-
tional variation along the apical-to-basal and anterior-to-posterior axes of
sagittal acquisitions in this work. An example five-zone sectioned mask
is presented; it is sectioned along the apical-to-basal (Ai) and anterior-to-
posterior axes (Bi). The masks are plotted adjacent to their corresponding
artificial apical-to-basal (Aii) and anterior-to-posterior (Bii) distributions.
The red arrows indicate which lung sections correspond to their respective
data points. The dashed line represents the linear fit of the artificial data.

For all investigations in the coronal plane in this study, the lung was sec-
tioned into 10 zones in order to attain adequate SNR. The number of zones

was reduced to five for investigations in the sagittal plane, to reflect the
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lower number or participants investigated.

5.2.5.2.2 Mask Adaptation

The above method for sectioning each lung is based on the associated mask.
For the FV, the VI'TP, the perfusion, and the QTTP, this is based on the
mask of the intermediary lung state produced by the PREFUL processing.
However, as the exhaled signal intensity and map of the Jacobian determi-
nant is based on the exhaled lung, these are sectioned based on the mask

of the maximally exhaled state.

Figures 5.11 and 5.12 depict the sectioning process based on a complete
full mask of the lungs. However, this was a simplification for explanatory
purposes and in reality each mask is adapted slightly before applying the
sectioning algorithm. Figure 5.13 depicts this adaptation process applied
to all masks. Starting with the base masks (Figure 5.13Ai and 5.13Bi),
the major pulmonary vessels are removed. These do not represent the
state of the local lung parenchymal56] and thus they can skew the results
of the central lung regions. The vessel removal is achieved using the k-
means clustering method described in Chapter 4. Which is applied to either
the perfusion-weighted data for the FV, VI'TP, normalised perfusion and
QTTP, or to the signal intensity of the most exhaled state for the exhaled
signal intensity and map of the Jacobian determinant. Example lung masks

with the vessels highlighted are presented in Figures 5.13Aii and 5.13Bii.

In addition to the removal of the major pulmonary vessels, the corners of
the mask were also removed. This serves two purposes: firstly, these are
the areas are likely to experience registration errors. They are surrounded
by tissue not associated with the lung parenchyma on multiple sides. Gen-

erally, this surrounding tissue returns a significantly greater signal in MR
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images than that of the lung. Therefore, any slight errors in the registration
can create artefacts in the functional maps. Secondly, these areas can skew
the segmentation algorithm, which is based on the most peripheral pixels.
These pixels are often those at the corners, especially at the base of the
lung. Furthermore, these corner regions may extend significantly beyond
the rest of the lung, particularly in the basal-posterior region. This will
skew the placement of the lung segments and create a basal region with a
reduced number of voxels, evident in Figure 5.12Ai. The corner removal
step is achieved by the application of a morphological ’Open’ operation us-
ing a 2D structuring element in the form of a disk with radius 5 voxels. This
radius was chosen by eye to best suit the resolution of the acquired data,
corresponding to approximately 1.8 cm. Example maps with the corners
highlighted are presented in Figures 5.13Aiii and 5.13Biii. These features
are determined for each acquisition and subsequently removed from the

base mask.

Removal of both the major pulmonary vessels and lung corners from the
base mask results in the mask used by the sectioning algorithm, here, called
the ’analysis mask’. Examples of these are depicted in Figures 5.13Aiv and

5.13Biv for the coronal and sagittal planes, respectively.
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Figure 5.13: Mask preparation prior to segmentation for an example mask
in the coronal (A) and sagittal (B) planes. Starting from the generated
lung mask (i), this figure details the removal of the vessels (ii) and corners
(iii) to create the mask used for functional distribution analysis (iv).

In the perfusion-weighted and Jacobian maps, a significant central to pe-
ripheral gradient was observed, likely due to the central lung vessels. Al-
though, this gradient was not investigated, it skewed the variation of each
function when investigated along each axis. Therefore, it was beneficial to
only investigate variation within parenchyma located at an equal distance
to the centre of the lung. In this case, the lung peripheries were segmented
for this purpose. The four-step method for automatically segmenting the
peripheral segments of a coronal mask is depicted in Figure 5.14 for the
coronal plane. Starting with the base mask (Figure 5.14A), a ’Close’ mor-
phological operation is applied using a 2D structuring element in the shape
of a diamond with equivalent dimensions as that of the acquisition. This
results in Figure 5.14B, where the area between the two lungs has been
filled. The second step is the inversion of this mask, generating Figure

5.14C, where the non-lung areas are now highlighted, except between the
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lungs. A final morphological operation is applied to this mask, a "Dilation’
using a 2D structuring element resembling a disk, with a radius chosen to
reflect the desired width of the peripheral segment. The width of this seg-
ment was selected to balance SNR through the number of voxels included
in each zone, while avoiding contributions from central regions. For this
work, a width of 7 voxels (approximately 2.5 cm) was chosen to match the
resolution of the data. This expands the non-lung areas, extending them
into those occupied by the lungs, although again omitting the centre of the
lungs. This results in the penultimate mask depicted in Figure 5.14D. The
final step is to compare the original mask with the penultimate mask. Any
voxels where they are both equal and non-zero are determined to represent
the peripheries. For each acquisition, this results in a mask like that de-
picted in Figure 5.14E. Although not depicted in this figure, this process is
always applied to a base mask with the corners removed (Figures 5.13Aiii).
Furthermore, any major pulmonary vessels in this peripheral segment are
removed by the same process as detailed previously. This process can also
be applied to masks in the sagittal and axial plane, although the first stage
is redundant for the sagittal plane as only a single lung is visible. How-
ever, in this work, the peripheries of the lung were only investigated in the

coronal plane.
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4 Compare Invert

Figure 5.14: Summary of the pipeline employed to segment the peripheral
regions of the lung in the coronal plane. Starting with an example coro-
nal binary mask (A), a morphological close operation is applied using a
diamond-shaped 2D structuring element to fill in the region between the
lungs (B). Following the inversion of this mask (C), a morphological dilate
operation is applied using a disk-shaped 2D structuring element, to shrink
the size of the of the void region (D). Finally, this mask is compared to
the original; all values that are equivalent across both masks and equal to
1 now make up the final peripheral segmentation mask (E).

Finally, in the sagittal plane it was also useful to investigate the apical-to-
basal variation within the anterior and posterior lung segments indepen-
dently. To achieve this, as with the anterior-to-posterior sectioning, the
most anterior and posterior voxels were isolated. Then, the central point
between these, rounded to the nearest voxel, was used to split the lung

mask vertically in two segments.

Note: In this work, the lung mask used for the analysis along each of the
axes is displayed alongside the data. This mask includes the removal of
the major pulmonary vessels, peripheral segmentation, or the anterior and
posterior isolation. However, all masks are depicted omitting the removal
of the corners. This was to maintain the shape of the lungs so they would

be easily recognisable at a glance. Even though it is not displayed, this
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operation was applied to all masks before sectioning the lungs along each

axis.

5.2.5.2.3 Normalisation

It is sometimes necessary to normalise the functional maps before partic-
ipant data can be combined or comparisons are drawn between postures.
Both the FV and Jacobian determinant data are sensitive to the magni-
tude of lung volume change during the acquisition. Not only does this vary
between participants, but it is also dependent on the respiratory thresh-
olding chosen during PREFUL processing. Therefore, whilst there is some
utility in comparing the magnitude of these functions between postures, to
compare the relative variation between them it is useful to normalise the
functional data. The perfusion-weighted and exhaled signal maps are based
directly on the signal acquired by the scanner, which is in itself dependent
on a multitude of factors. Therefore, the relative magnitude of these can-
not be compared between acquisitions. These results must be normalised
before the participant data can be combined, and then it is only useful
for comparison of the relative variation within each posture. Finally, the
VTTP and QTTP results do not require normalisation. These functional
metrics are already scaled to a point within a single reconstructed ventila-

tion or perfusion cycle.

The normalisation step is achieved by dividing each functional map by the
mean value of all voxels within the analysis mask. This converts all voxels
of the functional maps into a fractional value, which is subsequently plotted
as a percentage, relative to the mean lung value, which is located at 100%

of the normalised functional axis.

The perfusion-weighted maps underwent an additional normalisation step.
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This was to remove contributions from tissue compression. To achieve
this, each voxel is divided by its estimated tissue density. As the data was
collected during respiration, the tissue density associated with each voxel
is constantly changing essentially independently from the cardiac cycle.
Although a high-pass filter is applied to isolate the perfusion variation, it
also removes the zero temporal frequency component, which is assumed to
be equivalent to the mean tissue density. This is why one cannot simply
repeat Equation 4.23 to calculate a fractional perfusion. Instead, the mean
value of that voxel throughout the reconstructed registered time-series is
assumed to be equivalent to the zero temporal frequency component, which,
in turn, represents the mean tissue compression during the perfusion cycle.
However, this data must be further normalised by the value of the lung as a
whole. This is because the ratio of the average lung signal to the perfusion
variation is dependent on the cardiac frequency. This effect is discussed
further in Chapter 4; however, it stems from the acquisition time of each
frame being significant compared to the cardiac period, resulting in an

averaging of signal variation and thus a reduction in apparent amplitude.

5.2.5.2.4 Linear Fitting

Occasionally, to compare functional distributions between postures, it was
useful to reduce the dimensionality of the data further to just a single

number. In this case, the data were fitted to a linear relationship.

y=m-x+c (5.1)

where y represents the functional value, x represents the fractional distance,

m is the slope and ¢ an offset. All fits were calculated using a weighted non-
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linear least squares regression algorithm|[112-114], which also returned the
standard error (0m, dc) associated with each parameter. Fits of this type
were only calculated for normalised data and therefore the offset value (c)
is redundant. However, the resulting slope (m) was used to quantitatively
compare the relative change between postures. This value represents an
approximation of the total change across the lung along the respective

axis, in proportion to the average value of the lung.

Each fit is plotted over its respective data in the form of a dashed line.
These fits are based on the assumption that the respective distributions
are linear with respect to fractional distance within the lung. However,
this is often not the case. This is evident both qualitatively, by comparing
the linear fits to the often non-linear data, and quantitatively by the errors
associated with the calculated slopes. Therefore, the fit data should not be

taken in isolation, but in conjunction with the data it represents.

5.3 Results

5.3.1 General Results

5.3.1.1 Participant Positioning

In this study, the participants were instructed to assume a comfortable
position in each required posture. However, this approach often resulted
in the long axis of their lungs and associated coronal imaging planes not
being precisely aligned parallel or perpendicular to the gravitational vector.
This was particularly evident during investigations of the head-down pos-

ture as participants would often orientate themselves at a significant angle
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to the vertical. Beyond variation in participant positioning, the coronal
slices often required angular adjustments to simultaneously capture both
the aorta and the diaphragm, whilst avoiding the heart. This resulted in a
compounding variation in the angle of coronal slice positioning. The aver-
age angle to the vertical of the coronal slices for each posture is presented

quantitatively in Table 5.3 and visually in Figure 5.3.

Coronal Slice Positioning
Posture Angle to the Vertical (°)
Sitting 6+ 4
Supine 89 + 3
Head-Down 22+ 7

Table 5.3: Summary of participant positioning in the scanner and resultant
orientation of the coronal slice relative to the vertical.

Sitting Supine Head-Down

Figure 5.15: Summary of participant positioning in the scanner and resul-
tant orientation of the coronal slice relative to the vertical, including error.
All scans are orientated so the direction of gravity is down the page. Slice
thickness is not to scale.

5.3.1.2 Sensitivity Gradients

All investigations in this study assume a common proportionality between
signal intensity and tissue density throughout each image. However, as

evident in Figure 5.16, tissue immediately adjacent to the receive coil can
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return a greater magnitude of signal compared to equivalent tissue else-
where. This effect drops off quickly with distance, however, it may lead to

errors during sagittal investigations.
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Figure 5.16: This figure demonstrates the non-uniform signal variation
due to a sensitivity gradients near the receive coil. A cylindrical phantom
containing saline solution (A) was placed within the coil, resting on the
back plate (or base). 60 images were captured using the 2D gradient echo
sequence (Section 5.2.1.2), with the final 50 combined to create an average
image (B). This image was used to investigate the relative signal decay
with distance from the coil back plate (C). This distribution was fitted
to an exponential function (y = a - e~ + ¢) via non-linear least squares
regression.

5.3.1.2.1 Investigating B1-Transmit Homogeneity

The Bl-transmit field is generated from coils integrated in the scanner. It
was preliminarily investigated by using an oblong phantom of uniform spin
density throughout, placed within the central region of the body coil. The
Bl-transmit variation throughout this phantom was investigated using the

interleaved double TR method[115]. A multi-slice acquisition was used to

356



5.3. RESULTS

give insight into Bl-transmit variation in three dimensions. Figure 5.17
displays B1 variation through the centre of the phantom in the coronal and

sagittal plane.
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Figure 5.17: Investigation of the Bl-transmit homogeneity within an oblong
phantom of uniform spin density. The Bl-transmit maps are displayed in
the central coronal (Ai) and sagittal plane (Bi), with the corresponding
mean variation along these axes plotted in Aii and Bii, respectively. The
axes are positioned to reflect the spatial variation of the field, relative to
the mean field within the plane.

The average variation within the phantom along these planes appears to
be limited to approximately £5%. Therefore, this variation is not expected

to have a significant impact on the results in this study.
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5.3.1.2.2 Investigating B1-Receive Homogeneity

The Bl-receive field is due to the body coil. It was preliminarily inves-
tigated using the same phantom setup as described for the Bl-transmit
investigation. 2D Images through the central coronal and sagittal planes
were acquired using the same method detailed in Figure 5.16. Figure 5.18
depicts these acquisitions accompanied by the mean variation in signal in-

tensity through these planes.
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Figure 5.18: Investigation of the Bl-receive homogeneity within an oblong
phantom of uniform spin density. The Bl-receive maps are displayed in
the central coronal (Ai) and sagittal plane (Bi), with the corresponding
mean variation along these axes plotted in Aii and Bii, respectively. The
axes are positioned to reflect the spatial variation of the field, relative to
the mean field within the plane. Depictions of the lungs are provided to
aid understanding but are not to scale.

Figure 5.18 depicts significant variation in Bl-receive field towards the cen-
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tre of the coil in the coronal plane and towards the base of the coil in the
sagittal plane. These variations may impact the investigation of functional

parameters along these axes.

5.3.1.2.3 Estimating the Impact of Sensitivity Gradients on Func-

tional Parameters

Spatial variations in sensitivity will likely have an effect on the observed
distribution of the functional parameters discussed in this chapter. The
impact on the exhaled tissue density and perfusion variation is intuitive, as
these are directly dependent on the signal intensity. Therefore, a greater
sensitivity will correspond to apparently greater values of these parameters.
When the perfusion is normalised by the tissue density, this effect should be

reduced as both these factors will be influenced by the sensitivity gradients.

Fractional ventilation is calculated based on the changing value of lung
voxels. However, these voxels are typically located at different spatial posi-
tions at different points of the respiration cycle. Therefore, the sensitivity
gradients can have an impact on the distribution of this functional pa-
rameter. For example, a voxel moving towards the centre of the coil with
inspiration will exhibit a reduction in signal due to reduced tissue density,
however this will be countered by increased signal due to the increased coil
sensitivity in this region. Therefore, the observed fractional ventilation will

be suppressed.

To estimate the magnitude of the error due to these effects, one must make
assumptions about the size and position of the lungs within the coil. The
exhaled lung size in the investigated planes when sitting is estimated from
scans in this study to be approximately 18 + 2 c¢m in the apical to basal

axis, and 13 £+ 2 c¢m in the anterior to posterior axis. When inhaled and
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breathing normally, these increase to 202 cm and 14+ 2 cm, respectively.
Finally when deep breathing, the apical to basal distance increased to 2242
cm. Using these values and assuming the lung is positioned in the centre of
the coil when fully inhaled, one can simulate the apparent variation of each
functional parameter, within the phantom of uniform spin-density through-
out. Using the same fitting linear fitting method discussed previously, this

results in the gradients presented in Table 5.4.

Effect of B1 on Functional Parameters
Parameter Breathing || Apical to Basal | Anterior to Pos-
slope (%) terior slope (%)
Fractional Ventilation | Normal 9+ 2 1.2+ 04
Deep -20 £ 4
Perfusion & Exhaled | Normal 20 £ 8 16 +4
Tissue Density Deep 15 £ 8

Table 5.4: Estimated impact of the Bl inhomogeneity on the observed
gradients of functional parameters along the apical to basal and anterior
to posterior directions.

Based on the values in Table 5.4, it appears that the bias field may introduce
a significant systematic error to the results in this study. However, these
are only preliminary estimates, with the true effect dependent on the size
and position of each lung individually. Therefore, these factors are not
accounted for in the results presented in this work. In future, bias field

correction should be employed on a scan-by-scan basis.

5.3.1.3 Spatial Averaging

When investigated in the sagittal plane, the lung is not perfectly symmetric

about either the apical-to-basal or anterior-to-posterior axes. Therefore,
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measures along each of these axes were not totally independent of each
other. This interdependence is plotted in Figure 5.19. This plot follows
the same style as the previously presented results; however, the dependent
variable has been substituted with the mean position of each segmented

zone along the perpendicular axis.
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Figure 5.19: Measure of the interdependence of the apical-to-basal and
anterior-to-posterior segmentation in the sagittal plane due to the shape of
the thoracic cavity. It is composed of data averaged across all participants
who took part in protocol 2. The data are plotted along the apical-to-
basal (A) and anterior-to-posterior (B) axes, with the dependent variable
representing the average position of each zone along the perpendicular axis.
The date is plotted for the segmentation of the full mask and the masked
used for segmentation with the corners removed (Figure 5.13).
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Along the apical-to-basal axis, all postures exhibited a bias towards the
posterior in the most basal region. This is due to the non-symmetric shape
of the diaphragm as it extends more basally in the posterior region. This
may have manifested as an artificial variation in signal intensity in this
region due to the above-mentioned sensitivity variations associated with
the inhomogeneous B1 receive field. For the sitting and supine postures,
this may have increased the signal in this zone due to the proximity of the
posterior regions to the receive coil. In the prone posture, this may have
reduced the signal in this region due to the greater distance to the receive

coil.

Along the anterior-to-posterior axis, the central regions of the lung ex-
hibited an apical bias compared to the peripheral regions. This is likely
due to the convex nature of the lung at the apex and the concave nature
of the lung at the base. Measurements of the exhaled tissue density, FV
and normalised perfusion generally increased along the apical-to-basal axis;
therefore, this may slightly reduce measures of these functions in the central

regions when measured along the anterior-to-posterior axis.

5.3.1.4 Toleration of the Head-down posture

Most participants appeared to tolerate the head-down posture well, report-
ing only expected side effects such as light-headedness and dizziness. These
subsided within a minute of exiting the posture. However, two participants
did not complete the head-down protocol. The first experienced feelings of
claustrophobia when practising the posture. The participant and investiga-
tors agreed to omit this position. Second, another participant terminated
the head-down scanning protocol following the deep breathing scans. They

reported feeling uncomfortable and did not want to continue with the pro-
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tocol. Notably, these participants were part of the same two-participant
session. Therefore, one may conclude that the second participant, upon
seeing their peer omit the head-down protocol, felt more comfortable ter-
minating the procedure when they felt too uncomfortable. Worryingly,
this may suggest that the other participants experienced greater side ef-
fects than they reported, but they didn’t want to terminate the protocol for
fear of being a burden to the investigators. Importantly, the side effects felt
by this second participant subsided within a minute of exiting the posture
as per the other participants in the study. Both participants went on to

complete the protocol for each of the subsequent postures.

5.3.1.5 Protocol Completion Summary

These completion of each posture are summarised in Figure 5.20.
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Figure 5.20: Summary of the number of successfully completed postures.
* Indicates this posture was only completed as part of protocol 2.

363



5.3. RESULTS

5.3.1.6 Processing Success Rate

5.3.1.6.1

The number of successfully processed coronal datasets for ventilation and

perfusion is detailed in table 5.6.

Coronal Acquisitions

Successful PREFUL Processing in the Coronal Plane
Posture Breathing Ventilation Perfusion
Regime N (Rate) N (Rate)
Sitting Normal 20 (95.2%) 21 (100.0%)
(N=21) Deep 21 (100%) 17 (81.0%)
Supine Normal 20 (95.2%) 20 (95.2%)
(N=21) Deep 18 (85.7%) 20 (95.2%)
Head-Down Normal 17 (85.0%) 18 (90.0%)
(N=20) Deep 19 (95.0%) 18 (90.0%)

Table 5.5: Summary of the number of coronal datasets that have undergone
successful processing from the PREFUL pipeline.

5.3.1.6.2 Sagittal Acquisitions

The number of successfully processed sagittal datasets for ventilation and

perfusion is detailed in table 5.6.
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Successful PREFUL Processing in the Sagittal Plane
Posture Ventilation Perfusion

N (Rate) N (Rate)
Sitting (N=10) 6 (60.0%) 8 (80.0%)
Supine (N=10) 10 (100.0%) 10 (100.0%)
Prone (N=10) 9 (90.0%) 10 (100.0%)

Table 5.6: Summary of the number of sagittal datasets that have undergone
successful PREFUL processing.

5.3.2 Variation in Exhaled Signal Intensity

5.3.2.1 Investigations in the Coronal Plane

Prior to analysing functional changes within the lung, it is useful to ob-
serve the variation in the proton signal at the point of maximal exhalation.
For each participant, this reference state was determined by calculating the
mean signal intensity across the three most exhaled frames of the recon-
structed ventilation cycle, derived from the PREFUL processing pipeline.
Figure 5.21 presents representative images of a single participant in the sit-
ting, supine, and head-down postures at reconstructed maximal exhalation

while breathing normally.
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Sitting Supine Head-Down

Figure 5.21: Coronal reconstructions of a representative participant at max-
imum exhalation in the sitting (A), supine (B), and head-down (C) pos-
tures, breathing normally.

The absolute change in signal is plotted in Figure 5.22A for each pos-
ture, although this result is only anecdotally useful as the signal from each
participant’s lungs is affected by a multitude of factors. However, we do
observe an increase in signal towards the base of the lung for the sitting
and supine postures and an increase towards the apex for the head-down
posture. Moreover, the signal observed in the supine posture appears to be
generally greater than for the other two postures. To provide a more useful
comparison between postures, the variation in average signal is normalised
using the average signal within the lung. This normalised result along the
apical-to-basal direction is plotted in Figure 5.22B. There is a clear trend
of increasing relative signal towards the base of the lung for the sitting and
supine posture, which is reversed (increasing towards the apex) when in the
head-down posture. Additionally, whilst the change in the relative signal
is largely continuous throughout the full sitting and head-down lungs, in
the supine position this appears to level off beyond approximately 65% of

the apical-to-basal distance.
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Figure 5.22: Variation in the average Exhaled Signal Intently within ten
vertically stacked coronal lung segments, for participants breathing nor-
mally. Plotted for both the Absolute Signal Intensity (A) and Normalised
Signal Intensity (B). Errors bars represent the standard error on the mean
for each lung section. slopes associated with the linear fits plotted on (B)
are presented in Table 5.10. The plots are depicted alongside the mask
of an example reconstructed lung with the vessels removed, to aid in the
visualisation of the results.

Each result in Figure 5.22B is fitted to a linear relationship via linear
regression. These fits are plotted on the figure and the resultant slopes
along with their associated standard errors are presented in Table 5.7. The
greatest magnitude of change occurs within the lung when sitting upright,
increasing by approximately 46% of the average from apex to base. This
is followed by the supine posture, which sees an increase of approximately
32% from apex to base. Finally, the lowest magnitude change in signal of
approximately 23% is observed with the head-down lung, now decreasing

towards the base of the lung.
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Fitted Linear Slope of Exhaled Signal Intensity
Posture Apical to Basal slope (%)
Sitting 46 + 4
Supine 32+5
Head-Down -23 £ 2

Table 5.7: Variation in the exhaled signal intensity along the apical-to-basal
axis. slopes associated with the linear fits plotted in Figure 5.22. Shaded
cells represent variation within isogravitational planes.

5.3.2.2 Investigations in the Sagittal Plane

As with the coronal experiments, it is useful to first investigate the effect of
tissue compression in the exhaled lung. Figure 5.23 presents representative

images of a single participant in the sitting, supine, and prone postures at

reconstructed maximal exhalation.

Sitting

Figure 5.23: Sagittal reconstructions of a representative participant at max-
imum exhalation in the sitting (A), supine (B), and head-down (C) pos-
tures, breathing normally.

Successfully ventilation-proceeded sagittal data sets were used to investi-
gate the variation in exhaled signal along both the apical-to-basal (Figure
5.24A) and anterior-to-posterior (Figure 5.24B) directions. Normalising

this variation by the total value of the lung and plotting along the apical-
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to-basal direction, yields Figure 5.24A. Note, the absolute variation in tis-
sue density has been omitted for this imaging plane due to the assumed
high degree of error from sensitivity gradients. The largest change in the
relative exhaled signal intensity was observed in the sitting lung; increasing
from apex to base, with the greatest rate of change in the central regions.
Similarly, the supine posture exhibits an increase in signal intensity towards
the base. Increasing approximately linearly along this axis, although ap-
pearing to drop slightly in the most basal zone. Finally, there appears to
be little variation in the exhaled signal intensity within the prone posture
along this axis, approximately uniform throughout. Each normalised dis-
tribution in this plot is fitted to a linear relationship, with the resulting

slopes presented in Table 5.8.

Figure 5.24B shows the normalised variation in exhaled signal along the
anterior-to-posterior axis. The signal in the supine posture increases to-
wards the back of the lung, with progressively larger changes between zones.
A similar pattern is reflected in the prone posture, though directed towards
the anterior of the lung and with a slightly reduced magnitude of change.
The sitting posture shows a signal magnitude that decreases slightly from
the anterior to the centre, before increasing to its largest value in the the
posterior. This results in a general trend of increasing signal towards the
posterior of the lung, however with a highly reduced magnitude of change
compared to the other postures. Each distribution in this plot is fitted to

a linear relationship, with the resulting slopes presented in Table 5.8.
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Figure 5.24: Variation in the average FExhaled Signal Intently within five
vertically stacked (A) and five horizontally adjacent (B) sagittal lung seg-
ments, for participants breathing normally. Plotted for the normalised sig-
nal intensity. Errors bars represent the standard error on the mean for each
lung section. Slopes associated with the linear fits plotted are presented
in Table 5.8. The plots are depicted alongside the mask of an example
reconstructed lung with the vessels removed, to aid in the visualisation of
the results.

Table 5.8 presents the slopes of the fits plotted in Figures 5.24A and 5.24B.
Along the apical-to-basal direction, the lung in the sitting posture demon-

strates the greatest slope of increasing in exhaled signal intensity towards
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the base. This is followed by the supine posture with a slope approxi-
mately half that of the sitting posture. Whereas, the prone lung exhibits
an approximately uniform signal intensity throughout and no significant
slope. Along the anterior-to-posterior axis, the sitting lung shows a slight
increase towards the posterior, although the error on this result is signifi-
cant. Whereas, the supine and prone lungs exhibit approximately equal but

opposite slopes, increasing towards the posterior and anterior, respectively.

Fitted Linear Slope of Exhaled Signal Intensity
Posture Apical to Basal slope (%) Anterior to Posterior slope
(%)
Supine 18+ 3 36 £ 7
Sitting 37+ 6 12 4+ 12
Prone 1£3 29 £ 9

Table 5.8: Variation in the exhaled signal intensity along the apical-to-basal
and anterior-to-posterior axis. Slopes associated with the linear fits plotted
in Figure 5.24. Shaded cells represent variation within isogravitational
planes.

Variability if the apical-to-basal exhaled signal intensity is further visu-
alised in Figure 5.25. First, considering the apical-to-basal variation in the
anterior segment in Figure 5.25A. When in the sitting posture, the signal
intensity appears to increase towards the base, with the greatest gradient
in the central regions. Conversely, this signal appears to be approximately
uniform and equivalent throughout this segment for both the supine and
prone postures. Although each may decrease slightly towards the base as
evident from the drop in signal in these regions. Figure 5.25B shows the
apical-to-basal signal variation associated with the posterior of the lung.
Again, the sitting posture exhibits an increase towards the base, with the

greatest gradient in the central regions. Similarly, this distribution ap-
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pears approximately uniform for the prone posture, although now poten-
tially increasing slightly towards the base. However, the supine posture
now presents a significant increase in signal intensity towards the base; in-

creasing in all zones save for the most basal, where the value drops slightly.
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Figure 5.25: Variation in the average Exhaled Signal Intently within five
vertically stacked sagittal lung segments at the anterior (A) and posterior
(B) of the lung, for participants breathing normally. Plotted for the nor-
malised signal intensity. Errors bars represent the standard error on the
mean for each lung section. Slopes associated with the linear fits plotted
are presented in Table 5.9. The plots are depicted alongside the mask of
an example reconstructed lung with the vessels removed, to aid in the vi-
sualisation of the results.
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The slopes of the linear fits plotted in Figure 5.25 are presented in Table
5.9. The sitting posture exhibits a significant increase in signal intensity
towards the base of the lung in both the anterior and posterior regions,
with a slightly greater magnitude in the latter. The prone posture presents
a slight increase in signal towards the base in the posterior segment and
a slight decrease in the anterior segment. However, these changes are not
significant when compared to the error. Finally, in the anterior segment of
the supine posture, the lung presents a similar slope to that of the prone
posture. However, in the posterior segment, the signal intensity appears to
increase significantly towards the base, with a slope comparable to that of

the sitting posture in this segment.

Fitted Linear Slope of Exhaled Signal Intensity
Posture Lung Segment Apical to Basal Slope (%)
Supine Anterior -3+4

Posterior 38 +£9
Sitting Anterior 32+6

Posterior 41+ 7
Prone Anterior 445

Posterior 4+ 4

Table 5.9: Variation in the exhaled signal intensity along the apical-to-
basal axis in the anterior and posterior lung segments. Slopes associated
with the linear fits plotted in Figure 5.25. Shaded cells represent variation
within isogravitational planes.
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5.3.3 Variation in Ventilation Dynamics

5.3.3.1 Fractional Ventilation

5.3.3.1.1 Investigations in the Coronal Plane

FV maps were generated for each participant when breathing normally and
deeply in each posture. Example maps for a representative participant in

each posture while breathing deeply are plotted in Figure 5.26.

Sitting Supine Head-Down

Figure 5.26: Coronal F'V maps of a representative participant in the sitting
(A), supine (B), and head-down (C) postures, breathing deeply.

The variation in FV for participants breathing normally is presented in
Figure 5.27A. For both the sitting and supine postures, the FV appears to
increase significantly towards the base of the lung. This change follows a
similar gradient for each posture, although the magnitude of the FV ap-
pears to be generally greater in the supine position. Additionally, whilst
the FV continues to increase for the full length of the sitting lung, this
trend appears to plateau and decrease slightly beyond approximately 65%
of the apical-to-basal distance within the supine lung. This decrease, com-
bined with the generally larger F'V of the supine posture, results in a near
intersection of the magnitude of the FV of the sitting lung, in the most

basal lung regions. When breathing normally in the head-down posture,
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the FV appeared approximately uniform across the apical-to-basal axis.

To compare the relative change in the F'V within the lung, this distribu-
tion, normalised by the average F'V of the lung, is plotted in Figure 5.27B.
Intuitively, while the normalised plots are useful for comparing the relative
change within postures, they can not be used to compare the relative mag-
nitude between postures. Furthermore, this can be quantified by fitting
the dependence of the relative FV on percentage of the apical-to-basal dis-
tance, to a linear relationship. The resulting slopes are displayed in Table
5.10. The greatest slope in the apical-to-basal direction is present for the
sitting posture. This gradient appears to be greatest in the central regions,
levelling off in the most basal zones. The supine posture also exhibits an
increase in relative F'V, although the magnitude of this change is reduced
compared to sitting. Finally, the normalised FV appeared approximately
uniform along this axis when in the head-down posture. However, there
appeared to be two small maxima in the FV located at approximately 30%

and 65% of the apical-to-basal distance.
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Figure 5.27: Variation in the average FV within ten vertically stacked
coronal lung segments, for participants breathing normally. Plotted for
both the absolute FV (A) and Normalised FV (B). Errors bars represent
the standard error on the mean for each lung section. slopes associated
with the linear fits plotted on (B) are presented in Table 5.10. Depicted
along side the plots is the mask of an example reconstructed lung with the
vessels removed, to aid in the visualisation of the results.
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The distribution of the absolute FV within the lung when breathing deeply
is plotted in Figure 5.28A. These plots show a dependence similar to that
of normal breathing, although as one might expect, the magnitude of the
FV is greater for each posture while breathing deeply. FV consistently
increases towards the base of the lung when sitting. When supine, this
trend continues, although now with two distinct "humps’ in the distribution
of this function. These are centred at approximately 35% and 70% of the
apical-to-basal distance, the former of which results in a drop in the F'V in
the most basal zones. Breathing deeply in the head-down posture, results
in an near-consistent increase in the FV towards the apex, only dropping

slightly in the most apical zone.

The normalised FV is plotted in Figure 5.28B, with the slopes of the linear
fits displayed in Table 5.10. The greatest increase of F'V occurred while sit-
ting, again with the greatest gradient in the central zones. This is followed
by the supine posture, increasing towards the base but with a reduced lin-
earity in this distribution. The head-down posture exhibits a significant

increase in the normalised FV towards the base towards the base.
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Figure 5.28: Variation in the average FV within ten vertically stacked
coronal lung segments, for participants breathing deeply. Plotted for both
the absolute FV (A) and normalised FV (B). Errors bars represent the
standard error on the mean for each lung section. slopes associated with
the linear fits plotted on (B) are presented in Table 5.10. Depicted along
side the plots is the mask of an example reconstructed lung with the vessels
removed, to aid in the visualisation of the results.

The slopes of the linear fits plotted in Figures 5.27B and 5.28B are pre-
sented in Table 5.10. When breathing normally, the sitting posture appears
to experience the greatest relative increase in the FV towards the base of
the lung, followed by the supine posture. In the head-down posture, there

appears to be no significant variation in the distribution of FV.

When breathing deeply, the apical-to-basal slope of the FV associated with
the sitting posture increased compared to breathing normally. In the supine
posture, the slope remained approximately equivalent between the breath-
ing regimes. However, in the head-down posture the approximately uniform
distribution of FV increased significantly in the apical zones when breath-
ing deeply. This resulted in a significant negative apical-to-basal slope.
The sitting posture maintains the greatest magnitude of relative change,

followed by supine and then head-down.
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Fitted Linear Slope of Normalised Fractional Ventilation
Posture Breathing Apical to Basal slope (%)
Sitting Normal 116 £ 8

Deep 152 + 13
Supine Normal 86 + 14

Deep 80 + 23
Head-Down Normal 0+ 10

Deep -57 £ 15

Table 5.10: Variation in the normalised F'V along the apical-to-basal axis.
slopes associated with the linear fits plotted in Figures 5.27B and 5.28B.
Shaded cells represent variation within isogravitational planes.

Figure 5.29 is presented to compare the change in the distribution of FV, for
participants breathing normally and breathing deeply. These plots contain
the same data as Figures 5.27 and 5.28. However, each posture is now
plotted separately within its own row (A,B,C) for their respective absolute
and normalised ventilation (i,ii). As one might expect, the absolute FV
increases for almost all zones when the participants are breathing deeply.
Although, this change is not distributed evenly for each posture. In the
absolute FV plots, this increase becomes significantly more pronounced
towards the base when sitting. The greatest increase occurs at the base
of the lung, reducing to near zero in the most apical zone. When supine,
this change is more uniform throughout the lung, although also increases
slightly towards the base. Furthermore, there appear to be two distinct
’humps’ of a greater increase in the FV, centred a approximately 35% and
70% of the apical-to-basal distance. Finally for the head-down posture, the
change in absolute FV increases towards the apex of the lung, starting at
a near zero change at the base. To compare the relative distribution of

FV, the normalised FV is presented for each posture. When sitting, there
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is a redistribution of relative FV away from the apex and to the base. In
the head down posture, there is a redistribution approximately opposite
to that of the sitting posture, from the base to the apex. Finally, when
supine, the relative FV is very similar when normally and deeply. Indeed,
the only variation appears to be due to the aforementioned "humps’ in the

FV distribution when breathing deeply.

379



5.3. RESULTS

Absolute Normalised

'S
o

- .
Sitting
Apical to Basal Distance (%
o
o

60
70
80
90
100
0 5 10 15 40 60 80 100 120 140 160
Fractional Ventilation (%) Normalised Fractional Ventilation (%)
0 0
Normal ™~
10 Deep 10
Change
20 20
2
~ 30 30
o 2
c
: 8 40 40
@
o D
Q © 50 o) T —
= o
[i] .
o 60 2N 60
wn : 5
© "
g 70 ! 70
14
< —
80 < 80
4t
90 90 B" R
]|
100 100 T
0 5 10 15 20 40 60 80 100 120 140 160
Fractional Ventilation (%) Normalised Fractional Ventilation (%)
0 0
10 10
20 20 |
: ;\3 N Nomnal
; € % - 30 Deep
o e Change
£ 40 40
0
o s
1 ™ 50 50
n
T &
m
m o 60 60
O 8
2 70 70
I <
80 80
Nomnal
90 . Deep 90 .o
Ci) Cii)
100 100
0 5 10 15 40 60 80 100 120 140 160
Fractional Ventilation (%) Normalised Fractional Ventilation (%)

Figure 5.29: Comparison of the variation in the average FV within ten
vertically stacked coronal lung segments, between participants breathing
normally and deeply. The absolute FV (i) and normalised F'V (ii) is plotted
for each of the three postures: Sitting (A), Supine (B) and Head-Down
(C). The bars represent the change in value from breathing normally to
breathing deeply. Error bars represent the standard error on the mean for
each lung section.
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5.3.3.1.2 Investigations in the Sagittal Plane

Example sagittal F'V maps of a representative participant in each posture

are plotted in Figure 5.30.

Sitting Supine Prone

Figure 5.30: Sagittal FV maps of a representative participant in the sitting
(A), supine (B), and prone (C) postures, breathing normally.

All sagittal acquisitions that completed successful ventilation processing
were used to investigate the variation in F'V along both the apical-to-basal
(Figure 5.31A) and anterior-to-posterior (Figure 5.31B) directions. Cap-
tured while the participants were breathing normally, the variation in ab-
solute FV along the apical-to-basal direction is plotted in Figure 5.31Ai.
Each posture sees a near-linear increase in FV towards the base of the
lung. This change is greatest while sitting, followed by the supine and then
prone postures. The lung in the supine posture appears to have a greater
FV throughout the lung compared to the other postures. Figure 5.31Aii
is demonstrates this relationship when the FV is normalised by the FV of
the lung as a whole. Here, the greatest relative increase in the FV along
the apical-to-basal direction occurs when the participants are sitting. The
lung in the supine and prone postures exhibits a reduced but near near-
equivalent increase in FV towards the base. Each relationship within this
plot is fitted to a linear relationship and the respective parameters and

their errors are presented in Table 5.11.
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Changes in the absolute FV along the anterior-to-posterior direction is
plotted in Figure 5.31Bi. This parameter increases towards the posterior
of the lung for both the sitting and supine postures, although dropping
slightly in the most posterior zone of the latter. Furthermore, the FV is
greater within all zones of the supine lung compared to sitting. The prone
lung sees the opposite trend, increasing towards the anterior of the lung
with similar magnitudes to that of the sitting posture. Although, similar to
the supine lung, the prone lung exhibits a drop in the F'V within the most
anterior region. Figure 5.31Bii depicts these relationships when normalised
by the average F'V of the lung as a whole. The variations in FV within the
lung in the sitting and supine posture exhibit similar relationships to each
other, each increasing towards the anterior regions. Although this change
appears greatest for the supine posture. This trend is again reversed for the
prone lung, increasing towards the anterior of the lung, although decreasing

slightly in the most anterior zone.
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Figure 5.31: The average FV within five vertically stacked (A) and five
horizontally adjacent (B) sagittal lung segments, for participants breath-
ing normally. The absolute FV (i) and Normalised FV (ii). Errors bars
represent the standard error on the mean for each lung section. Slopes
associated with the linear fits are presented in Table 5.11. Depicted along
side the plots is the mask of an example reconstructed lung with the vessels
removed, to aid in the visualisation of the results.

The slopes of the fits presented in Figures 5.31Aii and 5.31Bii are presented
in Table 5.11. The greatest relative increase in the apical-to-basal FV is
observed in the sitting lung, followed by prone and then followed closely by
supine. The greatest relative increase in normalised-FV along the anterior-
to-posterior direction is observed in the supine lung, followed by sitting.
This is reversed in the prone lung, although with a reduced slope magnitude

compared to the other postures.
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Fitted Linear Slope of Fractional Ventilation
Posture Apical to Basal Slope (%) | Anterior to Posterior Slope
(%)
Supine 42 + 4 61 £ 12
Sitting 105 £ 6 40 £+ 10
Prone 28 £ 17 37T £ 8

Table 5.11: Variation in the normalised FV along the apical-to-basal and
anterior-to-posterior axis. Slopes associated with the linear fits plotted in
Figure 5.31. Shaded cells represent variation within isogravitational planes.

Similar to the analysis of the exhaled signal intensity, the apical-to-basal
variation in F'V was investigated in the anterior and posterior segments
independently. This is plotted in Figure 5.32 with each distribution nor-
malised by the average FV of the respective segment. In the anterior seg-
ment (Figure 5.32A) of the sitting posture, the normalised FV increases
towards the base, with the greatest gradient in the central regions. Both
the supine and prone postures exhibit a similar relative distribution in the
anterior segment, remaining approximately equal throughout, though drop-
ping slightly in the most anterior segment. In the posterior segment (Figure
5.32B), the sitting posture shows a near-linear increase in the relative FV,
deviation from the anterior segment (Figure 5.32A) where a reduced gra-
dient was observed the basal regions. The prone posture presents a slight
increase in F'V towards the base in the apical half of the lung, although
this plateaus beyond the central region. Deviating from the trend in the
anterior, the posterior segment of the supine lung exhibits a near-linear

increase in the FV, only decreasing slightly in the most basal zone.
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Figure 5.32: Variation in the average FV within five vertically stacked
sagittal lung segments at the anterior (A) and posterior (B) of the lung, for
participants breathing normally. Plotted for the normalised signal intensity.
Errors bars represent the standard error on the mean for each lung section.
Slopes associated with the linear fits plotted are presented in Table 5.12.
The plots are depicted alongside the mask of an example reconstructed
lung with the vessels removed, to aid in the visualisation of the results.

The slopes of the linear fits depicted in Figure 5.32 are presented in Table
5.12. All postures exhibit an increase in the relative FV towards the base
of the lung in both the anterior and posterior segments. This increase is

greatest in the sitting posture, with the posterior segment presenting the
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largest slope. The slope in the anterior segment of the prone lung appears
to be slightly greater than that of the posterior segment, although the
difference is not significant compared to the large error associated with
each value. The FV in the anterior segment of the supine lung increases
the least of all the segments investigated. However, the posterior segment

presents a significantly greater slope.

Fitted Linear Slope of Fractional Ventilation
Posture Lung Segment Apical to Basal Slope (%)
Supine Anterior 26 £ 11

Posterior 66 £+ 10
Sitting Anterior 87 £ 15
Posterior 115 £ 7
Prone Anterior 39 + 20
Posterior 31 £ 10

Table 5.12: Variation in the normalised F'V along the apical-to-basal axis
in the anterior and posterior lung segments. Slopes associated with the
linear fits plotted in Figure 5.32. Shaded cells represent variation within
isogravitational planes.

5.3.3.2 Ventilation Time-To-Peak (VTITP)

5.3.3.2.1 Investigations in the Coronal Plane

Coronal VI'TP maps were generated for each participant while breathing
normally and deeply in each posture. Example maps of a representative
participant in each posture while breathing deeply are plotted in Figure

5.33.
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Sitting Supine Head-Down

Ventilation Cycle / %

Figure 5.33: Coronal VITP maps of a representative participant in the
sitting (A), supine (B), and head-down (C) postures, breathing deeply.

The variation in the VI'TP for each posture while breathing normally is
plotted in Figure 5.34A. Both the supine and head-down posture appear
similar, near to 50% of the cycle, which is reflective of the point of maxi-
mal lung area. Although the VI'TP appears slightly earlier in the middle
to basal regions for the head-down posture. The VITP appears to vary
significantly for the central regions of the lungs when in the sitting posture,
with peak ventilation occurring far later for the central regions. Although
at the apex and the base this value is reduced back to values near 50%.
Additionally, it appears that all postures see an earlier peak ventilation in

the apical regions during normal breathing.

The distribution of the VI'TP when deep breathing is plotted in Figure
5.34. All postures appear to reach maximum ventilation near the point of
maximum lung volume in the respiratory cycle. When sitting, maximum
ventilation is reached constantly later than the point of maximum lung
area, although earliest at the base. When supine, maximum ventilation
occurs largely at 50% of the cycle, although slightly earlier at the apex.
When in the head-down posture, maximum ventilation occurs largely close

to the 50% point, although slightly earlier in the middle to basal regions.
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Figure 5.34: Variation in the average VI'TP within ten vertically stacked
coronal lung segments, for participants breathing normally (A) and deeply
(B). Errors bars represent the standard error on the mean for each lung
section. Depicted along side the plots is the mask of an example recon-
structed lung with the vessels removed, to aid in the visualisation of the
results.

Figure 5.35 contrasts the change in the distribution of VI'TP values be-
tween participants breathing normally and deeply. These results are the
same as those presented in Figure 5.34; however, with each posture now
plotted separately contrasting the normal and deep breathing distributions.
For all postures, the peak ventilation is largely reached nearer to the point
of maximum lung area. This is most apparent in the sitting posture. When
in the sitting and head-down postures the earlier ventilation at the apex
observed when sitting is no longer apparent; however, it is still present,

albeit with a reduced magnitude when supine.
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Figure 5.35: Comparison of the variation in the average VI'TP within ten
vertically stacked coronal lung segments, between participants breathing
normally and deeply. Plotted for each of the three postures: Sitting (A),
Supine (B) and Head-Down (C). Error bars represent the standard error
on the mean for each lung section.

5.3.3.2.2 Investigations in the Sagittal Plane

Sagittal VI'TP maps were generated for each participant while breathing
normally in each posture. Example maps of a representative participant in

each posture are plotted in Figure 5.36.

Sitting Supine Prone

Ventilation Cycle / %

Figure 5.36: Sagittal VI'TP maps of a representative participant in the
sitting (A), supine (B), and prone (C) postures, breathing normally.

Along the apical-to-basal axis (Figure 5.37A), the VI'TP appears relatively
uniform for each posture, although slightly later in the centre when supine.

Generally, the lung appears to reach maximum ventilation earliest when
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prone, followed by supine and then when sitting. The anterior-to-posterior
axis shows more variation within postures. The posterior regions of the sit-
ting lung appear to reach maximum ventilation later, whereas the opposite
trend occurs when supine. There appears to be little spatial dependence
along this axis for the prone lung. Once again, the lung appears to reach
maximum ventilation earliest when prone, followed by supine and finally

sitting.
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Figure 5.37: Variation in the average VI'TP within five vertically stacked
(A) and five horizontally adjacent (B) sagittal lung segments, for partici-
pants breathing normally. Errors bars represent the standard error on the
mean for each lung section. Depicted along side the plots is the mask of
an example reconstructed lung with the vessels removed, to aid in the vi-
sualisation of the results.
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5.3.3.3 Jacobian Determinant

5.3.3.3.1 Investigations in the Coronal Plane

Coronal maps of the Jacobian Determinant were generated for each partic-
ipant while breathing normally and deeply in each posture. Example maps
of a representative participant in each posture while breathing deeply are

plotted in Figure 5.38.

Sitting Supine Head-Down

Jacobian Determinant

Figure 5.38: Coronal Maps of the Jacobian Determinant of a representative
participant in the sitting (A), supine (B), and head-down (C) postures,
breathing deeply.

For normal breathing within the full lungs, this distribution is plotted in
Figure 5.39A. As one would expect, all zones within all postures (for both
breathing regimes) exhibited a positive mean Jacobian determinant, rep-
resentative of an expansion of the lung parenchyma due to the respiratory
cycle. Plotted for normal breathing in Figure 5.39A, all postures present a
largely uniform magnitude of expansion within the apical and middle lung
sections, although this increases significantly in the most basal regions be-
yond approximately 65% of the apical to basal distance. This distribution
is very similar for the sitting and supine postures, but slightly greater in
magnitude when in the head-down posture. Plotting this distribution for

deep breathing (Figure 5.39B), each posture exhibits its own distinct trend:
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the lung in the sitting posture sees a largely uniform expansion. The lung
in the head-down posture sees a steady increase towards the base. Finally
the supine lung exhibits a large expansion at the apex, greater than both
the other postures. This reduces in the central regions, before increasing

again at the base.
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Figure 5.39: Variation in the average Jacobian Determinant within ten ver-
tically stacked coronal lung segments, for participants breathing normally
(A) and deeply (B). Error bars represent the standard error on the mean
for each lung section. Depicted along side the plots is the mask of an exam-
ple reconstructed lung with the vessels removed, to aid in the visualisation
of the results.

Evident in Figure 5.38, when the participant is breathing deeply, the lung
sees a reduction in the Jacobian determinant in the central regions. Con-
sequently, it is useful to consider the change in the Jacobian determinant
within only the peripheries of the lung. This is plotted in Figure 5.40,
for a periphery mask width of seven voxels. When breathing normally
(Figure 5.40A), the distribution of the peripheral Jacobian determinant
follows a similar trend as for the full lung (Figure 5.39A). Largely constant
through the lung, although increasing in the basal region. Once again, this
increase is greatest whilst in the head-down posture. Plotting for partici-
pant’s deep breathing in Figure 5.40B, each posture shows a largely linear

change in the distribution of the Jacobian determinant along the apical-
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to-basal direction. Increasing towards the base when sitting and, with a
greater magnitude of change, when in the head-down posture. Conversely,
when supine, an increase is observed towards the apex of the lung, with a

similar magnitude of change to sitting.
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Figure 5.40: Variation in the average Jacobian Determinant within ten ver-
tically stacked coronal lung peripheral segments, for participants breathing
normally (A) and deeply (B). Error bars represent the standard error on
the mean for each lung section. Depicted alongside the plots is the periph-
eral mask of an example reconstructed lung with the vessels removed, to
aid in the visualisation of the results.

Figure 5.41 contrasts the difference in the peripheral Jacobian determinant
when participants are breathing normally and deeply. Each posture is
plotted separately (A, B, C), for the absolute Jacobian determinant (i,
containing the same data as Figure 5.40) and the normalised Jacobian
determinant (ii). All postures show an increase in the absolute Jacobian
determinant when breathing deeply compared to normally. This increase
appears largely even throughout the lung when sitting, slightly decreasing
towards the base when supine and greatly increasing towards the base when
in the head-down posture. Plotting the normalised results, one observes a
redistribution in the relative Jacobian determinant from the base of the lung
to the middle when sitting and supine, with largely the same distribution

for both breathing regimes when in the head-down posture.
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Figure 5.41: Comparison of the variation in the average Jacobian Deter-
minant within ten vertically stacked coronal peripheral lung segments, be-
tween participants breathing normally and deeply. The absolute Jacobian
Determinant (i) and normalised Jacobian Determinant (ii) is plotted for
each of the three postures: Sitting (A), Supine (B) and Head-Down (C).
The bars represent the change in value from breathing normally to breath-
ing deeply. Error bars represent the standard error on the mean for each
lung periphery section.
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5.3.3.3.2 Investigations in the Sagittal Plane

Sagittal maps of the Jacobian Determinant were generated for each par-
ticipant while breathing normally in each posture. Example maps of a

representative participant in each posture are plotted in Figure 5.42.

Sitting Supine Prone

A)

=)
w
Jacobian Determinant

Figure 5.42: Sagittal maps of the Jacobian Determinant of a representa-
tive participant in the sitting (A), supine (B), and prone (C) postures,
breathing normally.

The absolute value of the Jacobian Determinant along the apical-to-basal
axis is plotted in Figure 5.43A. As expected, all postures present a positive
Jacobian across all lung regions, representing an expansion due to inspira-
tion. The magnitude of this expansion appears to increase towards the base
when in the sitting posture, although with a slight reduction in the central
zone. The supine lung also presents an increase in expansion towards the
basal regions, however the most apical zone breaks this trend and exhibits
the greatest expansion. Appears to expand more uniformly than the other
two postures, with a reduced magnitude of change throughout. Although

again, the central regions appear to expand less than those at the edges.

Investigating the variation along the anterior-to-posterior axis, the vari-
ation in the absolute Jacobian Determinant is plotted in Figure 5.43B.
Again, all zones yield a positive Jacobian determinant, thus an expansion

due to inhalation. All postures appear to expand to a greater degree at the
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posterior, compared to the anterior. This is represented by a positive gradi-
ent of the Jacobian determinant along this axis. Furthermore, all postures
appear to expand equally in the most anterior zone. The greatest increase
in expansion towards the posterior is observed when supine, followed by

sitting and then prone.
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Figure 5.43: Variation of the average Jacobian Determinant within five
vertically stacked (A) and five horizontally adjacent (B) sagittal lung seg-
ments, for participants breathing normally. Error bars represent the stan-
dard error on the mean for each lung section. Depicted alongside the plots
is the mask of an example reconstructed lung with the vessels removed, to
aid in the visualisation of the results.
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5.3.4 Variation in Perfusion Dynamics

5.3.4.1 Normalised Perfusion

5.3.4.1.1 Investigations in the Coronal Plane

Coronal Perfusion Weighted maps were generated for each participant while
breathing normally and deeply in each posture. Example maps of a repre-
sentative participant in each posture while breathing normally are plotted

in Figure 5.44.

Sitting Supine Head-Down

Figure 5.44: Coronal Perfusion Weighted maps of a representative partici-
pant in the sitting (A), supine (B), and head-down (C) postures, breathing
normally.

For participants breathing normally the perfusion variation is plotted in
Figure 5.45. As the perfusion weighted maps are based simply on chang-
ing voxel intensity with respect to the cardiac cycle, they must first be
normalised before the distributions can be averaged across all participants.
Initially, this was done based on the mean value of the lung, denoted here
by the full 'volume’. This is plotted in Figure 5.45A. In the sitting posture,
the normalised perfusion increases along the apical-to-basal direction, al-
though reduces in the most basal regions. In the supine position, this trend

repeats, although with a lower magnitude of change. Finally, in the head-
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down posture, the trend is reversed, albeit with a lower magnitude. The
perfusion is lowest at the base, increasing towards the centre of the lung
from which it remains approximately level, before reducing slightly at the

apex.

To remove the contribution of tissue compression to the observed perfu-
sion, the perfusion weighting of each voxel is normalised by its respective
tissue density. This tissue density is estimated, based on the average sig-
nal intensity of the voxel throughout the reconstructed ventilation cycle.
Each voxel within the generated tissue-density-normalised lung is then di-
vided by the average value of the full lung, before analysis with multiple
participants. The variation in the tissue-density-normalised lung along the
apical-to-basal direction is plotted in Figure 5.45B, for participants breath-
ing normally. Each posture sees a shift in intensity towards the central
lung regions. When sitting, the lowest perfusion occurs at the apex, in-
creasing quickly to the centre, before dropping slightly at the base. When
supine, the lowest perfusion is observed at the apex, increasing quickly
before largely plateauing across the central regions and dropping slightly
in the most basal region. Finally, when in the head down posture, the
lowest perfusion occurs at the base of the lung, increasing quickly before

plateauing across the central regions and dropping again at the apex.
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Figure 5.45: Variation in the average Normalised Perfusion within ten ver-
tically stacked coronal lung segments, plotted with normalisation based on
volume (A) and tissue density (B). Errors bars represent the standard er-
ror on the mean for each lung section. Depicted along side the plots is the
mask of an example reconstructed lung with the vessels removed, to aid
in the visualisation of the results. The * represents that this calculation
assumes that the average signal intensity of each voxel within the recon-
structed ventilation cycle is representative of the tissue density.

Even with the removal of the central lung vessels, there appears to be in
Figure 5.45 a central bias to the perfusion distribution. Therefore, it is
useful to consider the distribution of perfusion within only the peripheries
of the lung. This is plotted in Figure 5.46, for a periphery mask of width
seven voxels and participants breathing normally. The volume-normalised
perfusion distribution is plotted in Figure 5.46A. For the lung in both the
sitting and supine postures, the perfusion appears to near-linearly increase
from the apex to the base of the lung, only dropping slightly in the most
basal region. This change is smaller in magnitude for the supine lung com-
pared to sitting. In the head-down lung, this trend is reversed: increasing
from apex to base and dropping slightly in the most apical zone. These
distributions are fitted to a linear relationship via linear regression, with

the resultant slopes presented in Table 5.13.

Normalising the lung peripheries by the respective tissue density of each

voxel yields Figure 5.46B. The perfusion in both the sitting and supine
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lungs increases towards the base of the lung. Each increasing from the
lowest point at the apex; however, levelling out beyond 35% and 65% of
the supine and sitting lung respectively. Both postures again see a drop
in the most basal region. Although the trend within the head-down lung
sees the opposite magnitude of change, increasing from base to apex, the
trend also has a different shape. The lowest value is found in the most
basal region, then increases slightly before levelling out from the next zone.
This continues until approximately 45% of the apical-to-basal distance,
before increasing again towards the most apical regions. Finally, the tissue
normalised perfusion drops slightly in the most apical region. Each of these
trends is fitted to a linear relationship, with the associated slopes presented

in Table 5.13.
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Figure 5.46: Variation in the average Normalised Perfusion within ten verti-
cally stacked coronal lung peripheral segments, plotted with normalisation
based on volume (A) and tissue density® (B). Errors bars represent the
standard error on the mean for each lung section. Depicted along side the
plots is the peripheral mask of an example reconstructed lung with the
vessels removed, to aid in the visualisation of the results. The * repre-
sents that this calculation assumes that the average signal intensity of each
voxel within the reconstructed ventilation cycle is representative of the tis-
sue density.

The slopes of the linear fits, plotted in Figure 5.46, are presented in Ta-
ble 5.13. When normalising by only the mean value of the lung (of the

‘volume’), the greatest change along the apical-to-basal axis is observed
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when the participants were in the sitting posture, followed by when supine.
This change is reversed when in the head-down posture, although to a
lower magnitude compared to the other postures. When normalising by
the tissue density, the magnitude of the change along the apical-to-basal

axis reduced by approximately 50%.

Fitted Linear Slope of Normalised Perfusion

Posture Normalisation Apical to Basal slope (%)

Sitting Volume 105 £ 8

Tissue Density 66 = 9

Supine Volume 77T £ 11

Tissue Density 43 £ 9

Head-Down Volume 35+ 5
Alveolus -10 £ 5

Table 5.13: Variation in the peripheral normalised perfusion along the
apical-to-basal axis. slopes associated with the linear fits plotted in Figure
5.46. Shaded cells represent variation within isogravitational planes.

All previous perfusion plots have been derived from acquisitions captured
while the participants were breathing normally. Figure 5.47 compares the
distribution of perfusion within the full lung for participants breathing
normally and deeply. Each posture is plotted separately (A, B, C), for the
volume-normalised perfusion (i) and the tissue-density-normalised perfu-
sion (ii). The normal-breathing data within these plots are the same as
presented in Figure 5.45. All postures show a very similar distribution in
perfusion between breathing regimens, for both methods of normalisation.
However, all postures show a slight redistribution of the perfusion towards

the apex, reducing in magnitude in the more basal regions.
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Figure 5.47: Comparison of the variation in the average Normalised Perfu-
sion within ten vertically stacked coronal lung segments, between partici-
pants breathing normally and deeply. Normalisation based on the volume
(i) and tissue density™ (ii) is plotted for each of the three postures: Sitting
(A), Supine (B) and Head-Down (C). The bars represent the change in
value from breathing normally to breathing deeply. Error bars represent the
standard error on the mean for each lung section. The * represents that this
calculation assumes that the average signal intensity of each voxel within
the reconstructed ventilation cycle is representative of the tissue density.
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5.3.4.1.2 Investigations in the Sagittal Plane

Sagittal Perfusion Weighted maps were generated for each participant while
breathing normally in each posture. Example maps of a representative

participant in each posture are plotted in Figure 5.48.

Sitting Supine Prone

Figure 5.48: Sagittal Perfusion Weighted maps of a representative partic-
ipant in the sitting (A), supine (B), and prone (C) postures, breathing
normally.

The variation in the volume-normalised perfusion along the apical-to-basal
axis is plotted in Figure 5.49Ai. For the sitting and supine postures, the
volume-normalised perfusion increases towards the base of the lung, al-
though each appears to plateau past the middle lung region. Within the
prone lung, the perfusion distribution presents as a central maximum, sur-
rounded by a symmetrically reducing apical and basal distribution. The
variation in the tissue-normalised perfusion along the apical-to-basal axis is
plotted in Figure 5.49Aii. All postures see a similar perfusion distribution
along this axis compared to the previous plot. Although, the sitting lung

appears to present a slightly more central bias to the perfusion.

The variation in the volume-normalised perfusion along the anterior-to-
posterior axis is plotted in Figure 5.49Bi. In the supine lung, the relative
perfusion appears to increase towards the posterior. This pattern is re-

versed with a greater magnitude in the prone lung: increasing towards the
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anterior. When sitting, there appears to be a lower perfusion in the central
zone, increasing towards both the anterior and, to a greater degree, the
posterior. Normalising these results by the tissue density and plotting over
the anterior-to-posterior axis yields Figure 5.49Bii. The perfusion distribu-
tion in the prone lung continues to increase towards the anterior, although
to a lower magnitude. In the supine lung, the trend towards the posterior
appears to have been largely reduced, no longer presenting any significant
change across the lung. The distribution within the sitting lung appears
similar to that of the previous plot, although with a reduced magnitude of
variation. All distributions in Figure 5.49 are fitted to a linear relationship

via linear regression, with the resulting slopes presented in Table 5.14.
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Figure 5.49: Variation in the average Normalised Perfusion within five
vertically stacked (A) and five horizontally adjacent (B) sagittal lung seg-
ments, for participants breathing normally. Plotted for normalisation based
on volume (i) and tissue density™ (ii). Errors bars represent the standard
error on the mean for each lung section. Slopes associated with the linear
fits are presented in Table 5.14. Depicted alongside the plots is the mask
of an example reconstructed lung with the vessels removed, to aid in the
visualisation of the results. The * represents that this calculation assumes
that the average signal intensity of each voxel within the reconstructed
ventilation cycle is representative of the tissue density.

The slopes of the linear fits along the apical-to-basal and anterior-to-posterior
directions in Figure 5.49 are presented in Table 5.14. In all postures, there
is an increase in the normalised perfusion towards the base of the lung,
with this change greatest when sitting, followed by supine and then prone.
Normalising by the tissue density reduces the change in both the sitting
and supine lungs, although it increases slightly in the prone lung. Along
the anterior-to-posterior axis, the normalised perfusion sees no significant

change within the sitting lung, an increase towards the posterior in the
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supine lung and a greater but opposite increase towards the anterior in
the prone lung. The magnitude of each of these changes is reduced when
the perfusion is normalised by the tissue density. This yields no significant
change along this axis in the sitting and supine lungs, although the slope

of the perfusion towards the anterior of the lung remains when prone.

Fitted Linear Slope of Normalised Perfusion
Posture | Normalisation Apical to Basal | Anterior to Poste-
Slope (%) rior Slope (%)
Supine | Volume 69 + 18 37 + 19
Tissue Density 51 £ 15 3+ 26
Sitting | Volume 98 £+ 16 5+ 39
Tissue Density 63 + 19 14+10
Prone Volume 29 £+ 20 -68 £ 19
Tissue Density 35 £ 18 -43 £ 11

Table 5.14: Fitted linear slope of the normalised perfusion along the apical-
to-basal and anterior-to-posterior axis. Slopes associated with the linear
fits plotted in Figure 5.49. Shaded cells represent variation within isograv-
itational planes.

Figure 5.50 demonstrates the apical-to-basal distribution of the normalised
perfusion in the anterior and posterior segments independently. Each rela-
tionship plotted below is normalised by the average value of the respective
segment. The normalised perfusion distribution within the anterior seg-
ment is shown in Figure 5.50Ai. When in the supine position, the volume-
normalised-perfusion appears approximately uniform along the apical-to-
basal axis of the lung, although it exhibits a slight increase towards the base.
In the sitting position, there is a large increase in the volume-normalised-
perfusion towards the base in the apical regions; however, this plateaus

beyond the centre of the lung. The prone lung presents maximal perfusion
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in the central zone, with diminishing values towards both the apex and,
to a greater degree, the base. When these results are normalised by tissue
density (Figure 5.50A1), the anterior distribution of perfusion in the supine
posture remains largely uniform throughout the segment. The sitting pos-
ture continues to exhibit increasing perfusion toward the base in the apical
zones; however, rather than plateauing beyond the centre, the perfusion
in the basal zones decreases slightly. The prone posture follows a similar
distribution to the previous plot, with maximal values in the centre and
decreasing toward both the apex and base, though the magnitude of this

variation is reduced.

The relative distribution of perfusion in the posterior segment is plotted
in Figure 5.50Bi. In this segment of the prone lung, the distribution of
perfusion appears largely uniform along the apical-to-basal axis, though
slightly elevated in the central zone. Both the sitting and supine lungs
exhibit a similar distribution of perfusion in this segment, increasing to-
wards the base before levelling off and dropping slightly in the most basal
zone. When these results are normalised by tissue density (Figure 5.50Bii),
the distribution within the prone posture remains similar to the previous
plot: largely uniform but slightly greater in the centre. The sitting posture
demonstrates a similar pattern, though with reduced magnitude of vari-
ation. In this segment of the supine lung, the normalised perfusion now
increases in all zones towards the base, though the magnitude of change
across the lung is reduced compared to the previous plot. All distributions

in Figure 5.50 are fitted to a linear relationship, with slopes presented in

Table 5.15.
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Figure 5.50: Variation in the average normalised perfusion within five ver-
tically stacked sagittal lung segments at the anterior (A) and posterior (B)
of the lung, for participants breathing normally. Normalised by the value
of the whole lung (i), or by the tissue density of each voxel (ii). Errors bars
represent the standard error on the mean for each lung section. Slopes as-
sociated with the linear fits plotted are presented in Table 5.15. The plots
are depicted alongside the mask of an example reconstructed lung with the
vessels removed, to aid in the visualisation of the results.

The linear fits displayed in Figure 5.50 are presented in Table 5.15. All
postures exhibit an increase in perfusion towards the base within both lung
segments. This increase is approximately equivalent between the segments
when in the sitting posture. This equivalence holds for both normalisation
methods, although the slope is reduced when the perfusion is normalised
by tissue density. Both segments of the prone lung exhibit a comparatively
small but equal increase towards the base of the lung, although this change
is not significant compared to the error. Furthermore, there is no significant

change in these slopes when normalised by tissue density. The perfusion
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distributions in the supine posture share similarities with each of the other

postures. In the anterior segment, the distribution resembles that of the

prone lung: a small increase in relative perfusion towards the base, which

remains unchanged when normalised by tissue density. However, in the

posterior segment, the perfusion distribution in the supine lung resembles

that of the sitting lung: a significant increase in perfusion towards the base

of the lung, which is reduced when normalised by tissue density.

Fitted Linear Slope of Normalised Perfusion

Posture Lung Segment Normalisation Apical to Basal Slope
(%)
Supine Anterior Volume 17 + 11
Tissue Density 20 £ 12
Posterior Volume 90 £ 22
Tissue Density 56 =+ 10
Sitting Anterior Volume 86 + 19
Tissue Density 62 + 22
Posterior Volume 94 £+ 21
Tissue Density 58 + 22
Prone Anterior Volume 12 £ 32
Tissue Density 14 + 24
Posterior Volume 12 £ 11
Tissue Density 17 + 12

Table 5.15: Variation in the normalised perfusion along the apical-to-basal
axis in the anterior and posterior lung segments. Slopes associated with the
linear fits plotted in Figure 5.50. Shaded cells represent variation within
isogravitational planes.

410




5.3. RESULTS

5.3.4.2 Perfusion Time-To-Peak (QTTP)

5.3.4.2.1 Investigations in the Coronal Plane

Coronal QTTP maps were generated for each participant while breathing
normally and deeply in each posture. Example maps of a representative
participant in each posture while breathing deeply are plotted in Figure

5.51.

Sitting Supine Head-Down

Perfusion Cycle / %

Figure 5.51: Coronal QTTP maps of a representative participant in the
sitting (A), supine (B), and head-down (C) postures, breathing normally.

The regional variation in QTTP is plotted for both normal and deep breath-
ing in Figure 5.52. When breathing normally (Figure 5.52A), both the
supine and head-down lungs appear to have approximately equal QTTP
distributions, which were largely even throughout and slightly later than
25% of the cardiac cycle, which represented the time of maximum aorta
signal. The postures deviate slightly in the most apical regions, trending
slightly earlier for the head-down lung and later when supine. The sitting
lung sees a similar QTTP distribution to that of supine, although consis-

tently later in the cardiac cycle.

The QTTP distribution of participants breathing deeply is plotted in Figure
5.52B. Again, the supine and head-down postures see a similar distribution:

generally achieving peak perfusion later, the more basal the lung region.
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However, a delayed QTTP is observed in the apex of the supine lung. The
QTTP values observed in the sitting lung are consistently later across all
lung sections, compared to the other two postures, exhibiting the latest
peak perfusion in the apex, which reduces to its lowest point in the central

regions before increasing again in the base.

Perfusion TTP

Normal Breathing Deep Breathing
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Figure 5.52: Variation in the average QTTP within ten vertically stacked
coronal lung segments, for participants breathing normally (A) and deeply
(B). Errors bars represent the standard error on the mean for each lung
section. Depicted along side the plots is the mask of an example recon-
structed lung with the vessels removed, to aid in the visualisation of the
results.

Figure 5.53 shows the change in the distribution of the QTTP between
participants breathing normally and deeply. These results are similar to
those presented in Figure 5.52; however, are regrouped based on posture to
compare normal and deep breathing. For all postures, the peak perfusion
follows a similar trend between breathing regimes, which appear to be

shifted slightly later in the perfusion cycle when breathing deeply.
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Figure 5.53: Comparison of the variation in the average QTTP within ten
vertically stacked coronal lung segments, between participants breathing
normally and deeply. Plotted for each of the three postures: Sitting (A),
Supine (B) and Head-Down (C). Error bars represent the standard error
on the mean for each lung section.

5.3.4.2.2 Investigations in the Sagittal Plane

Sagittal QTTP maps were generated for each participant while breathing
normally in each posture. Example maps of a representative participant in

each posture are plotted in Figure 5.54.

Sitting Supine Prone

Cycle/ %

Perfusion

Figure 5.54: Sagittal QTTP maps of a representative participant in the
sitting (A), supine (B), and prone (C) postures, breathing normally.

Along the apical-to-basal axis (Figure 5.55A), the QTTP appears largely
equivalent between the supine and prone lung, each with no significant

variation from 25% of the cardiac cycle, representing the point of max-
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imum signal in the central lung vessels. The QTTP within the sitting
lung is considerably later in all zones compared to the other postures.
The QTTP along this axis is approximately uniform, however is signifi-
cantly delayed in the most apical zone. Investigating the QT TP along the
anterior-to-posterior axis (Figure 5.55B), the supine lung remains approx-
imately equivalent to 25% of the cardiac cycle for all zones. The prone
lung exhibits a similar trend, although peak perfusion occurs earlier in the
most anterior zones. Once again, the QTTP occurs later in all zones for
the sitting lung compared to the other postures. This posture also appears

to reach peak perfusion later in the most anterior regions.
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Figure 5.55: Variation in the average QTTP within five vertically stacked
(A) and five horizontally adjacent (B) sagittal lung segments, for partici-
pants breathing normally. Errors bars represent the standard error on the
mean for each lung section. Depicted along side the plots is the mask of
an example reconstructed lung with the vessels removed, to aid in the vi-
sualisation of the results.
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5.4 Discussion

5.4.1 Tissue Compression

5.4.1.0.1 Anterior-to-Posterior

The anterior-to-posterior variation in the tissue density was investigated
using experiments in the sagittal plane. This is presented in Figure 5.24
with fit parameters presented in Table 5.8, for the sitting, supine and prone
postures. These plots track the variation in signal intensity, which is as-
sumed to be proportional to the tissue density. As expected, in the supine
and prone postures, the signal intensity increases along the gravitational
vector. Furthermore, the relative change associated with each posture is
approximately equal and opposite between the supine and prone postures.
Variation in signal intensity along the isogravitational anterior-to-posterior
axis of the sitting lung is approximately uniform throughout, albeit with
a greater magnitude to the posterior. Each of these trends would be ex-
pected due to tissue compression along the gravitational vector, as would
be prescribed by Slinky effect[1]. However, in the supine and prone lung,
the direction of increasing gravitational force coincides with decreasing dis-
tance from the receive coil base. Therefore, while the signal intensity in-
creases along the gravitational vector, this also corresponds to a decreasing
distance from the coil. Indeed, the anterior-to-posterior signal intensity
distribution for these postures appears to follow a similar pattern to the
signal decay with distance due to B1 (receive) inhomogeneity presented in
Figure 5.24. Therefore, without per-voxel normalisation, it is difficult to
decouple these effects. In future, retrospective bias field correction should

be applied to these results before conclusions on tissue density distribution
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can be drawn.

5.4.1.0.2 Apical-to-Basal

The apical-to-basal variation in exhaled tissue density was investigated in
the coronal plane, for the sitting, supine and head-down postures, and the
sagittal plane, for the sitting, supine and prone postures. When in the
sitting posture, the lung appears to exhibit a significant increase in tissue
density with towards the basal regions, in line with the gravitational vec-
tor. At first glance, this agrees with the established models of increasing
parenchymal density due to compression under its own weight. This dis-
tribution is similar across the coronal and sagittal investigations, both in
shape and fitted slope. Isolating the anterior and posterior segments, each
exhibits a significant increase in signal intensity towards the base, although
the magnitude of this relative change is slightly greater in the posterior seg-
ment. These results suggest that the coronal slice at the back of the sitting

lung provides a good approximation for the lung as a whole.

Evident in both the coronal and sagittal investigations, the trend of increas-
ing tissue density along the gravitational vector in the sitting lung appears
to be non-linear; increasing at a greater rate in the central regions. This de-
viates from the linear relationship expected if this distribution were purely
dictated by the Slinky Effect model[1]. One explanation is that the alveoli
in the apex have reached near maximum expansion and likewise those in
the base maximum compression. Therefore, there would be little variation
in signal intensity within these zones, and the central gradient represents
the transition between these states. However, if simply the gravitational
forces associated with sitting upright were to induce maximal alveolar ex-

pansion at the apex in a healthy lung, then it would be highly inefficient to
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ventilate this area. Therefore, it is unlikely that this explanation is correct.

An alternative explanation for this phenomenon is a centralisation of mass
within the lung, potentially due to the greater density of vessels in this area.
This would cause variation in the rate of change of tissue compression along
the apical-to-basal axis, amplified in the central regions compared to the
peripheries. To visualise this phenomenon, it is useful to imagine an ideal
lung of three identical segments, the apex, middle and base. The central
segment has the greatest mass, while the apex and base are equal. Ori-
enting the model lung upright as in Figure 5.56, each position within the
lung experiences a compression in proportion to the weight of the tissue
supported above it. Intuitively, this compressive force is greatest at the
base, and thus, so is the tissue density. Moving up the lung, the mass of
tissue above decreases, resulting in a decrease in tissue density with respect
to vertical position. Upon transitioning to the central segment, the rate
of this reduction will increase. This is because this section has a greater
mass than that of the base. Therefore, transit up the lung within this seg-
ment will return a greater reduction in the weight supported above. This
results in a greater reduction in compressive force and thus tissue density
with respect to vertical position. Finally, within the apical segment, this
rate reduced again as the mass of this segment is lower. To complicate
this model slightly, the greater compression of the lower zones will result in
a greater change of tissue compression with respect to the vertical height.
This manifests as an increased gradient of tissue density in the basal region,
and a smoothed transition between the apical and central zone. Substitut-
ing the three-segment model for a basally shifted normal distribution, one
can create a tissue density to lung position relationship very similar to that
of the sitting posture in Figures 5.22 and 5.24A. Therefore, the Weighted

Slinky effect appears to be a good approximation for the distribution of
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parenchyma in the upright lung.
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Figure 5.56: The Weighted Slinky Effect describes the redistribution of
lung tissue of non-uniform mass deforming under its own weight. When
vertically stacked, three ideal segments (A) of differing mass (B) will ex-
perience a non-uniform change in compressive force between segments (C).
Accounting for this compressive force’s effects on the height of each seg-
ment (D) will result in a non-linear distribution of compressive force along
the vertical axis. The highest regions of the Apex segment (yellow) have
been omitted in D.

The variation of exhaled tissue density was investigated along the apical-
to-basal axis in the head-down posture only in the coronal plane. This
distribution followed the opposite trend to that of the sitting posture, in-
creasing towards the apex. This variation is in line with the gravitational
vector. Therefore, at first glance, it appears that the distribution of tissue
density in the head-down posture agrees with that of established theory.
However, the relative magnitude variation within the head-down opposite
is reduced compared to that of the sitting posture. This deviates from
the expected redistribution of lung tissue, if this mechanism were purely
dictated by the Slinky Effect model[l]. The simplest explanation for this
may be the non-verticality in participant and slice positioning associated
with the head-down posture. This is expected to have reduced variation in

this posture, although not to the magnitude observed here. If one assumes
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the observed non-equivalence to be of physiological origin, two possible

explanations present themselves:

e Systematic variation in the mechanical properties. Variations
in parenchymal elasticity or compliance would lead to differing de-
grees of compression in each region while under the same gravita-
tional stress. This may be inherent to the lung tissue itself; indeed,
the human body has evolved to spend much of its time upright and
therefore may draw a benefit from a particular distribution of mechan-
ical properties. However, this is unlikely, as a non-uniform distribu-
tion of mechanical properties is not characteristic of healthy lungs|6].
These results may suggest some form of plasticity in the compliance
of the lung. No special consideration was given to the routine of the
participants in the hours before this study, and therefore much of
this time was likely spent in an upright posture. Consequently, their
lungs would have experienced a greater compression at the base than
at the apex, for a significant duration; significantly longer than the
time spent in the head-down posture. If this had regionally altered
compliance within the lung, via a mechanism such as a non-uniform
surfactant distribution[81, 82|, it could explain the above observa-
tions. To test this would require the investigation of a possible tem-
poral dependence on the distribution of tissue density. However, this
would require the participants to remain in the head-down posture
for an extended period, which might pose risks to their health. An
alternative method may be the investigation of the participants in the
head-down posture after an extended period while lying down. If the
above hypothesis proves true, this could reset any regional variation

of mechanical properties due to this mechanism.

e Internal lung structures prevent complete redistribution. The
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lung is built from a fractal scaffold of airways and blood vessels|[6].
These features may provide an internal mechanical framework and
support some of the weight of the parenchyma. This may reduce the
compression of the dependent regions due to gravity. This structure
would likely stem from the primary blood vessels or early bronchi,
particularly where they enter the lung at the hilum. The cartilage
present in the early bronchi may also contribute to this scaffold. If
this structure is present, then it may not respond proportionally to
changes in the gravitational vector, in turn providing different degrees
of support to the lung parenchymall116]. For example, assuming this
scaffold has evolved or grown under the conditions of an upright lung,
then it may resist movement due to a gravitational vector towards
the apex. Imagine the angle of the bifurcation of the trachea into the
primary bronchi and how this may change when in the inverted pos-
ture. Any resistance would support some of the weight of the basal
parenchyma, in turn increasing the expected tissue density at the
base and decreasing it at the apex. This would result in a reduction
in the variation in parenchymal density compared to the lung in the
sitting posture. To test this, one could employ gaseous MRI contrast
to map the movement of the primary airways in response to changing

posture.

The variation in tissue density was also investigated along the isogravi-

tational coronal plane of supine posture. Within this plane, the model

described by the Slinky effect[1] dictates there should be an even distribu-

tion of tissue density. However, this is not observed. Instead, the signal

increases significantly towards the base of the lung. This pattern manifests

in three approximate regions: the signal increases quickly in the apex, oc-

curring at a faster rate than the relative change in the sitting posture. This
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change slows in the middle zones before finally decreasing slightly in the
basal regions. This relationship is highly unexpected, deviating from the
established gravitational models of parenchyma compression[l, 31] which

dictate a uniform distribution along isogravitational planes.

The isogravitational apical-to-basal distribution of tissue density was also
investigated sagittally for the supine posture. When investigated this way,
the lung exhibited an increase in density towards the base, however, this
change is significantly reduced compared to that derived from the coronal
investigations. This is likely because, while the coronal slice is positioned
toward the posterior of the lung, the sagittal plane permits sampling of
the full anterior-to-posterior width. When in this posture, the anterior-to-
posterior axis is in line with the gravitational vector, therefore the posteri-
orly located coronal slice is positioned within the gravitationally dependent
region. When investigating the apical-to-basal variation in just the poste-
rior of the sagittal slice, this segment exhibited a similar distribution to
that of the coronal investigation, albeit with slightly greater fitted slope.
However, in the anterior segment, the tissue density appears approximately
uniform along this axis, in agreement with the gravitationally based mod-
els[1, 31]. Therefore, one concludes that there is significant variation in the
apical-to-basal distribution of tissue density within the lung, dependent on
the anterior-to-posterior position, due to the differing weight supported by
the tissue. Furthermore, this means that the observed distribution of tissue
density in the coronal slice is not reflective of the lung as a whole and a

better approximation may be derived from the sagittal investigation.

The physiological explanations discussed for non-opposite distribution in
the sitting and head-down postures could be employed to explain this phe-
nomenon. However, it is likely (at least in part) to be a consequence of

non-uniform anterior-to-posterior tissue compression along the apical-to-
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basal axis. Both the coronal slice and posterior segment are in the depen-
dent lung region, therefore, will experience compression from the anterior
parenchyma above. This may contribute to the greater absolute signal in-
tensities observed in the coronal plane for the supine lung. However, as is
evident in the sagittal lung images presented in this work, the anterior-to-
posterior distance within the lung is not constant. This distance increases
gradually towards the base, although it tapers quickly at the apex. Com-
bined with the weight of the heart and major pulmonary vessels, this effect
could explain the observed distribution of tissue density along the apical-

to-basal distance:

Starting at the apex, the density increases quickly in correlation with the
anterior-to-posterior distance. In the central zones, the posterior lung expe-
riences compression from the weight of the major blood vessels and heart.
Finally, in the basal zones, the tissue density appears to decrease. This
may be due to a reduced weight of vessels[6], narrowing width of the lung
behind the diaphragm, or a structural contribution from the diaphragm

reducing the weight supported by the lung tissue.

Conversely, when in the supine posture, the anterior segment is located in
the gravitationally superior position. Therefore, the lung will experience
reduced gravitational loading compared to that of the posterior. This may
result in a reduced magnitude of tissue compression and an approximately
uniform variation along the apical-to-basal axis, as is observed in this inves-
tigation. However, although the change is small compared to the associated
error, the tissue density in the anterior segment may drop slightly towards
the base. This may reflect a gravitational effect acting in the opposite
direction to that observed in the posterior, where the larger mass of the
lung towards the base results in a larger expansion of the anterior alveoli

towards the base. Thus, reducing the observed tissue density along this
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axis.

To summarise, the high variation in apical-to-basal distribution of tissue
compression in the supine lung is likely a consequence of non-uniform gravi-
tational loading perpendicular to this plane. This is due to both a variation
in the anterior-to-posterior width of the lung and the mass of the blood in
the central vessels. The later contribution draws parallels to the centrali-
sation of mass hypothesis employed to describe the distribution associated

with the sitting lung.

Finally, the apical-to-basal distribution of tissue density was investigated
in the prone posture. One would expect, given the distribution observed
in the supine lung, an increasing signal intensity towards the base in the
now gravitationally loaded anterior segment. This would be accompanied
by a comparatively uniform distribution in the superior posterior segment.
However, this is not the case. Both in the full sagittal slice and in each
segment independently, the tissue density appears uniform along the apical-
to-basal axis. This means that the mechanism dictating the non-uniform
parenchymal compression in the dependent region of the supine lung is
either not present or countered when in the prone posture. Similar to
the explanations of the non-equivalent sitting to head-down apical-to-basal
variation, an argument can be made that this is due to structural contri-
butions within the lung or a systematic variation in mechanical properties.
However, in this case, there may be an additional explanation. When in
the prone posture, the posterior lung often appears to extend further above
the diaphragm than is observed when in the other postures. In Figure 5.57,
a typical sagittal reconstructed image of the prone lung at an intermedi-
ary respiratory state is overlaid with the outline of both the associated
prone and the supine masks for this participant. Contrasting the outline

of the diaphragm at the base of each of the masks, it appears that in the
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prone posture the diaphragm has shifted with the gravitational vector to-
wards the anterior of the body. The opposing effect is not apparent in the
supine lung. Combined with the effective immovability of the posterior of
the thoracic cavity, this would result in a drop in pleural pressure in the
posterior-basal region, effectively pulling the lung into the space previously
occupied by the diaphragm and abdominal organs. An alternative way of
thinking about this mechanism is in terms of buoyancy. The gravitational
force will act on the diaphragm and abdominal organs to a greater degree
than on the lower-density lung tissue. Therefore, without constraint on
their movement, the abdominal organs would seek to displace the lungs,
moving them to a more superior position. This may have the effect of
applying a force on the basal lung tissue opposite to the gravitational vec-
tor, preventing the non-uniform loading and subsequent compression of the

anterior segment.
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Figure 5.57: Proposed mechanism for the approximately uniform apical-
to-basal distribution of tissue density in the anterior of a prone lung. A
sample reconstructed prone lung in the exhaled state is overlaid with the
outline of the associated prone mask (blue) and the supine mask (orange)
of the same participant. The arrows denote the apparent movement of the
abdominal organs (A) and lung parenchyma (B) due to this posture.

In culmination, these relationships suggest that whilst the Slinky effect[1] is
a useful model for describing the distribution of pulmonary tissue density,
it is only a first-order approximation. For a more accurate description, the
model may be adapted to reflect the varying weight within the lung. Fur-
thermore, when considering variation in isogravitational planes, one should
not omit contributions of gravitational forces perpendicular to the plane.
However, in the prone posture, an additional mechanical contribution may
be countering this effect. Finally, although correct in sign, this model
does not fully describe the change in tissue distribution when maximally
altering the gravitational vector of the vertical lung. This may be due to

additional physiological mechanisms, such as plasticity of the compliance of
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the parenchyma, or internal structural contributions from the early bronchi

and major blood vessels. Additional investigation is required.

5.4.2 Ventilation Dynamics

5.4.2.1 Fractional Ventilation

The absolute values of the fractional ventilation were similar to those de-
rived from studies of health participants in the supine posture, acquired
at 1.5 T (Section 4.13.4). Current gravitational modes [1, 31], dictate an
increase in ventilation along the gravitational vector. Disregarding the
above tissue compression results for a moment, this theory dictates there
should be an equal and opposite increase of ventilation within gravitation-
ally opposite postures: along the apical-to-basal axis for the sitting and
head-down lung and along the anterior-to-posterior axis in the supine and
prone lungs. Furthermore, there should be a uniform distribution of ven-
tilation within isogravitational planes: apical-to-basal for the supine lung,

and anterior-to-posterior in the sitting lung.

5.4.2.1.1 Anterior-to-Posterior

The anterior-to-posterior variation of the FV was investigated with exper-
iments in the sagittal plane. Measurements of the exhaled tissue density
along this axis suffered from the non-homogeneous sensitivity gradients
near the receive coil. This is expected to have a reduced impact on the
measurement of the FV because this metric is calculated using a per-voxel
normalisation step. Therefore, any artificial increase of signal close to the
coil should be cancelled on a per-voxel basis. However, if parenchymal tis-

sue moves away from the coil base during respiration, the associated voxel
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will exhibit an artificially increased F'V. However, as the participants were
breathing normally during the sagittal acquisitions, therefore, this effect
was assumed to be minimal. As with the exhaled tissue density investiga-

tions, this data may benefit from retrospective bias field correction.

If the Slinky effect[1] were to perfectly model the distribution of ventilation,
one would expect this function to increase with the gravitational vector.
This would result in an equal and opposite magnitude of change in the
distribution of FV between the gravitationally opposite supine and prone
postures along this axis. Whereas the isogravitational anterior-to-posterior
axis of the sitting posture would exhibit a uniform distribution. In actu-
ality, this is close to what is observed. The FV in the supine and prone
lung each increased with the respective gravitational vector. However, this
change is greater for the supine lung. This matches previous observations
in humans|[72] and dogs[49], which suggested a more uniform distribution
of ventilation in the prone lung compared to the supine lung. However, the
sitting lung also exhibits an increase in ventilation towards the posterior.
This is approximately equivalent in magnitude to the change along this

axis associated with the prone posture.

Unfortunately, due to the sensitivity gradients, it was not possible to com-
pare this result to the variation in tissue compression along this axis in
this work. However, if one considers the distribution of the Jacobian deter-
minant, it appears that in all postures, the posterior of the lung expands
to a greater degree compared to the anterior (Figure 5.43B). This would
likely bias the ventilation towards the posterior regions and, in combina-
tion with the Slinky effect[1], explain the observed results in Figure 5.31B.
In the supine posture, the gradient of expansion matches that of the tis-
sue compression, along the gravitational vector. Therefore, the positive

anterior-to-posterior slope of the FV is amplified compared to the slopes
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associated with the other metrics. In the prone posture, the lung continues
to exhibit a greater expansion towards the posterior, however, this is now
opposed by a reversal of gravitational tissue compression compared to the
supine posture. Therefore, the resulting variation in FV, although still in-
creasing with the gravitational vector towards the anterior, does so with a
reduced magnitude compared to the supine posture. Finally, for the sitting
posture, the uniform distribution of tissue density dictated by the Slinky
effect[1], combined with the bias in expansion towards the posterior, create

an increase in F'V towards this region.

These results deviate from those dictated by a purely gravitational explana-
tion of the distribution of ventilation along this axis. Therefore, this may be
an indication of additional physiological contributions along this axis. This
may be due to a non-uniform distribution of tissue compression. If so, an
argument could be made for this being attributed to structural elements
within the lung, or a non-uniform distribution of mechanical properties,
similar to that previously discussed for the apical-to-basal tissue compres-
sion. However, in this case, there may also be a mechanical contribution
dictating more expansion in the posterior regions of the lung. Presumably,
pulmonary expansion in this plane is predominantly dictated by both the
intercostal and accessory muscles and the diaphragm. However, along this
axis, the diaphragm may not contract evenly. If it were to contract to a
greater degree in the posterior region, then the resulting regionally depen-
dent expansion in this area may explain the observed bias in ventilation.
Additionally, when lying on one’s front, it may be harder for the inter-
costal muscles to expand the lungs, due to the weight of the upper torso
above. Therefore, respiration in this posture would be more reliant on the
diaphragm and this may account for the lower average F'V in this posture

compared to the supine posture.
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5.4.2.1.2 Apical-to-Basal, Normal Breathing

The apical-to-basal variation of FV was investigated in the anterior-to-
posterior direction in both the coronal and sagittal planes. These inves-
tigations encompassed the gravitationally-opposite sitting and head-down
postures, as well as the isogravitational supine and prone planes. The
Slinky effect[1] predicts an increase along the gravitational vector in venti-
lation, which would result in a near equal and opposite change between the
sitting and head-down postures, and uniform distributions in the supine
and prone posture along this axis. However, this appears to only reflect a

first order approximation of the observed results.

The sitting posture exhibited an increase in this function towards the base
of the lung, parallel with the gravitational vector. Furthermore, the magni-
tude of this change was greater than that of the other postures investigated
— approximately equal to the mean FV of the slice. This is reflected in
both the coronal and sagittal results, which are within experimental er-
ror of each other. This suggests that for the sitting lung, these slices are
predominantly representative of the lung function. However, the sitting
lung exhibits a slight inequality in the apical-to-basal slope between the
anterior and posterior segments, this is likely a result of the difference in
tissue density distribution discussed previously. Moreover, the F'V within
this posture appears to increase at the greatest rate in the central regions,
plateauing in the most basal regions. This may also be due to the distri-
bution of tissue compression, potentially due to a non-uniform distribution
of mass within the lung. Therefore, these distributions suggests that the
Slinky-model[1] of the lung provides an accurate description of the distri-
bution of ventilation. Due to gravity, tissue compression increases towards

the base. As a result, these basal alveoli occupy a more compliant part of
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the pressure-volume curve and expand to a greater degree during inhalation
than those at the apex|[1, 31]. However, it is notable that the magnitude
of the apical-to-basal increase in F'V is more than twice that of the ob-
served change in tissue compression. This may suggest further mechanical

contributions to the observed FV trend.

When the participants were breathing normally in the head-down posture,
the FV appeared approximately uniform along the gravitational vector.
This is counter to the expected distribution dictated by established mod-
els[1, 31]. The associated slope of tissue density variation is reduced com-
pared to the sitting posture (Table 5.7), however this reduction would likely
not solely account for the observed near-uniform distribution of FV. Fur-
thermore, while the sitting variation in FV is amplified compared to the
tissue density, in the head-down lung, it is reduced. This would suggest
that there is a bias in FV distribution towards the base of the lung. An
explanation for this basal bias may be found in the maps of the Jacobian
determinant, although the errors with this result were high. In the head-
down posture, there appears to be greater parenchymal expansion in the
basal regions compared to the apex. Contrary to the Slinky effect[1], this
suggests that when in the head-down posture, even though the greatest
tissue compression is located at the apex, expansion is biased towards the
basal regions. These contributions counter each other, resulting in a more
uniform distribution of ventilation compared to the sitting posture. Un-
fortunately, due to safety limits of time spent in the head-down posture,
this posture was not investigated sagittally. Therefore, unlike the other
postures, there is no indication whether this coronal slice is representative

of the lung function.

The isogravitational apical-to-basal variation of FV associated with the

supine posture was investigated both coronally and sagittally for partici-
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pants breathing normally. In the coronal plane, two key observations can
be made. First, the average magnitude of this function in this slice is
greater than for the sitting and head-down postures. Second, we observe a
significant gradient towards the base of the lung, which appears to level out
in the most basal regions. Both these observations may be explained by the
positioning of the coronal slice at the posterior of the lung. As discussed
previously, the tissue compression appears greater in this plane, likely due
to the weight of the anterior lung above it, which in turn increases towards
the base. This compressed tissue occupies the more compliant region of
the pressure-volume curve and therefore expands to a greater degree dur-
ing inhalation. However, the drop in tissue compression observed in the
most basal regions is not apparent in the normal-breathing F'V distribution

in this plane.

Comparing these results with the apical-to-basal variation in the sagittal
plane reveals several differences. Across the whole slice, the FV increases
towards the base, although with a reduced magnitude. This reflects the
observed overall reduction in tissue compression variation in this plane,
which, like the coronal slice, is approximately half that of the FV varia-
tion. When considering just the variation in the posterior segment, one
observes a similar distribution to that of the coronal plane; both in the
shape and relative magnitude. The FV in the anterior segment, which ex-
hibited approximately uniform tissue density along this axis, appears to
also increase towards the base. However, this increase is reduced in magni-
tude compared to that of the whole slice. These results give further weight
to the hypothesis that the large variation observed in the coronal slice is

only representative of the posterior of the lung.

All apical-to-basal F'V distributions associated with the supine lung exhibit

an increase towards the base. This may at first appear at odds with the
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distribution dictated by the Slinky effect[1] in this isogravitational plane,
although this can be partially attributed to gravity via compression from
the anterior of the lung. However, taking into account the associated er-
rors, this does not explain the above observations completely. All postures
exhibit an increased slope of FV towards the base compared to that of
the exhaled tissue density. This includes the approximately uniform distri-
bution of tissue density in the anterior segment. Therefore, once again it
appears there may be an additional mechanism creating a bias in ventila-

tion towards the base of the lung.

Finally, the isogravitational apical-to-basal variation of the FV associated
with the prone posture was investigated in the sagittal plane. In this com-
plete slice, and in both segments when investigated independently, the F'V
appeared to increase towards the base of the lung. This is similar to the an-
terior of the prone lung, where the associated distribution of tissue density
was approximately uniform along this axis. Therefore, this effect cannot
be attributed to non-uniform tissue compression and an additional mecha-
nism may be creating a bias of F'V towards the base of the lung. However,
unlike the other postures, there also appeared to be a slight central bias
to the FV distribution along this axis. This trend may be attributed the
redistribution of basal parenchyma due to movement of the abdominal or-
gans, discussed previously. This shift in lung tissue may slightly expand
the basal alveoli in the expired state, moving them into a less compliant
region of the pressure volume curve. This could result in a slight reduction
in F'V in this region. However, this may be an artifact of the interdepen-
dence of investigations along the apical-to-basal and anterior-to-posterior
axes. As depicted in Figure 5.19, this basal zone exhibits a significant bias
towards the posterior, more so than is observed for the other postures.

These posterior regions of the prone posture exhibited a reduction in FV

433



5.4. DISCUSSION

compared to those at the anterior regions (Figure 5.31Bii); therefore, this
may reduce the observed FV in the basal zones when investigated along the
perpendicular axis. Further investigation into this effect is required before

meaningful hypotheses can be made.

5.4.2.1.3 Apical-to-Basal, Deep Breathing

During the coronal acquisitions of the sitting, supine, and head-down pos-
tures, the participants were also investigated while breathing deeply. When
sitting, the apical-to-basal slope of the F'V increased compared to the dis-
tribution associated with breathing normally. In absolute terms, there
appeared to be no significant change in the FV of the most apical zone.
However, for each subsequent zone along this axis, the FV was amplified
by an increasingly greater amount, until the most basal zone. This deep
breathing trend represents increasing FV along the gravitational vector,
both in absolute terms and the difference from to the distribution associ-

ated with breathing normally.

When deep breathing in the head-down posture, the distribution of FV
exhibits a similar but opposite trend to that of the sitting posture. The
apical-to-basal slope associated with breathing normally became more neg-
ative when the participants breathed deeply. In the most basal zone, there
was no significant change. However, for each subsequent zone along this
axis, the FV was amplified by an increasingly greater amount, until the
most apical zone. As in the sitting posture, this trend represents an in-
creasing F'V along the gravitational vector, both in magnitude and relative
to the distribution associated with normal breathing. Notably, where the
magnitude of F'V variation associated with normal breathing decreased rel-

ative to the variation in exhaled signal intensity, breathing deeply saw this
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variation increase.

Finally, the supine posture exhibited a more uniform increase in FV along
the apical-to-basal axis, compared to the other two postures. Seemingly
the only deviation between the relative FV change of normal and deep
breathing in this posture is the introduction of two ‘humps’ in the FV
centred at approximately 35% and 70% of the apical-to-basal distance.
These are similar to those observed in the supine exhaled tissue density
distribution. This results in a small increase in the apical-to-basal slope;
however, this is small compared to the other two postures. Therefore,
when breathing deeply, the relative distribution of FV increased along the
respective gravitational vector. When in the supine posture, the apparently
uniform increase in FV along this axis may be reflective of this being an

isogravitational plane.

5.4.2.1.4 Tissue density vs Fractional Ventilation

The results from the apical-to-basal investigations of exhaled tissue den-
sity and FV are summarised in Table 5.16. At first glance, the exhaled
tissue density increases along the gravitational vector. However, consider-
ing the above discussion of FV | it appears that irrespective of tissue density
variation in the exhaled state, when breathing normally there is a bias in
ventilation towards the base of the lung. This serves to increase the fitted
FV apical-to-basal slope in all postures, compared to that of the exhaled
tissue density. Amplifying the slope for the sitting and supine postures,
inducing a slope for the prone posture, and reducing the slope towards the
apex when in the head-down posture. However, when breathing deeply, the
relative amplification of F'V appears to align with the gravitational vector,

increasing towards the base when sitting, towards the apex when in the
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head-down posture, and an approximately uniform increasing along this
axis when supine. Furthermore, the head-down and supine distribution of
the deep breathing FV appears to be more reflective of the distribution
of exhaled tissue density, compared to that of the normal breathing dis-
tributors. This may be because deep breathing induces a more uniform
opportunity for expansion across the lung in these postures, resulting in

the FV better matching the areas which can expand the most.

Contribution to Apical-to-Basal Slope
Posture Lung Segment | Exhaled TD | Normal FV | Deep FV
Sitting Full + + +
Head-Down Full - + -

Supine Full + + None

Anterior None +

Posterior + +
Prone Full None +

Anterior None +

Posterior None +

Table 5.16: Quantitative analysis of cumulative factors affecting the apical-
to-basal distribution of tissue density and FV. Starting with the slope of
the tissue density in the exhaled state, contributions are relative to that
of the previous column. This table highlights the apparent gravitational
contribution to tissue density and F'V when breathing deeply. However,
the contribution when breathing normally is always positive, irrespective
of the relative direction of the gravitational vector in that posture.

Mechanical explanation When breathing normally, the lungs in all pos-
tures exhibited a bias in the distribution of ventilation towards the
basal regions, compared to the associated distribution of exhaled tis-
sue density. This was irrespective of posture and consequently the

relative gravitational vector; therefore, it cannot be explained by the
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gravitationally dependent model[l, 31]. This observation may instead
be due to physiological factors. Mechanical work is required to induce
ventilation within the lung. This work must be sufficient to overcome
a number of factors, including but not limited to: the displacement
of lung tissue; the natural elasticity of the parenchymal6]; and the

changing alveolar pressures associated with inspiration[9].

If the mechanical properties of the acini are uniform along an imag-
ined chain, then for a uniform expansion, each unit must experience
the same expansive force. If one assumes that the chain is actuated
from only a single end, then some of the force applied to each unit
must transfer through to the next. Without any resistance to expan-
sion - from factors such as the alveolar elastic recoil or airway resis-
tance - each unit along the chain would expand sequentially. Starting
from the end of the chain experiencing the actuation force, each unit
will expand to its maximum volume before the force is transferred to
the next acinus. Conversely, if the resistance to expansion is high,
the resulting distribution of expansion would be more uniform, how-
ever, the process of inspiration would be highly inefficient due to the
work required for expansion. Therefore, during inspiration, a fine
balancing act must occur within each unit, dictating the transfer of
work to the next acinus. However, in addition to the force required to
expand each acinus, is the force required to displace the lung tissue
(Newton’s 2nd Law). This force is reduced for each unit of the chain
with distance from the actuator, as the number of subsequent units,

and by extension the remaining mass to displace, is reduced.

Considering the consequences of this effect, but only in terms of elas-
tic recoil and Newton’s 2nd Law, and assuming an otherwise perfectly

uniform distribution of mechanical properties. Then the potential re-
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quired to expand each alveolus from minimum volume remains equal
along the chain. However, starting from the actuator, the potential
required to displace the lung tissue drops with each subsequent unit.
Therefore, to balance these forces, those units nearer to the actuator
will expand to a greater degree until the elastic recoil force matches
the force required to displace the remaining parenchyma. This is de-
picted in Figure 5.58. Conversely, units further down the chain do
not need to expand to the same degree for their elastic recoil force
to match the reduced force required to displace the remaining lung
tissue. Therefore, lung units nearest to the actuator will expand to
the greatest degree. This expansion, and thus ventilation, will drop

with each subsequent lung unit[117, 118].

Elastic Recoil

. :

Cumulative
mass

€ Distance

Figure 5.58: Proposed mechanism explaining the apparent bias of F'V bias
towards the basal regions of the lung. The lung is modelled sequential
chain of acini with actuation occurring from a single end. As distance from
the actuator increases, each acinus is required to displace progressively less
cumulative mass, thereby requiring diminished closure force (in this case
elastic recoil) to maintain force equilibrium. Given that elastic recoil force
is proportional to the size of the alveoli, the functional units nearest to
the actuator expand to a greater degree compared to those further away.
The red arrows represent the closure force, with the width representing the
relative magnitude. Not to scale.

Assuming that along the apical-to-basal axis expansion is primarily

dictated by the diaphragm, then the above model would explain the
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observed bias of FV towards the basal regions. However, not dis-
cussed above is the effect of changing posture and as a consequence
the gravitational vector. Assuming the participant is at rest and un-
der normal gravitational conditions of 1g. When sitting, the lung is
oriented upright with the diaphragm at the bottom. The movement
of parenchyma during inspiration is assisted by gravity. Therefore,
the potential required to move the lung parenchyma during inspira-
tion is now negative. This would lead to a more uniform distribution
of ventilation and may contribute to the observed FV distribution
better reflecting the shape of the exhaled tissue density compared
to the other postures. When horizontal, the diaphragm is located
to the side, therefore the movement of lung parenchyma would not
be significantly assisted or hampered by the force of gravity. There-
fore, this mechanism may create a slight bias in ventilation towards
the diaphragm. However, in the head-down posture, the lung is ori-
ented upright with the diaphragm at the top. Opposite to the effect
in the sitting lung, now gravity is resisting the movement of lung
parenchyma during inspiration, thus increasing the potential required
to move it. This would increase the bias in ventilation distribution
towards the base of the lung due to this mechanism, as is observed
in these results. This hypothesis is further supported by the observa-
tion of an apparent non-uniform distribution of lung parenchyma due
to compression under its own weight. Therefore, the alveoli closure
force appears to be of a similar magnitude to that of the weight of

the lung parenchyma.

This model is highly simplified and doesn’t consider numerous addi-
tional mechanical contributions in healthy lungs[116]. These include

the airway resistance, which could temporarily increase the potential
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required to inflate the acini as the alveolar pressure becomes more
negative[9]. The often-reduced respiration rate associated with deep
breathing may reduce the effect of this mechanism as there is more
time for the alveolar pressure to equalise[9]. As discussed at length
previously, a non-uniform distribution of tissue density will result in
a variation in the potential required to expand the alveoli. Those
more compressed alveoli occupy a more compliant region of the pres-
sure volume curve and thus reduce the potential required for relative
expansion[1, 31]. In addition to this is the effect of surfactant, which
may reduce the potential required for expansion at minimal alveo-
lar concentrations[117]. This could increase the relative expansion in

areas of greater alveolar compression.

This hypothesis could be tested by comparing the ventilation distri-
bution when participants are breathing normally, or under a positive
inspiration pressure. This positive inspiration pressure may assist in
the inflation of the alveoli; both reduce the potential required to ex-
pand each acinus and dependency on the diaphragm for inspiration.
Resulting in a more uniform distribution of ventilation within the

lung.

In summary, when breathing normally, the distribution of FV in the lung

appears to be both dependent on the tissue compression in the exhaled

state, and the position of mechanical input. When sitting, this results in

a significant apical-to-basal slope in the FV towards the base. However,

when in the head-down posture, the variation in exhaled tissue density is

opposite in sign to that of the mechanical bias towards the diaphragm.

Therefore, these contributions counter each other, resulting in a largely

uniform distribution in the F'V along this axis. When in a horizontal pos-

ture, the mechanical contribution from the diaphragm likely results in the
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observed increase in ventilation towards the base, even with uniform tis-
sue distributions. In the posterior of the supine lung, this contribution
combines with the increased exhaled tissue compression along this axis to

amplify the slope of the FV towards the base.

When breathing deeply in the supine and head-down postures, the apical-
to-basal distribution of F'V better reflects the distribution of the exhaled
tissue density, compared to breathing normally. As mentioned previously,
this may be because the respiration rate associated with breathing deeply
is slower, thus the contribution from airway resistance on the bias of ven-
tilation towards the diaphragm is diminished. However, this may also be
because when nearing maximal inhalation, the lung tissue has had more
of an equal opportunity to expand. The elastic potential of the expanded
alveoli exceeds the potential required to displace the lung tissue, thus negat-
ing the bias towards the diaphragm. This is reflected in the more uniform
distribution of the Jacobian determinant for this breathing regime. As a
result, the regions of greatest tissue compression during exhalation return

the greatest increases in ventilation.

5.4.2.2 Jacobian Determinant

The variation in the Jacobian determinant was investigated along the apical-
to-basal axis in the coronal plane and along the apical-to-basal and anterior-
to-posterior axes in the sagittal plane. These results have a number of lim-
itations: Firstly, they are based on two-dimensional registration; therefore,
they represent the two-dimensional Jacobian. However, the lung is a three-
dimensional system. Any movement perpendicular to the imaging plane
will not have been captured by this processing. Secondly, the registration

algorithm [119] employed to create these functional maps is based on the
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intensity of each respective frame of the reconstructed ventilation cycle.
Therefore, signal variation due to Bl (receive) inhomogeneity may have
contributed to these results, reducing their accuracy. Finally, the example
results in Figures 5.38 and 5.42 depict a somewhat patchy distribution of
the Jacobian determinant. This was typical of all participants and repre-
sented a highly heterogeneous expansion pattern through the lung. This
was physiologically unexpected, as healthy lungs should not possess the
necessary variation in mechanical properties in neighbouring lung regions
to create such an effect. Instead, this may be due to improperly optimised
registration parameters. This algorithm has been designed to work with
CT and MRI data captured at higher field strengths. Therefore, a greater
number of features (often pulmonary vessels) are usually visible within
the slice. These features are then used by the registration algorithm. In
contrast, the images captured in this study often exhibited few internal fea-
tures. Therefore, the intensity-based registration algorithm may primarily
have utilised features such as the walls of the thoracic cavity and noise
within the lung. This appears to have led to errors in the results, where
regions exhibited significant expansion at the expense of their neighbours,
creating the patchy maps of the Jacobian determinant. Therefore, we con-
clude that these maps are not useful for per voxel expansion determination
for individual participants. However, when combined across participants,
any local variation where regions expand at the expense of their immedi-
ate neighbours should average out. Therefore, these distributions remain
useful for regional mapping of where expansion takes place. For example,
if there is a greater degree of expansion near the base of the lungs com-
pared to that of the apex, this may relate to a greater contribution from
the diaphragm compared to the accessory muscles in this plane. This is
how results from the Jacobian determinant have been interpreted. This

error is not expected to have significantly affected the registration during
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the PREFUL processing as this was conducted via a different registration

method.

5.4.2.2.1 Anterior-to-Posterior

The anterior-to-posterior variation of the Jacobian determinant was inves-
tigated in the sagittal plane for the sitting, supine, and prone postures.
All postures exhibited a positive Jacobian determinant for all zones along
this axis, representing an expansion of the lung tissue with inspiration.
Additionally, all postures exhibited a greater degree of expansion towards
the posterior compared to the anterior of the lung. This may be due to
the greater height of the diaphragm in this region; therefore, there may
be more capacity for expansion due to the muscle in this area. This may
contribute to the apparent bias towards this region in FV, as previously
discussed. Furthermore, this anterior-to-posterior heterogeneity appears to
be greatest in the supine posture. The greater degree of tissue compression
in this area may explain this phenomenon, increasing the compliance of
the lung parenchyma and facilitating a greater degree of expansion in this
region compared to the other postures. However, these results suffer from a
high degree of variance, as signified by the large error bars in Figure 5.43B.

Therefore, further investigation of these results is required.

5.4.2.2.2 Apical-to-Basal

The apical-to-basal variation of the Jacobian determinant was investigated
in the coronal plane for the sitting, supine, and head-down postures and
in the sagittal plane for the sitting, supine, and prone postures. As for the
anterior-to-posterior results, all zones along this axis exhibited a positive

Jacobian determinant, representing an expansion of lung parenchyma with
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inspiration. When breathing deeply, this function increases further, rep-
resenting the expected increased degree of expansion. When investigating
the whole slice, each posture exhibited a central suppression in the Jaco-
bian determinant, potentially due to a relative reduction in expansion in
the areas near the central lung vessels and primary bronchioles. Therefore,
the results in the coronal plane were also plotted for parenchyma only in

the lung peripheries in Figure 5.40.

When breathing normally, the distribution of the Jacobian determinant ap-
pears similar within errors between the sitting and supine postures. These
distributions suggest a greater expansion in both the apex and to a greater
degree towards the base of the lung (Figures 5.39 and 5.43). This may be
representative of the contributions to tidal respiration from the accessory
muscles at the apex and the diaphragm at the base of the lung. Notably,
the increase at the apex is larger for the supine posture than for the sitting.
This may signify a greater contribution to respiration from the accessory
muscles when one is lying horizontally compared to sitting upright. When
upright, these muscles must work against gravity to expand the lung. How-
ever, when in the supine posture, expansion in this plane is perpendicular
to gravity, therefore it may require less work to expand the lung by this

mechanism. Thus, they may actuate to a greater degree when horizontal.

When breathing deeply, the above effect appears to be amplified. The
Jacobian determinant of each zone in the basal regions appears to be ap-
proximately equivalent between the sitting and supine postures. However,
these deviate significantly in the apical zones. In this breathing regime, the
Jacobian determinant appears to increase towards the base when sitting,
whereas this function appears largely uniform when supine, although in-
creases significantly in the most apical zones. One may conclude from these

results that when supine, the accessory muscles contribute significantly to
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the respiratory cycle, particularly when breathing deeply. This contrasts
with the sitting posture, where the expansion appears to exhibit a slight

bias towards the diaphragm.

The Jacobian determinant associated with the prone posture appears largely
uniform along this axis, albeit for the aforementioned reduction in the cen-
tral zones. As for the supine posture, an increase in expansion is observed
in the apex, although this appears reduced in magnitude. The reduction
in this region compared to the supine posture may be explained by the
positioning of the subjects (Figure 5.8). When prone, the participants
were instructed to raise their arms above their head. This may change
the contribution to respiration from the accessory muscles. Therefore, fu-
ture experiments should ensure continuity in participant arm positioning
between postures. Furthermore, the variance of the results in the sagittal

plane is too large for any meaningful hypothesis to be made.

Finally, the variation in the Jacobian determinant was also measured for
the head-down posture. When breathing normally, the distribution of this
function in the most apical zones reflected that of the sitting and supine
postures. However, in the middle and basal zones, this deviated signifi-
cantly. Starting from the central region, the Jacobian determinant in these
zones appeared to increase significantly, ultimately resulting in a far greater
expansion in the basal regions. When breathing deeply, the expansion in
the apical region increased compared to breathing normally; however, this
was reduced in degree compared to the other postures. This resulted in
apparently lower expansion in this region when breathing deeply. In con-
trast, the average Jacobian determinant towards the base was amplified,
resulting in a greater basal expansion compared to the sitting and supine
postures. As discussed previously, we do not expect this Jacobian deter-

minant to accurately reflect local expansion of the lung parenchyma, due
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to errors in the registration method used to investigate this function. This
is reflected in these results, as such variation in this function is physio-
logically unlikely when breathing deeply and is counter to the results of
the FV. Therefore, these distributions of the Jacobian determinant suggest
that when in the head-down posture, the expansion of the lung is highly
dependent on the diaphragm[120] instead of the intercostal and accessory
muscles. This may be explained physiologically by two mechanisms: firstly,
similar to the prone posture, participants in the head-down posture have
their arms positioned above their head. This may result in reduced actu-
ation of the accessory muscles during respiration. Secondly, the thoracic
cavity at the apex of the lung may remain expanded in the expired state
due to the force of gravity, resulting in a reduced expansion during inspira-
tion[121]. The process of expiration is passive and dependent on the elastic
recoil of the lung alveoli. Therefore, there may be few muscles to resist
the expansion of the apical thoracic cavity under its own weight when in
the head-down posture. This could also contribute to the apical-to-basal
tissue density variation observed previously; if the apical thoracic cavity is
expanded, there may be a reduction in tissue compression in this region.
Additionally, the weight of the organs on the diaphragm may compress
the lung, shifting the diaphragm towards the apex. This may result in a
greater potential for actuation of this muscle compared to the other pos-
tures, further amplifying the lung-volume dependence on this muscle. This
hypothesis requires further investigation of the posture dependence of the
shape and size of the thoracic cavity. However, consider the effect of po-
sitional asphyxia. When in an inverted posture, the weight of the organs
in the torso (positioned above the lung) can restrict the movement of the
diaphragm. This is exacerbated in overweight individuals and can eventu-
ally lead to asphyxiation. This correlates with the hypothesis above, that

when in the head-down posture, respiration is highly dependent on the ac-
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tuation of the diaphragm. If the diaphragm is restricted in any capacity,
the intercostal and accessory muscles may be unable to offset the resulting
penalty to respiration. Then ultimately this may reduce ventilation in the

lung and in extreme cases lead to asphyxiation.

5.4.2.3 Ventilation Time-to-Peak

The VTTP variation was investigated along the apical-to-basal axis in the
coronal plane and along the apical-to-basal and anterior-to-posterior axes
in the sagittal plane. This function is based on differences of phase with
respect to the ventilation cycle, not signal amplitude. Therefore, assuming
minimal anterior-to-posterior movement of lung parenchyma, it is expected

that the sensitivity gradients had a minimal effect on the VI'TP results.

5.4.2.3.1 Anterior-to-Posterior

The anterior-to-posterior variation of the VI'TP was investigated in the
sagittal plane for the sitting, supine and prone postures. All zones of all
postures appear to reach maximum ventilation near 50% of the ventilation
cycle, representing the point of greatest lung volume. However, as indicated
by the relatively high error bars compared to the variation within each
posture, The variation of these results between participants was large. The
prone posture appears to reach peak ventilation approximately uniformly
along this axis, slightly earlier than the other two postures. This may
be due to the apparently reduced tissue compression in this posture, which
may have resulted in a reduced airway resistance. In the anterior zones, the
sitting and supine postures each exhibited VI'TP values at approximately
50% of the ventilation cycle. However, in the posterior zones, the VITP

these postures deviated to approximately mirror each other about the point
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of greatest lung volume. This resulted in the posterior lung ventilating
earliest when supine and latest when sitting and may be due to differing
action of the diaphragm. However, more investigation is required to confirm

these observations.

5.4.2.3.2 Apical-to-Basal

The apical-to-basal variation of the VI'TP was investigated in the coronal
plane for the sitting, supine, and head-down postures, and in the sagit-
tal plane for the sitting, supine and prone postures. As for the anterior-
to-posterior investigation, the prone posture appeared to reach maximum
ventilation earlier than the other postures, slightly before the point of max-
imum lung volume. The supine posture exhibited a slightly delayed VTTP
in the central and basal segments compared to those of the apex. This delay
may reflect variation in airway resistance due to apparent tissue compres-
sion. Therefore, the apical regions, which appear to have experienced the

least compression at exhalation, reached their maximum ventilation first.

The head-down posture shared a similar VI'TP distribution to that of
the supine posture. It appeared largely uniform along this axis, approxi-
mately equal to the point of maximum lung area, although slightly earlier
in the apical regions. This appears to counter established theory[9] that the
VTTP is related to airway resistance due to tissue compression, as in this
posture the gravitationally dependent apical regions are compressed to the
greatest degree. An explanation may instead be found in the associated
distribution of the Jacobian determinant. While most of the expansion
appeared to be due to the diaphragm, there is a slight increase in the Ja-
cobian determinant in the most apical zones. If significant, this may be

indicative of a slight extension due to the accessory muscles. With the
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assistance of gravity, this region may expand early in the respiration cycle,

thus resulting in slightly earlier VI'TP values in this region.

The greatest variation in the VI'TP appears to have occurred in the sitting
posture. Here, the central regions appear to reach maximum ventilation
significantly later than the position of maximum lung volume. In the basal
regions, the distribution returns to 50% of ventilation cycle and in the
apical regions, slightly earlier. This is apparent in both the sagittal and
to a greater degree in the coronal investigation. The comparison of the
most apical and basal points supports the hypothesis that time of maxi-
mum ventilation is related to airway resistance due to tissue compression.
Furthermore, this observation is in agreement with established theory that
the apex of the upright lung ventilates first, due to the reduced airway
resistance associated with tissue compression. However, the significantly
delayed point of maximum ventilation in the central regions is highly unex-
pected, especially as this region appears to reach maximum ventilation at
a point where the lung should be reducing in size. This may be reflective
of a limitation of this analysis method. No distinction is made between
air in the airways and those contributing to gas exchange in the alveoli.
Therefore, early in expiration, if the alveoli experience a greater closure
force compared to that of the airways, then the gas in the alveoli may serve
to further inflate the airways. This would result in the central regions, with
the highest proportion by volume of airways, appearing to ventilate more
at the beginning of the expiration. If true, it is not immediately obvious
why this effect is not apparent for the other postures, although may be
due to the greatest degree of tissue compression exhibited along this axis
for this posture increasing the closure force of the alveoli. However, these
plots make no distinction between variation near the hilum and at the lung

periphery. Variation due to the above mechanism would be expected pri-
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marily near the hilum where the proportion by volume of airways is the
greatest. In the example coronal VI'TP maps in Figure 5.33, it appears this
delay is present even in the periphery of the sitting lung. Therefore, more
investigation is required into this observation before meaningful hypotheses

can be drawn from these results.

Finally, the VI'TP was also investigated whilst the participants were breath-
ing deeply. All postures investigated in this regime exhibited a distribution
of this function nearer to the point of maximum lung area compared to
when breathing normally. This includes the central regions of the sitting
lungs and the apical regions of the head-down and supine lungs. This may
be reflective of the slower respiration rate associated with breathing deeply
and thus airway resistance has a reduced effect on peak ventilation times.
Additionally, this may be because the lungs have a more equal opportunity

to expand as one nears one’s total lung capacity.

5.4.3 Perfusion Dynamics

5.4.3.1 Normalised Perfusion

The gravitational distribution of perfusion within the lung is described
by West’s zonal model[2], depicted in Figure 5.3. This model dictates an
increase of perfusion along the gravitational vector due to variations in hy-
drostatic pressures. This occurs in four distinct zones; however, only the
latter three zones are expected to be present in the healthy lungs investi-
gated in this study. The variation of normalised perfusion was investigated
for all four postures: along the apical-to-basal direction in the coronal and
sagittal investigations and along the anterior-to-posterior direction in the

sagittal acquisition.
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5.4.3.1.1 Anterior-to-Posterior

The anterior-to-posterior variation in the normalised perfusion was inves-
tigated for the sitting, supine and prone postures in the sagittal plane.
Both the supine and prone postures exhibited a significant increase in per-
fusion with the gravitational vector. However, this also corresponds to a
reducing distance to the coil. Therefore, the Bl (receive) inhomogeneity
likely contributed to this distribution, increasing the apparent perfusion to-
wards the coil. The relative magnitude of this effect compared to the true
perfusion variation in this plane is unclear. Therefore, without bias field
correction, this parameter is only partially useful in this work. Contrasting
the observed apparent anterior-to-posterior perfusion variation between the
sitting and supine postures, there appears to be a greater variation of perfu-
sion in the supine lung. It is assumed that each of these postures exhibited
a similar degree of signal variation due to the Bl (receive) inhomogene-
ity in this plane, due to the similar positioning of the coil relative to the
participants. Therefore, it can be deduced that there may be a greater mag-
nitude of perfusion variation along the gravitational vector in the supine
lung compared to this isogravitational plane of the lung in sitting posture.
This correlates with established theory[2], that the variation in tissue den-
sity and hydrostatic pressure along the gravitational vector contributes to

a greater perfusion variation in this plane in the supine lung.

The anterior-to-posterior tissue-density-normalised perfusion distributions,
plotted in Figure 5.49Bii, were generated using per-voxel normalisation.
Therefore, the effect of the B1 (receive) field inhomogeneity should be re-
duced. However, as for the F'V variation along this axis, these data are
reconstructed from multiple respiratory states. Therefore, each voxel in the

reconstructed map will take contributions from multiple points in space,
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each corresponding to different positions within the B1 (receive) inhomo-
geneity. Unlike the ventilation reconstruction, and assuming no correlation
between respiratory and cardiac phase, the B1 (receive) field inhomogeneity

effects should largely cancel out during the interpolation step.

The anterior-to-posterior tissue-density-normalised perfusion variation along
the anterior-to-posterior axis appears significantly reduced compared to the
associated volume-normalised-perfusion distributions. This may be indica-
tive of two factors: first, the bias in the apparent perfusion due to the
B1 (receive) inhomogeneity towards the base of the coil has been reduced.
Second, the tissue density appears to account for much of the variation
in perfusion variation along this plane. The latter factor is in corrobora-
tion with observations by Hopkins et al.[1] that tissue density is a primary
determinant of observed perfusion variation along this axis. Although re-
duced in magnitude, there appears to be an increasing perfusion along the
gravitational vector towards the anterior of the prone lung. This may be
reflective of the more uniform tissue density along this axis compared to
the supine lung. Therefore, normalising by this parameter has a reduced
impact on the perfusion distribution. Additionally, there appears to be a
slight trend of increasing perfusion along the gravitational vector towards
the posterior of the prone lung. However, the fitted slope is small com-
pared to the associated error. Additionally, all postures exhibit a drop in
perfusion in the most anterior and posterior zones, which may be indicative
of a central bias to perfusion. This could be due to the greater volume of
vessels in this area; an observation discussed further in the next section.
These observations should be repeated with bias field correction to remove

artificial contributions from the inhomogeneous B1 (receive) field.
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5.4.3.1.2 Apical-to-Basal

Unlike the anterior-to-posterior investigation, it is assumed that the Bl
(receive) inhomogeneity had minimal effect on the normalised perfusion
distribution along the apical-to-basal axis. This is especially true for the
tissue-density-normalised distributions as, to create these, each voxel was
normalised independently. Therefore, any signal variation due to the inho-
mogeneous Bl (receive) field should cancel out. However, future investiga-

tions may benefit from retrospective stray field correction.

The apical-to-basal variation of perfusion was investigated in both the
sagittal and coronal planes. For the sitting posture, the coronal apical-
to-basal distribution of volume-normalised perfusion is plotted along the
vertical axis in Figures 5.45A and 5.49Ai. The analysis yielded a signifi-
cant increase in perfusion with the gravitational vector. Rapidly increasing
within the apical-central zones, before it plateaued at approximately 70%
of the apical-to-basal distance and dropped slightly in the most basal zones.
This distribution is consistent in both the coronal and sagittal acquisitions
and is similar to that presented by Ax et al.[4] (Figure 5.4). Therefore,
at first glance, the distribution of perfusion observed in the sitting lung
increases along the gravitational vector, in agreement with current gravi-
tational models[2]. This distribution is non-linear and approximately re-
sembles a continuous distribution similar to that dictated by West’s zonal
model[2]. However, this method of investigation permitted further analysis
of the results to isolate contributions to apparent perfusion beyond those

due to hydrostatic pressure differences.

The observed apical-to-basal distribution of perfusion in the sitting lung
may be the product of three contributions. First, the previously discussed

tissue density variation along this axis will result in a greater density of
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vessels towards the base of the lung. This is reflected in the increased
perfusion variation per voxel along the gravitational vector. However, this
is not indicative of an increased alveolar perfusion. To remove this con-
tribution, the perfusion was normalised by the estimated tissue density
associated with each voxel (Figures 5.45B and 5.49Aii). This resulted in a
shift in the position of the plateau to a more central location within the
lung. Subsequently, the second contribution to the perfusion distribution
may be a central bias. This could be indicative of either the hilum to pe-
ripheral gradients described in previous work[43], or insufficient masking of
the central lung vessels. However, this effect was not investigated further as
part of this work. Assuming this effect to be due to a hilum-to-peripheral
gradient, to negate it, only lung areas of a similar hilum-to-peripheral posi-
tion should be plotted. Therefore, the apical-to-basal variation of perfusion
was investigated in only the most peripheral area. Plotting this result for
both the volume-normalised and tissue-density-normalised perfusion yields
Figure 5.46. In this figure, the perfusion distribution associated with the
sitting posture generally appears to increase along the gravitational vec-
tor, doing so quickly in the apical-central zones, before levelling off beyond
the centre of the lung, and dropping slightly in the most basal zone. This
demonstrates a strong correspondence with West’s zonal model[2] (Figure
5.3). Consider the tissue-density-normalised perfusion in Figure 5.46B.
The steep increase along the gravitational vector in the apical-central area
may be reflective of West’s 2nd Zone[2]. The observed reduction in gra-
dient between the central and basal regions may be reflective of West’s
3rd Zone[2]. Finally, the drop in the most basal zone may be reflective
of the 4th Zone in West’s model. Additionally, in the most apical zone,
the apical-to-basal gradient appears to drop slightly compared to that of
the adjacent zones. This may be reflective of a transition to the Zone 1 of

West’s model. Therefore, the evidence suggests that the third contribution
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to the apical-to-basal distribution of perfusion in the sitting lung may be

hydrostatic pressure gradients, described by West’s zonal model[2].

It appears that the apical-to-basal distribution of perfusion observed in the
sitting lung can be explained by a combination of contributions, each pre-
sented in previous studies. These include the gravitational determinants:
tissue compression and hydrostatic effects, and a physiological determi-
nant: an apparent hilum-to-peripheral gradient. These contributions are
summarised in Figure 5.59. However, this hilum-to-peripheral gradient may
be an artifact of the blood in the pulmonary vessels picked up by the MR
acquisition. All blood enters the lung via the pulmonary arteries which
themselves enter the lung through the hilum|[6]. This is then distributed
to all parts of the organ via a dichotomously branching fractal network of
pulmonary vessels. On the return, the oxygenated blood exits the lung via
the pulmonary vessels, which also pass through the hilum. Therefore, as
all blood within the lung must transit this single point of entry and exit,
it is intuitive to imagine this will result in a concentration of blood volume
towards this region. However, this is not necessarily representative of the
alveolar perfusion in these areas. Beyond the segmentation of the major
pulmonary vessels, this study made no distinction between the blood tran-
siting the pulmonary vessels and the blood contributing to gas exchange
in the alveolar capillaries. Therefore, this may contribute to the observed
centralisation of perfusion in this work, and thus the peripheral distribu-
tion shown in Figure 5.46B may provide a more accurate representation of

alveolar perfusion within the lung.

455



5.4. DISCUSSION

Perfusionin Tissue Hilum to peripheral
Sitting Posture Compression Gradient

West’s Zones

(=)

+ +

Apical to Basal Distance

Zone 4

Perfusion Perfusion Perfusion Perfusion

Figure 5.59: Modelled contributions to the apical-to-basal distribution of
perfusion in the lung while in the sitting posture, including gravitational
contributions from tissue compression and hydrostatic pressure variation,
and an apparent hilum to peripheral gradient. Note, the basally shifted
Gaussian employed to model the hilum to peripheral gradient is similar
to that used to explain the tissue compression in the sitting and supine
postures due to a centralisation of mass.

When investigating the anterior and posterior segments of the sitting lung
independently, each returns a similar distribution to that of the coronal
slice. Indeed, all apical-to-basal slopes of the volume-normalised perfusion
are within the margin of error of each other. Each slope is reduced when
normalised by the tissue density and remain within the margin of error of
each other. These findings suggest that the coronal slice at the posterior

of the sitting lung is representative of the lung as a whole.

The distribution of perfusion in the head-down posture was investigated
in only the coronal plane. The apical-to-basal volume-normalised variation
within the whole slice is plotted in Figure 5.45A. In this plot, there appears
to be a reduced variation of perfusion in this posture compared to the lung
in the sitting posture, with the head-down posture exhibiting a largely uni-
form distribution in the central regions, although dropping slightly in the
most apical zones and significantly in the gravitationally dependent basal
regions. This resembles the variation of perfusion in this posture previously

presented in work by Ax et al.[4] (Figure 5.4). Thus, at first glance, the
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distribution of perfusion appears to increase along the gravitational vec-
tor in agreement with established theories of lung perfusion. However, the
magnitude of this change is reduced compared to the sitting posture, and

like the sitting posture, the perfusion distribution is non-linear.

As for the sitting posture, the data were analysed in a number of ways
to isolate contributions to the perfusion distribution. First, the perfusion
variation was normalised by the tissue density variation, plotted in Figure
5.45B. This distribution appears slightly more uniform in the central re-
gions, although otherwise remains largely consistent in shape to that of the
volume-normalised distribution. This is consistent with the more uniform
distribution of tissue density in the head-down posture compared to sitting,
as demonstrated previously, which results in a greater similarity between
normalisation methods in this posture. To remove any hilum-to-peripheral
gradients, the perfusion distribution was investigated in only the peripheral
regions. This is plotted for both the volume-normalised perfusion in Fig-
ure 5.46A and tissue-density-normalised perfusion in Figure 5.46B. If one
assumes that the head-down apical-to-basal distribution of perfusion is the
product of tissue compression, central gradients and hydrostatic forces, and
that the prior two are removed by tissue-density-normalisation and periph-
eral segmentation, then the remaining distribution is due to the hydrostatic
gradients. However, this does not match the expected distribution of per-
fusion due to hydrostatic forces described by West’s zonal model. Indeed,
this is evident as the shape of the distribution does not reflect that of the
gravitationally opposite sitting posture. Instead, the perfusion distribution
is largely uniform along this axis, although it increased slightly in the apical

regions before dropping again in the most apical zone.

These observations may be explained by the gravitational positioning of

the heart relative to the lung. When subjects are sitting upright, the heart
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is positioned at an approximately gravitationally equivalent location to the
base of the lung. Systolic pressure must overcome the hydrostatic pres-
sure required to pump blood to the apical regions. Then, after passing
through the alveolar capillaries, the blood in these regions returns to the
heart with the assistance of gravity. However, in the head-down posture
the lung positioning is inverted. The heart, still located at a gravitationally
equivalent location to the base of the lung, is now at a superior position
to much of the lung. In this orientation, the systolic pressure required
to deliver blood to the lung is reduced, in conjunction with the reduced
hydrostatic forces to overcome. This may contribute to the more uniform
distribution of perfusion associated with the head-down posture compared
to the sitting posture, highlighted in the tissue-density-normalised periph-
eral apical-to-basal distribution (Figure 5.46B). However, after transiting
the alveolar capillaries, the blood in the apical regions must work against
gravity, overcoming the hydrostatic pressure required to reach the heart.
Analogous to the pooling blood in the head when in the head-down pos-
ture, this could result in an increased perfusion within the apical regions
of the lung. This may contribute to the increased perfusion in the apical
regions in Figure 5.46B. Finally, the decreased perfusion associated with
the most apical zone may be due to the weight of the lung tissue above,
compressing the vessels and reducing blood flow. This is equivalent to the

Zone 4 of West’s zonal model.

The isogravitational apical-to-basal variation of perfusion in the supine
posture was investigated in the coronal and the sagittal plane. In the coro-
nal plane (Figure 5.45), the supine lung exhibited a significant increase in
blood flow towards the base. This perfusion appears to increase fastest
in the most apical zones, the rate of this increase is reduced in the cen-

tral zones, before the perfusion drops slightly in the most basal zones. The
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magnitude of this variation is almost equivalent to that associated with the
sitting posture. Additionally, the perfusion distribution resembles in shape
an amplified version of the associated distribution of tissue density, with
two distinct peaks at approximately 35% and 70% of the apical-to-basal
distance. This distribution of perfusion is unexpected, as conventional
gravitational models of perfusion dictate a uniform distribution within iso-

gravitational planes.

The distribution of perfusion observed in the coronal plane may in part be
due to the variation of tissue compression at the posterior of the lung. This
would have the effect of an increasing perfusion along the apical-to-basal
axis, due to the greater density of vessels. Indeed, the shape of this distri-
bution closely resembles that of the assumed tissue density, giving weight
to this theory. Furthermore, considering the apical-to-basal variation of
perfusion in the sagittal acquisition, the magnitude of the change along
this axis is significantly reduced. When examining only the gravitation-
ally dependent posterior segment, the distribution is similar to that of the
coronal slice, while the anterior segment exhibits little variation along this
axis. Therefore, as for the discussion of the tissue compression and FV, we
conclude that the coronal slice located at the posterior is not representative

of the lung as a whole.

When normalised by the estimated tissue density, the resultant perfusion
distribution in the coronal plane of the supine lung exhibits a more uniform
distribution in the central regions. This is expected with the conventional
gravitational models of perfusion. However, in both the basal and, to a
greater extent, the apical zones, the reduction in this function remains.
This may be due to an apparent hilum-to-peripheral gradient as discussed
previously, amplifying the apparent perfusion in the central regions. To

abate the effect of this gradient, the perfusion variation in only the most
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peripheral regions was plotted in Figure 5.46. In the volume-normalised
plot, this yields an increasing trend towards the base, although with a
reduced slope compared to the sitting posture. When normalised by the
tissue density, as expected, this slope is reduced. However, this plot now
resembles a distribution like that dictated by West’s zones. Compared
to the sitting posture, the magnitude of the variation along this axis is
reduced and the zone 2-3 boundary shifted towards the apex. This is
highly unexpected. Previously, this work has assumed that the remaining
contribution to perfusion in this peripheral tissue-density-normalised plot
is purely due to West’s zones. However, West’s zones are primarily dictated
by variation in hydrostatic pressures, which, within isogravitational planes,
should be uniform. Therefore, this may suggest an additional contribution

to the distribution of perfusion within the lung.

The apical-to-basal perfusion variation in the prone lung was investigated
only in the sagittal plane. Unlike for the sitting and supine postures, the
peak volume-normalised perfusion in the prone lung appears to be cen-
tralised. Following the discussion of the apparently uniform distribution of
tissue density within the lung, this result is not unexpected. Without a vari-
ation in tissue compression along this axis, the effect of the apparent hilum-
to-peripheral gradient is readily apparent. This is further demonstrated
as the associated tissue-density-normalised plot appears near-identical in
shape. When isolating the variation in the gravitationally dependent ante-
rior segment, the central bias remains, although the perfusion appears to
drop to a greater degree in the basal region. This may be associated with
the previously discussed theorised redistribution of parenchyma from the
posterior towards the diaphragm, although this reduction is also observed
in the associated tissue-density-normalised distribution. Therefore, there

may be an additional contribution to the perfusion distribution. Due to the
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shape of the diaphragm in this posture, the most basal zone of the anterior
segment will often contain the fewest voxels. This results in a greater error
in this datapoint, and thus more investigation is needed before meaningful
analysis can be made of this result. In the posterior segment, the distribu-
tion of perfusion appears approximately uniform along this axis for both
normalisation methods. Notably, the central bias is significantly reduced.
This may be because the central lung vessels have shifted with the gravita-
tional vector towards the anterior of the lung, thus reducing the apparent

hilum-to-peripheral gradients in this segment.

For all investigations which exhibited a significant positive slope in per-
fusion along the apical-to-basal axis, the magnitude of this change was
reduced when normalising by the assumed tissue density. This includes
all analyses of the sitting lung and analyses of the posterior of the supine
lung. Intuitively, these also correspond to investigations where the tissue
density increased significantly along this axis, which agrees with work from
Hopkins et al.[1] that tissue density is a primary contributor to observed
perfusion in the lung. All isogravitational investigations which exhibited an
approximately uniform distribution of tissue density also exhibited a com-
paratively small positive slope of perfusion along this axis. However, when
each of these variations was normalised by the estimated tissue density, the
magnitude of the increase of perfusion along this axis increased. This may
suggest an additional non-gravitational contribution to the distribution of
perfusion along these axes, increasing blood flow towards the base of the
lung. However, each of these variations is small compared to the associ-
ated error and therefore more investigation is needed before meaningful

conclusions can be drawn from this result.

Multiple apical-to-basal investigations of isogravitational perfusion varia-

tion in this study have suggested there may be an additional non-gravitational
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contribution to the distribution along this axis. This is due to the unex-
pected increase in blood flow towards the base of the lung. While this has
been observed in all investigations in the supine and prone lungs, this con-
tribution may also be present in the sitting and head down lung. However,
when the participants were in these postures, it was not possible to isolate
these contributions from those due to gravity. Glenny et al. have pub-
lished numerous papers on non-gravitationally dependent contributions to
perfusion distribution[3, 43, 90, 92|. These studies attribute some perfu-
sion variation to the structure of the pulmonary vessels and inequalities at
each bifurcation. However, the contribution of this effect remains an area
of active discussion. Furthermore, this effect is normally used to explain
localised correlation of blood flow, not a systematic increase towards the
basal regions as observed in this work. The structure of the pulmonary
arteries may favour perfusion towards the basal regions. This could be fur-
ther amplified in the posterior of the supine lung due to the distribution
of lung tissue, and by extension, blood vessels towards this region when
in this posture. However, this has not been previously reported in related

literature.

Finally, when comparing the perfusion distribution between participants
breathing normally and deeply, all postures exhibit a similar perfusion dis-
tribution between breathing regimes. However, each distribution appears
slightly shifted towards the apex, both when normalised by the mean lung
value and by the estimated tissue density. This results in a slightly more
uniform distribution of perfusion when in the sitting and supine posture,
although increases the variation in the head-down posture. This result was
unexpected as the redistribution does not correlate to the gravitational vec-
tor. One might expect an amplification in the apical-to-basal variation of

perfusion along the gravitational vector, due to greater lung size and thus

462



5.4. DISCUSSION

increased hydrostatic pressure variation associated with breathing deeply.
However, this may be an artifact of the distribution analysis algorithm that
sections the lung into zones. Each of these zones is assigned a fractional
apical-to-basal distance, scaled between 0 and 100%, irrespective of the
size of the lung. Breathing deeply is generally associated with a greater
actuation of the diaphragm and larger peak lung volume. Therefore, the
intermediary frame used to generate each of the functional maps is likely
larger than that associated with breathing normally. If the distribution of
perfusion fails to move proportionally with the movement of the diaphragm,
then this will result in an artificial distribution towards the apical regions.
Imagine a point located at the centre of a reconstructed normal-breathing
functional map. This is assigned to a position, 50% of the apical-to-basal
distance. If the greater actuation of the diaphragm when breathing deeply
results in a reconstructed functional map with an apical-to-basal distance
1.25x that of normal breathing, then this imaginary point in space will
now be assigned to 40% of this distance. Any perfusion in this location
will have appeared to have shifted towards the apex. Therefore, we con-
clude that there is little variation in perfusion within the lung between the
normal and deep breathing regimes. This result is analogous to that ob-
served in the supine lung, showing that lung volume has little effect on the

anterior-to-posterior distribution of perfusion[122].

5.4.3.2 Perfusion Time-to-Peak

The QTTP variation was investigated along the apical-to-basal axis in the
coronal plane and along the apical-to-basal and anterior-to-posterior axes
in the sagittal plane. Each of these planes employed a different reference for
determining the cardiac frequency: the aorta in the coronal plane and the

central lung vessels in the sagittal plane. Therefore, because the aorta is
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expected to reach peak perfusion before the lung vessels, the QTTP values

will be earlier in the sagittal investigations.

As for the VITP distributions, this function is based on differences of
phase with respect to the perfusion cycle, not signal amplitude. Therefore,
assuming minimal anterior-to-posterior movement of lung parenchyma, it

is expected that the B1 (receive) inhomogeneities had a minimal effect on

the QTTP results.

The resting heart rate of a normal adult is between 60 and 100 bpm. How-
ever, the sampling frequency employed in this study resulted in a Nyquist
frequency of 82 bpm. Therefore, it is likely that for multiple participants
in this study, the cardiac cycle was under-sampled. Chapter 4 includes a
detailed explanation of how the PREFUL processing pipeline accounts for

this.

5.4.3.2.1 Anterior-to-Posterior

The anterior-to-posterior variation in the QTTP was investigated in the sit-
ting, supine, and prone postures. In both the supine and prone postures,
this function appears approximately uniform along this axis, reaching peak
perfusion at approximately the same point of the perfusion cycle as the
central lung vessels. There may be a slight trend that the gravitation-
ally dependent regions of each posture reach peak perfusion first, although
this variation is small compared to the associated error. If significant, this
observation may be due to gravitational effects, namely variation in hy-
drostatic pressure. The greater pressure in the gravitationally dependent

regions may explain why they might reach peak perfusion first.

Contrasting these results with the sitting posture, all regions of the lung
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appear to reach peak perfusion significantly later than the other two pos-
tures. There is a significant variation in this result between participants,
signified by the large error bars. This comparatively delayed peak perfu-
sion may be due to the positioning of the heart at a position gravitationally
equivalent to that of the base of the lung. Compared to the other postures,
the heart must overcome a greater hydrostatic pressure to perfuse the en-
tire lung. This may result in delayed peak perfusion times when in this
posture. Additionally, the anterior regions appear to reach peak perfusion
later than those located at the posterior of the lung. If significant, this
anterior-posterior difference may be due to the positioning of the heart
toward the anterior of the thoracic cavity. The momentum of blood trav-
elling from this anterior position through the centrally located hilum may
result in a favouring of perfusion towards the posterior regions. To reach
the anterior of the lung, this blood must effectively change direction by
180 degrees, which may result in later peak perfusion times. This hypoth-
esis requires further investigation into pulmonary artery blood flow in the

sitting posture.

5.4.3.2.2 Apical-to-Basal

The apical-to-basal variation of QTTP was investigated along the apical-to-
basal direction in the coronal investigations for the sitting, supine, and head
down postures, and in the sagittal investigations for the sitting, supine, and
prone postures. When contrasting the QTTP distribution of the repeated
postures, the systematically delayed perfusion in the coronal results is evi-

dent.

As for the anterior-to-posterior investigation, all zones in the sitting pos-

ture reach peak perfusion significantly later than the other postures inves-
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tigated. Again, this may be due to the basal positioning of the heart and
the greater hydrostatic pressures to overcome to perfuse the entire lung.
This may delay peak perfusion times in this posture. However, similar
to the anterior regions, the apical regions appear to reach peak perfusion
significantly later than those at the posterior. Additionally, the central
regions appear to reach peak perfusion earlier than the basal regions. One
explanation for these observations is that the blood enters the lung at the
centre, and favours filling the gravitationally dependent lung regions over
the superior apical regions. Contrasting this result to that of the head-
down posture, the time-to-peak perfusion of the whole lung appears earlier
than that of the other postures. This may be because in this posture,
the heart is located at a gravitationally superior position to most of the
lung. Therefore, opposite to the sitting posture, the heart does not need
to overcome significant hydrostatic pressures to deliver blood to the entire
organ. This may result in observed earlier QTTP values. Additionally, the
QTTP appears to increase with apical to basal distance, with potentially
a reduction in the central regions. This may be explained using the same
gravitational mechanism as in the sitting lung. The blood enters the organ
via the central lung vessels, which then favours filling the now dependent

apical regions before the superior basal regions.

The supine posture exhibits QTTP values generally between those of the
sitting and head down postures. Furthermore, in the sagittal investigation,
the QTTP values appear approximately uniform and equivalent to that of
the central lung vessels. This would be expected if this function is deter-
mined by the hydrostatic pressure as compared to the other two postures,
there is no significant difference in filling favourability along this isogravi-
tational plane. In the coronal investigation, although more uniform along

this axis compared to the other postures, the earliest time to peak values
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appear to be in the centre of the lung. This increases steadily towards the
basal regions, potentially reflective of the transit time of blood through
the organ. The increase in the apical regions is steeper than that observed
in the basal regions, resulting in the latest peak perfusion times in this
area. As for the basal regions, a delayed peak perfusion may be expected
in this area due to the transit time of the blood. However, it is not imme-
diately obvious why this deviates so greatly from the values in the basal
regions. The blood may favour transit to the basal regions, which could
be related to the greater than expected normalised perfusion values in this
area. However, as this is not observed in the sagittal investigation, it may
be due to an error in the PREFUL processing and associated cardiac phase
assignment. Therefore, more investigation is required before meaningful

hypotheses can be made from this observation.

Finally, the sagittally investigated apical-to-basal variation in the prone
posture appears very similar to that of the supine posture in this plane.
As with the supine posture, there is expected to be very little variation
in hydrostatic pressure along this isogravitational plane. Therefore, the
observed QTTP distribution matches that which would be expected if the

distribution were dictated by this mechanism.

When comparing the QTTP associated with deep breathing, all postures
appear to reach peak perfusion slightly later. This may be associated with
the increased lung volumes associated with deep breathing and thus it may
take longer for the blood to reach the peripheral regions. This may delay

the time-to-peak perfusion in all regions of the larger organ.

In culmination, these results suggest that gravity has a dominant effect on
time taken to reach peak perfusion in the lung, with dependent regions

reaching peak perfusion first. However, additional to this effect, the spatial
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positioning of the heart relative to the lung combined with the structure
of the pulmonary arteries also appears to create spatial inhomogeneities in
QTTP results. Furthermore, breathing deeply appears to delay the time
taken to reach peak perfusion, potentially due to the associated greater lung
volumes. However, due to the potential aliasing errors discussed previously,

these results should be corroborated with further studies.

5.4.4 Ventilation and Perfusion Matching

This study did not directly investigate the ratio of ventilation and perfusion
within the lung. In its current state, this PREFUL processing pipeline does
not return absolute quantities of air and blood variation, instead outputting
FV and perfusion weighted maps. Therefore, this work can only contrast
the relative change of each of these normalised functions. Nevertheless, ob-
served variation in the F'V generally correlates to that of the perfusion for
all postures. In the sitting posture, all slopes of relative normal-breathing
FV were within the margin of error of the normalised perfusion variation,
although the variation of tissue-density-normalised perfusion was reduced.
In the head-down posture, the magnitude of the normalised perfusion vari-
ation was greater than that of the FV. However, when the perfusion was
normalised by the tissue density, these were within the margin of error.
A similar trend was observed for all investigations of the supine lung, al-
though not in the anterior segment. Finally, in the prone lung, the slopes
of all normalised perfusion distributions were reduced compared to the FV,
although each of these was within the margin of error. Furthermore, the
shape of each of these distributions is very similar. Therefore, we conclude
that in all postures investigated in this study, the relative F'V and perfu-

sion distributions remain well matched. This is further confirmed by the
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toleration of each posture by each of the participants.

After accounting for established gravitational contributions, the apical-to-
basal distribution of both the FV and perfusion demonstrated a bias to-
wards the basal regions. This bias appears to create a slope of approxi-
mately 20% of the average value of the lung along the length of this axis.
The persistence of this bias within isogravitational planes suggests that
each of these contributions may be physiological in nature. However, nei-
ther the bias in FV nor in perfusion can be explained by established the-
ory. This work proposes the mechanical contribution of the diaphragm as
a mechanism for this observed ventilation bias. However, the correspond-
ing mechanism for the perfusion distribution is not immediately obvious.
Similar to hypothesis from Glenny et al.[3], the pulmonary arteries may be
structured in such a way as to distribute a greater blood flow to the basal
regions. Alternatively, the perfusion may share a mechanical contribution
with that of the ventilation, thus passively accounting for any functional
inhomogeneities. This apparent ventilation-perfusion matching may result
from an active mechanism such as HPV. However, this functional variation
is relatively small compared to the gravitational contributions, although
HPV has been previously observed in healthy lungs[123]. Finally, these
gradients may be a shared artefact of the specific imaging and process-
ing methods employed. Therefore, these functional experiments should
be repeated in the future with additional imaging modalities in order to

corroborate the above observations.
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5.4.5 Sources of Error

5.4.5.0.1 Single Slice

This research is limited as it is based on only single slice acquisitions.
Therefore, this analysis is based on only a two-dimensional snapshot of
a three-dimensional system. Beyond the pitfalls inherent in single slice
PREFUL, such as lung parenchyma moving in and out of the imaging plane,
slices at a similar position within the thoracic cavity may sample different
lung tissue across each of the postures. This is particularly evident in the
coronal investigation of the supine posture, where the posteriorly located
slice experienced a significantly greater degree of parenchymal compression.
For a complete picture of the redistribution of lung function due to varying
the relative direction of gravity, one should employ a 3D imaging modality.
3D PREFUL MRI for ventilation investigations has been demonstrated at
1.5T[124]. This technique utilises a continuously acquired stack-of-stars
3D gradient echo acquisition, followed by the retrospective binning of each
radial spoke based on the determined respiratory phase. However, this has
yet to be demonstrated at 0.5T and thus does not yet facilitate application
with low-field Open-MRI. Furthermore, to date an equivalent method for
perfusion processing has not been reported, due to the need for registration
of each image based on the respiratory phase. A compromise may be found
in multi-slice acquisitions, if one can accurately determine the respiratory
and cardiac phases for each slice. This could be achieved using external
measures of these variations instead of relying purely on observations within
each image. However, these results should be repeated with contrast-based
techniques for measuring three-dimensional variations in ventilation and

perfusion.
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5.4.5.0.2 Fractional Ventilation vs Absolute Ventilation

The use of F'V as a metric in this study is likely to have altered the observed
variation in ventilation distribution within the lung. One should not con-
flate absolute ventilation with FV. By definition, this metric is fractional;
any result is relative to the signal intensity in the exhaled lung. Specifi-
cally, the observed changes in signal intensity in the exhaled lung state will
impact this metric, even when the absolute change in air volume remains
constant across regions. If tissue density is uniform throughout the organ,
then the F'V may serve a better representation of ventilation within each
posture. However, observations in this study suggest that this is not the
case. For example, in the sitting posture, a significant increase in signal in-
tensity was observed along the apical-to-basal axis. This will have resulted
in reduced values of the FV in the basal regions compared to the apex.
Therefore, the true variation in lung ventilation along the apical-to-basal

axis in this posture may be greater than the observed variation in FV.

5.4.6 Future Work

Beyond repeating these results with additional imaging modalities, future
work can generally be split into two camps: further investigating the mech-
anisms proposes in this work, or expanding the research to different subject

groups.

Hypoxic Pulmonary Vasoconstriction (HPV) is thought to occur in all hu-
mans, although the extent of this is unclear[96]. Previous studies have em-
ployed MRI to map the pulmonary vascular response to hyperoxia in supine
participants and determined that HPV optimises ventilation-perfusion match-

ing in healthy individuals[123]. This study observed significant variation in
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the F'V along the apical-to-basal axis for subjects sitting upright, which was
significantly greater than the anterior-to-posterior variation when supine.
The resultant drop in ventilation in the apical regions may be sufficient
to observe an HPV response. Therefore, we hypothesise that maps of the
normalised perfusion will exhibit variation in the apical blood flow when

the lung is exposed to normoxic and hyperoxic conditions.

This work discusses variation in the shape and volume of the thoracic
cavity between postures, including the differing action of the diaphragm,
intercostal and accessory muscles. These variations could be investigated

using breath-hold three-dimensional scans in different postures.

All participants in this study were relatively young. This was to ensure their
safety while adopting the head-down posture. Future studies should expand
the cohort to include a greater age range, even if the head-down posture is
omitted. Older subjects may exhibit differing degrees of tissue compression
and functional variation between postures. Additionally, investigations of
this kind with paediatric subjects may give insight into the gravitational

contributions to lung development.

This methodology could be used to investigate participants who regularly
experience different gravitational conditions in order to measure if their
lungs have adapted to these environments. Most simply, this could include
individuals who frequently adopt a head-down posture during activities
such as yoga or gymnastics. It could also include individuals who often
experience greater gravitational forces, such as RAF pilots. Finally, this
methodology could be applied to individuals who have recently spent a
prolonged period in microgravity, such as astronauts returning from the

space stations.

This study investigated participants in four postures in order to orientate
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the lungs such that they experience gravitationally opposite conditions.
Whilst intermediary positions should also be investigated, this study only
examined the lungs under conditions of 1g. To date, no modern imag-
ing studies have probed the distribution of human lung function in re-
duced gravitational conditions[61]. Technology permitting, this methodol-
ogy could be repeated during periods of temporary weightlessness with an
MRI scanner on a parabolic flight. Looking further into the future, when
we possess the technology to place an MRI in space, these investigations
could be repeated under conditions of sustained weightlessness. These in-
vestigations should give a direct measure of the immediate gravitational
influences on pulmonary function. However, the gravitational effect on

lung development should also be considered.

Finally, with improved insight into the gravitational dependence of the
distribution of healthy lung function, studies can begin into the effect of
disease. Unexpected redistributions of tissue, ventilation and perfusion

between postures may prove to be a new marker for disease.

5.5 Conclusions

This study aimed to investigate the gravitational dependence of the dis-
tribution of pulmonary function in healthy individuals. To achieve this
objective, 23 participants were examined in four postures — sitting, head-
down, supine, and prone — which systematically varied the direction of
the gravitational vector relative to their lungs. These experiments were
facilitated by a 0.5T Open MRI system in conjunction with PREFUL[5]
post-processing to generate functional maps of the exhaled tissue density,

and both ventilation and perfusion dynamics.
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Established gravtiational modes[1, 31]appear to provide a useful first-order
approximation for describing the distribution of tissue density in the ex-
haled lung, with compression increasing along the gravitational vector.
However, our findings demonstrate that this alone is insufficient to fully
explain the observed variation of parenchyma compression. Non-linear dis-
tributions of tissue density, particularly in the sitting and supine lungs,
suggest a centralisation of mass within the organ. This may be due to
a greater density of pulmonary vessels in this region. Furthermore, non-
opposite slopes of tissue density variation were observed for gravitation-
ally opposite postures, deviating from the redistribution of parenchyma
predicted by the simple gravitational model. This observation along the
apical-to-basal axis of the sitting and head-down postures was hypothesised
to be due to structural contributions from the primary pulmonary vessels

and early bronchi.

In the supine posture, the non-uniform distribution of tissue density along
the isogravitational apical-to-basal plane appeared to contradict the Slinky
effect model[1]. However, this contradiction was likely attributable to the
non-uniform weight of the lung acting perpendicular to this plane. Conse-
quently, special consideration should be made when comparing apparently
similar coronal slices between postures, as lung parenchyma may occupy
different regions of the thoracic cavity or experience differing loading con-
ditions. In contrast, when examining the gravitationally opposite prone
posture, this effect was not observed. We hypothesise that this difference
results from diaphragmatic displacement occurring in line with the gravita-
tional vector, due to the weight of the abdominal organs. Such displacement
may have produced a reduction in basal-posterior pleural pressure, thereby

redistributing lung parenchyma to this region.

Gravitational tissue compression was expected to be a primary determinant

474



5.5. CONCLUSIONS

of the distribution of ventilation in the lung. While this mechanism indeed
appeared to be a primary contributor, when tidal breathing, all postures
exhibited a bias towards the basal regions irrespective of gravitational ori-
entation. This bias was evident even in isogravitational planes, suggesting
additional contributions from non-gravitational physiological mechanisms.
We hypothesise that this phenomenon is attributed to mechanical factors,
such as the actuation of the diaphragm. The work required to displace
lung tissue decreases with distance from the actuator. Therefore, alveoli
nearest the diaphragm may expand to a greater degree until their closure
force surpasses this potential. This phenomenon is particularly evident in
the head-down posture, where this mechanism counters the observed dis-
tribution of tissue compression, resulting in a near-uniform distribution of
FV. When breathing deeply, the ventilation distribution appeared to bet-
ter reflect the gravitational distribution of tissue density, likely due to the

more uniform expansion opportunity associated with this regime.

Investigation of the Jacobian determinant showed that all postures demon-
strated varying contributions from the diaphragm, intercostal, and acces-
sory muscles during respiration. This may be due to the differences in the
contribution from gravity, but also to variation in participant arm position-
ing. This was particularly apparent for participants in the head-down pos-
ture where respiration appeared highly dependent on the diaphragm[120].
Additionally, systematic variation in the VI'TP can be generally attributed

to gravitationally induced variations in airway resistance.

The distribution of perfusion in the lung was demonstrated to be primar-
ily dependent on gravitational effects. Namely, the distribution of lung
parenchyma and hydrostatic pressure variation. An apparent hilum-to-
peripheral gradient was likely an artifact of blood in the pulmonary vessels

and not reflective of alveolar perfusion. In the sitting posture, the alveolar

475



5.5. CONCLUSIONS

perfusion variation attributed to hydrostatic effects reflected the pattern
described in West’s zonal model[2]. However, the corresponding distribu-
tion for the head-down posture suggested a venous pooling of blood in
the apical regions, potentially due to the gravitationally superior position
of the heart in this posture. After accounting for tissue density variation,
alveolar perfusion variation within isogravitational planes exhibited a slight
bias towards the basal regions that cannot be explained by variations in
hydrostatic pressure. This may instead be due to an active mechanism of
ventilation-perfusion matching, or a consequence of the shape of the vascu-
lar tree[90]. Lung volume appeared to have little effect on the distribution

of perfusion.

Distributions of the QTTP appear to be primarily dependent on gravita-
tional orientation, with dependent regions reaching peak perfusion first.
Additionally, this function also demonstrated a significant influence from
the position of the heart relative to the lung. Although breathing deeply
appeared to delay the QTTP across the whole organ, potentially due to

the greater hydrostatic pressure variation associated with the larger lung.

In conclusion, established gravitational models of the lung appear to de-
scribe well the distribution of ventilation and perfusion under normal con-
ditions. However, additional physiological factors may also influence these
distributions, with their contributions more evident in non-standard grav-
itational conditions. Importantly, ventilation and perfusion remained well
matched across all postures. Nevertheless, both exhibited a bias towards
the basal regions that cannot be attributed to established models of sys-
temic functional distribution in the lung. Further investigation employing

different imaging modalities is required to corroborate these results.

Continued advancement in the understanding of pulmonary functional dis-
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tribution and the underlying mechanisms will provide more precise respi-
ratory care interventions, ultimately improving patient outcomes through
better-informed clinical practices and treatment modalities. Furthermore,
deviation from improved models of functional redistribution between pos-

tures in healthy individuals may yield novel biomarkers for pathophysiol-

ogy.
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A.1. HYPERPARAMETERS

A.1 Hyperparameters

Hyperparameters for Model Training

2
= = £ n
~ aet [ aet <
(@) O o @) a
A A O A A
N &\ N N
— — Q — —
< < a o] <
g ot — + g
= |2 |2 & |2
S S = = S
Acquisition Sequence (@) @) < wn (@)
Model Architecture UNet SegNet SegNet SegNet SegNet
Pre-Initialised Weights None VGG-16 2D GRE | VGG-16 2D GRE
Lung Lung
VGG-16 VGG-16
Solver Adam | SGDM | Adam | Adam | Adam
Momentum N.A. 0.9 N.A. N.A. N.A.

Gradient Decay Factor 0.9 N.A. 0.9 0.9 0.9

Squared Gradient Decay 0.9 N.A. 0.9 0.9 0.9

Factor

Initial Learn Rate 0.002 0.06 0.0075 | 0.005 0.0007

Learn Rate Drop Factor 0.2 0.5 0.7 0.7 0.6

Learn Rate Drop Period* 12 1 15 15 15

Mini Batch Size*** 32 4 32 32 32
Validation Frequency** 50 50 50 50 50
Validation Patience** ) 5 ) 5 D

Max Epochs 100 100 300 300 300

L2 Regularisation 0.0005 | 0.0005 | 0.0001 | 0.0001 | 0.0001

Table A.1: Optimised hyperparameters use to train each of the convolu-
tional neural networks detailed in this work. Omitted parameters used
inbuilt MATLAB default values. * Number of epochs, ** number of mini-
batches, *** number of training images.
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B.1. PREFUL PIPELINE APPLICATION

B.1 PREFUL Pipeline Application

CPU: 13th Gen Intel Core i9-13900K
Memory: 32 GB DDR4

Graphics: NVIDIA T400 4GB
Storage: 1 TB NVMv SSD

B.2 Neural Network Training

CPU: Intel Xeon E5-1620 v3
Memory: 32 GB DDR4
Graphics: NVIDIA TITAN Xp
Storage: 1 TB HHD

B.3 Combustion System Operation

CPU: 11th Gen Intel Core i5-1135G7
Memory: 8 GB DDR3

Graphics: Intel Iris Xe Graphics
Storage: 256 GB SSD
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