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supervisors and peers. Despite these challenges, I persevered, seeking new ways to make

progress in my research.

During the lockdown, I found a way to continue my work using already existing scans from
the UK7T to further my research. I focused on exploring the reproducibility volume and
susceptibility of the Hippocampus subfields. This innovative approach allowed me to forge

ahead with my Ph.D. work despite the limitations posed by the pandemic.
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I face the future, I became more determined than ever to overcome obstacles and contribute

meaningfully to the field I am passionate about.
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ABSTRACT

Magnetic Resonance Imaging (MRI) is a powerful medical imaging technique that provides
detailed visualization of internal structures in vivo, making it an indispensable tool in
diagnosing and monitoring brain-related diseases and pathologies. In this thesis, we focus on
the hippocampus, a critical brain region for memory and learning, and investigate its
susceptibility, volume, and vascularization using high-resolution MRI at 7T.

Firstly, we estimate the reproducibility of hippocampal subfield susceptibility and volume in
healthy participants to determine the precision required for longitudinal studies aimed at
tracking changes in the hippocampus in Alzheimer's disease.

Secondly, we compare the susceptibility and volume of hippocampal subfields between healthy
controls and Alzheimer's disease patients to investigate whether they can be used as biomarkers
for early detection of AD. We also examine the relationship between hippocampal subfield
measurements, the abnormal protein Amyloidp1-42 in cerebrospinal fluid (CSF), and cognitive
performance measured by the Montreal Cognitive Assessment (MoCA).

Thirdly, we investigate the non-invasive visualization of hippocampal vasculature to better
understand its pattern, which is critical for surgical planning. We aim to map the vascularity of
the hippocampus in vivo without contrast agents to gain insight into the relationship between
vascular and degenerative pathology of the hippocampus.

Our findings have implications for the diagnosis, monitoring, and treatment of Alzheimer's

disease and provide insights into the structure and function of the hippocampus.



CHAPTER ONE

1.0 INTRODUCTION

1.1 OVERVIEW

Magnetic Resonance Imaging (MRI) is a medical imaging technique that uses magnetic fields
and radio waves to generate detailed images of internal organs and tissues in the body based
on the phenomenon of Nuclear Magnetic Resonance (NMR). The invention of MRI is
attributed to a number of scientists and engineers who made important contributions to its
development.

One of the earliest pioneers of NMR was the physicist Felix Bloch, who in 1946 (Bloch et al.,
1946) discovered that atomic nuclei, when placed in a magnetic field, could absorb and emit
radio frequency energy. Building on this discovery, in 1952, Bloch and Edward Purcell,
independently developed the technique of NMR, which could be used to study the molecular
structure of solids and liquids. Their work earned them the Nobel Prize in Physics in 1952.

In the 1970s, two scientists, Paul Lauterbur and Peter Mansfield, independently developed
methods to create images using NMR. In 1973 (Lauterbur, 1973), Lauterbur published a paper
demonstrating the first magnetic resonance image, which he created by encoding spatial
information into the NMR signal and later in 1973 Peter Mansfield proposed a method of
spatial encoding based on interference phenomena (diffraction) (P. Mansfield & Grannell,
1973)

In 1974 Peter Mansfield put forward his work on image formation using NMR (Garroway et
al., 1974). Together, Lauterbur and Mansfield are credited with developing the foundations of
modern MRI. In recognition of their contributions, they were jointly awarded the Nobel Prize

in Physiology or Medicine in 2003.



Since their pioneering work, MRI has become an essential diagnostic tool in medicine. It is
used to diagnose a wide range of conditions, including neurological disorders, cancers, and
musculoskeletal injuries (Dean Deyle, 2011,Whiteley et al., 2022, Haris et al., 2015). It is also
used to guide medical procedures, such as biopsies and surgeries (Thompson et al., 2017).
There are many MRI scanners used today around the world. According to a study by
(McRaobbie et al., 2017), there were over 10,000 MRI scanners in the world as early as 1996.
By 2008, the number had risen to about 20,000, as reported by Blamire (Blamire, 2008). This
rapid growth in the number of MRI scanners is a testament to the importance of this technology
in modern healthcare.

MRI is a powerful diagnostic tool that provides detailed images of the internal structures of the
body. It can visualize not only tumours, ischemic strokes and bleeds (Ergun et al., 2010), but
also provides functional images of the brain and body (G. H. Glover, 2011), as well as images
of moving parts like the beating heart (Earls et al., 2002) and the foetus in the mother's womb
(Saleem, 2014). This makes it a versatile imaging modality that is used across a wide range of
medical specialties.

One of the major advantages of MRI is its ability to provide images that are superior to other
imaging modalities such as X-ray and CT scans, especially in soft tissue such as the abdominal
and pelvic regions (Oldendorf, 1988). While most pathologies can be seen in both CT and MRI
scans, MRI is usually superior when it comes to detailed characterization of pathological
lesions (Zaidman et al., 2013). This is particularly important in the diagnosis and monitoring
of cancer, where MRI is used to detect and track changes in tumour size, shape, and activity
over time.

The growth in the number of MRI scanners used around the world reflects the increasing
demand for accurate and detailed diagnostic imaging in modern healthcare. MRI's ability to

provide high-resolution images of internal structures and soft tissue areas, as well as functional



and dynamic information, makes it an essential tool in the diagnosis and treatment of a wide
range of medical conditions.

MRI technology has come a long way since the first full human body scan was carried out in
1977 by Damadian and colleagues (Damadian et al., 1977). In those early days, acquiring an
MRI image could take hours and the field strengths were relatively low. However, with
advancements in MRI technology, high-quality high-resolution images as can be seen in fig
1.1 can now be acquired at a much quicker pace using high-field scanners such as the 7T
scanner available at the Sir Peter Mansfield Imaging Centre at the University of Nottingham.
In fact, the same research group is currently working on developing an even more powerful
11.7T human scanner.

These high-field MRI scanners have allowed us to study the human body with an
unprecedented level of detail. For example, the higher spatial resolution achieved by high-field
scanners (as shown in Figure 1.1) has enabled researchers to identify subtle changes in brain
structures and to study the structural and functional connectivity of the brain. High-field
scanners have also improved our ability to detect and monitor various medical conditions,
including neurological disorders, cancer, and cardiovascular disease (Dean Deyle,
2011,Whiteley et al., 2022).

In addition to providing higher resolution images, high-field MRI scanners have also reduced
the need for invasive procedures. For instance, MRI-guided biopsies are now routinely
performed, allowing for more accurate and targeted sampling of tissues for diagnosis
(Thompson et al., 2017).

Overall, the continued development and expansion of MRI technology has transformed the
way we diagnose and treat various medical conditions. With the ability to produce high-
resolution images of the human body in a non-invasive manner, MRI has become an essential

tool for healthcare providers around the world.



Figure 1. 1: This image showcases the high-resolution capabilities of the 7T MRI scanner at the Sir
Peter Mansfield Imaging Centre, University of Nottingham. A) Phase-Sensitive Inversion Recovery
(PSIR) image with a voxel size of 0.8 x 0.8 x 0.8 mm3, B) T2-weighted image with a voxel size of 0.4
x 0.4 x 1.0 mm3, and C) 3D T2*-weighted Gradient Echo (GRE) image with a voxel size of 0.38 x
0.37 x 0.74 mmga. The total acquisition time for the three scans combined was 27 minutes and 21
seconds. These high-resolution images allow for greater detail in the study of various medical
conditions, enabling more accurate diagnosis and monitoring.

1.1  AIM OF THE THESIS

The primary objectives of this thesis are as follows:
1. To determine the reproducibility of magnetic susceptibility and volume measurements
in the subfields of the hippocampus for healthy participants. By establishing the

expected level of variability in repeated measurements, we aim to provide a better



1.2

understanding of the attainable precision for planning longitudinal studies to track

changes in the hippocampus associated with Alzheimer's and other diseases.

. To use high-resolution volumetric and quantitative susceptibility mapping techniques

to produce susceptibility and volume measurements for both Alzheimer's disease
patients and healthy controls. Our aim is to investigate whether these measurements can
serve as potential biomarkers for detecting atrophy and changes in iron levels in the
hippocampal subfields, thereby facilitating early detection of Alzheimer's disease.
Additionally, we aim to study the correlation between hippocampal subfield volume
and susceptibility, cerebrospinal fluid AmyloidB1-42 levels, and Montreal Cognitive
Assessment scores, in order to explore a non-invasive alternative for Alzheimer's

disease diagnosis.

. To non-invasively visualize the vascularization of the hippocampus, in order to better

understand the pattern of vessels that supply and drain the hippocampus. This is
particularly relevant for surgical procedures around the hippocampus, as detailed in
vivo maps of the vasculature could help identify potential risks and ensure the success

of such procedures

SCOPE OF THE THESIS

This thesis explores the potential use of high spatial resolution imaging to visualize the

vasculature of the hippocampus (i.e., the arteries and veins that supply and drain blood from

the hippocampus), as well as volumetric and susceptibility mapping of the hippocampus as a

biomarker for AD patients using ultra-high field magnetic resonance imaging. The thesis

comprises six chapters.



Chapter 2 provides an introduction to the theory of nuclear magnetic resonance (NMR) and
magnetic resonance imaging (MRI), including the MR imaging techniques used in this thesis
(especially on the 7T Achieva system) and MRI safety considerations.

Chapter 3 investigates the reproducibility of measurements of the magnetic susceptibility and
volume of the hippocampal subfields in healthy participants. This study uses data that was
acquired as part of a travelling head study carried out on five different 7T scanners linked to
the UK7T consortium. We describe the segmentation of the hippocampus using the Automatic
Segmentation of Hippocampal Subfields (ASHS) software package and susceptibility mapping
of the whole brain using the QSMbox software. We then statistically compare the results
obtained to determine the reproducibility of each region of interest (ROI) in the hippocampus.
Chapter 4 focuses on the analysis of the volume and susceptibility of the whole hippocampus
and its subfields in Alzheimer’s disease patients, with a view to establishing a biomarker for
early detection of this devastating disease. We also examine the relationship between
hippocampal volume and susceptibility, and the levels of AmyloidBi4> measured in the
cerebrospinal fluid (CSF), as well as Montreal Cognitive Assessment (MoCA) results.
Chapter 5 describes the non-invasive visualization of the arterial and venous supply of the
hippocampus using a 7T MRI scanner without the use of a contrast agent. We identify and
analyse the major vessels supplying and draining the hippocampus, which is important for
carrying out successful surgeries around the hippocampus.

Chapter 6, the final chapter, provides a general conclusion of the work carried out in the thesis

and highlights possible avenues for future research to build on the findings of this thesis.
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CHAPTER 2

20 NUCLEAR MAGNETIC RESONANCE AND MAGNETIC

RESONANCE IMAGING THEORY

2.1 INTRODUCTION

This chapter delves into the physical principles of NMR and MRI, explaining the concept of
nuclear spin and its interactions with magnetic fields. The various factors affecting the
resonance frequency of different nuclei, including the strength of the magnetic field, are also
discussed. The process of signal acquisition and reconstruction is explored in detail, as well as
the different types of MR pulse sequences, such as T1-weighted, T2-weighted, and diffusion-
weighted imaging. The hardware components of the MR scanner, including the magnet,
gradient coils, and radiofrequency coils, are also explained, along with their roles in the MR
signal acquisition process. Finally, MRI safety concerns are discussed, including the potential

risks associated with magnetic fields, acoustic noise, and contrast agents.

2.2 NUCLEAR MAGNETIC RESONANCE

The discovery of nuclear magnetic resonance (NMR) by Rabi, Bloch and Purcell (Rabi, 1937,
Bloch et al., 1964, Purcell, 1946) has led to one of the most important applications of physics
in medicine - magnetic resonance imaging (MRI). MRI uses NMR to obtain images of the
human body, and has become an indispensable tool in clinical diagnostics due to its non-
invasive nature and high spatial resolution. The basic principle behind MRI is that the nuclei
of certain atoms, such as hydrogen in water, can be made to resonate when placed in a strong
magnetic field and subjected to a radiofrequency pulse. The resulting signals can be detected

and used to reconstruct an image of the body. MRI has revolutionized the field of medical



imaging, allowing physicians to visualize the internal structures of the body in unprecedented
detail, leading to improved diagnosis and treatment of many diseases.

NMR has revolutionized our ability to study the behaviour of molecules and atoms in all kinds
of matter, from simple gases to complex biological systems. It has been instrumental in
advancing our understanding of chemistry, physics, and materials science. By studying the
behaviour of atoms and molecules in different environments, we can gain insight into a wide
range of physical and biological processes, including protein folding, chemical reactions, and
disease processes. The ability to non-invasively image internal structures and processes in the
human body has also made MRI an invaluable tool in modern medicine, enabling earlier and
more accurate diagnosis of a wide range of diseases. The applications of NMR and MRI
continue to expand, with new techniques and technologies constantly being developed to push
the limits of what is possible.

NMR has a wide variety of applications today because it allows the chemical environment of
atoms to be probed. NMR uses strong magnetic fields and low-energy photons
(radiofrequency) to manipulate the spins of atomic nuclei (Giunta & Mainz, 2020). Nuclei have
three fundamental characteristics: mass, charge and spin. Spin is an intrinsic property of nuclei,
it is not physical movement of the particle like classical angular momentum (Holger

Forsterling, 2009; Levitt et al., 1986).

2.3 THE QUANTUM TO CLASSICAL MECHANICAL DESCRIPTION

OF NMR

NMR is the phenomenon that results from the interaction between atomic nuclei (specifically,
their angular momentum) and an external magnetic field. This interaction is fundamentally
quantum in nature. While the behaviour of a single nucleus can be predicted using quantum

mechanics, it becomes much more complex when dealing with a large number of nuclei. In the
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following section, we will first provide a quantum model description of NMR before describing
it in classical terms.
2.3.1 NUCLEAR MAGNETIC MOMENT
Similar to the way that electrons have a magnetic dipole moment (from the electron spin and
the orbital quantum number), protons and neutrons also have their own magnetic dipole
moment. A magnetic dipole moment (i) is created when a positive or negative electric current
moves in a circle (current loop). In a simple current loop, i depends on the current | and the
area A that the loop encloses

i@l =14 [2.1]
We can use the Bohr magneton to estimate the magnetic moment of the proton and neutron as

h
Uy =—— [2.2]

- 2my
where e is the charge of the proton, # is Planck’s constant scaled by 2 and m,, is the mass of

the proton.

In quantum mechanical terms, the nuclear magnetic moment of a nucleus with a spin quantum
number | can align with an externally applied magnetic field of strength Bg in 21+1 ways, with

each way characterized by the spin quantum number m which can take integer or half-integer
values ranging from -m to m. For a single nucleus with I = % the spin can be aligned with or
against the applied field Bo. The energetically preferred orientation has the magnetic moment

aligned parallel with the applied field (m = +%) and is often given the notation o, whereas

the higher energy, anti-parallel orientation (m = —%) is referred to as the B state. The

rotational axis of the spinning nucleus cannot be oriented exactly parallel (or anti-parallel) with

the direction of the applied field Bo (defined in our coordinate system as about the z axis), but

11



must precess (motion similar to a gyroscope) about this field at an angle, with an angular

velocity given by the expression:
wo =YBy [2.3]

where w, is the precession rate called the Larmor frequency. The constant vy is called the

gyromagnetic ratio.

Each nucleus has a characteristic value of y, which is defined as the constant of proportionality
between the nuclear angular momentum and magnetic moment. For a hydrogen nucleus, y =
2.674x10® s1TL. This precession of the magnetic moment generates a magnetic field that
oscillates at frequency w,. If a sample containing precessing nuclei is surrounded by a coil of
wire, a voltage will be induced in the coil by the time-varying magnetic field via
electromagnetic induction. This voltage forms the NMR signal. If we irradiate the sample with
radio waves (MHz) the spins can absorb energy and be promoted to the higher energy state.
This absorption is called a resonance because the frequency of the applied radiation and the

precession must coincide or resonate for energy absorption to take place.

By o
t m=-1/2 (Spin down)

AE

v m=1/2 (Spin up)

Figure 2.1: The difference in energy between spins in the up and down states due to the magnetic field.
The energy difference leads to a small difference in the population of the two states giving rise to a net
magnetisation.
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When discussing NMR, spin state energy separations are often characterized by the frequency
required to induce a transition between the states. While frequency is not a measure of energy,
the simple relationship E=hv (where E=energy, h=Planck’s constant, and v=frequency) makes

this substitution understandable.

2.3.2 BOLTZMAN STATISTICS

In water, in the absence of a magnetic field, the hydrogen nuclei present all have magnetic
moments which point in different directions, therefore generating a net magnetization of zero.
When a magnetic field, By, is applied, there are only two possible states for each hydrogen
atom, whose magnetic moment can be aligned with the field or against the field. The energy
difference AE between these two states is given by

AE = yhB,. [2.4]

This energy difference means that at equilibrium the number in each state is different as there
is a preference to be in the low energy state. This difference can be derived from the Boltzmann

distribution:

NT AE

o eXP (kBTs) [2.5]
where N T and N | are the number of spins that are aligned with and against the field,
respectively, T; is the temperature of the spin system and kg is the Boltzmann constant. The

net magnetization of the sample is given by summing the contributions of the spins pointing

with and against the field

y_h YhB yhb YhB
My = yz—hN i) —y?hN l= N (2 eXP(Z]I/Cf?BT(:,S) - Xli(yhzskaOS)) [2.6]

eXp<2kBTs)+eXp< 2kBTs)
where N, is the number of hydrogen nuclei in the sample. Making the high temperature
approximation yhaB, < kgT,, which applies at the fields and temperatures that are relevant

for MRI this simplifies to
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y2h?BoNs

MO ==
4kpgTs

[2.7]

Applying a B; RF field in a direction perpendicular to the spins at their resonance (Larmor)
frequency causes the system of spins to absorb energy and hence tip the net magnetization
vector toward the transverse plane. This creates a net transverse magnetization vector. This
vector will precess about the external field and begin to relax towards net alignment with the
external field again. The motion of the net magnetization is guided by a set of equations known
as the Bloch equations. These are the equations of motion for the net magnetization vector M
of a sample of spins placed in a main magnetic field Bo (where the components of M are My,

My and M)

The magnetic moment M classically of a spin in a magnetic field B will experience a torque

that can be represented by the equation below

S =yMxB [2.8]

Assuming that the magnetic field is applied in the z direction, Eq. [2.8] can be written

dMy

? = )/MyBO

aMm

d_ty = —YM,B, [2.9]
dM, -0
dt

with solution

M, (t) = M,(0) cos wot + M,,(0) sin wyt

M, (t) = —M,(0) sin wyt + M,,(0) cos wyt [2.10]
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M, (t) = M,(0).
These equations describe the precession of the magnetic moment about the z-axis with angular

frequency w, = yB, (Larmor frequency).

5 1Bo

T

\ 4
<

X

Figure 2.2: The Precession of the magnetization vector in a static magnetic field aligned along the z-
axis.

If we now consider the effect of applying a time-varying magnetic field B; perpendicular to B,

oscillating at the Larmor frequency, then B; can be expressed as

B1(t) = B; coswyt i — By sinwyt j [2.11]

where i, j and k are the Cartesian unit vectors along the x-, y- and z-directions. The Larmor

frequency is generally in the radiofrequency range so the B, field is often called an RF field.

Hence Eqg. [2.10] becomes

=k = y[My By + M, By sin wt]
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aMy

—> = y[M,B; cos wyt — M, By] [2.12]
dZZ = )/[—M,CB1 sin wot — M,,B; cos a)ot]

Considering a starting condition M(0) = M,k then the solution for M is

M, (t) = My sin w4t sin wyt

M, (t) = M, sin w,t cos wyt [2.13]

M,(t) = My cos w it

Here w; = yB,, hence when we apply an oscillating magnetic field of frequency w, the

magnetization precesses about B, and B; at rates w, and w4, as shown in Fig. 2.3 below.

y

X

Figure 2.3: A perturbing magnetic field, rotating at precisely the Larmor frequency, causes the
magnetization simultaneously to precess about the z-axis at frequency w, and about the x-axis at
frequency w;.
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2.3.3 THE BLOCH EQUATIONS

Nuclear magnetic resonance (NMR) concepts are rooted in quantum mechanics, but MR
imaging principles are well described and more easily grasped using classical ideas and
formalisms such as Larmor precession and the phenomenological Bloch equations (Lauzon,

2020).

In NMR and MRI, the spins or magnetic moments are exposed to a strong external magnetic
field which will cause more spins to align parallel with the magnetic field than anti-parallel to
it (see Eq. 2.6). The small excess of spins aligned with the field produces a weak net
magnetization known as the equilibrium magnetization Mo.

This motion of the magnetization vector of uncoupled spins is easily expressed in terms of the
Bloch equations. Almost all MRI concepts, dynamics and experiments are described by the
Bloch equations. These equations relate the macroscopic model of magnetization to the applied
radiofrequency, gradient and static magnetic fields.

The Bloch equation given in Eq. (2.8 - 2.12) can be used to describe the behavior of the

magnetization in the presence of B, fields

Mo I [2.14]
dt T,

My — M, B, (x,t) — 2 [2.15]
dt T,

aM, Mo—M,
ﬂ:—w@&m0+i;— [2.16]

where My and My describes the transverse magnetization, and M; is the longitudinal
magnetization. Mo is the equilibrium magnetization along the z-direction. B1(x) is the radio

frequency (RF) magnetic field, T: is the spin-lattice relaxation time, T> is the transverse or

spin-spin relaxation time and y is the gyromagnetic ratio
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2.3.4 PRINCIPLE OF FREE INDUCTION DECAY (FID)

The application of an RF pulse can generate rotating magnetization in the transverse plane,
which then induces a varying EMF in the RF coil (according to Faraday’s law) which forms
the NMR signal. This signal depends on the strength and rate of precession of the net
magnetization. The magnetization that is generated by this pulse, decays, producing a free

induction decay (FID) with the signal generally described by

t

[ =Iyei®te T [2.17]
where T>* is so called relaxation time, a constant describing the rate of decay of the

magnetization, which is discussed further below.

Amplitude
I
—
—
>
>
D

g \/v\/\/v Time

Figure 2.4: Free Induction Decay (FID) of the nuclear magnetic resonance signal

24 RELAXATION

Relaxation describes the behaviour of the net magnetization which is formed from the sum of
the magnetic moments of all spins. However, to understand the mechanisms of relaxation we
will initially look at the fate of individual spins. The rate at which the net longitudinal
magnetization vector builds up again to the equilibrium value after the pulse is characterized
by the T1 (or longitudinal) relaxation time. The rate at which the transverse magnetization
vector decays is characterized by the T2 (or transverse) relaxation time. T1 and T are two of

the parameters that strongly influence the amplitude of the magnetic resonance signal. Their
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values depend on the molecular environment of the tissue and can allow the distinction of
different types of tissues (Stanisz et al., 2005).

Put simply, T1 parameterizes how rapidly a system of spins changes its total energy and T»
parameterizes how fast the spins within the system go out of phase in a perfectly uniform
external magnet field Bo, whereas T>* also includes the effect of inhomogeneities in Bo on the

dephasing of the spins (Harlow & Pitre, 2014).

24.2 LONGITUDINAL RELAXATION TIME T1

T1 characterizes the time required for a system of spin magnetic moments to reach thermal
equilibrium after a perturbation (e.g. application of an RF pulse or a change in the strength of
the static magnetic field, Bo) is applied. For example, in the process of saturation recovery
where the longitudinal magnetization is zero at time t=0, the subsequent evolution of M; is

described by a solution to the Bloch Equation with boundary condition, M(0) = 0:
t
M,(t) = M, (1 - e_T_l) [2.18]

For a system to reach thermal equilibrium there must be an exchange of energy between the
spins and the lattice, hence Ty (spin-lattice or the longitudinal relaxation time) depends on the
mechanisms available for the spins to transfer energy to other repositories of thermal energy
such as the translations, rotations, vibrations, and excitations of the surroundings, collectively
called the lattice (Bloembergen et al., 1948).

Measurement of Ty is important as it provides useful information about the tissues that generate
the signal (Caused, 2018) with Ty values varying significantly across different tissue types, as

can be seen in the table below

TISSUE T1(ms)

Grey Matter 2132 +103
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White matter

1220 +36

CSF

4425 137

Blood

2587 +283

Table 2.1: Ty at 7T for different tissues (Rooney et al., 2007)

Inversion recovery is one of the most commonly used methods to determine T1. In this method,

we apply an 180° inversion pulse, which inverts the magnetization from the +z axis to the —z

axis. The longitudinal magnetization is then allowed to relax back towards the +z axis, and

then a 90° pulse is applied which flips the magnetization into the xy plane for signal detection.

This process is illustrated in Fig. 2.6; by varying TI (the time between the 180° and 90° pulses,

the longitudinal recovery curve can be plotted and T1 can be measured. Eq (2.18) for TR > 5T

90°

h 4

Inversion Time

:

Figure 2.5: Inversion recovery gradient echo sequence, showing RF pulses and the formation of a
gradient echo, the amplitude of which will depend on the inversion time.
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2.43 TRANSVERSE RELAXATION TIME T2

T>, known as the spin-spin or the transverse relaxation time describes the rate of reduction of
magnetization in the transverse plane which comes about because of the interaction between
spins in the system: spins move out of phase with each other due to fluctuating magnetic fields
generally from the spins themselves. Such phase coherence changes can occur without any
energy being lost or gained by the spin system. The decay of transverse magnetization in the

rotating frame is described in Eq. [2.19] below

M(t) = Moe'% [2.19]
When a 90° pulse is applied to the system, the magnetization is tipped into the transverse plane.
When the RF pulse is turned off, the spins undergo both a longitudinal recovery and transverse
decay because of the spin-spin interactions between and the resulting phase dispersion. This

process is described by the equation below

My, (t) = My, (0) <e_%> [2.20]

In the process described above the relaxation measured is the T, relaxation, given by equation
[2.19]. But when we apply an 180° pulse along the same axis after the first 90° pulse, this
reverses the phase accumulated and leads to a refocusing and echo formation (see Fig. 2.7).
The amplitude of the spin echo (SE) that is formed depends only on the true T> decay. The time
between the initial excitation and time we acquire the image is called the echo time (TE) (Jung
& Weigel, 2013). By applying multiple 180° inversion pulses, the signal can be refocused
multiple times producing a train of echoes that can be used for T> measurement.

Figure 2.6: A schematic for the Spin Echo sequence.

2.4.4 T; TRANSVERSE DECAY RELAXATION TIME

T>* is the time constant that describes the decay of transverse magnetization when the effect

of static magnetic field inhomogeneities is included (whereas T- is due to time varying effects).
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For example, immediately after the application of a 90° pulse, all the magnetic moments are
aligned, but if there are inhomogeneities in the static magnetic field over the sample then
different magnetic moments will precess at different rates, producing a dephasing which

attenuates the net transverse magnetization and hence the measured NMR signal.

As we can see from Eq. (2.10), signal measured after the application of RF pulse decays
exponentially with time and the decay time is characterized by T,. T, depends on both T»and

also T, which characterizes the effect of field inhomogeneity:

R [2.21]

T, T, T,
2.5 IMAGING

The total signal generated from the entire sample after an RF pulse excitation has been
previously discussed, but for the signal to be used to generate meaningful images it needs to be
encoded in such a way we can discriminate signal from different parts of the sample. Lauterbur
and Mansfield received a Nobel prize in 2003 in recognition of their description of the different
ways in which we can spatially localize the NMR signal received from a sample (P. Mansfield,
1977, Lauterbur, 1973, Peter Mansfield & Grannell, 1973). There are several methods or
techniques to achieve this process, some of the main ones used in this research work will be
discussed in this section.

25.1 GRADIENTS FOR SPATIAL LOCALIZATION

To generate images in the scanner we need to be able to spatially localize signals from different
parts of the body. We can achieve this by adding a small magnetic field to the main magnetic
field of the scanner Bo, this changes the resonance frequency w, of the sample. The gradient

coils of the scanner generate spatially varying magnetic fields. These field are weaker than Bg
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and vary linearly along the X, y and z axes, with gradients described by Gx, Gy and G,. The
amplitude of the z-component of the magnetic field at point r is given by

B,(r)=By+G-r [2.22]
where

Gr=06Gx+G,y+G,z
25.2 SLICE SELECTION
Whenever a RF pulse is applied to a sample, only spins with their resonance frequencies within
the bandwidth of the pulse are excited. In the presence of a field gradient, a 90° RF pulse only
tips into the x-y plane the spins precessing within the range of frequencies found in the pulse
(McRobbie et al., 2009). This process is called selective excitation and it produces a thin slice
of excited spins. The thickness of the excited slice, Az depends on the amplitude of the applied

gradient G, and the bandwidth of the RF pulse, Aw

_Aw

Az =
YGz

[2.23]

The slice select gradient pulse applied is a positive lobe followed by a negative lobe of half the
duration. The negative lobe is used to rephase the signal which is dephased by the application

of the gradient during the RF pulse.
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Figure 2.7: Selective excitation of an image slice by applying a shaped RF pulse and a field gradient
at the same time.(McRobbie et al., 2009)

2.5.3 FREQUENCY ENCODING

Frequency encoding is a technique used to encode the position from which the signal arises
within a slice along one dimension. If a field gradient is applied in the x-direction, the net
magnetic field in the z-direction is given by:

B, = By + Gx : [2.24]
where G is the strength of the gradient. The frequency encoding gradient creates a gradient in
the precession frequencies of the excited protons along the same direction. This causes the
resonant frequency of the protons to vary linearly with position:

wo(x) =yB, =y(By + Gx) [2.25]
where 7 is the gyromagnetic ratio. Fourier transformation of the signal, which separates it into
its constituent frequencies, can consequently be used to identify how the signal strength varies

along the x-axis, producing a one-dimensional image.
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For each dimension in the image, frequency encoding requires a different magnetic field
gradient strength. If we want to obtain an image in two dimensions, we need to apply gradients
in both x and y directions. The strength and duration of the gradients applied determine the
resolution and the size of the image that can be obtained. The signal obtained from each
frequency-encoded step is stored as a separate column in the k-space matrix, and the spacing
of the measurements in k-space determines the field-of-view (FOV) of the image obtained.
Frequency encoding is also used to introduce a spatially varying phase shift in the signal, which
can be further manipulated using phase encoding gradients, as described in the previous
section.

The concept of k-space was introduced by Lauterbur in 1973 (Lauterbur, 1973) and refined by
Ernst et al. in 1986 (Ernst et al., 1987). It is the space in which the signal is acquired before
being Fourier transformed into the Cartesian space. Low spatial frequencies (coarse image
structures) appear close to the origin while higher spatial frequencies (edges and fine detail)
appear at the outer edges of k-space. The further from the centre of k-space, the better the

resolution of the image reconstructed.

254 PHASE ENCODING

Phase encoding is a technique used in MRI to spatially encode the MR signal. In phase
encoding, we apply a gradient for a short time. When the gradient is on and for example applied
in the y-direction, it causes the frequency of precession to vary along the y-axis, and its net
effect is to cause a variation of the signal phase that is proportional to the y-position. When the
gradient is turned off, the spins revert to their original frequency but keep the phase change
that they have gained. By repeating the acquisition with phase encoding gradients that vary in
strength or duration, a series of signals are generated in which the phase evolves from one
signal to the next at a rate that depends on the y-position. This phase encoding of the y-position

of signal sources can be unravelled by Fourier transformation.
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For every line of data, we require one MR signal (i.e., if we have an image that is 256 x 256 in
dimensions, we are required to do 256 phase-encoding steps). The phase-encoding steps are
stored in the k-space matrix as different rows. k-space was conceptualized in 1983 (Stig, 1983)
for visualizing the path of the spin phase as influenced by the gradient field. k-space is the
space in which the signal is acquired before being Fourier transformed into the Cartesian space.
Low spatial frequencies (coarse image structures) appear close to the origin while higher spatial
frequencies (edges and fine detail) appear at the outer edges of k-space. The spacing of the
measurements in k-space dictates in the field-of-view (FOV) of the image obtained, and the
further from the centre of k-space signal is sampled, the better the resolution of the image
reconstructed.

The phase-encoding gradient strength and duration are determined by the desired image
resolution, and the field-of-view (FOV) determines the extent of the object being imaged. The
relationship between k-space and image space is given by the Fourier transform:

F(ky ky) = [f f(x,y)e 2 ketky) gy gy [2.26]

where F(kx, ky) is the Fourier transform of the image function f(x, y) in k-space, kx and ky
are the spatial frequency coordinates in k-space, and x and y are the spatial coordinates in image

space.

255 IMAGING SEQUENCES

The contrast of the image obtained during an MRI sequence depends on the intrinsic properties
of the tissue being imaged, including proton density, T1 (longitudinal relaxation time), T»
(transverse relaxation time), diffusion, and flow sensitivity. However, the way in which the
sequence is designed will also determine the dominant contrast.

There are many different techniques used for imaging, and the sequence chosen will depend

on several factors, including the region of interest, the desired contrast, and the spatial and
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temporal resolution required. The choice of sequence also impacts the acquisition time and the
quality of the final image.
Some of the main sequences used in MRI, especially those used in this thesis, include:
1. Spinecho (SE): This is a basic sequence that is commonly used for anatomical imaging.
It relies on the creation of a spin echo by using two radiofrequency pulses 90° and 180°
separated by a time delay. The contrast in the resulting image is dominated by T, and

T> relaxation.

2. Gradient echo (GRE): This sequence uses a gradient to cause the spins to dephase and
rephase, creating a gradient echo. The contrast in the resulting image is dominated by

T>* relaxation.

3. Inversion recovery (IR): This sequence involves the inversion of the longitudinal
magnetization, which is then allowed to recover before the signal is read out. The

contrast in the resulting image is dominated by T relaxation time.

4. Magnetic resonance angiography (MRA): This sequence is used to visualize blood
vessels and blood flow, typically by using a contrast agent to enhance the signal from

the vessels.

The choice of imaging sequence is important in obtaining high-quality images with the desired
contrast and resolution. Researchers and clinicians must carefully select the most appropriate
sequence for their specific application. Here we discuss the main sequences used in this

experimental work.

2.55.1 T1 WEIGHTED (T:W) IMAGING

T1 weighted images are commonly used for anatomical imaging of the brain (also used in the
whole of the experimental work of this thesis for the segmentation of the hippocampus) as they
provide good contrast between grey matter, white matter, and cerebrospinal fluid (CSF). The
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image contrast in T1 weighted imaging depends on the longitudinal relaxation time (T1) of
different tissues. T1 weighted imaging is generally characterized by short TR (repetition time)
and short TE (echo time). One of the most common Ti-weighted sequences used in chapter
three of this work is the magnetization-prepared rapid-acquisition gradient echo (MPRAGE)

sequence.
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Figure 2.8: A schematic representation of an MPRAGE imaging sequence with spoiler gradrient

The MPRAGE sequence uses a 180° inversion pulse to invert the magnetization of the object,
aiding the inversion of the magnetization from the positive to the negative z-direction. The
magnetization recovers differently for different tissues, allowing the acquisition of a set of k-
space lines after a specific inversion time (TI). These acquisitions are repeated until the full set
of k-space data has been acquired, and a T1-weighted image can then be formed. The MPRAGE
sequence provides high-resolution images with excellent contrast between grey matter, white

matter, and CSF.
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Figure 2. 9: T; weighted image in Sagittal, coronal and Axial views

Sometimes, contrast agents (usually gadolinium-based) are administered to improve the
contrast of T1 weighted images. Also, fat suppression is often performed in T1 weighted
sequences to suppress the bright signal from fat. T1 weighted images can be viewed in the
sagittal, coronal, and axial planes, as shown in Fig 2.10.
In the T1 weighted image shown above,

e The grey matter appears gray

e The white matter appears bright

e The CSF appears black

T1 weighted images are an essential part of clinical MRI protocols, providing important

information about the brain's structure and function.

2.5.5.2 T2 WEIGHTED IMAGING

Another very common scan used in this thesis is the T» weighted scan. This sequences are
important in the detection of disease since many diseased tissues have high T>. When obtaining
a T2 weighted scan, a spin echo sequence with a long TR is used to avoid the influence of T
contrast by minimizing the T recovery difference, and a long echo time (TE) to amplify the T»
decay difference. This sequence is less influenced by the inhomogeneities in the magnetic field,

which highlight the effect of T>*.
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For this research work, the Fast Spin Echo/Turbo Spin Echo (FSE/TSE) sequence was used to
acquire the image shown in Fig 2.12. In this sequence, the echo train and filling of other k-
space lines are achieved in time intervals after the first echo. By doing so, k-space is filled up
faster due to the reduced repetition time (TR), and the acquisition time is reduced.

This is done by applying a series of 180° pulses to produce an echo train. After each echo, the

phase-encoding is cancelled, and a different phase-encoding is applied to the following echo.

TR

80° 180° 180°
90° 90°
RF

s [
= |
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Figure 2. 10: shows a schematic representation of the Fast Spin Echo/Turbo Spin Echo (FSE/TSE)
sequence.
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Figure 2.11: shows a T, weighted image obtained using the FSE/TSE sequence

In T2 weighted images, the intensity of different tissues is as follows:
e The grey matter appears gray in color (intermediate signal intensity).
e The white matter appears dark (hypo intensity).

e The CSF appears bright (hyper intensity).

Chemical fat saturation or STIR can be used to suppress the signal from fat to allow fluids,

which are of high intensity, to stand out in the image.

25521 FLAIR (FLuid Attenuated Inversion Recovery)

FLAIR produces T» weighted images in which the signal from fluids with long T: values, such
as CSF, has been suppressed. They are most used in this research for clinical analysis,

especially for the detection/identification of white matter hyperintensities.
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Figure 2.12: FLAIR image

FLAIR uses both T1 and T» weighted imaging to suppress the CSF signal but give good contrast
between grey and white matter. The elimination of the CSF in FLAIR images helps to reveal
lesions such as cerebral cortical lesions that are in close proximity to CSF (Bakshi et al., 2001).
CSF is made to appear dark in FLAIR images by using an inversion recovery sequence in
which the inversion time (T1) is chosen to null the CSF signal.

TI =In(2) - T, [2.27]
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Figure 2.13: The FLAIR sequence

By applying the readout pulse (90°) at exactly the point in time when the longitudinal

magnetization of the CSF reaches the null point, the signal from the CSF is suppressed.

25522 T2*-WEIGHTED (GRADIENT ECHO) SEQUENCES

Gradient echo images are naturally T>* weighted and the signal magnitude at echo time TE

TE
varies as e Tz. To* weighted images appear dark in regions where the magnetic field varies

rapidly with spatial position. This makes such images sensitive to regions where the magnetic
susceptibility is different from the surrounding tissue (e.g. due to the presence of venous
blood vessels or due to small bleeds). The phase of gradient echo images is also sensitive to
the variation of magnetic susceptibility across tissues and forms the basis of Quantitative

Susceptibility Mapping (QSM) is discussed in detail in Chapter 4).
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Figure 2.14: A) showing a T.* (Gradient Echo) image, B) showing SWI (Susceptibility Weighted image)
and C) the minimum intensity projection of the SWI

The gradient echo images shown in Fig. 2.15 were acquired with a quite short echo time of

20ms and uses quite a long TR to avoid the influence of T1 contrast.
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Figure 2.15: The GRE sequence

In general the T>* weighted imaging sequence works like that of the normal T.-weighted
sequence but were T2-weighting uses the 180° refocusing pulse to get rid of the effect of fields
inhomogeneity, To* weighted imaging does not use 180° refocusing pulses on pulses but to
reserves the field gradient to generate gradient echo.(Tang et al., 2014). T>* transverse decay
which arises as a result of the combination of the T effect and the inhomogeneity of the main

magnetic field. The T2* can be represented by

1
T2*

1
=72 + ¥ ABinhom [2.28]
Where y is the gyromagnetic ratio and AB;,,,0m describes the variation in the magnetic field

over the voxel.
2.5.5.3 FLOW SENSITIVE SEQUENCES

Flow-sensitive MRI sequences are highly valuable for investigating the flow dynamics of fluids

like blood in vivo. Time of flight (TOF) is one of the most commonly used flow-sensitive
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techniques in MRI, which exploits the inflow of blood into the selected area or slice being
measured to produce contrast between the stationary tissue and the flowing blood. We utilise
this sequence in the work described in Chapter 5.

TOF imaging utilizes the difference in magnetization between moving and stationary spins.
The magnetization of moving spins is larger than that of the stationary spins, resulting in a
bright signal from the flowing blood compared to the surrounding stationary tissues. This effect
is achieved by applying repeated excitation pulses, which saturate the stationary spins and
expose the inflowing blood spins to a minimal number of excitation pulses.

To optimize the TOF image quality, the thickness of the imaging slab, and the repetition time
(TR) should be carefully chosen taking into consideration the velocity of the blood flow. A thin
slab perpendicular to the direction of the inflowing blood, with a short TR, ensures that the
blood remains unsaturated during imaging, producing a maximum signal throughout the
acquisition while minimizing the number of excitation pulses.

Even small changes in slice thickness can significantly impact the performance of TOF
imaging.

In brain imaging, SWI (susceptibility-weighted imaging) is commonly used to study veins in
the brain, while MRA (Magnetic Resonance Angiography) is used to study the arteries of the

brain. SWI is discussed in more detail in Chapter 5 (see Fig 2.15 above).
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Figure 2.16: shows an example of TOF image with 0.38 mm isotropic resolution 7:23min acquisition
time, TR= 14 TE= 4.5 FA=22 multi-chunk with 4 chunks each of thickness 8.36 mm.

2.5.5.4 EFFECT OF HIGHER FIELD

The use of higher field strengths, such as 7T MRI, for Time-of-Flight (TOF) scans can have
several effects on the imaging process and the resulting images. Here are the effects of higher
field 7T on TOF scans:

1. Improved Signal-to-Noise Ratio (SNR): One of the primary advantages of using 7T
MRI is the increased SNR (Van Der Kolk et al., 2013). Higher SNR allows for better
visualization of blood vessels and improved image quality. This enhancement is
particularly beneficial for small vessels and fine vascular details, which may be

challenging to visualize at lower field strengths.
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2.6

Enhanced Spatial Resolution: 7T MRI provides higher spatial resolution compared to
lower field strengths. The increased spatial resolution allows for better delineation of
blood vessel boundaries and more accurate characterization of vascular pathologies and
abnormalities.

Improved Vascular Contrast: Higher field strengths at 7T can enhance the vascular
contrast in TOF scans (Kang et al., 2010). This enhancement allows for better
differentiation between blood vessels and surrounding tissues, leading to improved
image quality and more accurate diagnosis of vascular conditions.

Reduced Scan Time: With the increased SNR and sensitivity at 7T, TOF scans can be
performed with shorter acquisition times while maintaining image quality (Vaughan et
al., 2001). Reduced scan time is beneficial for both patient comfort and reducing motion
artefacts during image acquisition.

Enhanced Visualization of Small Vessels: The improved spatial resolution and SNR at
7T allow for better visualization of small vessels and microvasculature (Heverhagen et
al., 2008, Kang et al., 2009). This capability is valuable for studying cerebral perfusion

and microcirculation in various neurological conditions.

MRI SAFETY

Ensuring MRI safety is of paramount importance throughout the entire scanning process,

encompassing pre-scan preparations, the scanning procedure itself, and post-scan activities.

Despite its effectiveness as a diagnostic tool, MRI employs powerful magnetic fields and

radiofrequency energy, which necessitates diligent attention to potential hazards for both

patients and operators. Consequently, the implementation of rigorous safety protocols is

imperative to mitigate any potential risks inherent to MRI scans. This section describes the

various hazards linked to MRI scanning, particularly focusing on the unique considerations
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pertinent to 7T MRI systems, and also mentioms the strategies available to effectively manage

and mitigate these risks.

2.6.1 PROJECTILE EFFECT

One of the primary risks associated with MRI is the Projectile Effect, which refers to the
potential danger of ferromagnetic objects or materials becoming projectiles when exposed to
the strong magnetic field of the scanner. MRI systems generate powerful magnetic fields, and
any ferromagnetic object close to the scanner can be drawn towards the magnetic field with
considerable force.

The severity of the Projectile Effect is directly linked to the strength of the static magnetic field
(Bo) and the mass of the ferromagnetic object, while inversely related to the cube of the distance
from the magnet (Panych & Madore, 2018, Tsai et al., 2015). This effect becomes more
pronounced at higher field strengths, such as 7T, where the magnetic field is stronger.
Consequently, even small ferromagnetic objects can rapidly and forcefully move towards the
scanner, posing serious risks to patients, staff, and individuals nearby. These risks can lead to
severe injuries if adequate safety measures are not observed.

To ensure safety, it is imperative to thoroughly screen all personnel and participants for any
ferromagnetic materials before they enter the scanner room. This screening process may
include a comprehensive questionnaire, physical examination, and the use of metal detectors.
Moreover, it is essential to establish well-defined protocols for handling ferromagnetic objects
and materials within the MRI facility. Proper training in MRI safety procedures for all staff
members is vital to prevent incidents related to the Projectile Effect.

By strictly adhering to these precautions, the potential risks associated with the Projectile Effect
can be significantly reduced, enhancing the safety of both patients and personnel involved in

MRI procedures.
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2.6.2 VERTIGO

Vertigo refers to a sensation of spinning or dizziness, often described as a feeling that you or
your surroundings are moving when they are not (Glover et al., 2007). In the context of a 7T
MRI scanner, vertigo can potentially occur due to various factors associated with the strong
magnetic field and the scanning environment.

The main factors contributing to vertigo in a 7T MRI scanner are:

Magnetic Field Strength: The higher magnetic field strength of a 7T MRI scanner can interact
with the inner ear's balance organs, which are responsible for detecting head movement and
orientation. This interaction might lead to a sensation of vertigo in some individuals.
Gradients and Motion: The rapid switching of gradients during the scan can induce small
movements or vibrations in the body, which might affect the inner ear and trigger vertigo-like
symptoms.

Constricted Space: MRI scanners, including those with higher field strengths, typically have
a confined space where the patient lies during the scan. Some individuals might experience
claustrophobia or anxiety due to the tight space, which can lead to sensations of vertigo or
dizziness.

Noise: The intense acoustic noise produced by the MRI scanner, especially at higher field
strengths, can be unsettling for some individuals and contribute to a feeling of vertigo or
discomfort.

Individual Sensitivity: People vary in their sensitivity to magnetic fields, motion, and the MRI
environment. Some individuals may be more prone to experiencing vertigo than others.

It's important to note that not everyone will experience vertigo in a 7T MRI scanner, and many
individuals can tolerate the scanning procedure without any issues. However, for those who

are concerned about potential vertigo or discomfort, it's advisable to communicate these
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concerns with the medical staff before the scan. They can provide guidance, offer reassurance,
and take appropriate measures to ensure a safe and comfortable scanning experience

2.6.3 SAR (Specific Absorption Rate)

During MRI scanning, the amount of energy that is absorbed by the participant's body is
measured in watts per kilogram (W/kg), which is known as the Specific Absorption Rate
(SAR). One of the risks associated with RF power deposition is the potential for heating of the
body tissues, which can cause burns or other health complications (Lancaster, 2011, Isbrucker
et al., 2006). The 7T MRI systems offer unparalleled imaging capabilities, enabling enhanced
spatial resolution and increased sensitivity to subtle anatomical and functional changes.
However, these benefits come with the trade-off of increased SAR levels. The design of MRI
pulse sequences significantly impacts SAR. Complex and advanced imaging sequences may
lead to higher SAR levels. To prevent these risks, SAR limits have been established by the
International Commission on Non-lonizing Radiation Protection (ICNIRP) in 2004. The SAR
limit for normal clinical procedures should not result in more than a 1°C rise in temperature for
the whole body, which is equivalent to about 2 W/kg. For other procedures, the SAR limit is
set at 4 W/kg.

To ensure patient safety during scanning especially at 7T, it is crucial to strike a balance
between the desire for detailed images and SAR considerations when developing imaging
protocols. This involves carefully managing the trade-off between exploiting the advantages of
higher field strengths and ensuring patient well-being. Additionally, patients should undergo
thorough screening to assess any potential increased risk for SAR-related health complications.
2.6.4 THERMAL INJURY

Although rare, thermal injury from MR imaging can occur and should not be ignored. Between
2000 and 2010 in the United States, 419 cases of thermal injury were reported (Tsai et al.,

2015). Burns from MR imaging can be severe, life-threatening, and difficult to predict.
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Most RF burns in MR imaging occur due to contact with extraneous electrical conductors, such
as metal implants, ECG leads, and RF coil leads. Close contact with the RF coils and
conduction loops set up through the skin, such as allowing skin of the shins or thighs to touch,
can also result in RF burns (Tsai et al., 2015). Therefore, it is essential to take extra care to

avoid excess contact with electrical conductors in the scanner.

Figure 2.17: Direct contact burn (a) Photograph shows a third-degree burn on a patient's calf, which
was pressed against the cable of the radiofrequency coil. (b) Photograph shows a phased array coil
similar to the one involved in the incident. The coil cable showed no indication of a burn. The arrow
indicates the approximate contact point (Tsai et al., 2015).

2.6.5 ACOUSTIC NOISE

Magnetic Resonance Imaging (MRI) generates a considerable amount of unwanted acoustic
noise emanating from the gradient system. The rapid fluctuations in current within the gradient

coils, occurring in the presence of a magnetic field, induce movement in the gradient coils

themselves, thereby producing noise (McJury, 2022).
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The intensity of scanner noise tends to be heightened at higher field strengths, such as 7T, when
compared to lower field scanners. This heightened noise level is predominantly attributed to
the stronger magnetic fields associated with higher field strengths, leading to increased
vibrations and motion within the scanner's components. These vibrations and movements
significantly contribute to the noise generation, a phenomenon accentuated at higher field
strengths. Furthermore, the interaction between the magnetic field and the electrical currents
utilized during the imaging process can also contribute to the overall noise output.
Consequently, individuals, including patients and researchers, working with 7T scanners may
encounter more pronounced and potentially disruptive scanner noise compared to those using
lower field scanners.

To further elaborate, the acoustic noise generated during an MRI scan can be as loud as a rock
concert, with levels ranging from 80 to 130 decibels (dB) (McJury, 2022). Exposure to this
level of noise can lead to hearing damage or loss, as well as increased stress and anxiety for
both patients and healthcare workers. Therefore, it is important to take measures to reduce the
level of noise exposure during MRI scanning.

In addition to providing ear protection for patients, efforts to reduce the noise generated by
MRI machines include using special gradient coils with lower acoustic noise levels, and
implementing soundproofing measures in the scanning room. Researchers are also exploring
alternative techniques such as silent MRI, which uses different imaging methods that produce
little to no noise (Ljungberg et al., 2021). By addressing the issue of acoustic noise, we can
improve the safety and comfort of MRI scanning for both patients and healthcare workers.
This is one of great challenges face by MR scientist and pose minimal risk, but great care
should be taken in reducing the exposure of staff and participant to safe limit of acoustic noise.
This is achieved by providing participant with ear protection (like ear plugs and pads) and

limiting mechanical coupling to the bed with pads.
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2.7  STUDYING THE BRAIN WITH 7T MRI: SUSCEPTIBILITY STUDIES AND
HIPPOCAMPAL SEGMENTATION

Magnetic Resonance Imaging (MRI) has revolutionized our understanding of the human brain,
enabling non-invasive visualization and analysis of its intricate structures and functions. As
technology advances, higher magnetic field strengths have become available, offering
researchers the opportunity to delve deeper into the brain's mysteries. Among these
advancements, 7 Tesla (7T) MRI has emerged as a cutting-edge tool for investigating brain
susceptibility and hippocampal segmentation with unprecedented detail and sensitivity. In this
section, we explore the reasons why we opted for 7T MRI over traditional 3 Tesla (3T) systems
for exploring brain susceptibility and segmenting the hippocampus.

3T MRI has been extensively used for susceptibility-based imaging and research in the brain
(Lin et al., 2015, Yoo et al., 2020, Nair et al., 2010). It has provided valuable insights into the
brain's microstructure, iron content, and various pathological processes. However, 7T MRI
shows better prospects for brain susceptibility and segmentation of brain structure
(Spincemaille et al., 2020) research due to several key advantages which largely arise from the
increase in NMR sensitivity with field strength:

1. Improved Signal-to-Noise Ratio (SNR): Higher SNR can be used to provide better
image quality and enhanced sensitivity to variations in tissue contrast. Segmentation
and Neurodegeneration Studies: 7T MRI's improved contrast and resolution have
proven particularly advantageous for hippocampal segmentation (Wisse et al., 2014),
allowing the delineation of hippocampal subfields with higher precision. This
capability is crucial for investigating neurodegenerative diseases like Alzheimer's,
where hippocampal subfield changes are associated with disease progression. Similarly
certain brain nuclei are relatively small and challenging to study with lower field
strengths. 7T MRI enhances the visibility of these nuclei, enabling in-depth

investigation of their functions and connections within the brain.
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2. Enhanced Spatial Resolution is made possible by the increase in available SNR (which
scales with the inverse of the volume of the voxel). This is especially important for
visualizing fine anatomical details in the brain, and for precise mapping of susceptibility
variations within small regions of interest. Various brain pathologies, such as multiple
sclerosis (Kister et al., 2016) and traumatic brain injury (Sun & Jiang, 2008), are
associated with susceptibility changes. 7T MRI's higher sensitivity enables more
accurate detection and characterization of these changes, potentially leading to
improved diagnosis and treatment monitoring.

3. Enhanced Tissue Contrast: Magnetic susceptibility contrast increases directly with
magnetic field strength, as tissue magnetism effects including susceptibility and
chemical shift induced by the main field are proportional to Bo (Wang Y., 2012): .

B =po(H+ M) =po(1+ x,)H [2.29]
where B is the magnetic induction, u, is the vacuum permeability, H is the magnetic
field strength, M is the magnetization and y,, is the volume magnetic susceptibility.
This is crucial for studying small structures, such as hippocampal subfields, and
detecting susceptibility changes related to neurodegenerative diseases or brain lesions.

4. Quantitative Susceptibility Mapping (QSM) Accuracy: QSM is a powerful technique
providing valuable information about brain iron, myelin, and other microstructural
properties (Zhou et al., 2014, Lambrecht et al., 2020). However the processing required
to create a QSM map from an image demonstrating susceptibility effects requires post
processing which is affected by low SNR. 7T MRI's higher SNR and spatial resolution
contribute to more accurate and precise QSM allowing better differentiation of brain
tissues.

While 7T MRI offers significant advantages for brain susceptibility research, there are also

challenges and considerations related to safety, hardware, and image artefacts that need to be
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addressed when working with higher magnetic fields. As technology advances and more
experience is gained with 7T MRI, it is likely to become an increasingly valuable tool in
neuroscience research, providing deeper insights into brain structure and function, and

contributing to advancements in clinical care.
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CHAPTER THREE

3.0 REPRODUCIBILITY OF /T MEASUREMENTS OF THE

SUSCEPTIBILITY AND VOLUME OF HIPPOCAMPAL SUBFIELDS

3.1 OUTLINE

This chapter focuses on the reproducibility of measurements of the magnetic susceptibility and
volume of the hippocampal subfields in ten healthy participants. The data for this study was
obtained from a travelling heads study carried out by the UK7T network, before I commenced
my PhD programme. In this travelling heads study each participant underwent six scans - five
at their home site and one at each of the other four sites (Clarke et al., 2020).

The imaging protocol included acquiring high-resolution, 3D, single-echo gradient echo
images for calculating quantitative susceptibility maps. Additionally, MPRAGE and TSE data
were acquired for hippocampal segmentation, where the ASHS (Automatic Segmentation of
Hippocampal Subfields) method was used (Yushkevich et al., 2015). Furthermore,
susceptibility maps of the whole brain were calculated using QSMbox (Acosta-Cabronero et
al., 2018).

The reproducibility of the measurements of the average susceptibility and volume of each
hippocampal subfield was analysed using the five data sets acquired on each subject at their
home site. This analysis allowed the determination of the expected level of variability in
repeated measurements of the magnetic susceptibility and volume of hippocampal sub-fields
at 7T. The results are important for planning longitudinal studies aimed at tracking changes in
the hippocampus, especially in Alzheimer’s disease research.

In summary, this chapter describes the methodology and analysis used to investigate the

reproducibility of measurements of the magnetic susceptibility and volume of the hippocampal
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subfields. The results provide valuable insights into the expected variability in these

measurements, which is crucial for future research in this field.

3.2 INTRODUCTION

Iron is a crucial element in the development of the brain, as it plays a vital role in various neural
processes. These processes include oxygen transportation, respiration, DNA synthesis, myelin
production, and the synthesis and metabolism of neurotransmitters (Pinero and Connor 2000).
Recent advances in neuroimaging techniques have made it possible to study brain iron
concentration at the sub-millimeter level. Quantitative susceptibility mapping (QSM) at 7T
provides a powerful approach for characterizing iron concentration in the brain (Betts et al.,
2016, Rua et al. 2020). Several studies, including post mortem and in vivo human studies, have
reported abnormal brain iron deposition in neurodegenerative diseases such as Alzheimer's
disease (AD) and Parkinson's disease (PD). For instance, studies have found increased iron
accumulation in the hippocampus and other brain regions in AD patients (Cornett et al. 1998;
Bartzokis et al. 2000). Similarly, studies have reported elevated iron levels in the substantia
nigra and other brain regions in PD patients (Bartzokis et al. 1999; Bunzeck et al. 2013; Sofic
et al. 1991).

Overall, the ability to accurately measure brain iron concentration using QSM has led to
significant advancements in our understanding of the role of iron in neurodegenerative
diseases. These findings have important implications for the development of new diagnostic
and therapeutic strategies for these debilitating conditions.

The hippocampus is an important brain structure located deep in the medial temporal lobes on
both sides of the brainstem near to the cerebellum. It is involved in many brain functions such
as memory and spatial reasoning (Manjon et al., 2020). The hippocampus, and in particular the

CAL1 sub-region (CA = cornu ammonis), is vulnerable to metabolic stress, a process which can
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be observed in acute neurological disorders such as ischaemia, limbic encephalitis,
hypoglycaemic encephalopathy, epilepsy, multiple sclerosis, and transient global amnesia.
(Thorsten, 2012). Alzheimer's disease (AD) is a neurodegenerative disease which shows early
degeneration of the hippocampus (Braak & Braak, 1991). Furthermore, estimation of the
volume of the hippocampus is considered a valuable tool for follow-up and treatment
adjustment (Jack et al., 2005). Magnetic resonance imaging has become an important imaging
technique for the in vivo analysis and mapping of brain iron (Birkl et al., 2020). Magnetic
susceptibility describes the magnetizability of a material when exposed to an applied magnetic
field and represents an important parameter in the field of MRI (Deistung et al., 2017b). Several
MRI techniques have been used for the analysis of the iron content of the brain (Birkl et al.,
2020). These techniques include relaxation time mapping (Haacke et al., 2005), Susceptibility
Weighted Imaging (SWI) (Mittal et al., 2009), phase imaging (Hopp et al., 2010), Quantitative
Susceptibility Mapping (QSM) (Haacke et al., 2015;Nguyen et al., 2020; Wang and Liu 2015),
and direct saturation imaging (Smith et al., 2009), among others. Quantitative Susceptibility
Mapping (QSM) was used for brain iron mapping in this study. The QSM analysis was carried
out using a Bayesian QSM algorithm, named Multi-Scale Dipole Inversion (MSDI) (Acosta-
Cabronero et al., 2018) .

In this study, we have characterised the reproducibility of high-resolution 7T susceptibility
measurements in the sub-fields of the hippocampus, specifically focusing upon the Cornu
Ammonis (CA), the tail of the hippocampus (TAIL), the dentate gyrus (DG), the subiculum
(SUB) and the entorhinal cortex (ERC). The UK7T travelling head study data set (Clarke et
al., 2020) was used for this study, which was carried out in preparation for measurements of

longitudinal changes in the hippocampal sub-fields in Alzheimer’s disease.

3.21 MAGNETIC SUSCEPTIBILITY MAPPING

The total net magnetization M of tissue exposed to magnetic field H is

55



M = yH [3.1]
where y is a dimensionless proportionality constant known as the volume magnetic
susceptibility. The magnetic susceptibility depends on magnetic effects of electrons, rather than
the nuclei, in materials. Materials can be classified into different groups depending on the
degree to which they are magnetised. Paramagnetic materials have susceptibility values greater
than zero (y > 0), and they usually contain atoms or molecules with a magnetic moment.
Diamagnetic materials have susceptibility values that are less than zero (y < 0), and their
dipole moment is induced in the presence of an external field. Ferromagnetic materials, have
large positive susceptibility values (y > 1) and can remain magnetised in the absence of an
applied magnetic field.

The susceptibility of brain tissue is slightly diamagnetic since water is the main component
(about 70-85%)(Ravanfar et al., 2021) and the overall magnetization is zero in the absence of
an external field (Acosta-Cabronero et al., 2013). Susceptibility values are slightly different for
each tissue or substance in the brain due to differences in tissue composition. For example,
variation in the content of paramagnetic deoxyhemoglobin in venous blood or of the
concentration of ferritin in tissue changes the susceptibility, and density variation effects the
diamagnetic susceptibility — e.g. hard bone has a more negative susceptibility than soft tissue,
while air-filled sinuses have a less negative susceptibility. The sensitivity to iron content means
that mapping the susceptibility values in the brain is very important especially when dealing
with neurodegenerative diseases such as Alzheimer's disease (AD), Parkinson’s Disease or
multiple sclerosis, as these diseases have shown abnormal deposition of iron (Cornett et al.

1998; Bartzokis et al. 2000; Bartzokis et al. 1999; Bunzeck et al. 2013; Sofic et al. 1991).

3.2.2 MAGNETIC SUSCEPTIBILITY MEASUREMENT
Spatial variation of the magnetic susceptibility causes changes in the local magnetic field,

AB,, which also produce small changes in the resonance frequency Aw = yAB,. These changes
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can be detected by evaluating the phase A¢ of gradient echo measurements. In a measurement
with echo time TE the phase is given by

A¢ = —yAB,TE [3.2]
We can see from Eq. 3.2 that phase measurements can potentially be used to determine the
magnetic properties of tissue.
3.2.3 QUANTITATIVE SUSCEPTIBILITY MAPPING
In this research we used quantitative susceptibility mapping (QSM) to investigate the
susceptibility differences in the brain using the magnitude and phase data from gradient echo
scans. QSM involves solving the complex field-to-source inversion problem so as to produce
quantitative maps of the magnetic susceptibility variation in tissue from gradient echo phase
data (Haacke et al., 2015).
In this study we used single echo gradient echo data for QSM and the pipeline for processing
this data to obtain the susceptibility maps is explained as follows. (i) The single echo GE phase
and magnitude data are acquired. (ii) Since the phase data are defined between (-, 7) it is
necessary to unwrap the phase maps to produce maps of the variation of the local field AB,. In
this work we used a Laplacian-based method for phase unwrapping (Deistung et al., 2017a) as

shown in Fig 3.0.

Figure 3.0: A) showing the raw phase data in one axial slice of a single echo GE scan and B) the
unwrapped phase in the same slice that was produced using the Laplacian-based method (Deistung et
al., 2017a).

57



(iii) The measured magnetic field is made up of two contributions
AB, = AByyy + ABpyy . [3.3]

AB;,; 1s the field perturbation produced by magnetic susceptibility variation from within the
target or volume of interest (VOI) while AB,, is the background field produced by field
sources outside the VOI. Such sources can include air-tissue interfaces at the surface of the
head and the rest of the body and field variation from shim coils. It is necessary to perform
background field removal so that subsequent analysis is only applied to the field perturbation
from magnetic susceptibility variation in the VOI. This was achieved by solving the Laplacian-
equation using the spherical mean value property of the background field and using the SHARP
(Sophisticated Harmonics Artefact Reduction in Phase data) method which convolves the
estimated magnetic field perturbation together with a spherical kernel, and then deconvolves
and masks the image obtained (Acosta-Cabronero et al. 2018; Deistung et al. 2017b).The
relationship between the background field-corrected field map and the magnetic susceptibility

distribution is given as
ABint(F) = Bo " [0, x(r7) - dy(F = F)d® 7' [3.4]
where y is the magnetic susceptibility and d, is the dipole field

_ (3cos?6-1)

d,(7) == =5 [3.5]

and cos 8 = 7.2 where Z is a unit vector in the z-direction.
Fourier transformation of Eq. 3.4 and use of the convolution theorem gives

AB4(k) _
By,

3 [kl

[1 - "—] x® 3]

where k, = k.2 . This equation can be rearranged to give the Fourier transform of the

susceptibility in terms of the field.
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x(k) = —AF Z(fz)z [3.7]
By

*
These equations show that we can deconvolve the dipole field from the background field-
corrected field perturbation to obtain the bulk magnetic susceptibility distribution in the VOI.
However, Eq. [3.7] shows that the inverse problem is ill-posed because the Fourier transform
of the dipole field which appears in the denominator goes to zero over two conical surfaces in
the Fourier domain. Many different methods have been used to solve the ill-posed inverse
problem, but in this study we used a novel Bayesian QSM algorithm called Multi-Scale Dipole

Inversion (MSDI) (Acosta-Cabronero et al., 2018).
3.3 METHODS

The data used in this study was obtained from the UK7T data repository, and its acquisition in
the UK7T travelling heads study predates the commencement of my PhD studies. Therefore,
the primary responsibility for data acquisition, quality assurance, and ethical considerations
lies with the original data collectors. The UK7T dataset comprises MRI data acquired using 7
T magnetic resonance imaging (MRI) scanners, which offer higher field strength compared to
standard clinical scanners.

The primary objective of my study is to leverage the valuable information available in the
UK7T dataset to address specific research questions related to the segmentation of
hippocampal subfields and the quantification of both their volume and susceptibility. The
access to the comprehensive UK7T dataset was instrumental in facilitating in-depth analyses
and deriving meaningful conclusions that contribute to the advancement of knowledge in this
area of research. It has allowed for the exploration of research questions that would have been

challenging to address solely within the scope of my PhD program given the effect of the
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COVID lock-down. To the best of our knowledge, no previous work has specifically explored
susceptibility mapping of hippocampal subfields at this high field strength.

While susceptibility-based imaging and quantitative susceptibility mapping (QSM) have
previously been used to investigate the whole hippocampus and other brain structures (Moller
et al., 2019, Schweser et al., 2011, Rua et al., 2020, Ravanfar et al., 2021), exploring the
hippocampal subfields poses unique challenges due to their small size and complex anatomy.
The high spatial resolution of 7T MRI provides an unprecedented opportunity to address these
challenges and explore susceptibility-related phenomena within the hippocampal subfields in
greater detail.

3.3.1 IMAGING PROTOCOL

Ten healthy volunteers (age 32 + 6 years) were scanned with informed consent and ethics
approval for a multi-site study. Two participants were scanned at each site: subjO01 and subj02
were scanned at the Wolfson Brain Imaging Centre, University of Cambridge, subjo3 and
subjo4 at the Cardiff University Brain Research Imaging Centre, Cardiff University, subj05
and subj06 at the Imaging Centre of Excellence, University of Glasgow, subj07 and subj08 at
the Sir Peter Mansfield Imaging Centre, University of Nottingham and subj09 and subj10 at
the Wellcome Centre for Integrative Neuroimaging (FMRIB), University of Oxford. Each
subject was scanned five times at their “home” site using the scanners shown in Table 3.1
below.

Table 3.1: Scanner systems used at each site for data acquisition in the UK7T travelling head study.

Location Vendor | model Software

1 | Wellcome Centre for Integrative Neuroimaging | Siemens | Magnetom VB17A

(FMRIB), University of Oxford 7T
2 | Cardiff University Brain Research Imaging Centre, | Siemens | Magnetom VB17A
Cardiff University T

3 | Sir Peter Mansfield Imaging Centre, University of | Philips | Achieva7T | R5.1.7.0
Nottingham
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4 | Wolfson Brain Imaging Centre, University of | Siemens | Magnetom VE11U
Cambridge Terra

5| Imaging Centre of Excellence, University of | Siemens | Magnetom VE11U

Glasgow Terra

All scanners used in the data acquisition were equipped with a Nova Medical (Wilmington
MA, USA) single-channel transmit, 32-channel receive (1Tx; 32Rx) head coil. All protocols
were optimised for use with this coil.

The image acquisition used for QSM was a whole-brain, 3D, single-echo GE sequence with an
echo time of 20 ms. Additional imaging parameters were: repetition time (TR)=43 ms; Field
of view 224 x 224 x 224 mm?3, voxel size, 0.7 x0.7 x0.7 mm?, and frequency per pixel of 70
Hz. The data acquisition time for this sequence was 12:38 minutes (Clarke et al., 2020).

A Ti-weighted 3D-MP2RAGE image data set was also acquired for each subject. The
following acquisition parameters were used: inversion times of 725/2150 ms; echo time (TE)
of 2.64 ms; TR= 3500 ms; Field of view 224 x 224 x 224 mm?3; 0.8 x 0.8 x0.8 mm? voxel size;
receiver bandwidth of 300 Hz; the total time for this scan was 7:51 minutes, as described in
(Clarke et al., 2020).

To-weighted images spanning the hippocampus were also acquired from each subject. The
acquisition parameters were as follows: partial brain TSE sequence, with a resolution of 0.4 x
0.4 x1.0 mm?; field of view of 224 x 224 x 55 mm? ; TR = 8020ms; TE = 76 ms and a
bandwidth per pixel of 155 Hz. The acquisition time for this sequence was 4:32 minutes.
(Clarke et al., 2020). The slice orientation was chosen so that the slices ran orthogonal to the

longest axis of the hippocampus.

3.3.2 PREVIOUS WORK ON UK7T DATA FOR QSM REPRODUCIBILITY
In previous work, (Rua, et al., 2020) used the same UKT7T travelling heads data set to evaluate

the reproducibility of quantitative susceptibility mapping (QSM) and R," measurements made
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in the human brain using 7T MRI. The primary objective of the previous study was to assess
the reliability and consistency of QSM and R," measurements in different brain regions
acquired across five different sites operating at 7T. This was made possible by the use of T2*-
weighted sequences which had been harmonised across the three different scanner platforms
from two different vendors that were used in this study (Clarke et al., 2020). Two different
protocols were compared: a single-echo 0.7mm isotropic-resolution T2*-weighted scan and a
1.5mm isotropic resolution multi-echo T2*-weighted scan. The main focus of the analysis was
the sub-cortical grey matter regions (globus pallidus, caudate nucleus, substantia nigra, red
nucleus and putamen). These regions have large positive susceptibility values and high
relaxation rates compared to other brain structures due to their high iron content. Cortical grey
matter regions were also considered in the analysis, but the reliability of susceptibility
measurements in the hippocampus was not specifically considered in Rua’s analysis (Rua, et
al., 2020).

In their work, Rua et al found a 2.0-5.3 fold decrease in the within-site standard deviation and
a 2.1-4.8 decrease in cross-site standard deviation for 7T QSM compared to previous 3T studies
(Rua, et al., 2020). For R2*, there was an improvement of approximately 3-fold in within-site
and cross-site reproducibility at 7T compared to 3T. The study also found higher cross-site than
within-site variability, possibly due to differences in gradient systems and in distortion
correction and shimming approaches across different scanner platforms. They also found that
the single-echo high-resolution QSM showed significantly lower variability than multi-echo
low-resolution QSM, most likely due to a reduction in partial volume effects at higher
resolution. Rua et al also evaluated different approaches for referencing the zero value of
susceptibility in the QSM measurements. By analysis of the standard deviation of repeated
measurements a whole-brain referencing approach was found to be better than using a CSF

mask or a manually positioned ROI in the ventricles.
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Overall, Rua et al’s work provided valuable insights into the performance and consistency of
7T QSM and R2* measurements across different centres and vendors, showing that ultra-high
field 7T MRI showed improved reproducibility in QSM and R2* measurements compared to
lower field strengths.

The findings from this study suggested that the single-echo data should be employed for
analysis of the susceptibility of hippocampal subfields. This is mainly because the single-echo
data has higher spatial resolution than the multi-echo data (0.7mm versus 1.4 mm). Higher
resolution helps to reduce partial volume effects, leading to more accurate susceptibility

measurements within small structures like the hippocampal subfields.

3.3.3 QSM RECONSTRUCTION

Susceptibility mapping of the brain was conducted using the Multi-Scale Dipole Inversion
(MSDI) technique, as implemented in QSMbox v2.0, specifically tailored for single-echo, coil-
combined data (Acosta-Cabronero et al., 2018). This innovative approach is an extension of
the nonlinear Morphology-Enabled Dipole Inversion (nMEDI) framework proposed by (J. Liu
et al., 2012), incorporating a scale-wise implementation of morphological priors. The primary
objective of MSDI is to enhance the fidelity of susceptibility data by mitigating the impact of
various confounding factors such as flow effects, limited signal-to-noise ratio, and other data
inconsistencies that can give rise to undesirable streaking and shadowing artefacts (Acosta-
Cabronero et al., 2018).

In essence, MSDI optimizes susceptibility mapping by addressing the challenges posed by
these confounding factors, thus yielding more accurate and reliable results. This method holds
potential for improving the quality and interpretability of susceptibility maps, which is crucial
for extracting meaningful information from neuroimaging data. As depicted in Fig 3.1, a
representative axial slice from each subject's susceptibility map highlights the method's

effectiveness. These slices showcase distinctive susceptibility patterns, illustrating the elevated
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susceptibility values in deep grey matter regions and the contrasting reduced susceptibility

values in the optic radiations.

Figure 3.1: Axial slices at the level of the globus pallidus and optic radiations taken from the QSM
maps of one participant from each of the 5 sites in this study (A) Subj01 (B) Subj03 (C) Subj05 (D)
Subj07 and (E) Subj09.

3.34 AUTOMATIC SEGMENTATION OF HIPPOCAMPAL SUBFIELDS (ASHS)
The segmentation of the hippocampus was accomplished through the utilization of the open-
source Automatic Segmentation of Hippocampal Subfields (ASHS) software, as developed by
Yushkevich and colleagues in 2015 (Yushkevich et al., 2015). The ASHS methodology
employs a sophisticated pipeline that amalgamates multi-atlas label fusion with learning-based
error correction techniques, creating a robust and accurate approach for hippocampal subfield
segmentation (Wisse et al. 2014; Yushkevich et al. 2015).

The ASHS software delineates a comprehensive set of hippocampal subfields, which
encompass the Cornu Ammonis (CA) areas including CA1, CA2, and CA3, the hippocampal

tail (TAIL), Dentate Gyrus (DG), Subiculum (SUB), CYST, and Entorhinal Cortex (ERC).
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Each subfield's susceptibility (measured in ppm) and volume (measured in mmS) were
quantified for every scan. However, it is worth noting that due to the small volumes of the CA2
and CAS3 regions the susceptibility values from these regions were highly variable.
Consequently, the values of CA1-3 were amalgamated into a single CA measurement, ensuring
more consistent results. Furthermore, the CYST compartment, corresponding to fluid-filled
cysts, was notably absent in all images, which aligns with expectations for a cohort of young,
normal volunteers. As a result, this particular region of interest (ROI) was excluded from the
study's scope.

To provide visual context, Fig 3.2 serves as an illustrative representation of the ASHS
segmentation process. Specifically, the ASHS-derived segmentation outcomes are
superimposed onto TSE (Turbo Spin Echo) image data, offering a visualization of the

delineation of hippocampal subfields.

Figure 3.2: TSE images showing the segmented subfields of the hippocampus of one participant from
each of the 5 sites in this study (A) Subj01 (B) Subj03 (C) Subj05 (D) Subj07 and (E) Subj09.
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3.4 RESULTS

In this analysis, a total of 50 datasets were considered, corresponding to the five repeat
measurements acquired on 10 subjects at the 5 different UK7T sites in the travelling head study.
Figure 3.3 shows exemplar, high-quality QSM data obtained by applying the MSDI approach
to the 0.7mm isotropic resolution GE data, with the segmentation of the hippocampus data
overlaid. Segmentation of the hippocampal subfields using the ASHS software took about 3

hours for each participant's data.

Figure 3. 3: shows a three-plane view of 0.7 mm resolution susceptibility map of one of the subjects,
with an overlay of the ASHS segmentation of the hippocampus. This figure provides a visual
representation of the segmentation of the hippocampus and the distribution of magnetic susceptibility
across the subfields.

3.4.1 REFERENCING THE QSM

Quantitative Susceptibility Mapping (QSM) is a robust technique for assessing relative

magnetic susceptibility values (Deistung et al., 2017a). These values are typically referenced
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to the average susceptibility within the analysed brain volume. Nevertheless, the choice of
reference region holds the potential to influence QSM measurements' accuracy and
reproducibility (Birkl et al., 2018). Here we compared the use of two different reference
regions, which were the whole brain or a manually defined region of interest (ROI) in the CSF
of the lateral ventricles. Figure 3.4 illustrates an example of the positioning of the CSF ROI.

The impact of referencing to CSF on QSM measurement reliability was evaluated by
computing the average standard deviation of susceptibility across five repeated scans for each
participant. In parallel, the same procedure was conducted without CSF referencing, as
demonstrated in Fig 3.5. Our findings echoed previous research (Rua, et al., 2020), confirming
that referencing to a manually defined region of CSF led to an increase in the standard deviation
of measured susceptibility. Consequently, for subsequent analyses, we opted to employ data

referenced to the entire brain.

Figure 3. 4: illustrates an example of the manually defined region of interest (ROI) for cerebrospinal
fluid (CSF) in red, overlaid on the T2-weighted image. These ROIs were used to measure the
susceptibility values of CSF, which were then subtracted from the susceptibility values of other
regions of interest to obtain a value of susceptibility referenced to CSF. This referencing method was
compared to the default referencing to the average susceptibility in the whole brain volume
considered in the analysis.
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Figure 3. 5: The average across the 10 participants of the value of the standard deviation of the five
susceptibility measurements in ppm, with and without referencing to the CSF.

3.4.2 ANALYSIS OF THE REAPEATED MEASUREMENTS

The results of the analysis of the data from all 10 subjects are shown in Figs. 3.6 and 3.7. Figure
3.6 shows the plots of the variation of the susceptibility and absolute volume of each
hippocampal sub-field, along with the volumes scaled by the total intra-cranial volume (TIV)
(%) for the 10 participants. The associated error bars show the standard deviations over
repeated measurements. This plot provides an insight into the distribution of magnetic
susceptibility and volume across the different hippocampal subfields.

Fig. 3.7 shows the average over the 10 subjects of the values of the susceptibility, absolute
volumes and TIV-corrected volume for each subfield. The error bars show the values of

standard deviation of the measurements across subjects.
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Figure 3. 6: Plots showing the A) susceptibility (ppm), B) Absolute volume (mm®) and C) Percentage
volume (%) averaged over the five repeat measurements of the subfields of the hippocampus for the
10 different subjects. Error bars show the standard deviation across repeated measurements.
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Figure 3. 7: shows the average values of A) susceptibility B) Absolute volume and C) TIV-scaled
percentage volume in the different subfields of the hippocampus for the ten participants. The error
bars indicate the standard deviation across participants.
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repeated measurements at the Nottingham site.
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Susceptibility (ppm) Absolute Volume (mm?) Percentage Volume (%)
Average Average
SEGMENT S.D. of S% S.D. of S% S.D. Average of
MEAN | across acrosé " | MEAN | across acrosé " | MEAN | across S.D. across
subjects subjects subjects | repeats
repeats repeats
ERC 0.0047 | 0.0045 | 0.0019 | 748 116 71 0.0472 | 0.0065 | 0.0045
SUB 0.0041 | 0.0023 | 0.002 1204 153 40 0.0761 | 0.0085 | 0.0025
DG -0.0133 | 0.0058 | 0.0023 | 1561 168 33 0.099 | 0.0124 | 0.0021
TAIL -0.0119 | 0.0082 | 0.004 194 57 33 0.012 | 0.0031 | 0.0024
CA -0.0036 | 0.0031 | 0.0017 | 3008 448 83 0.1907 | 0.0296 | 0.0054

Table 3. 2: Average value of the susceptibility, absolute volume and percentage volume across the 10
participants and the respective standard deviations across subjects and the average of the standard
deviation over repeats across all participants.

Absolute Volume (mm3) Percentage VVolume (%)

COV-Across Subjects | COV-Across Repeats | COV-Across Subjects | COV-Across Repeats
0.16 0.095 0.14 0.096

0.13 0.033 0.11 0.033

0.11 0.021 0.13 0.022

0.29 0.170 0.26 0.202

0.15 0.028 0.15 0.028

Table 3. 3: coefficient of variation analysis of the absolute volume and TIV corrected volume for
standard deviation across subjects and that across the repeated scans

ABSOLUTE
SUSCEPTIBILITY VOLUME PERCENTAGE VOLUME
SEGMENT SUBO7 SUBO08 SuUBO7 SUBO08 SuUBO7 SUBO08
ERC 0.276 0.393 0.130 0.064 0.130 0.064
SUB 0.592 0.503 0.037 0.057 0.037 0.057
DG -0.122 -0.188 0.013 0.034 0.013 0.034
TAIL -0.320 -0.262 0.048 0.090 0.048 0.090
CA -0.097 -0.118 0.012 0.021 0.012 0.021

Table 3. 4 Coefficient of variation (COV) analysis for segmented hippocampal subfields in participants
sub07 and sub08 from the UK7T study, COV calculated as the standard deviation over repeated
measurements divided by the mean.

The standard deviation of the susceptibility value measured over subjects was approximately

twice as large as the average of the standard deviation across repeated measurements in most

sub-regions (except in SUB, where the two values were similar). The results show that the

differences in susceptibility values between subjects are generally larger than the repeat

measurement error in individual subjects, indicating that the small differences in regional
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susceptibility values between individuals can be characterised. The volume measurements
show similar behaviour with the standard deviation of the average values over subjects being

more than 1.6 times as large as the standard deviation over repeated measurements for all ROls.

3.5 DISCUSSION

This study has characterised the reproducibility of hippocampal subfield volume and
susceptibility, which is important information to know before embarking on longitudinal
studies involving individuals with Alzheimer's disease. By utilizing high-resolution GE scans
from five different 7T scanners and implementing ASHS for precise subfield segmentation, the
research quantified hippocampal subfield volume and susceptibility with a reasonable degree
of consistency across various sites.

A previous study (Rua, et al., 2020) on UK7T data demonstrated favourable reproducibility for
QSM using single-echo data, with within-subject standard deviations ranging from 0.001 ppm
to 0.005 ppm for manually defined subcortical and cortical regions of interest (substantia nigra,
red nucleus, caudate nucleus, putamen, and globus pallidus).

The study described here identified certain limitations in ASHS segmentation, particularly in
smaller structures like CA2, CA3, and CYST. To mitigate this, the study combined some of
these structures to derive more reliable susceptibility and volume values. For instance, CA1-3
values were amalgamated into a single CA measurement, while the CYST compartment,
largely absent in young, normal volunteers, was excluded. Additionally, combining left and
right subfield values added stability to the presented results. Addressing the potential limitation
of uncertain susceptibility values for the CSF could involve pulse sequence modifications to
incorporate flow compensation for all echoes (Lin, Chao, and Wu 2015; Gilbert et al. 2012;
Liu et al. 2013).

A notable finding of this research is the consistent pattern of susceptibility variation across

hippocampal sub-regions, ranging from -33 to 14 ppb, as depicted in Fig 3.6. The ERC and
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SUB regions exhibited negative susceptibility values, whereas DG, TAIL, and CA generally
displayed consistent negative susceptibility.

Furthermore, the study's results indicated that differences in susceptibility values between
individuals (10 participants) were typically larger than the repeat measurement error within
participants. This suggests that QSM is sufficiently sensitive to capture subtle differences in
regional susceptibility values between subjects, thereby facilitating individual characterization
and potential early detection of neurological disorders.

Statistical analysis of susceptibility using one-way repeated measure ANOVA, with a
computational alpha of 0.05, revealed no statistically significant differences within repeats for
subfields CA, SUB, ERC, DG, and TAIL (p > 0.38). The standard deviation of susceptibility
within each site's repeat ranged from 0.001 ppm to 0.004 ppm (Table 3.2), with the tail
exhibiting the highest values. This trend is also evident in Table 3.4 and Figure 3.8, where the
coefficient of variation (COV) and the five-repeat plot were computed, showcasing the highest
COV values in the TAIL and SUB. Generally, smaller subfields exhibit a greater potential for
errors in identification from ASHS. Variability in susceptibility values across repeats may arise
from noise and artefacts, including motion artefacts or magnetic field inconsistencies (Llera et
al., 2019, Graham et al., 2017). Participant positioning during scans can also contribute to
susceptibility variability (Yoo, Kim, et al., 2020, Yoo, Song, et al., 2020, Rua et al., 2020).
The variability in susceptibility values observed in Figure 3.6 for each participant and
segmented subfields may stem from a combination of factors related to individual differences
and technical considerations. Factors such as genetic variability, physiological differences, iron
content, myelin content, and brain anatomy can contribute to susceptibility value variations
(Hagemeier et al., 2018, An et al., 2011, Yablonskiy et al., 2013, Mudd et al., 2018, Bartzokis

et al., 2004, Yao et al., 2017, Van Der Weijden et al., 2023, Papadaki et al., 2019, Mancini et
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al., 2020, Duyn & Schenck, 2017, Llera et al., 2019). These factors collectively lead to the
observed variability in susceptibility values among participants of the same age group.

Our results show that the choice of a reference region in QSM analysis has significant
implications for interpretation of measurements. While CSF is commonly used, other reference
regions like white matter or a combination of CSF and white matter have been proposed (Birkl
et al., 2018). The selection of the reference region should align with the specific research
question and the anticipated susceptibility contrast between regions of interest and the selected
reference region. This consideration ensures the accuracy and consistency of QSM outcomes,
aligning with the study's overarching objectives. In this study, referencing QSM values to CSF
is chosen; however, referencing to CSF, as shown in Figure 3.4, increases result variability.
This may arise from the effects of the choroid plexus, composed of a network of blood vessels
covered by specialized cells that actively transport substances into the CSF and regulate its
composition (MacAulay et al., 2022).

Regarding volume, there was substantial reproducibility in subfield segmentation of
hippocampus, as evidenced by Table 3.3, which reports COV values for volume measurements
using both the standard deviation across subjects and the average standard deviation across
repeat measurements. It is evident from these values that the average standard deviation across
repeat measurements is smaller than the standard deviation across subjects, showing that
differences in the hippocampal volumes across subjects can be characterised. The COV values
found by using the standard deviation across subjects are similar when using the absolute
volume or the T1V-scaled volume, indicating that scaling the volumes of the hippocampal sub-
field volumes by total intracranial volume does not significantly reduce the variance of
measurements across the group of 10 subjects. The homogeneity in morphology and the overall
health of the participants may have led to relatively uniform brain structures, including the

hippocampus, resulting in minimal variations between absolute and TIV-corrected volume
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measurements. This further supports the reliability of our findings and suggests that the TIV
correction did not introduce significant differences in the volume calculations for these
participants.

Statistical analysis of volume using one-way repeated measure ANOVA, with a computational
alpha of 0.05, demonstrated no statistically significant differences within repeats for all
subfields CA, SUB, ERC, DG, and TAIL (p > 0.8). This confirms the consistency of results

across participants in repeated measures.

3.6 CONCLUSION

In summary, this study's findings underscore the critical role of studying hippocampal subfield
susceptibility and volume reproducibility when planning longitudinal studies. The ability to
explore microstructural changes, comprehend brain function, detect neurological disorders
early, and devise personalized treatment approaches underscores the significance of this
research. By contributing to neuroimaging advancement and offering potential subfield-
specific therapeutics, this study introduces new prospects for precision medicine and enhanced
diagnosis and management of neurological conditions. Ultimately, the insights garnered from
this research could have profound implications for our understanding of brain health and

function.
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CHAPTER FOUR

4.0 MEASUREMENT OF THE SUSCEPTIBILITY AND VOLUME OF

HIPPOCAMPAL SUBFIELDS IN ALZHEIMER’S DISEASE PATIENTS

4.1 OUTLINE

In Chapter 3, we established that the susceptibility and volume of the hippocampal subfields
can be measured with some degree of reproducibility. Therefore, in this chapter, we aim to
translate those findings to the study of Alzheimer’s disease (AD), with a focus on detecting
changes in the volume and susceptibility of the hippocampus and the whole brain in AD. Our
ultimate objective is to determine whether high-resolution volumetry and quantitative
susceptibility mapping (QSM) can be utilized as reliable biomarkers for early detection of AD
by detecting atrophy and changes in the iron levels of the hippocampal subfields.

In addition to these objectives, we investigate the association between the hippocampal
subfields and the concentration of the abnormal proteins Amyloid Beta(-42) in cerebrospinal
fluid and the MoCA score for AD participants.

Previous studies have investigated the correlation between overall hippocampal volume
changes in Alzheimer's disease (AD) in comparison to healthy controls (HC) (Olsen et al.,
2019, Susanne G. Mueller et al., 2010). Additionally, research has examined alterations in the
entire hippocampal susceptibility between AD and HC (Acosta-Cabronero et al., 2013,
Schenck et al., 2006, Ates et al., 2019). While previous investigations have explored the
dynamics of abnormal cerebrospinal fluid (CSF) proteins (Amyloidf, tau and phosphor-tau) in
individuals with AD (Graham et al., 2017, Stricker et al., 2012) to the best of my knowledge,
no prior studies have evaluated changes in the susceptibility and volume of the hippocampal
subfields, nor have they related these changes to abnormal CSF protein levels. This area

remains understudied, and investigating subfield-specific alterations in the hippocampus could
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provide valuable insights into the pathophysiological mechanisms underlying AD and their
potential association with CSF biomarkers. Therefore, the present study aims to examining the
susceptibility and volume changes within specific hippocampal subfields and their potential
correlation with abnormal CSF protein measurements.

To achieve these goals, this chapter first provides an overview of what is known about the
development of Alzheimer’s disease. We then describe our study, which involved 14 AD

patients and 11 healthy controls, and the methods utilized to collect and analyse data.

4.2 DEMENTIA

Dementia is a devastating condition that entails a progressive decline in cognitive or
behavioural function, often characterized by the decline in one or more functions, such as short-
and long-term memory, abstract thinking, executive processes, language, attention and
concentration, and visual processing, or personality changes. This decline usually occurs over
years but is eventually severe enough to interfere with day-to-day functioning (American
Psychiatric Association, 2000).

Currently, there are approximately 47 million people worldwide living with dementia, and this
figure may increase to 131 million by 2050 (Arvanitakis et al., 2019). This chronic and
incurable condition has numerous socioeconomic ramifications for patients, their families,
caregivers, and society as a whole. As a result, it is critical to identify biomarkers that can help
diagnose and monitor the progression of dementia, particularly Alzheimer's disease, which
accounts for approximately 60-70% of all cases (Alzheimer's Association, 2021).

4.2.1 CLASSIFICATION OF DEMENTIA

Dementia is a complex and heterogeneous condition that can be classified in various ways. One
way to classify dementia is based on its underlying histologic or neuropathological features.

For instance, Alzheimer's disease is characterized by the accumulation of beta-amyloid plaques
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and tau protein tangles in the brain, while frontotemporal dementia (Brayne et al., 1995, Dening
& Sandilyan, 2015). is characterized by the degeneration of the frontal and temporal lobes of
the brain (Tiwari et al., 2019).

Another way to classify dementia is by its causal risk factors. Various risk factors have been
associated with an increased risk of developing dementia, including cardiovascular disease,
genetics, infection, traumatic brain injury, and lifestyle factors such as diet, exercise, and social
engagement (Stuss & Levine, 1996, Dening & Sandilyan, 2015).

Dementia can also be classified based on the regions of the brain involved. Different types of
dementia affect different areas of the brain, leading to distinct patterns of cognitive impairment
and behavioural symptoms. For example, Alzheimer's disease primarily affects the
hippocampus and temporal lobes, while frontotemporal dementia primarily affects the frontal
and temporal lobes (Brayne et al., 1995, Dening & Sandilyan, 2015)..

Finally, dementia can be classified based on its clinical profile. This approach takes into
account the clinical features of dementia, including the type and severity of cognitive
impairment, behavioural symptoms, and functional abilities. Different types of dementia may
have distinct clinical profiles, which can help clinicians make a more accurate diagnosis and
develop appropriate treatment strategies (Brayne et al., 1995).

Overall, understanding the different ways in which dementia can be classified is important for
accurate diagnosis and management of the condition. While Alzheimer's disease is the most
common cause of dementia, other types of dementia also have distinct features that should be
considered in clinical practice. Continued research into the underlying mechanisms of dementia
and its subtypes is needed to improve diagnosis, treatment, and prevention strategies for this

complex and challenging condition.
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4.3 ALZHEIMER’S DISEASE

Alzheimer’s disease is a protein-conformational disease (PCD) that is accompanied by
progressive neurodegeneration, the presence of neurofibrillary tangles and the accumulation of
amyloid plaques.(Tiwari et al., 2019). Post mortem studies have shown that AD damages the
para-hippocampal regions which are responsible for forming new memories and the pathology
subsequently spreads from that region, eventually causing cortical atrophy and ventricular
enlargement, thereby reducing the size of the brain by almost 35% (Farfara et al., 2008, Alves

etal., 2012).

Extreme Shrinkage of

Shrinkage of . N\
Hippocampus b

Figure 4.1: Comparison between a healthy brain and a brain with Alzheimer’s disease. In AD the cortex
shrinks, especially in the hippocampal region which is responsible for forming new memories. The
ventricles which are fluid filled cavities in the brain, consequently enlarge. Taken from
https://commons.wikimedia.org/wiki/File:Alzheimer%27s_disease_brain_comparison.jpg

As stated above, AD is one of the most common causes of dementia in the world. In 2021 there
were over 900,000 people with dementia in the UK (Alzheimer’s Society, 2023), meaning that
1 in every 14 people over the age of 65 has AD-related dementia and by the year 2040, that
figure will rise to 1.6 million if no solution is found to reduce this rate (Alzheimer’s Society,
2023). In the United States, more that 6 million people have dementia caused by AD and it is
ranked as the seventh leading cause of death in the United States (Alzheimer’s Association,

2023).
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AD has various cognitive symptoms, including loss of memory, difficulties in learning,
changes in behaviour, which affect the day to day activity of the patient, ultimately making
them dependent on others to carry out their tasks, putting a financial and psychological burden
on their family or community (Merriam et al., 1988)(El-Hayek et al., 2019). Therefore, there
are many benefits associated with early diagnosis of AD: it assists the patient, their family and
carers in advanced planning of health and financial matters, and an early diagnosis and early
implementation of therapy (intervention), can modify the course of the disease before
neurodegeneration/irreversible damage occurs. Therefore, it is important to find a biomarker
for early diagnosis, to provide an opportunity to modify the course of the disease, improve the

patient’s life and reduce the socioeconomic stress experienced by their carers.

4.4 MRI AS A BIOMAKER FOR EARLY ALZHEIMER’S DISEASE

The importance of clinical and neuropsychological assessment of AD cannot be
overemphasized in determining the prognosis of patient at the chronic stage of the disease
before it becomes full-blown dementia. Recently Amyloidp, tau-pathology and
neurodegeneration (ATN categories) have been use to classify AD into stages (Jellinger A,
2018, Grgntvedt et al., 2020). So far Amyloidp and tau-pathology measurements in the
cerebrospinal fluid (CSF) give the greatest accuracy in the diagnosis of AD, though they do
not directly reflect the loss in neurons (Gulisano et al., 2018). Furthermore, these Amyloidf
and tau examinations involve invasive lumbar punctures, or utilisation of nuclear medicine
imaging that is very expensive. Hence there is a need for a less expensive, non-invasive
imaging technique for diagnosis of this destructive disease: magnetic resonance imaging has
the potential to provide early diagnosis of AD.

The deposition of iron has been implicated in many neurological disorders and diseases.

Ferritin and neuromelanin are usually responsible for the accumulation of iron in the ageing
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process in different brain regions, with possible neurotoxic consequences, such as oxidative
damage and cell death (Betts et al., 2016). We cannot conclude that the iron is the primary
cause of AD, but the disease-specific proteins, Amyloidp and tau, are known to be associated
with elevated iron content, hence it is suggested that an overload of iron might lead to the
aggregation and neurotoxicity of Amyloidp (Taniguchi et al., 2014). Studies have shown that
there is an increase in the level of ferritin in the CSF, which can affect AD progression (Ayton
et al., 2015, Kuiper et al., 1994). Therefore, the measurement of iron in the hippocampus (the
brain region most affected by AD in the brain) should be investigated as a potential diagnostic
tool and biomarker for AD.

At high field (7T and above) MRI can provide images of high contrast and high spatial
resolution, particularly for magnetic susceptibility measurements (Wharton & Bowtell, 2010,
Zeineh et al., 2015). Here, we therefore exploit the sensitivity of 7T MRI in measuring the

effect of AD on the volume and susceptibility of the subfields of the hippocampus.

45 METHODS

451 STAFFROLE AND PARTICIPANTS

As the MRI physicist responsible for the neuroimaging aspects of this study, my role was to
ensure the successful acquisition and analysis of the MRI data that was used in investigating
the hippocampus and its subfields. | took on the responsibility of overseeing the entire process
of image acquisition, ensuring that it adhered to the best of my ability the highest standards of
quality and consistency.

The process of image-acquisition required precise positioning of participants and selection of
parameter settings to obtain high-resolution images of the brain structures of interest. The
image analysis phase was equally critical in unravelling the structural and microstructural

properties of the hippocampus. Using image analysis software, | processed the MRI data to
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delineate the hippocampus and its subfields. This involved segmenting the hippocampus into
its various subfields and then evaluating the volume and magnetic susceptibility of each
subfield.

While my role focused on the neuroimaging aspects, | also worked closely with study team at
NUH to complement the imaging with cognitive assessments, blood tests, questionnaires, and
physical examinations. The team, consisting of Trained Assistant Psychologists, Research
Practitioners, Clinical Fellows, and Consultant Neurologists, played an integral role in
evaluating participants' cognitive function, health status, and relevant clinical parameters.
De-identification of data was carried out to safeguard the confidentiality and privacy of the
participants. The de-identified data was securely shared across the collaborating study sites,
facilitating comprehensive data analysis.

24 participants (13 AD patients and 11 healthy controls of which 2 AD patients were excluded
due to motion) aged between 40 and 74 years, were recruited. All participants provided
informed consent prior to the study, which was a requirement to be included in the study. All
Alzheimer’s disease participants had been clinically diagnosed with the disease according to
the National Institute on Aging and Alzheimer’s Association (NIA-AA) criteria (Jack et al.,
2018) and the healthy controls were within 1.5 standard deviations of normal in all tests.
Participants were excluded if they lacked the mental capacity to provide consent, did not speak
English before age 5 years (because of the language components of some of the cognitive tests),
took prescribed medicine that could affect their cognition or had a learning disability, major
depression, schizophrenia, a concentration span of less than 30 minutes, a medical implant or
other factor not compatible with MRI, or if they were pregnant.

The Montreal Cognitive Assessment (MoCA) was administered by a trained Assistant
Psychologist. This assessment includes a variety of cognitive tests assessing memory

(immediate/delayed recall, un-cued/cued recall, and recognition), attention, language and
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visuospatial abilities. The MoCA was divided into the cognitive domains: orientation,
language, executive function, visuospatial ability and memory (uncued, recognition, category
cue).

It provides a vast amount of information regarding an individual’s cognition, as it incorporates
domain specific tasks. The MoCA was developed as a brief screening tool for Mild Cognitive
Impairment (MCI) (Nasreddine et al., 2005). MoCA is a valuable screening tool because it can
assess performance across various cognitive domains, providing insights into potential specific
dementia syndromes. The cognitive domains covered by the MoCA include memory,
visuospatial abilities, executive function, attention, language, and orientation, which are similar
to the domains assessed by the Uniform Data Set (UDS). A cutoff score of 26 on the MoCA
has demonstrated good specificity for mild cognitive impairment (MCI) and good sensitivity
for differentiating between MCI, Alzheimer’s disease, and healthy controls (Nasreddine et al.,
2005).

In addition to the MoCA test, all AD patients had CSF drawn via lumbar puncture as part of
their clinical assessment. The concentration of the 42 amino acid form of  amyloid in CSF
(CSF Amyloidp1-42), which is a biochemical marker for Alzheimer's disease (AD), was
assessed to confirm the diagnosis of AD. The assessment of CSF AmyloidB1-42 concentration
is useful for differentiating AD from other forms of dementia, as the decrease in CSF
Amyloidf1-42 concentration is specific to AD and is thought to reflect the deposition of
amyloid plaques in the brain.

The CSF measurement cut off for the levels of AmyloidB1-42, total tau, and Thrl81-
phosphorylated tau in this study were established based on reference laboratory ranges, which
are widely accepted as standards for the diagnosis and management of neurological conditions.

Specifically, the CSF Amyloidp1-42 range was 627 — 1322 pg/ml, the total tau range was 146
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- 595 pg/ml, and the Thr181-phosphorylated tau range was below 68 pg/ml, as previously
reported (Hosseini, 2022).

These cut-off values have been validated in numerous studies, and are used to differentiate
between normal and abnormal levels of these proteins in the CSF (Hosseini, 2022

Hampel & Blennow, 2004, Randall et al., 2013). For instance, a decrease in Amyloidp1-42
levels and an increase in total tau and phosphorylated tau levels are characteristic of
Alzheimer's disease and other dementias. Conversely, a decrease in total tau levels and an
increase in phosphorylated tau levels can indicate a variety of other neurological conditions,
such as traumatic brain injury, stroke, or multiple sclerosis (Siderowf et al., 2010).

Measuring these CSF biomarkers is a critical tool in the diagnosis, prognosis, and monitoring
of neurological conditions. However, it is important to note that CSF analysis alone cannot
provide a definitive diagnosis, and must be interpreted in the context of clinical symptoms,

neuroimaging, and other diagnostic tests.

45.2 IMAGING PROTOCOL

The participants were scanned on a whole-body Philips Achieva 7T system with a Nova
Medical (Wilmington MA, USA) single-channel transmit, 32-channel receive (1Tx32Rx) head
coil at the Sir Peter Mansfield Imaging Centre, University of Nottingham.

The primary image data-set acquired for susceptibility mapping was a whole-brain 3D single-
echo GRE scan, with an echo time (TE) of 20 ms, repetition time (TR) of 31 ms, 3D matrix
dimensions, 224 x 224 x 157 mm3 and voxel dimensions of 0.7 x0.7 x0.7 mm3, Data
acquisition for this sequence took 9 minutes and 13 seconds

A Ti-weighted PSIR volume data set was also acquired for each subject using the following
acquisition parameters: inversion times (TI) of 725/2150 ms; TE= 3.1 ms; TR= 6.9 ms; Field
of view 192 x 183 x 157 mm?; 0.55 x 0.55 x0.55 mm?® voxel size; receiver bandwidth of 300

Hz: the total time for this scan was 12:25 minutes
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To-weighted images spanning the hippocampus were also acquired from the subject. The
acquisition parameters were as follows: partial brain TSE sequence, with a resolution of 0.38
x 0.39 x1.5 mm3, field of view 224 x 224 x 64 mm?®, TR = 5900ms, TE = 117 ms and receiver
bandwidth of 155 Hz. The time for this sequence was 4:43 minutes. The slice orientation was

chosen so that the slices ran orthogonal to the hippocampus’ longest axis.

453 IMAGE PROCESSING AND ANALYSIS

The GRE phase and magnitude data were processed using QSMbox, a software tool developed
specifically for quantitative susceptibility mapping (QSM) analysis (Acosta-Cabronero et al.,
2018). The QSM technique is used to produce a susceptibility map of the entire brain, which
can provide valuable insights into the structural and functional changes that occur in different
brain regions (Fig 4.2). To ensure the accuracy of the QSM results, the susceptibility
measurements were referenced to the average across the scanned volume of the brain, rather

than using a tissue or CSF reference, which was shown in Chapter 3 to increase variability in

the QSM values in the hippocampal subfields.

Figure 4.2: T2*-weighted image (left) and corresponding quantitative susceptibility map (QSM) (right)
obtained for one of the participants in the study. The QSM data was generated using QSMbox (Acosta-
Cabronero et al., 2018) to produce a susceptibility map spanning the whole brain
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We utilized the ASHS tool to segment the hippocampus from the PSIR and T2-weighted
images, using the ashs atlas umcutrecht 7t 20170810 atlas (provided by the Neurolmaging
Tools and Resources Collaboratory (NITRC) (Wisse et al., 2016). The atlas segments the
hippocampus into eight ROI/subfields, including Cornu Ammonis (CA) areas: CA1, CA2, and
CA3, hippocampal tail (TAIL), Dentate Gyrus (DG), Subiculum (SUB), CYST, and Entorhinal
Cortex (ERC). We evaluated the average susceptibility (in ppm) and volume (in mm?) of each
subfield for each scan. However, we combined the CA1-3 values into a single CA measurement
because the volumes of CA2 and CA3 regions were found to be too small to produce reliable
susceptibility values. Additionally, we omitted CYST because its volume was very small and

was not detected in almost all of the participants.

o
: ‘5’*
Fa oW

B ERC
B sue
W ca
O ca2
B3 o6
B cas
B TaL

Figure 4.3: Coronal view of MRI images obtained for one of the paticipants in the study. The images
include PSIR, T2-weighted, and QSM images, with the segmentation of the hippocampus overlaid on
the T2-weighted image.

4421 PERCENTAGE VOLUME OF THE HIPPOCAMPUS SUBFIELDS
To account for individual differences in brain size, we not only reported the raw volumes for
each hippocampal subfield but also expressed the volumes as a percentage of the whole brain

volume, which we refer to as the relative volume of subfields. This was achieved by extracting
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the mask and volume of the whole brain (including the CSF and cerebellum) as shown in Fig
4.4 from the PSIR image. Expressing the volumes as a percentage provided a more reliable
result, as the relative volume is largely independent of the size of the brain. This analysis
allowed us to investigate whether any specific subfield was disproportionately affected in

relation to the rest of the hippocampus.

Figure 4.4: Showing the whole brain segmentationof the PSIR image for one slice in an image of one
of the participants. Whole brain volume was used for scaling the volume of the hippocampal subfields
into a percentage volume.

453 STATISTICAL ANALYSIS

The statistical analysis was carried out using one-way ANOVA and bivariate correlation
analysis in SPSS (version 27) for comparison between the control and AD patients for the
subfields CA, ERC, TAIL, DG, and SUB. The analysis aimed to identify any significant
differences between the two groups and to find out how the volume and susceptibility in these
regions of interest (ROIs) correlate with CSF AmyloidB1-42 and MoCA scores for the
Alzheimer’s disease participants. For greater sensitivity, the data from the left and right
hippocampus subfields were combined in this analysis. As mentioned earlier, the CA was

considered as the combination of the CA1, CA2 and CA3 output of ASHS. The number of
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voxels in each combined ROI was taken into account by calculating the weighted average

susceptibility for the summed ROL.

Moreover, to assess the relationship between the MoCA scores and hippocampal volume and
susceptibility, we performed a correlation analysis within the AD group. The significance level
was set at p < 0.05 for all statistical tests. The results of the statistical analysis were plotted to

visualize the data and trends.

The Bonferroni correction was employed as a statistical method in our analysis. This correction
accounts for multiple comparisons by adjusting the significance level to maintain a controlled
familywise error rate. By dividing the chosen significance level (alpha) by the number of
comparisons conducted, the Bonferroni correction reduces the risk of observing false positives,
ensuring that the overall probability of making a type I error remains within acceptable limits.
This approach 1is particularly valuable when conducting numerous statistical tests
simultaneously, guarding against the inflation of false positives. In our study, the Bonferroni
correction was implemented to enhance the robustness of our findings and provide a more

accurate representation of statistically significant results.

46 RESULTS

Out of all the participants recruited to this study, one of the AD participants could not be
scanned as he was claustrophobic and 2 of the AD participants’ scans could not be analysed
due to prominent motion artefacts, which led to mis-registration of the hippocampal subfields.
Hence, the final results are given for 11 AD patients and 11 controls.

Figure 4.5 compares the average whole brain volumes in the AD group as compared to the
healthy controls. The average value is lower for AD patients, but the difference with healthy

controls is not significant.

96



Whole Brain Volume
2000

1800

1600

VOLUME cm?3
=
o
o
o

800

600

400

200

HC AD

Figure 4.5: Showing the average volume of the whole brain for 11 Alzheimer’s disease (AD)
participants and 11 healthy controls. Error bars show the standard deviation across participants in
each group. The difference in average volume between the AD patients and controls was not statistically
significant.

Figure 4.6 shows that there is a significant reduction in the relative volume and the absolute

volume of the whole hippocampus for the AD group (p < 0.001). The susceptibility for the

whole hippocampus was unchanged in the Alzheimer’s disease patients.
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Figure 4. 6: Showing A) the average percentage volume and the absolute volume of the whole
hippocampus for AD participants and healthy controls (HC). B) The average susceptibility of the whole
hippocampus for AD participants and HCs. There was a statistically significant difference between the
AD and controls for the volume of the hippocampus, but no difference statistically for the susceptibility.

SUSCEPTIBILITY ppm

Figure 4.7 and Table 4.1 show that there was reduction in the relative volume of all subfields
of the hippocampus in AD patients, and this difference was statistically significant (p < 0.001)
for the ERC, DG and TAIL, and (p = 0.006) for the CA (CA1+CA2+CA3), but not for the SUB
(p =0.252). A statistically significant difference in the susceptibility was found only in the DG

(p = 0.045), which was more diamagnetic in AD patients.
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and HC. The error bars represent the standard deviation of the measurements.* means comparison of
values for AD and HC yields a statistically significant difference with p <0.05, ** means p < 0.01 while
no sign means that the values are not significantly different.
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Std.

N Mean Deviation Std. Bror F Sig.

ERC VOL AD 11 0.030 0.008 0002 31.4847 0.000
HC 11 0.054 0.012 0.004
Total 22 0.042 0.016 0.003

SUB VOL AD 11 0.065 0.014 0.004 1.392 0.252
HC 11 0.07M 0.009 0.003
Total 22 0.068 0.012 0.003

DG VOL AD 11 0.064 0.016 0.005 14.107 0.001
HC 11 0.087 0.012 0.004
Total 22 0.075 0.018 0.004

TALL_VOL AD 11 0.008 0.002 0.001 14.483 0.001
HC 11 0.010 0.003 0.001
Total 22 0.008 0.003 0.001

CA_VOL AD 11 0157 0.025 0.008 9.515 0.008
HC 11 0.187 0.019 0.008
Total 22 0172 0.026 0.008

ERC_SUS AD 11 0.002 0.003 0.001  0.027 0.871
HC 11 0.001 0.001 0.000
Total 22 0.001 0.002 0.000

SUB SUS AD 11 0.002 0.004 0.001 0.09 0.768
HC 11 0.002 0.003 0.001
Total 22 0.002 0.004 0.001

DG_SUsS AD 11 -0.015 0.004 0.001  4.591 0.045
HC 11 -0.0M 0.004 0.001
Total 22 -0.013 0.004 0.001

TALL_SUS AD 11 -0.008 0.015 0.004 0.836 0.37
HC 11 -0.012 0.009 0.003
Total 22 -0.010 0.012 0.003

CA_SUS AD 11 -0.005 0.004 0.001 3.426 0.079
HC 11 -0.002 0.004 0.001
Total 22 -0.004 0.004 0.001

Table 4.1: The results of applying a one-way ANOVA statistical test for differences between AD patients
and HC in measurements of the volume and susceptibility of each hippocampal subfield were obtained.
It's important to note that the p-values reported in our analysis were subjected to Least Significant
Difference (LSD) multiple comparison correction to address the risk of Type I errors. The mean,
standard deviation, and standard errors for each measurement are shown for the AD and HC groups,
as well as for all 22 participants.
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Figure 4.8 and Table 4.2 illustrate the relationship between the absolute volume and the relative
volume of the whole hippocampus and either CSF AmyloidB1-42 concentration or MoCA
score. Figure 4.8 shows scatter plots: MoCA score is shown for all subjects while CSF
AmyloidPB1-42 values were only measured on the AD participants. In no case did the correlation

reach statistical significance.
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Figure 4. 8: Scatter plots showing the relationship between the absolute volume and relative volume of
the whole hippocampus and the concentration of CSF Amyloidf1-42 or MoCA Score, with the linear
relationship on the trend line indicated. Orange circles represent measurements from AD participants,

while blue circles show HC values. CSF Amyloidf1-42 measurements were only made on AD
participants.
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Correlations of the whole Hippocampus
ABSOLUTE- | PERCENTAGE- |SUSCEPTIB
CSF_Amyloidf| VOLUME VOLUME LITY AGE MoCA

CSF_Amyloidp /Correlation 1.000 0.145 0.173] 0.018 0.257 0.018

(Coefficient

Sig. (2-tailed) 0.670 0.612] 0.958 0.446 0.957

N 11 11 11 11] 11] 11
ABSOLUTE-VOLUME /Correlation 0.145 1.000 873 0.336 -0.009 0.279

ICoefficient

Sig. (2-tailed) 0.670 0.000| 0.312 0.979 0.407

N 11 11 11 11] 11] 11
PERCENTAGE-VOLUME [Correlation 0.173 .873 1.000| 0.418 0.321 0.397

(Coefficient

Sig. (2-tailed) 0.612 0.000 0.201] 0.336 0.226|

N 11 11 11 11] 11] 11
SUSCEPTIBLITY (Correlation 0.018 0.336 0.418 1.000 0.569 72

(Coefficient

Sig. (2-tailed) 0.958 0.312 0.201] 0.068 0.005

N 11 11 11 11] 11] 11
AGE (Correlation 0.257 -0.009 0.321] 0.569 1.000| .636

(Coefficient

Sig. (2-tailed) 0.446] 0.979 0.336 0.068 0.035

N 11 11 11 11] 11] 11
MoCA (Correlation 0.018 0.279 0.397 772 0.636 1.000|

(Coefficient

Sig. (2-tailed) 0.957 0.407| 0.226 0.005 0.335

N 11 11 11 11 11 11

**, Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).

Table 4.2: Linear regression analysis to characterise the correlation between the value of absolute
volume, relative volume and susceptibility with CSF Amyloidf1-42 IMoCA score for AD participants,
only with age as covariant. The Pearson correlation is reported for the 11 AD participant

Figure 4.9 and Table 4.2 characterise the relationship between the susceptibility of the whole
hippocampus and the CSF Amyloidp1-42 concentration and MoCA score for the AD patients.
The relationship between susceptibility and MoCA score is also shown for the healthy controls
in Fig. 4.9. Table 4.2 shows that there was a strong relationship between the average
susceptibility of the whole hippocampus and MoCA score in the data from the AD participants,
and that this relationship attained statistical significance with a correlation value of R? = 0.77
and a p-value of 0.006 with the age of the participant as a covariant. There was no significant
correlation between susceptibility of the whole hippocampus and the CSF Amyloidp1-42

concentration.
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Figure 4 9: (Top) Scatter plot showing the relationship between the susceptibility of the whole
hippocampus and CSF Amyloidfp1-42 concentration in AD participants.(Bottom) Scatter plot showing
the relationship between the susceptibility of the whole hippocampus the MoCA score in AD
participants and healthy controls.. The orange squares represent the values for the AD participants and
the blue circles show values for the healthy controls

Fig 4.10 (A and B) and Table 4.3 summarize the relationship between the MoCA score and the
relative volume/susceptibility of each sub-field separately in the Alzheimer’s disease

participants. Similarly Fig 4.11 (A and B) and Table 4.3 summarize the relationship between
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the CSF AmyloidB1-42 concentration and the relative volume/susceptibility of each
hippocampal sub-field separately in the Alzheimer’s disease participants.

The results show that the subfield volumes generally decrease with decreasing MoCA score
and decreasing value of CSF AmyloidB1-42 For the variation of relative volume with MoCA
score, all regions showed R? > 0.1 but only in the TAIL did the trend reach significance (R?=
0.709 and p =0.014). In the case of CSF AmyloidB1-42 concentration, only the correlation
with the relative volume of Entorhinal Cortex (ERC) and CSF Amyloidp1-42 was statistically
significant R?= 0.657 and p =0.003.

The relationships between the subfield susceptibility values and CSF Amyloidf1-42 showed
no clear trends but there was a correlation between susceptibility and the MoCA score for the

AD patients. This correlation was significant in the DG and CA (R?> 0.7 and p < 0.05).

Correlations for the hippocampus subfields

ERC VOL SUB VOL DG VOL TAIL VOL CA VOL ERC SUS SUB SUS DG SUS  TAIL SUS CA SUS  MoCA CSF
MoCA Pearson Correlation 0.333 0.137 0.197 709 0.238 -0.476 -0.087 740 0.225 734 1 0.093
Sig. (2-tailed) 0.316 0.687 0.562 0.014 0.482 0.139 0.800 0.009 0.506 0.010 0.787
N 11 11 11 11 11 11 11 11 11 11 11 11
CSF Amyloidfi1-12 Pearson Correlation 788" 0.060 0.150 0.335 0.005 0.068 -0.307 0.257 -0.052 0.003 0.093 1
Sig. (2-tailed) 0.004 0.861 0.661 0.314 0.988 0.843 0.359 0.446 0.879 0.993 0.787

N 11 11 11 11 11 11 11 11 11 11 11 11
*. Correlation is significant at the 0.05 level (2-tailed).

**_ Correlation is significant at the 0.01 level (2-tailed).

Table 4.3: Linear correlation analysis of the value of relative volume or susceptibility of each
hippocampal subfield with CSF Amyloidf1-42 concentration or MoCA score for the Alzheimer disease
participants. .* means that a statistically significant correlation with p < 0.05 is found, while ** means
that p < 0.01.
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Figure 4. 10: Scatter plots showing the relationship between (A) relative volume (%) or (B)
susceptibility (ppm) of the hippocampal subfields of AD participants and the value of MoCA score.
Linear fits are indicated by the trend lines. * means they have p <0.05, ** p < 0.01 and no sign means
they are not significant.

105



VOLUME %

0.12
0.1

® 0.08

s

Z 0.06

S 0.04
0.02

0.008

o
=3
=3
(=]

g

USCEPTIBILITY ppm
o
[=]
o B

v -0.002

-0.004

0.015

0.01

0.005

-0.005

SUSCEPTIBILITY ppm

-0.01

100

100

100 200 300 400 500

100

ERC * %k

200 300 400 500
CSF Amyloidp, 5,
SUB

VOLUME %

o
a

o
o
@

o
o
-]

o
=]
&

o
o
]

o

0.009
0.008
0.007

® 0.006
S 0.005
= 0.004
2 0.003

200 300 400 500

CSF Amyloidp, 5,

ERC

SUSCEPTIBILITY ppm

CSF AmyloidB, 4,
suB

200 300 400 500

USCEPTIBILITY ppm

v

CSF AmyloidB, 4,

0.002
0.001

-0.005

-0.01

-0.015

-0.02

-0.025

-0.01

-0.02

-0.03

-0.04
B

DG

0.25
0.2
®
100 200 300 400 500 ., 0.15
CSF AmyloidB, 4, 2
= 01
o
TAIL >
0.05

0

100 200 300 400 500
CSF AmyloidpB,_4,

DG

200 400 600

0.004
0.002

-0.002
-0.004
-0.006
-0.008

-0.01
-0.012
-0.014

CSF Amyloidp, ,,
TAIL

SUSCEPTIBILITY ppm

100...200 . 300 400 500

CSF AmyloidB, 4,

100 200 300 400 500
CSF AmyloidB, 4,

100 200 300 400 _ 500

CSF AmyloidB, 4,

Figure 4.11: Scatter plots showing the relationship between (A) relative volume (%) or (B)
susceptibility (ppm) of the hippocampal subfields of AD participants and the concentration of CSF
Amyloidf1-42. in pg/ml. Linear fits are indicated by the trend lines. * means they have p < 0.05, **p
< 0.01 and no sign means they are not significant.

4.7

DISCUSSION

In the study, we examined the use of ultra-high field MRI at 7T including PSIR,T>-Weighted

and T2* images in patients with biological Amyloid-status Alzheimer’s disease who did not
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have evidence of hippocampal atrophy on their clinical MRI at 3T (i.e. met classification of
A+T-N- or A+T+N- criteria) (Jack et al., 2018) as a new biomarker for making the diagnosis
of AD during the prodromal phase. We measured and assessed the changes in
volume/susceptibility of the hippocampus and its subfields at 7T for Alzheimer’s disease
patient and healthy control also how those changes relate to the levels of Amyloid in the CSF
in patients with AD.

In our statistical analysis, in Table 4.2, we used age as a covariate to determine its potential
influence on the study outcomes. Our analysis revealed that age did not yield any statistically
significant effects on the results. This indicates that age does not impact the measured variables
as assessed in our dataset.

Furthermore, we also employed sex as a covariate in our investigation. This consideration was
particularly important, given that males typically tend to have larger head and brain sizes
compared to their female counterparts. Our findings indicated that sex significantly influenced
the absolute volume measurements. However, upon implementing the Total Intracranial
Volume (TIV) correction, the previously observed significance of sex was mitigated. As a
result, for the majority of our analyses, we primarily relied on the TIV-corrected volume
presented in percentage terms.

By accounting for age and sex as covariates and emphasizing the TIV-corrected volume in our
analyses, we aimed to enhance the accuracy and reliability of our results, ensuring that any
observed variations were attributed to the variables of interest rather than potential confounding
factors.

As compared with age-matched controls, we found that there was a significant volume loss
involving the all the subfield of the hippocampus except for the SUB. A p-value of p < 0.001
was observed in ERC, DG, Hippocampus tail and CA subfields. Further, the lower volume of

ERC subfield in percipients with prodromal AD had a linear correlation with the measured
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value of AmyloidBi-42 in the CSF (R?= 0.542 and p = 0.0011). In this pilot study, the volume
loss in the other hippocampal subfields showed a trend towards the correlation with the CSF
AmyloidPi-42, but did not reach statistical significance. The presented results have undergone
Bonferroni correction, to limit the risk of encountering false positive outcomes. This correction
plays a crucial role in maintaining the reliability of our findings by reducing the likelihood of
identifying significant effects purely by chance.

Absolute hippocampal volume loss in AD has been reported in other neuroimaging studies
using standard MRI at 3T and 1.5T (Yushkevich et al., 2015, Schuff et al., 2009, Vijayakumar
& Vijayakumar, 2013. Here, we have examined patients with prodromal AD who did not have
significant total volume loss of the brain as shown in Fig 4.6 and 4.6, when compared with age-
matched healthy controls (p < 0.001; Figure 4.6). The use of 7T MRI identified the
hippocampal volume loss in the absence of total brain volume loss in patients with prodromal
AD. This finding supports the superiority of 7T MRI over the standard MRI (at 3 or 1.5T) as a
potential biomarker for an early identification of atrophy to aid the diagnosis of AD.

It has been previously reported that the level of CSF AmyloidPi-42 declines during the
preclinical stage of AD (Haapalinna et al., 2016), and correlates with delays in memory tasks
in patients with Mild Cognitive Impairment (MCI) (Haldenwanger et al., 2010). In our study
of patients with Amyloid-positive prodromal AD, we have found significant associations
between the ERC volume loss and a decrease in the level of CSF Amyloidfi-42 Fig 4.11. The
ERC is responsible for memory, navigation and perception of time (Tsao et al., 2018, Du et al.,
2001). Further, the ERC is the region of the brain where the early histopathological changes of
AD occurs before migrating along the hippocampus (Braak & Braak, 1997). An early
identification of ERC volume loss in the correct clinical setting may have the potential to be
used as a proxy measure of CSF Amyloidpi-42 along with the other biomarkers in the correct

clinical settings.
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People with cognitive impairment are usually assessed using cognitive tests (Folstein et al.,
1975). Such assessments include the Montreal Cognitive Assessment (MoCA) (Nasreddine et
al., 2005). Here, we found a consistent association between the volume of the hippocampal
subfields and the MoCA score for the Alzheimer’s disease participants (Fig 4.10 and Table
4.3). For all subfields there was a trend for the volume to increase with MoCA score, suggesting
that reduced hippocampal subfield volumes are associated with cognitive impairment, but
significance was only achieved in the tail with R?>0.709 and p =0.014. A similar relationship
was also reported in a 3T study conducted by Ogawa (Ogawa et al., 2019). Previous studies
have established the relationship between CA1 volume and cognitive task for individuals with
memory problems (S. G. Mueller et al., 2011).

Here, susceptibility was referenced to the average over the whole brain to reduce variability,
therefore areas of negative susceptibility will generally represent areas of higher myelination
or reduced iron relative to the average over the brain, while areas of positive susceptibility will
generally have more iron or reduced myelin (although the exact relationship is multifactorial
and complex). Figure 4.6 shows that the susceptibility of the whole hippocampus was negative
in agreement with the work of (Acosta-Cabronero et al., 2018) at 3T, and there was no
significant change in susceptibility of the whole hippocampus between the AD patients and the
healthy controls.

A review paper by (Ravanfar et al., 2021), reports that of six studies of susceptibility changes
in the hippocampus in Alzheimer’s disease, four show no significant changes in the
susceptibility of the hippocampus in AD.

Figure 4.7 and Table 4.1 show that only the DG subfield showed a statistically significant
difference in susceptibility between the AD and HC groups with a p-value of 0.045, this result
became statistically insignificant when |Bonferroni correction was applied. The smaller

regions (e.g. the tail) are unlikely to provide reliable measurements due to their sizes. Fig 4.7
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does suggest that regions of positive susceptibility (ERC and SUB) become more positive for
the AD patients possibly due to preferential iron deposition in these regions.

Fig. 4.10 shows the correlation between the susceptibility of each subfield and MoCA score
for the AD patients. The relationship was negative (i.e. increasing susceptibility with declining
MoCA score and cognitive ability) in ERC and SUB, where the net susceptibility of the region
was positive, while it was positive in the DG, TAIL and CA where the net susceptibility is
mostly negative. The correlation coefficient attained significance (p < 0.05) only for the DG
and CA (R? > 0.7). Generally for the whole hippocampus the relationship between
susceptibility and MoCA score also attained significance with p = 0.006 and R? = 0.77. The
negative susceptibility observed for the whole hippocampus is largely due to the effects of the
DG and CA, as they make up the largest part of the hippocampus.

In order to use the findings of our study for a clinical translation, a larger sample size should
be tested. This study was not aimed to assess the causality of hippocampal subfield atrophy in
the early stages of AD and further pathological studies could explore whether there is a direct
relationship between the pathological state of CSF in AD and early hippocampal subfield
atrophy. Although 7T MRI is less clinically available and more expensive than some other
diagnostic modalities, the lack of radiation, non-invasiveness and enhanced sensitivity for
direct measurement of early structural changes in the brain means that it has valuable potential
for clinical use. If 7T MRI could be used as a proxy for Amyloid-positive AD during the early
stages, this neuroimaging modality could provide structural and topographic information on

the AD unlike other existing multi-modal MRI methods.

48 LIMITATIONS TO THE STUDY

One limitation of this study is the relatively small sample size, with only 11 AD patients and
11 healthy controls included. This limits the statistical power of the study and larger groups of

participants would be beneficial to increase the precision of the findings.
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Although efforts were made to recruit patients with early onset AD, the challenges associated
with studying this population are acknowledged. Despite this, only three AD patients dropped
out during the scanning sessions. However, motion artefacts proved to be a significant issue in
this study, with data from two AD patients having to be excluded due to this. Further work is
needed to reduce the effects of motion artefacts, such as using motion measurements made
using a camera to correct data or employing behavioural methods to encourage participants to

remain still during scanning.

Another potential limitation of the study is the use of susceptibility referenced to the whole
brain, which may attenuate the detection of changes in the hippocampal subfields if there is a

global change in susceptibility across the brain.

4.9 CONCLUSION

The results of this study suggest that high resolution MRI, particularly volumetry and
susceptibility mapping, may serve as a potential biomarker for early detection of Alzheimer's
disease. The association between the volume of the ERC and CSF AmyloidB1-42 is a promising

finding, and warrants further investigation in larger sample sizes.

Moreover, the relationship between the hippocampal subfields and abnormal proteins, such as
CSF Amyloidp1-42, and cognitive measures like MoCA scores, suggests that these measures
may also have potential as biomarkers for early detection of AD. However, given the small
sample size in this study, further research with larger sample sizes is necessary to fully explore

the potential of these measures as biomarkers.

Overall, this study provides important insights into the use of high field, high resolution MRI

in the detection and monitoring of Alzheimer's disease.
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CHAPTER FIVE

5.0 VASCULARIZATION OF THE HIPPOCAMPUS

5.1 OUTLINE

In this chapter, the focus is on exploring the vascularization of the hippocampus using a 7T
MRI scanner, without the use of contrast agents. The arterial and venous supply of the
hippocampus was investigated, as it is important for understanding possible changes in function
and for successful surgery around the hippocampus. Additionally, understanding the venous

supply is essential for interpreting fMRI studies of cognitive function in that area.

The study includes the identification and analysis of the major blood vessels supplying and
draining the hippocampus. The in vivo angiograms of the arteries were compared to the results
of previous in vivo and post-mortem studies (Wen et al., 1999). High resolution T>* 3D GRE
images were acquired from which SWI images were generated using the phase and magnitude

data. The SWI images were used to investigate the venous drainage of the hippocampus.

The findings of this study provide valuable information on the vascularization of the
hippocampus, which can aid in the study of neurodegenerative diseases and in surgical
procedures around the hippocampus. Furthermore, the comparison of the results to previous
studies enhances our understanding of the hippocampus' blood supply. The use of SWI images
allows for the investigation of the venous drainage, which can improve the interpretation of

fMRI studies of cognitive function in the hippocampus.

5.2 INTRODUCTION

The hippocampus is a highly complex and important brain structure that is involved in various

cognitive functions, including memory consolidation, spatial navigation, and pattern separation
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(Manjon et al., 2020). Its degeneration is a hallmark of Alzheimer's disease (AD) and is often
used as a diagnostic criterion for this disease (H Braak & Braak, 1991). The measurement of
hippocampal volume using magnetic resonance imaging (MRI) has become a valuable tool for
the follow-up and treatment adjustment of AD patients (Jack et al., 2005). The hippocampus is
divided into subfields, such as the dentate gyrus and Cornu Ammonis (CA) regions, which can
be segmented and measured using automated segmentation techniques like Automatic
Segmentation of Hippocampal Subfields (ASHS) (Yushkevich et al., 2015b), as discussed in

detail in (chapters 3 and 4).

However, it is challenging to obtain in vivo studies of the vasculature of the hippocampus due
to its location deep within the brain. Nonetheless, non-invasive in vivo studies are crucial for
both healthy and diseased participants, providing valuable information for both neuroscience
and neurology applications. Most investigations of the hippocampus are usually based on
histology or post-mortem studies, which provide limited information about its dynamic
function. Therefore, non-invasive in vivo studies are essential to better characterise the
anatomy and ultimately to investigate the links between anatomy and function, particularly in

understanding the mechanisms underlying neurodegenerative diseases like Alzheimer's.

The posterior cerebral artery (PCA) provides the primary supply to the anterior choroidal artery
(AChA) (Spallazzi et al., 2019). These two arteries are the main vessels that supply blood to
the hippocampus, individually or mixed. The hippocampal head is supplied by the anterior
hippocampal artery (AH) and the uncus, while the hippocampal body and tail are supplied by
the middle and posterior hippocampal arteries (MH and PH), respectively. The naming of the
arteries is related to the part they supply (Marinkovi¢ et al., 1992, Prades et al., 1993). However,
considering the vasculature in more detail, a recent study by (Isolan et al., 2020) classified the

hippocampal arterial vasculature of individuals into six groups, as shown in Figure 5.1:
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» Group A: This group presents mixed irrigation, with the hippocampal arteries originating from

the anterior choroidal, PCA, anterior infratemporal artery (AIA), and splenial artery (SA).

* Group B: The hippocampal arteries originate from the temporal branches, such as the main
inferotemporal trunk, middle inferotemporal artery (MITA), posterior inferotemporal artery, or

the main branch of PCA.

* Group B2: In this case, the inferior temporal arteries arise from a common trunk, with an

arrowhead identifying a common inferior temporal artery.

* Group C: The anterior inferior temporal artery (AITI) is the main feeder of the hippocampus.

* Group D: The hippocampal arteries originate from the posterior cerebral artery's (PCA) main

trunk, and they are the largest contributors to the hippocampus blood supply in this group.

» Group E: A single trunk of the posterior cerebral artery (named Ushimura's artery), with its

origin at the main branch of PCA, irrigates practically the entire hippocampus.

* Group F: The hippocampal vessels arise exclusively from the parieto-occipital artery (POA),

calcarine artery (CA), and the SA.
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Figure 5.1: pictorial representation of different group categorizations of hippocampal arterial supply,
showing the intra and extraventricular view of the hippocampus. See text for further explanation. CA:
Calcarine artery; ICA: Internal carotid artery, PCA: Posterior cerebral artery, POA: Parieto-occipital
artery, AITA: Anterior inferior temporal artery, MITA: Medial inferior temporal artery, PITA:
Posterior inferior temporal artery, AChA: Anterior choroidal artery. 1, 2, 3, and 4: Hippocampal
arteries’. (Isolan et al., 2020).

The hippocampus venous drainage has received less attention due to the technical challenges
involved in studying it. However, the branches of the basal vein are known to be the main veins
that drain blood from the hippocampus (Henri Duvernoy, Frangoise Cattin, 2013). Within the
hippocampus, two main veins can be distinguished: the sulcal intrahippocampus vein and the
subependymal intrahippocampus veins (Henri Duvernoy, Francoise Cattin, 2013). The sulcal
intrahippocampus vein is located between the Cornu Ammonis and the gyrus dentatus, while
the subependymal intrahippocampus veins drain blood from the deep layers of the CA2, CAl
and subiculum. Knowledge of the hippocampal venous drainage is important for understanding
the role of the hippocampus in cerebral blood flow regulation and in the pathophysiology of
various diseases. For instance, venous congestion may lead to hypoxia and ischemia, which

could damage the neurons in the hippocampus and cause cognitive impairment (Fulop et al.,
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2019). Therefore, further studies are needed to better understand the venous drainage of the

hippocampus and its clinical implications.

Studying the vasculature of the hippocampus in detail has been challenging in the past due to
the small size of the arteries and veins, ranging between 0.2 and 1.0 mm in diameter. Most of
the studies involving the vasculature of the hippocampus have been carried out using cadavers.
However, with the advent of higher static field scanners (7T and above), we can use high-
resolution angiography and venography to study the small vessels in vivo (Spallazzi et al.,

2019).

Time-of-Flight (TOF) magnetic resonance angiography (MRA) is a non-invasive technique for
imaging brain arteries and aneurysms (Akasaka et al., 2016, Sailer et al., 2014). It generates
bright-blood contrast between inflowing and stationary spins, allowing visualization of the
arteries in a certain region (Buck et al., 2022). The importance of TOF MRA has increased with
the availability of higher field scanners, which offer increased sensitivity and longer Ti,
resulting in a higher signal-to-noise ratio (SNR) and improved spatial resolution in a reasonable
imaging time (Wrede et al., 2014). Therefore, TOF-MRA was used in this study at 7T to
visualize small vessels such as the arteries that supply oxygenated blood to the hippocampus

and other vital brain tissues (Spallazzi et al., 2019).

Despite its usefulness, TOF MRA has some pitfalls. For example, signal loss may occur due to
slow flow or vessels in which flow is within (rather than across) the scan plane because of
desaturation. Spin-dephasing may also occur due to flow at different speeds within the vessel,
and signal dropout can be caused by veins close to the artery. Confounding signal from short
T1 materials, such as haemorrhage, and motion artefacts due to the long acquisition time may

also affect the quality of the images obtained.
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To study venous drainage of the hippocampus in vivo, many studies have utilized contrast
agents such as ultra-small superparamagnetic iron oxides (USPIO) to increase susceptibility in
the veins beyond the effect of deoxyhaemoglobin, thereby increasing T>* contrast and reducing
T1 (Buch et al., 2020, Shen et al., 2020, Buch et al., 2022, Liu et al., 2018, Buch et al., 2021).
Recently, in a study at 3T, Ferumoxytol was used as a contrast agent to increase susceptibility
in the vein, improving the visualization of smaller structures such as small veins using T>*

dominated sequence or Susceptibility weighted image (SWI).

In this work, SWI was used, which exploits both the intrinsic phase and magnitude (T2*)
contrast from deoxyhaemoglobin, making it particularly sensitive to venous vasculature and
iron storage. The fully flow-compensated, long echo GRE pulse sequence was used to acquire
the image. It should be noted that despite the benefits of contrast agents in improving image
quality, their use can also have drawbacks, including potential adverse reactions, increased
cost, and longer imaging times. Therefore, careful consideration must be given to their use in

research studies.

In this study, we utilized high-resolution TOF-MRA images to identify the arteries around the
hippocampus, while a single-echo T>*-weighted 3D GRE sequence was used to generate the
susceptibility-weighted imaging (SWI) to identify the venous supply of the hippocampus. Both
imaging techniques were optimized to obtain the best possible output for the veins and arteries
around the hippocampus, enabling us to study the vasculature of this important brain structure
in detail. By combining the strengths of these two imaging methods, we were able to gain a
comprehensive understanding of the blood supply to the hippocampus and potentially shed

light on the role of vasculature in hippocampal-related diseases.
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5.3 METHODS

The study was conducted at the Sir Peter Mansfield Imaging Centre at the University of
Nottingham in the UK. Image acquisition was carried out using a whole-body Philips
ACHIEVA 7 T system, equipped with a Nova Medical (Wilmington MA, USA) single-channel

transmit, and 32-channel receive (1Tx32Rx) head coil.

First, optimization scans were performed on a number of subjects to ensure the best output for
the arteries and veins around the hippocampus. Subsequently, a systematic study of the arteries
and veins was carried out in 8 healthy participants (4 females and 4 males, age 30 + 8 years)

who had no known neurological or psychiatric conditions.

All participants included in the study provided informed written consent, as approved by the

protocol ethics.

5.3.1 OPTIMIZATION OF IMAGING SEQUENCES

5.3.1.1 OPTIMIZATION OF TIME OF FLIGHT ANGIOGRAPHY SEQUENCE

In TOF angiography a simple FFE scan is applied in which each RF pulse saturates the signal
in the imaging slab but new spins flowing in remain unsuppressed and therefore give high
signal. For a maximum flow signal completely new blood must enter the slice and fill all the
vessels every TR period making angiography sensitive to the flow velocity (Figure 5.2). This
means that the choice of TR and slab/slice thickness should be appropriate to the expected
flow-velocity in the smallest vessels to be identified and so has to be optimised for each
application. This can be particularly challenging if the flow is not largely axial (cranial -caudal)
as is the case in the hippocampus where flow can be coming from any direction. If a particular
field of view needs to be covered then it may be better to scan several thinner slabs to reduce

the chances of the blood becoming saturated and hence to produce a stronger signal.
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Furthermore, if the TR is changed to accommodate a different slab thickness or flow rater, then
the flip angle required to suppress background signal needs to be changed and this will depend
on the local tissue types and at 7T may require a practical consideration of RF inhomogeneity
effects. A final issue that must be considered is that high flip angle pulses applied at short TR

can lead to high SARs which may not be allowed within safety limits.

slab

Fresh Blood Cross sectional

Velocity (V) ¥ Area(A)

) )

l

Volumetric flow
rate =V x A

Figure 5.2: schematic showing the inflow effect in the TOF sequence for a 3D angiography. Ideally the
velocity of flow must be sufficient so that the blood is replenished (refreshed) across the thickness of
the whole slab in the repetition time (TR) of the FFE pulse sequence. The relationship between velocity
and flow rate is also shown. In a real 3D slab it is likely that multiple small vessels will be emanating
from a single point of entry at the distal end of the slab.

For optimization of angiography image imaging parameters must be chosen to enhance the
visibility of blood vessels while minimizing interference from other tissues. Figure 5.3A
presents the simulation of the expected relative signal from blood and tissue at various flip
angles (FA) and repetition times (TR) for angiography image optimization, calculated using

the equation for signal in the GRE sequence:
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where S, and S, are the signal of blood and tissues, TE}, and TE; are the echo time for blood
and tissue, T,y and T, ¢, are the T2* of blood and tissue respectively, « is the flip angle, TR

is the repetition time. For stationary tissue the signal peaks at the Ernst Angle for each TR.

However, the signal from inflowing blood shows a standard saturation recovery curve.

_TEp
S, = Spe 2 X sin o« [5.2]

The simulation assumed full recovery of blood signal between RF pulses, T2* of blood of 80
ms, T1 of tissue of 1800 ms, T2* of tissue of 100 ms, and a minimum echo time (TE) of 4.45
ms, which is the shortest allowed. It also assumes that both blood and tissue share the same
spin density. The stark difference between the curves for inflowing blood and stationary tissue
demonstrates how a short TR GRE sequence can be used to highlight blood vessels in the
image, provided the blood within them is moving fast enough to be refreshed within a TR. This
difference in signal strength is a fundamental to angiography.

Figure 5.3B plots the difference between the blood and tissue signals to show the contrast
achieved in angiography.

Contrast =S, — S; [5.3]

This highlights that the best contrast is achieved at short TR.

However, at short TR and high flip angle specific absorption rate (SAR) increases. It is given
by
0(2
SAR = — [5.4]
TR
SAR is a critical safety consideration in MR, as it reflects the amount of energy absorbed by

the body and the scanner will limit the maximum flip angle available at short TR to limit SAR.

Figure 5.3C maps the flip angle axis of Figure 5.3B onto SAR for each TR using equation 5.4.
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It clear show that the optimum contrast for lowest SAR is achieved for longer TR. This situation
will also provide best opportunity for complete replenishment of blood in the vessels. However
longer TR also leads to longer scan time. Figure 5.3 summarizes the necessary tradeoffs when

setting up an angiography sequence.

SIGNAL OF BLOOD AND TISSUES AT DIFFERENT TISSUES TR BLOOD CONTRAST AT DIFFERENT TR

Contrast
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Figure 5.3: a plot of the A) signal of blood and tissue against the flip angle for different TR for the
tissue B) the contrast of blood against flip angle for different TR and C) contrast against the specific
absorption rate.

Informed by these simulations, three TOF sequences were investigated for visualization of the

arteries as summarised in Table 5.1.

Sequence Fat water
Resolution FOV Coverage Chunk TR TE shift/band | FA Time
(mm?3) (mmd) g (ms) | (ms) | width (deg) | (min)
(Hz/px)
TOF1 4 stacks
0.2 ggz X XZ%)((J)OXS covering the . 20 | 35 | 88115 | 30 | 4x03:03
hippocampi
TOF2 195
0'3):10)(30434 x179 hippocampi | 2 (thickness 10 4.4 3.65/276 20 07:23
' x37 18.36 mm)
038x038 | % . | 4 (thickness
TOF3 x178 hippocampi 14 45 3.65/275 22 06:07
x 0.38 %33 8.36 mm)

Table 5. 1: the TOF sequences investigated, 3D FFE flow compensated sequence with the sense on
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For the first sequence (TOF1 in Table 5.1), four TOF images with parameters shown were
acquired with 10 slices each and then stacked together to cover the entire hippocampus as
shown in Fig 5.4a. Each of the scans had an acquisition time of 03:03 min. The small slab
thickness ensured the inflowing blood was unsaturated during the time of acquisition thereby
generating a strong signal in the arteries, although splitting the phase encodings between
different acquisitions reduces the signal to noise ratio. In this case four slabs were acquired
separately to provide an opportunity for registration of data if required. However movement
between acquisitions of the slabs led to loss of contrast in the overlapped region which
prevented registration and the acquisition time for such a high resolution scan was too long.

To address these issues, a 3D TOF sequence (TOF2 in Table 5.1) was acquired in two chunks
of thickness 18.36 mm. In this case the chunks use the Philips software for automatic alignment
of the data which does not allow any motion correction between chunks but also allows faster

scanning. The total acquisition time of 7:23min.
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Figure 5.4a: showing the sagittal, coronal and axial of the three TOF MRA sequences investigated i)
TOF1 4 stack scan ii) TOF2 with 0.34mm isotropic resolution and iii) TOF3 with 0.38mm isotropic
resolution covering the entire hippocampus. This was use for the identification of the arteries around
the hippocampus

Lastly, the TOF3 sequence (Table 5.1), explored the implications of reduced acquisition time,
a crucial factor for motion limitation. This was achieved by augmenting the number of chunks
to 4, with reduced thickness, and an increase in both TR and flip angle. As shown in Figure
5.4b, this optimization enhanced the visualization of small arteries around the hippocampal
region of the brain, all within a more efficient acquisition timeframe.

This optimization not only provides a practical solution for minimizing motion artefacts, but it

also show the potential to strike a balance between imaging quality and scan duration. In
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clinical settings, where patient compliance and scan efficiency are paramount, this approach

could prove instrumental in achieving diagnostic accuracy while ensuring patient comfort.

Figure 5.4b: Maximum Intensity Projection of the TOF-MRA sequences A) is the TOF2 with 0.34mm
isotropic resolution and B) is the TOF3 with 0.38mm isotropic resolution). it shows clear that we can
see more arteries in the TOF3 image

5.3.1.1 OPTIMIZATION OF T2* IMAGE SEQUENCE

To understand the drainage system around the hippocampus especially the venous system in
vivo, one needs to optimise To* images to improve the resolution of the scans to detect small
veins.

The T2* sequences investigated for the identification of the hippocampus veins are summarised
in Table 5.2 below they are all flow compensated to reduce flow artefacts from vessels and

CSF.
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Sequence Resolution | FOV Coverage TR TE (ms) WSF/BW | FA Time
(mm?3) (mm?3) (ms) (HZ/px) | (deg) | (min)

GREl | 2D 0.3x0.30x | 180x Whole

FLASH | 1.20 180x 54 | head 1000 | 25 28.9/35 70 04:35
GRE2 | 3D

MULTI-

ECHO 0.38 x 0.37 | 224x 8.2 and

GRE x 0.74 185x 50 | hippocampi | 24 18.4 5/202.5 8 06:38
GRE3 0.38 x 0.37 | 224x

3D GRE | x0.74 185x 50 | hippocampi | 24 18 7/144 8 06:38

Table 5. 2: summary of the T>* sequence investigated for better identification of the venous system of
the hippocampus

The first sequence (GRE1 Table 5.2) was a 2D Fast Low Angle Shot (FLASH) sequence with
a long repetition time (TR =1000ms) to allow for more available signal per slice achieved due
to recovery, which is an advantage as additional slices can be interleaved in the TR to reduce
the overall scan time. However, this sequence was not sufficient for the identification of the
hippocampal vein as the susceptibility of tissue close to the hippocampus (like the substantia
nigra) generates very similar signals which made it difficult to identify and threshold the
smaller region of hyperintensity coming from the veins. Another limitation of this sequence is
that the 2D data had a large slice thickness of 1.2 mm which make it difficult to generate SWI
(the process for generating the SWI will be explained in section 5.3.2.2) with reasonable
resolution across all angles of the hippocampus

The second method (GRE2 Table 5.2) was a 3D multi-echo GRE image which aimed to
generate a better SWI for identification of the hippocampal veins. This image was obtained
with coverage perpendicular to the hippocampus axis. Reduction in the slice thickness to 0.74
mm helped improve visualisation of smaller veins and the 3D acquisition improved the SNR,
though the acquisition time was increased due to the increase number of lines in the k-space
despite the decrease in TR. In generating the SWI image using the multi-echo GRE we tried
different combinations of the echoes of the phase and magnitude data, firstly we combined the
first echo phase and magnitude together to produce the SWI, then we tried the second echo

magnitude and phase and finally we tried inter-changing the echoes (i.e. combining the phase
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data of echo-1 to the magnitude data of echo-2). The result of the SWI generated from the
combination of the second echo phase and magnitude data produced the best SWI, as expected,
because the phase data with the longest echo time most has accumulate relative phase shift
complimenting for the loss of signal from the magnitude data.

The third scan, a 3D GRE single echo with same resolution as the multi-echo scan, was
acquired with echo time similar to that of the longest echo time for the multi-echo, but with the
advantage of being able to increase the water-fat-shift (7 pixels) and reduce the bandwidth (144
Hz) to improve the signal obtained for this image (a reduced bandwidth reduces the noise level
in the pixels thereby increasing the signal-to-noise ratio of the image but at the cost of increased

distortion). This also improved the quality of the SWI needed for the visualization of the veins.

3D MULTI-ECHO 3D SINGLE-ECHO

2D FLASH

Figure 5.5: Showing the 3 sequences use for the generation of the SWI to identify the veins in this study
as shown in Table 5.2.
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5.3.2 METHODS AND IMAGING PROTOCOL

To locate the hippocampus for later scans and for hippocampal segmentation, a T1-weighted
PSIR image was acquired with the following parameters: 0.55 mm isotropic resolution, TR =
6.9 ms, TE = 5.1 ms, 348 number of slices and an acquisition time of 12:25 minutes.

To assist with segmenting the hippocampus a T2-weighted FSE scan was also acquired with
voxel size of 0.375 x 0.375 x 1.5 mm, TR =5500ms, TE = 119 ms and an acquisition time
of 04:24 minutes.

For the venography a T>* single echo image was acquired perpendicularly to the long axis of
the hippocampus to highlight the very tiny venous structure and was processed into a SWI. The
scan had the following parameters; 0.38 x 0.37 X 0.74 mm reconstructed at 0.35 X 0.35 X
0.37 mm TR = 24 ms, TE = 18 ms, FA =8°, Water-fat shift was set at 7 pixels and bandwidth
at 144.6 Hz, and a practical optimization of the trade-off between SNR and distortion in the
SWI; the acquisition time was 06:39 min.

The last set of images acquired was TOF angiography. We optimized this scan to maximise
saturation of tissue and minimise saturation of inflow blood, in the shortest possible time,
covering the entire hippocampus and at a resolution of 0.38 mm isotropic using 4 packages,

TR =14 ms, TE = 4.5, FA = 22° the TA was 06:07 min.

5.3.3 IMAGE PROCESSING AND ANALYSIS

5.3.3.1 HIPPOCAMPAL SEGMENTATION

The hippocampus segmentation was performed using Automatic Segmentation of
Hippocampus Subfield (ASHS), a software developed by (Yushkevich et al., 2015b). This
method utilizes both Ti-weighted and T>-weighted images to generate a segmentation of the
hippocampus, as explained in chapter 3. Fig 5.6 shows a 3D representation of the segmentation

obtained from ASHS and the segmentation overlaid on a T>-weighted image. To ensure the
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accuracy of the segmentation, the segmented hippocampus mask was inspected using both
FSLeyes and MeVisLab (MeVis, Bremen, Germany). MeVisLab is a powerful framework for
image processing of 2D and 3D medical imaging data sets and offers rapid prototyping, a wide

range of features, supported file formats, and extensibility options.

Figure 5.6: The Axial, sagittal and coronal view of the hippocampus segmentation and it overlaid on
the T-weigthed

5.3.3.2 TOF ANGIOGRAPHY DATA
The TOF images shown in the figure below were obtained for each participant in this study

and were used for identifying the arteries around the hippocampus.
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Figure 5. 7: A) The Time of Flight (TOF) B) the maximum intensity projection of the TOF for one of
the participants in the study and C) the TOF (red) covering the entire hippocampus as acquired from
the scanner.

To be able to visualise the tiny arteries around the hippocampus, TOF images were acquired
covering the entire hippocampus as quickly as possible, to generate good contrast at a high
resolution, as shown in Fig 5.7.

TOF-MRA were registered to the hippocampus mask, using FLIRT on FSL (Jenkinson et al.,
2002), to avoid misidentification of the hippocampus artery (this helped eliminated arteries that
were not connected to the hippocampus).

The TOF data was visualised using Maximum Intensity Projection software available in
MeVisLab to identify the arteries, especially the posterior cerebral artery (PCA) and the
anterior choroidal artery (AChA) as shown in Fig 5.9 to 5.17. The registered image was
thresholded to extract just the signal from the arteries, with every pixel with signal below the

threshold made zero. A single threshold for each data set was selected manually, depending
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on the intensity of the image. The thresholding the TOF needed to be selected very carefully

as it tended to lead to loss of smaller vessels.

5.3.3.3SWI DATA

The SWI data were generated using the method described by (Haacke et al., 2004). Firstly, the
phase image from the GRE data set is passed through a complex high pass filter to remove any
artefacts and slowly varying phase shifts. The phase mask generated through this process is
then multiplied by the magnitude image five times in MATLAB (R2020b, Mathworks, Inc.,
Natick, MA USA). This combination enhances the T>* contrast with phase information and
enables the identification of the venous supply of the hippocampus with high sensitivity. In the
SWI images the paramagnetic deoxyhaemoglobin in the venous blood causes a signal dropout
in the veins, making them appear dark in the SWI (compared to the original magnitude image

as shown in Figure 5.8).

A B

Figure 5.8: shows A) the magnitude image of the SE T,* sequence and B) the magnitude image of the
SWI obtained after processing A.
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After obtaining the SWI image, it was processed using MATLAB to segment the hippocampal
veins. MeVisLab could not be simply used because of the reverse contrast of the SWI images.
Firstly, the SWI was manually thresholded to identify the lowest signal potentially
corresponding to the veins. This method has limitations as low signals from iron-rich tissues
such as the Red Nucleus may lead to a loss of signal of smaller vessels, so a mask was used to
remove such areas. Signals less than the threshold were set to zero, and signals greater than or
equal to the threshold were set to one. The resulting vessel mask was then inverted, making the
veins the brightest signals in the image, using ‘imcomplement’ function on MATLAB. The
image was then denoised by removing voxels with less than 50 voxels connected to them, this
was done by using the ‘bwareaopen’ function in MATLAB, which remove all connected
component that contain fewer than 50 voxels in the T2* image, as those are considered to be
noise. To identify the veins around the hippocampus, the denoised image was multiplied by a
dilated mask of the hippocampus to avoid overlap from surrounding veins in the maximum
intensity projections (MIPs). The resulting 3D image of the veins was finally visualized using

MeVisLab software, as shown in Fig 5.9 to 5.17.

54 RESULTS

Here we present the results of the eight participants involved in this study. The subject
demographics are given in Table 5.3. The groups to which the arteries were considered to fall

are also given in Table 5.3.

Age Sex Group
Subject 1 31 Female Group A
Subject 2 23 Male Group E
Subject 3 25 Male Group C
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Subject 4 28 Female Group D
Subject 5 31 Male Group F
Subject 6 59 Female Group F
Subject 7 33 Female Group F
Subject 8 20 Male Group F

Table 5. 3: Subject demographics and assigned group for arteries

The results aim to provide a comprehensive 3D visualization of our dataset within the
MevisLab environment. Figures 5.8 to 5.16 offer an insights into the veins responsible for
draining the hippocampus, as well as the prominent arteries that supply blood to this region,
across the eight participants within our study cohort. It's important to emphasize that these
visualizations were attained without the application of any contrast agent.

A consistent pattern emerges from these visual representations, showing the consistent
arrangement of veins and arteries around the hippocampal region. Nonetheless, individual
anatomical distinctions contribute to some variations within this pattern. Also in the Fig 5.18-
5.22, shows the specific vascularization pattern pertinent to each individual subject. A
noteworthy comparison can be drawn between our findings and the schematic representation
of vascularization patterns as categorized by (Isolan et al., 2020). Notably, Isolan et al.'s
classification encompasses six distinct patterns, thereby offering an additional layer of insight
into the hippocampal vasculature.

The findings revealed distinct vasculature patterns among the subjects. Subj01 exhibited a
vasculature pattern aligned with group A from Isolan et al., featuring a combination of PCA,
AchA, AIA, and SA as the sources of hippocampus arteries. Subj03 corresponded to group C,
where the anterior inferior temporal artery (AITI) predominated as the primary hippocampus
artery. Subj04 was categorized within group D, characterized by PCA as the predominant

supplier to the hippocampus. Subj02 demonstrated characteristics of group E. Finally, subj05,
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subj06, and subj08 showcased vasculature consistent with group F, the most common pattern
within our cohort. In this configuration, hippocampal vessels emanated exclusively from the
parieto-occipital artery (POA), calcarine artery (CA), and the SA. This diversity underscores

the individual variability in hippocampal vasculature patterns within our study group.

Figure 5.9: showing the arteries (red) and veins (blue) overlaid on the segmentation of the hippocampus
for Subject 1. The images are taking from different orientations to show the vascularization clearly
around the hippocampus. Subj01 exhibited a vasculature pattern aligned with group A from Isolan et
al., featuring a combination of PCA, AchA, AlA, and SA as the sources of hippocampus arteries.
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Figure 5.10: showing the arteries (red) and veins (blue) overlaid on the segmentation of the
hippocampus for Subject 2. The images are taking from different orientations to show the
vascularization clearly around the hippocampus. Subj02 exhibited a vasculature pattern aligned with
group E from Isolan et al., featuring a combination of PCA, AchA, AlA, and SA as the sources of
hippocampus arteries.

Figure 5.11: showing the arteries (red) and veins (blue) overlaid on the segmentation of the
hippocampus for Subject 3. The images are taking from different orientations to show the
vascularization clearly around the hippocampus. Subj03 exhibited a vasculature pattern aligned with
group C from lIsolan et al., featuring a combination of PCA, AchA, AlA, and SA as the sources of
hippocampus arteries.
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Figure 5. 12: showing the arteries (red) and veins (blue) overlaid on the segmentation of the
hippocampus for Subject 4. The images are taking from different orientations to show the
vascularization clearly around the hippocampus. Subj04 exhibited a vasculature pattern aligned with
group D from lIsolan et al., featuring a combination of PCA, AchA, AIA, and SA as the sources of
hippocampus arteries.

Figure 5. 13: showing the arteries (red) and veins (blue) overlaid on the segmentation of the
hippocampus for Subject 5. The images are taking from different orientations to show the
vascularization clearly around the hippocampus. This subject correspond to group F
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Figure 5. 14: showing the arteries (red) and veins (blue) overlaid on the segmentation of the
hippocampus for Subject 6. The images are taking from different orientations to show the
vascularization clearly around the hippocampus. Subject 6 also correspond to group F

Figure 5. 15: showing the arteries (red) and veins (blue) overlaid on the segmentation of the
hippocampus for Subject 7. The images are taking from different orientations to show the
vascularization clearly around the hippocampus
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Figure 5. 16: showing the arteries (red) and veins (blue) overlaid on the segmentation of the
hippocampus for Subject 8. The images are taking from different orientations to show the
vascularization clearly around the hippocampus. Subject 8made the last groups that align with group
F

Figure 5. 17: show the complete vasculature of the hippocampus i.e a combination of both the artery
(red) and veins (blue) and a 2D presentation overlaid on the segmentation of the hippocampus for
subject 8.
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A T\
Figure 5.18: showing the hippocampus vascularisation pattern observed in subject 1; on the left is the
TOF MRA image and on the left is the pattern from (Isolan et al., 2020) study. PCA: Posterior cerebral

artery (red), AChA: Anterior choroidal artery (blue) and (PITA: Posterior inferior temporal artery/HA:
Hippocampal arteries/AITA: Anterior inferior temporal artery) are in green
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Figure 5.19: showing the hippocampus vascularisation pattern observed in subject 3; on the left is the
TOF MRA image and on the left is the pattern from (Isolan et al., 2020) study. PCA: Posterior cerebral
artery (red), AChA: Anterior choroidal artery (blue) and (PITA: Posterior inferior temporal artery/HA:
Hippocampal arteries/AITA: Anterior inferior temporal artery) are in green
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Figure 5.20: showing the hippocampus vascularisation pattern observed in subject 4; on the left is the
TOF MRA image and on the left is the pattern from (Isolan et al., 2020) study. PCA: Posterior cerebral
artery (red), AChA: Anterior choroidal artery (blue) and (PITA: Posterior inferior temporal artery/HA:
Hippocampal arteries/AITA: Anterior inferior temporal artery) are in green
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Figure 5.21: showing the hippocampus vascularisation pattern observed in subject 2; on the left is the
TOF MRA image and on the left is the pattern from (Isolan et al., 2020) study. PCA: Posterior cerebral
artery (red), AChA: Anterior choroidal artery (blue) and (PITA: Posterior inferior temporal artery/HA:
Hippocampal arteries/AITA: Anterior inferior temporal artery) are in green.
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Figure 5.22: showing the pattern of hibpocampal vascularisation observed in subject 5 (left), subject
6 (right) and subject 8 (bottom); the central image is the pattern from (Isolan et al., 2020) study. PCA:
Posterior cerebral artery (red), AChA: Anterior choroidal artery (blue).

Figure 5.23 provides a comparative analysis between our findings and those presented in a
cadaver study by (Wen et al., 1999). Through this comparison, we match certain arteries and
veins obtained from subj07 with the corresponding anatomical structures depicted in the inked

cadaver image. This parallel assessment show the alignment of our in vivo imaging outcomes

with the anatomical information derived from a cadaveric context.
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Figure 5.23: comparing A) the Cadaver image of the hippocampus (Wen et al., 1999) with B) our image
of the arteries overlaid on the hippocampus and C) veins overlaid on the hippocampus. 1, anterior
choroidal artery; 2, inferior surface of the posterior segment of the uncus; 3, P2A segment of the
posterior cerebral artery; 4, basal vein; 5, dentate gyrus and fimbria; 6, anterior and posterior
longitudinal hippocampal veins; 7, pulvinar of the thalamus; 8, P2P segment of the posterior cerebral
artery; *, hippocampal arteries; **, lateral posterior choroidal artery..

5.5 DISCUSSION

In this preliminary investigation, we have explored the potential of non-contrast imaging
methods to map out the intricate vasculature of the hippocampus in vivo. By doing so, we
identified the major arteries and veins responsible for supplying and draining blood from the
hippocampus in individual subjects. This preliminary insight holds promise for further
investigations into the relationship between hippocampal vasculature and degenerative
pathology. In a study of an AD model in mice, a reduction in diameter of the artery that supply
blood to the hippocampus (Dentate Gyrus) was observed together with a change in the
vasculature pattern (Zhang et al., 2019).

To delineate the arterial network, we used the time-of-flight (TOF) imaging. Leveraging the
contrast between fresh spins of blood and surrounding tissues, we employed high-resolution

TOF with isotropic resolution of 0.38 mm to produce vivid images of arteries, as demonstrated
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in Figures 5.9 to 5.17. This approach enabled us to identify arteries such as the posterior
cerebral artery (PCA) with diameters between 2-3 mm, anterior choroidal artery (AChA),
diameter 0.7-2mm, and various branches of the PCA, diameter 1mm (Spallazzi et al., 2019),
with notable limitations in detecting smaller arteries below 0.5 mm due to the resolution
constraints.

Post-mortem studies by Erdem (Erdem et al., 1993) and further classifications by (Isolan et al.,
2020), our investigation classified hippocampal arterial vasculature according to distinct
groups. Our analysis, uses a single hemisphere in each of the 8 participants, unveiled patterns
of arterial supply aligned with five out of the six groups delineated by Isolan et al. (2020), as
evident in Figures 5.18 to 5.22. The PCA emerged as the primary source of hippocampal
supply, often accompanied by contributions from AChA. Three out of our 8 participants were

classified as group F which is the most common group found in this study.

Moreover, the importance of Susceptibility-Weighted Imaging (SW1) for visualizing the small
veins encircling the hippocampus, a goal that has previously usually required the use contrast
agents (Buch et al., 2020, Shen et al., 2020, Buch et al., 2022, Liu et al., 2018, Buch et al.,
2021) or only been possible in cadaver studies (Wen et al., 1999). Figures 5.9 to 5.17 show the
utility of 7T 3D GRE with a resolution of 0.38 x 0.37 x 0.74 mm for generating SWI and
visualizing these intricate structures. While the need for high resolution impacted signal-to-
noise ratio (SNR), a consistent pattern of veins was identified, particularly around the basal
vein. In this work we used a single threshold across the image, but it is possible that an local
thresholding might provide improvements.

Our findings correspond well to the superficial arteries and veins extracted from a cadaver
hippocampus (Wen et al., 1999), as illustrated in Figure 5.23. The PCA and its associated

branches were prominently delineated, while the AChA, basal vein, and subependymal
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intrahippocampus vein were also identified. This show the potential, validity and utility of our

preliminary investigation in portraying the hippocampal vasculature.

5.6 CONCLUSION

In essence, this preliminary study serves as a foundational stepping stone toward potential
advancements in comprehending the complex interplay between hippocampal vasculature and
degenerative pathologies, all propelled by the application of non-contrast imaging methods. By
shedding light on the intricate vascular networks within the hippocampus, our findings not only
open avenues for further explorations but also underscore the practicability of gleaning
invaluable insights from these imaging modalities. Furthermore, our study paves the way for
investigating variations into the diameters of arteries and veins among individuals with
neurodegenerative diseases, potentially illuminating whether these changes could serve as

pivotal triggers for such conditions.
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CHAPTER SIX

6.0 CONCLUSIONS

6.1 SUMMARY

The hippocampus is an important brain structure located in the medial temporal lobe on both
sides of the brainstem near to the cerebellum. It is involved in many brain functions such as
memory and spatial reasoning (Manjon et al., 2020). Alzheimer's disease is a devastating and
widespread illness that affects millions of people worldwide. It is a neurodegenerative disease
which occurs as a result of the degeneration of the hippocampus (H Braak & Braak, 1991). The
current diagnostic methods for AD are often invasive and expensive, making it difficult to
detect the disease in its early stages. This thesis seeks to address this issue by investigating the
potential use of high resolution 7T MRI to study the vascularity, susceptibility, and volume of
the hippocampus in AD patients and healthy controls. By identifying a non-invasive and cost-
effective biomarker for early diagnosis of AD, we could potentially improve patient outcomes,
reduce the burden on healthcare systems, and enhance our understanding of this debilitating
disease. Additionally, this research has the potential to pave the way for new treatment options
and therapeutic interventions aimed at slowing or even reversing the progression of AD.

In Chapter 3, we conducted a thorough investigation of the reproducibility of measurements of
the susceptibility and volume of the hippocampal subfields using high resolution T>*, T»- and
T1-weighted images. Our study focused on segmenting the hippocampal subfields using ASHS
(Yushkevich et al., 2015b) and then obtaining the subfield volumes. We also assessed the
average magnetic susceptibility in the different sub-fields. To do this, we used susceptibility
maps of the brain generated using a robust multi-scale approach to quantitative susceptibility

mapping (QSM) (Acosta-Cabronero et al., 2018).
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The data we used for the analysis was obtained from the UK7T travelling heads study (Clarke
et al., 2020a) which was collected from 5 different 7T scanners at sites in the UK. The results
of our study were highly promising, we established that the susceptibility and volume of the
hippocampal subfields can be measured with some degree of reproducibility. These
measurements provide an assessment of the level of susceptibility change that can be reliably
characterised using high-resolution QSM in healthy subjects.

Overall, these findings demonstrate the potential for using high resolution imaging techniques
to successfully measure the susceptibility and volume of the hippocampus subfields, which
could prove to be a valuable tool in studying the structural changes associated with Alzheimer’s
disease.

Building upon the reproducibility of the susceptibility and volume measurements of the
hippocampus discussed in Chapter 3, Chapter 4 delved deeper into the potential clinical
applications of these measurements. By comparing the values of magnetic susceptibility and
volume of the hippocampal sub-fields between Alzheimer’s disease patients and healthy
controls, we were able to identify statistical significant differences that suggest the possibility
of using high-field-high-resolution MRI as a biomarker for early detection of the disease.
Moreover, by correlating the susceptibility and volume measurements with CSF proteins, we
were able to establish a strong association between the volume of the entorhinal cortex and
Amyloidfi-42 concentration, further supporting the potential of using MRI as a biomarker for
Alzheimer’s disease. Additionally, we found a correlation between the susceptibility of specific
hippocampal subfields such as the dentate gyrus and cornu Ammonis and cognitive scores as
measured by the Montreal Cognitive Assessment (MoCA), providing another potential avenue
for early detection of Alzheimer’s disease.

These findings have important clinical implications as early detection of Alzheimer’s disease

can lead to better management of the disease and improved patient outcomes.
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Chapter 5 of the thesis utilized high resolution time-of-flight imaging with an isotropic
resolution of 0.38 mm to identify the arteries supplying blood to the hippocampus, and high
resolution, 3D GRE T.* scanning with a resolution of 0.38 x 0.37 x 0.74 mm? to generate
susceptibility weighted images for the identification of veins draining blood from the
hippocampus. One noteworthy aspect of this work is that the imaging was performed without
the application of any contrast agent. The results obtained for the vascularization of the
hippocampus were compared to those of post-mortem studies, and the similarities were
striking. The major arteries and veins supplying and draining the hippocampus could be easily
identified. Understanding the vasculature of the hippocampus is important, as it provides
valuable insights into how diseases affect this brain structure, potential changes in its function,

and the success rate of surgeries performed in this region.

6.2 FUTURE WORK

In addition to the limitations and future directions mentioned in the individual chapters, there
are other avenues for future research that could be explored. For instance, the current study
only focused on the relationship between hippocampal vascularity, susceptibility, and volume
in AD, but there are other neurodegenerative diseases such as Parkinson's and Huntington's
diseases that could also be investigated in future studies. Also, a deeper understanding of the
relationship between the changes in the volume and susceptibility of the hippocampus and its
subfields and the progression of Alzheimer's disease could be gained through longitudinal
studies that follow participants over time. This could help establish a more accurate and
comprehensive understanding of the biomarkers of AD, as well as providing insights into
potential interventions and treatments.

Furthermore, the current study only looked at structural changes in the hippocampus, but

functional changes could also be explored using techniques such as functional MRI (fMRI).
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Combining structural and functional imaging could provide a more comprehensive
understanding of how neurodegenerative diseases affect the hippocampus.

Finally, the use of artificial intelligence and machine learning could also be explored in future
studies to develop more accurate and reliable biomarkers for early detection of AD and other
neurodegenerative diseases. In particular the development of new image processing techniques
based on deep learning algorithms (Salvi et al., 2021), could help reduce the effects of motion
artifacts and improve the precision of imaging data. Similar approaches could be used for
automatic categorization of the vascularization patterns observed in this hippocampus. This
could further enhance the reproducibility of the results and increase the clinical utility of high-

resolution MRI in the diagnosis and monitoring of neurodegenerative diseases.
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