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Abstract

Quantitative Blood Oxygenation Level Dependent (qBOLD) MRI offers a non-
invasive method for measuring brain oxygenation, with potential applications in
various neurological conditions. However, its clinical implementation has been
hindered by methodological inconsistencies and challenges in standardisation. This
thesis aims to address these obstacles and advance the clinical applicability of

gBOLD techniques through three studies.

First, a comprehensive scoping review of the gBOLD literature was conducted. The
review revealed four main gBOLD acquisition methods: multiparametric (mp-
gBOLD), asymmetric spin echo (ASE), gradient echo (GRE), and gradient echo
sampling of spin echo (GESSE). Notably, mp-qBOLD emerged as the most used
technique, likely due to its easier implementation in clinical settings. However,
significant variability in the reversible transverse relaxation rate (R2') measurements
across different acquisition techniques was observed, highlighting the need for

standardisation.

To address this variability and enable quality assurance, the second study focused
on developing and validating a new gBOLD phantom using glass microspheres. A
linear relationship between R>' contrast and glass bubble volume fraction was
established, and the phantom demonstrated good reproducibility in construction and
MRI measurements. Crucially, R2' measurements were consistent across different
gBOLD acquisitions and MRI vendors and the phantom accurately replicated known
in vivo Ry' values for human brain tissue. However, challenges arose in matching
the irreversible transverse relaxation rate (Rz2) values to the human brain range.

tea

The third study explored a combined hyperoxia-BOLD and mp-gBOLD (hmp-
qBOLD) approach to improve oxygen extraction fraction (OEF) estimation in a
clinically translatable manner. This combined method overestimated OEF compared

to an established technique, with values exceeding normal physiological ranges.

In conclusion, this thesis has made important contributions towards addressing key
challenges to the clinical implementation of gBOLD imaging, laying a solid
foundation for future advancements in quantitative oxygenation imaging and its

translation to clinical practice.
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1.Introduction

The human brain, despite constituting only about 2% of total body mass, consumes
approximately 20% of the body's oxygen supply '. This high oxygen demand,
coupled with the brain's limited capacity to store oxygen, necessitates efficient real-
time oxygen extraction from arterial blood. The oxygen extraction fraction (OEF),
which quantifies this process, serves as a key physiological parameter in brain
energy metabolism and has emerged as a potential biomarker for various
neurological conditions, including Alzheimer's disease 2, carotid steno-occlusive
disease ®, and brain tumours *. Traditionally, measurement of OEF and the related
cerebral metabolic rate of oxygen (CMRO-) has been the domain of positron
emission tomography (PET) using '°O-labeled radiotracers °. While PET remains the
gold standard for OEF and CMRO; mapping, its widespread clinical application is
limited by complex logistics, radiation exposure, and the need for an on-site

cyclotron to produce short-lived '°0 isotopes.

The advent of functional magnetic resonance imaging (fMRI) and the discovery of
the Blood Oxygenation Level Dependent (BOLD) effect by Ogawa, Lee, Kay, Tank ®
opened new avenues for non-invasive assessment of brain oxygenation. The BOLD
effect arises from the different magnetic properties of oxygenated and deoxygenated
haemoglobin, with the latter being paramagnetic and causing local magnetic field
inhomogeneities that affect the MRI signal. Building on this foundation, quantitative
BOLD (gBOLD) techniques have been developed to provide absolute measures of
OEF and related parameters. gBOLD methods aim to separate the contributions of
deoxyhaemoglobin concentration and blood volume to the measured BOLD signal,
potentially offering a non-invasive, radiation-free alternative to PET for OEF
quantification 7. Despite its promise, the clinical implementation of gBOLD faces
several challenges, including the need for standardisation across different
acquisition methods, the development of reliable quality assurance tools, and the
refinement of OEF estimation techniques. Addressing these challenges is crucial for

advancing qBOLD towards routine clinical use.



1.1.Aims and Objectives

This thesis aims to contribute to the advancement of gBOLD techniques for clinical
applications through three main objectives. First, to comprehensively map the
current landscape of gBOLD research through a scoping review, identifying
prevalent acquisition methods, analysis techniques, and clinical applications. This
review will provide a critical foundation for understanding the state of the field and
identifying areas requiring further development. Second, to develop and validate a
novel phantom for gBOLD measurements, addressing the crucial need for
standardised quality assurance tools. This phantom will enable reproducibility
testing across different sites and scanners, a key step towards clinical
implementation. Third, to explore a combined hyperoxia-BOLD and multiparametric
qBOLD (mp-gBOLD) approach for improving OEF estimation. This novel
combination aims to enhance the accuracy and reliability of OEF measurements in a

clinically translatable manner.

1.2.Thesis Outline

The subsequent chapters are organised as follows:

Chapter 2 provides a thorough background on MRI principles and qBOLD theory. It
covers fundamental concepts of MRI physics, including spin dynamics, relaxation
processes, and pulse sequences. The chapter then delves into the theoretical
underpinnings of gBOLD, explaining how the technique quantifies OEF and related
parameters based on the BOLD effect.

Chapter 3 presents a systematic scoping review of gBOLD literature, providing a
comprehensive overview of the state of gBOLD research and identifying key

challenges and opportunities in the field.

Chapter 4 details the development of the gBOLD phantom, including its design,
validation, and potential applications for quality assurance.

Chapter 5 explores the combined hyperoxia-BOLD and mp-gBOLD approach,
assessing its potential for improving OEF estimation and discussing the challenges

encountered.



Chapter 6 summarises the findings from all three studies (chapter 3,4,5), discusses
their contributions to the field of gBOLD research, addresses the limitations of the

work, and proposes directions for future research.

By addressing these objectives, this thesis aims to contribute to the ongoing efforts
to advance qBOLD methodology towards clinical implementation. This work focuses
on improving the standardisation, reliability, and accuracy of qgBOLD techniques,
which are crucial steps in developing gBOLD as a potential tool for non-invasive

assessment of brain oxygenation.



2.Background
2.1.Magnetic Resonance imaging

Origin of the MR signal

The nuclear spin is an intrinsic property possessed by specific atomic nuclei. Nuclei
with an odd number of protons or neutrons exhibit a non-zero spin, which arises
from the presence of unpaired protons or neutrons. These nuclei with a non-zero
total spin possess a magnetic moment m. Although the nuclei spin property exists in
certain elements such as hydrogen ('H), fluorine (*°F) and carbon (°C), almost all
clinical images come from hydrogen nuclei due to their abundance in biological
tissue. The magnetic moments of the protons are normally randomly orientated.
However, in the presence of a static external magnetic field By, the protons align
either with (parallel) or against (antiparallel) the external field. The preferred state of
alignment is the one that requires the least energy: that is, parallel to Bo. Hence,
more protons align with By than against it, forming a net magnetization known as Mo
which is parallel to Bo (Figure. 2.1.a). However, due to the proton’s magnetic
moment, the proton will also experience a torque perpendicular to its magnetic
moment, p, and to the magnetic field, Bo. The resulting movement is known as
precession which is analogous to a gyroscope. The frequency of this precession,
known as the Larmor frequency,

is given:

wo =yBo Equation 2.1

The Larmor frequency (wo in MHz) is dependent on the strength of the magnetic
field (Bo) and the gyromagnetic ratio (y) of the nuclei, where y for hydrogen protons
is 42.6 MHz/T.

RF pulse and Excitation

When the spin ensemble aligns with By, their magnetic moments are distributed at
random angles around that direction, only when the spin ensemble is perpendicular
to Bo can it be detected. To measure the spins precession and generate a signal, a
radiofrequency pulse (RF) is applied perpendicular to Bo. By applying an RF pulse

with a frequency matching the Larmor frequency of the protons, i.e. at the spins
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resonant frequency, the net magnetisation Mo can be "flipped” away from By (Figure
2.1.a and c). The degree that the net magnetization (M) is tipped by the RF pulse is
called the flip angle, which depends on the magnitude and duration of the RF pulse.
For example, a 90-degree flip angle tips the magnetization completely from the
longitudinal axis into the transverse plane. The application of the RF pulse has two
main effects. First, to tip Mo, the longitudinal magnetization, into the transverse
plane M. Second, this causes the protons to precess coherently or spin “in-phase”

with each other.

RF pulse
(90°)

X X

Figure 2.1. Formation of the net magnetisation and excitation. a) lllustration of
the energy levels of the protons split into two due to the magnetic field Bo. b) Net
magnetisation Mo of the protons in the By field. (c) Net magnetisation M after a 90°

pulse is applied.

Relaxation

After the RF pulse is switched off, the protons start to fall out of phase with each
other and return to their original state in which the net magnetisation M aligns with
Bo. This is driven by two processes. First, spin-lattice relaxation in which the
longitudinal component of the magnetisation, M or (M), returns to it is initial
magnitude Mo. The rate of this process is determined by the rate at which the water

molecules tumble and rotate, and is expressed as,



TI

M, (t) = M, (1 - e_ﬁ) Equation 2.2

where T is the longitudinal relaxation time constant and Tl is the inversion time.

The second process is known as spin-spin relaxation, which causes a decay in the
transverse component of the magnetisation, M,y. During this process, protons
exchange energy with neighbouring spins. This is described by the transverse
relaxation time constant, T2, which is dependent on the local magnetic field Bo and
other tissue properties, known as the spin-spin interaction. The decay in the

transverse magnetisation is expressed as,

TE

M., (ty= Mge ™2 Equation 2.3

where T is the transverse relaxation time constant and TE is the echo time.

However, spins are highly impacted by inhomogeneities in the magnetic field Bo,
leading to a loss of phase coherence. This effect results in transverse relaxation
decay with a shorter time constant called T2". T, is a time constant that takes into
account the effects of these inhomogeneities. The relationship between T, and T is
described in Equation 2.4, where T' is the component of the T, signal decay

caused by these magnetic field inhomogeneities.

Equation 2.4



b) T2 Relaxation with Different Time Constants

a) T1 Relaxation with Different Time Constants

Figure 2.2 Evolution of normalised Mz/Mxy caused by T1 and T2 relaxation.
Differences in magnetisation for different time constants are displayed using

different colours.

Free induction decay

When an RF pulse is switched off, T4 and T2 relaxation occur simultaneously and
independently. As the protons continue to precess, the total magnetization vector
follows a spiralling path, constantly changing in both direction and magnitude. As a
result, an electric signal is produced which is measured by an MRI receive coil, and

it results in a decreasing oscillation called the free induction decay (FID).

Image formation

To form an image in MR, three magnetic field gradients are applied to localize and
encode MR signals: the slice-selection gradient, the phase-encoding gradient, and
the frequency-encoding gradient. This allows the MR signal to be pinpointed in three

dimensions (x, y and z).

Slice-selection gradient

To selectively excite a slice of a certain thickness, a gradient field known as the
slice-selection gradient is applied along a chosen axis (for example z), which
changes the strength of Bo in that direction. This variation in Bo strength causes the
Larmor frequencies of protons in the gradient field to differ. Rather than using a
single frequency, a narrow range of frequencies (bandwidth) is utilized to excite the

slice. The thickness of the slice can be adjusted by changing both the RF pulse's



bandwidth and the steepness of the gradient field. Once the slice has been
selectively excited, spatial encoding within the slice is performed to localize the MR

signal. This is done using gradients that encode phase and frequency.

Phase encoding gradients

Following the RF pulse, the protons spin in phase. When a new magnetic field
gradient is applied, the speed of rotation of protons differs depending on their
position in the gradient. After the gradient is turned off, all protons will precess at the
same Larmor frequency again, but their phase will differ allowing them to be
differentiated based on location. The gradient used is known as the phase encoding
gradient. Typically, it is applied along the y-axis to induce linear changes in phase in

that direction.

Frequency encoding gradient

A frequency-encoding gradient is applied throughout the readout time. This causes
the protons to spin at different frequencies according to their position along the
direction the gradient is applied. By doing so, the frequency-encoding gradient

permits spatial localisation in a third axis (x).

000 180°

RF pulse {\ Time

ss (e -.
1
- H
PE(GY) 2

FE (%) -
|
TE

Readout

|
0

l
TR

Figure 2.3 Example MRI pulse sequence. A slice-selective Gz gradient is applied
simultaneously with a 90° excitation RF pulse. A Gy phase-encoding gradient blip
then introduces a fixed phase shift along the y-axis. Following this, a frequency-
encoding gradient (Gx) is applied, causing protons to precess at different Larmor
frequencies depending on their position along the x-axis. By creating this spatial

variation in precession frequencies, the Gx gradient enables spatial localisation



along the third axis (x) as the signal is collected at time TE. The sequence then
repeats after time TR, with the amplitude of Gy changed in each repetition to

increment the phase encoding gradient.

K-space

K-space refers to a raw data matrix that stores the spatial frequencies of the image
being acquired. Each K-space point contains spatial frequency and phase
information about the image. In Figure 2.4 Kx represents the frequency encoding
information, whereas Ky is the phase encoding data. Different areas of K-space hold
different information about the resultant image. The centre of K-space provides the
contrast of the image. On the other hand, the outer edges of K-space store
information on the high spatial frequency characteristics of the image corresponding
to small details in the image. The raw data in K-space is then transformed using the
inverse Fourier Transform (FT) to create the final image by converting the data from

the time domain to the spatial domain.

k-space trajectory

y, Phase encoding

x, Frequency encoding

Figure 2.4 The K-space trajectory.



Acquisition techniques: Pulse Sequence

Each MR image contrast uses a unique combination of radiofrequency pulses (RF)
and magnetic field gradients to alter image contrast and acquisition time, depending
on the sample being investigated. The following sections outline the fundamental
MRI pulse sequences with a specific focus on sequences used in gBOLD

acquisitions.

Spin Echo

The conventional spin echo (SE) pulse sequence begins with a 90° RF excitation
pulse followed by a 180° rephasing pulse, applied at time TE/2 (where TE is the
echo time), which serves to refocus the spins, effectively eliminating the dephasing
effects caused by magnetic field inhomogeneities. This refocusing results in the
formation of a spin echo at time TE, which is then read out. Figure 2.5 shows an

example single SE pulse sequence diagram.

The conventional SE pulse sequence can be used in one of two ways: single spin
echo or multiple spin echoes per repetition time (TR) interval. Multiple spin echo
sequences consist of two or more 180° rephasing pulses applied to produce multiple
spin echoes per TR, allowing acquisition of multiple contrast weightings in a single
scan. While SE sequences are robust against field inhomogeneities, they are limited
by relatively long acquisition times. To address this, Fast Spin Echo (FSE) or Turbo
Spin Echo (TSE) sequences were developed. These techniques employ a train of
180° refocusing pulses after a single 90° excitation pulse, acquiring multiple echoes
per TR. Each echo fills a different line of k-space for a single image, significantly

reducing scan time.

It is possible to quantify the relaxation rate (R2) by obtaining a sequence of SE

images with varying TE and fitting an exponential decay function of the form.
S(TE) = Mge R2TE Equation 2.5

where Mo is the equilibrium state of magnetization.

10
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Figure 2.5. Spin echo pulse sequence diagram. G_SS (slice-selection gradient),
G_PE (phase encoding gradients), G_FE (frequency encoding gradient), TE (echo
time), TR (repetition time).

Gradient Echo

The gradient echo (GRE) pulse sequence uses an RF pulse and magnetic field
gradients with opposite polarity to rephase spins and produce an echo as opposed
to the 180° pulse used in the SE pulse sequence. A GRE typically uses flip angles
that are less than or equal to 90°. The optimal flip angle for maximizing SNR for a

given T4 and TR can be calculated using the Ernst angle formula:
_TR
cos(a) = e Equation 2.6

where a is the flip angle of the RF pulse. Using a lower flip angle allows for shorter
TR times, as less longitudinal magnetization is tipped into the transverse plane,
requiring less time to recover before the next excitation pulse. This can lead to
faster acquisition times compared to SE sequences. While the signal from a single
excitation might be lower due to the smaller flip angle, the ability to use shorter TR
times can potentially improve the SNR per unit time. Figure 2.6 shows a basic

sequence diagram for GRE pulse sequences. After an initial RF pulse is applied, a

11



negative gradient pulse is used to dephase spins along the direction of the gradient.
This dephasing causes a rapid decline in the FID signal. However, this loss of phase
coherence can be reversed by applying a positive magnetic field gradient with a
slope of equal amplitude but in the opposite direction to the first. This gradient
causes the spins to move back into phase, resulting in a signal called a gradient
echo. This bi-polar application gradient is usually performed by the frequency
encoding gradient, enabling the spins to be rewound back into phase in the middle
of the application of the positive lobe of the frequency encoding gradient when the
system is reading out the echo.

Gradient rephasing is less effective than RF rephasing as it does not rephase the
magnetic moment of the spins that are dephased due to magnetic field
inhomogeneities. Hence, the signal from GRE is mainly dominated by the effect of
T>* and local magnetic field susceptibility (T2'). Thus, the relaxation rate measured
in the GRE sequence is the sum of both effects and can be expressed

mathematically as:

11,1 . _ ' ;
5 ot = R =R, + R, Equation 2.7

where the transverse relaxation rate R: is the inverse of the relaxation time T-.

GRASE

Gradient and spin echo (GRASE) is a hybrid MRI pulse sequence that is a
combination of gradient echoes and spin echoes. Typically, a 90° RF pulse is
followed by a train of refocusing 180° pulses, but for each spin echo of the readout,
there are additional gradient recalled echoes. The GRASE sequence benefits from
combining both the scan time reduction of using a GRE, and RF compensation for
magnetic field inhomogeneity from SE. The contrast achieved by the GRASE
sequence is more like T2 weighted MRI & and can be used to quantify T2 in a time

efficient way.

12
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Figure 2.6. Gradient echo pulse sequence. G_SS (slice-selection gradient),
G_PE (phase encoding gradients), G_FE (frequency encoding gradient), TE (echo

time), TR (repetition time).

GESSE and GESFIDE

The gradient echo sampling of the spin echo (GESSE) sequence was proposed by
Yablonskiy, Haacke ° as a development of the gradient echo sampling of the FID
and echo (GESFIDE) sequence by Ma, Wehrli '°. By applying the GESSE

sequence, it is possible to measure R>' and R: in one sequence.

GESFIDE is based on incorporating two sets of gradient echoes in a standard SE
sequence to sample both the dephasing R, (before the 180° RF pulse) and
rephasing Rz (between the 180° RF pulse and the spin echo) components of the
signal. Since Ry' = R>* - Ry, these measurements can be used to determine both Ry’

and Rz. A main drawback of this approach is that it sensitive to slice profile

imperfection effects °.

In contrast, the GESSE sequence consists of sets of gradient echoes acquired
before and after the echo time of an SE sequence and hence does not suffer from

slice profile imperfection problems. The signal can be sampled using both positive
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and negative gradients which provide the advantages of increasing the number of
sampling points and the signal-to-noise ratio, but can lead to an apparent image
shift between odd and even echoes. The signal decay before and after the spin

echo is then used to compute the best-fitting R, and Ry' values.

ASE

Another way to measure R>' directly is by applying an asymmetric spin echo (ASE)
sequence ''. This approach is similar to an SE, but the timing of the 180° pulse is
shifted relative to the readout time. This results in the spins coming back into phase
at an effective echo time (TE + 1), where the refocusing pulse is displaced by 1/2.

When the signal is acquired at TE, it can be written as,
S(T)y =S, . e R'T e~ RaTE Equation 2.8

where Sy S, is the signal measured when 1=0 assuming a fixed TE. Because Rz is
constant, there is no need to subtract the R> contribution to the data, making this

approach easier to fit.

Inversion recovery pulse sequence

Inversion Recovery (IR) pulse sequence is a versatile MRI technique that can be
used for various purposes, including T+ measurement and tissue signal suppression.
This is typically done by beginning with a 180° RF pulse to invert the longitudinal
magnetisation (Mz). Then, there is a delay known as the inversion time (Tl); during
this time, the longitudinal magnetisation (Mz) of different tissues recovers at different
rates according to their T1 relaxation times. At the end of Tl, a 90° RF pulse is
applied to convert the recovered longitudinal magnetization into transverse
magnetization, which can then be measured. For T1 measurement, images are
acquired at multiple Tl values, allowing the plotting of signal recovery curves and
calculation of T4 values as:

S(TT) = MO(1—2exp (~ ﬁ)) Equation 2.9

For tissue suppression, a specific Tl is chosen to null the signal from a particular
tissue, as exemplified by FLAIR sequences where the CSF signal is suppressed in

brain imaging.
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2.2.Measuring the Oxygen Extraction Fraction

The brain is highly dependent on oxygen for its energy metabolism and has limited
oxygen storage, making it highly vulnerable to hypoxia and ischaemia. Even a few
minutes of interruption of oxygen supply to the brain can lead to irreversible damage
to the brain if prompt intervention does not occur 2. The oxygen extraction fraction
(OEF) provides a direct and quantitative measure to assess the viability and function
of brain tissue. When oxygenated blood passes through capillaries, it releases
oxygen into the surrounding tissues. Hence, OEF represents the percentage of

oxygen extracted by the tissue. Mathematically OEF is described as:

OEF = Yo lv

X 100 %, Equation 2.10

where Y. is the arterial oxygenation and Y, is the venous oxygenation, measured as
the fraction of oxygenated haemoglobin (HbO., where HbO; refers to haemoglobin
molecules bound with oxygen). In normal physiological conditions, Y. is around 98
% HbO: for healthy adults. Thus, OEF can typically be simplified as:

OEF ~1-Y, Equation 2.11

Ya can be measured using a digital pulse oximeter, particularly in cases when
abnormalities are anticipated such as in patients with respiratory disorders or severe
anaemia. However, quantifying Y, is challenging due to the mixing of venous blood
with blood from other regions and the risks associated with invasive measurement

techniques such as jugular bulb oximetry '3,

In the bloodstream, oxyhaemoglobin and deoxyhaemoglobin have different
magnetic properties. Oxyhaemoglobin is diamagnetic, while deoxyhaemoglobin is
paramagnetic. When there is a higher concentration of deoxyhaemoglobin in the
vessels, it causes a decrease in blood T2 due to water diffusion and exchange,
which is similar to the BOLD effect (more discussion about BOLD in the next
section). The increased levels of deoxyhemoglobin also enhance the magnetic
susceptibility of blood-containing voxels. The presence of paramagnetic
deoxyhemoglobin creates field inhomogeneity, leading to further signal decay in the
surrounding tissue. Moreover, changes in the BOLD signal during hypercapnic and
hyperoxic gas inhalations can be interpreted based on deoxyhemoglobin levels. The

non-linear relationship between deoxyhemoglobin concentration and MRI signal
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intensity enables the differentiation of various factors and the estimation of OEF and
other physiological parameters. The OEF assessment methods mentioned in this

thesis depend on the above-mentioned effects.

Once the OEF and arterial blood oxygenation are measured, it can be combined
with the CBF to calculate the cerebral metabolic rate of oxygen consumption
(CMRO:.) which refers to the oxygen metabolism of brain tissue and reflects the
absolute value of the oxygen consumption of brain tissue. This can be calculated
based on Fick’s principle:

CMRO; = CBF - (Yo —Yy) - Co - [Hb] = CBF - OEF - Y- C,- [Hb] Equation 2.12

The concentration of haemoglobin in the blood is represented by [Hb] and is
measured in gram haemoglobin/dL blood e.g in the range 13—16 gHb/dL in males
and 12—15 gHb/dL in females . The oxygen-carrying capacity of haemoglobin is
denoted by C, and is equal to 1.34 mL or 59.8 pmol Oz/gram haemoglobin. The
expression (Ya— Yv) - C, - [Hb] is sometimes called the arterio-venous difference in
oxygen content (AVDO2). Cerebral blood flow (CBF) can be measured using
phase-contrast MRI to accurately assess blood flow in the arteries that supply the
brain. Alternatively, arterial spin labelling (ASL) MRI can be employed to measure

regional CBF.

lUnderstanding the physiology and pathophysiology of OEF is crucial for interpreting

its changes across various physiological and pathological conditions. OEF is
intricately linked with CBF and CMRO, through their physiological relationships.
Under normal resting conditions, healthy brain tissue maintains an OEF of
approximately 30-40%, reflecting a balanced relationship between oxygen delivery
and consumption. This relationship can be better understood through the oxygen-
hemoglobin dissociation curve (Figure 2.7), which demonstrates how oxygen

saturation varies with partial pressure of oxygen (PO5).
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Figure 2.7. The oxygen-hemoglobin dissociation curve.

The oxygen-hemoglobin dissociation curve demonstrates the relationship between
partial pressure of oxygen (pOz) and haemoglobin saturation. The sigmoidal shape
facilitates oxygen loading in lungs (high pO2) and unloading in tissues (low pO2).

This S-shaped curve is physiologically advantageous, allowing for efficient oxygen
loading at the pulmonary level (arterial pO2 ~95-100 mmHg) and optimal unloading
at the tissue level (pO2 ~20-40 mmHg). Key physiological modulators such as pH,

temperature, and CO; can shift this curve, affecting oxygen delivery to tissues.

During neural activation, a complex physiological response occurs where CBF
increases disproportionately compared to CMRO;. The initial response involves an
increase in CMRO: by 15-20% to meet heightened energy demands, followed by a
larger increase in CBF of 30-50% above baseline. This mismatch between flow and
metabolism results in a counterintuitive decrease in OEF from the baseline 40% to
approximately 30-35% during peak activation. This "luxury perfusion" represents an
overcompensation mechanism ensuring adequate oxygen delivery during periods of

increased neural demand.
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In response to CBF challenges, OEF demonstrates remarkable adaptability. During
hypercapnia (increased CO2 in blood), CBF increases substantially while
metabolism remains stable, leading to a decrease in OEF. Conversely, during
hypocapnia (decreased CO2), CBF reduces, causing an increase in OEF as the

brain attempts to maintain adequate oxygen extraction from reduced blood flow.

In pathological conditions, particularly in cerebrovascular diseases, OEF changes
become more significant. In acute ischemic stroke, as perfusion pressure declines
and CBF drops to 30-50mL/100g/min, OEF increases from its baseline of 40% to
50-60%. This compensatory mechanism, known as "misery perfusion," maintains
normal CMRO2 despite reduced CBF 56, As CBF further decreases to 20-
30mL/100g/min in the ischemic penumbra, OEF reaches values of 70-80%. This
marked elevation in OEF allows tissue to maintain viability despite critically reduced
perfusion. However, when CBF falls below approximately 20mL/100g/min and tissue
pO2 drops below 20 mmHg, compensatory mechanisms fail despite maximal OEF,
placing tissue at significant risk for infarction'®. At this critical threshold, cells shift
from aerobic to anaerobic metabolism, rapidly depleting energy reserves and

triggering ischemic cascade pathways.

Conversely, in conditions such as gliomas, the relationship between CBF, OEF, and
CMRO; can be more complex. Tumour tissues often exhibit increased CMRO, due
to their high metabolic demands, but they may also have altered vascularization and
perfusion . In these cases, measuring the combination of CBF and OEF can help
identify areas of increased oxygen metabolism, which can be useful for tumour

grading and assessing treatment response "%,

The next section will discuss the BOLD signal, its origin, how it is employed in fMRI,

calibrated BOLD and finally, the quantitative BOLD (qBOLD) method, which is the
method used in this thesis.

The BOLD signal|

The BOLD signal was discovered in 1990 by Ogawa and colleagues %'9% as an
increase in T>* with neural activation. Since then, it has been the mainstay of

functional MRI (fMRI) studies 2! to map patterns of activation in the human brain
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during functional stimulation 22 or in the absence of an external stimulus (as in
resting-state fMRI) 2324,

Fundamentally, neural activation requires energy, and this is supplied through the
vascular system by glucose and oxygen, which together are essential for the
synthesis of adenosine triphosphate (ATP), the cells’ energy currency in the human
body. This process results in increased oxygen delivery by the vascular system to
the region of neural activation 2. The relationship between neural activity and the
vascular response is characterised by neurovascular coupling, which is quantified
by the neurovascular coupling constant n. This constant represents the ratio of the
fractional change in cerebral blood flow (CBF) to the fractional change in cerebral

metabolic rate of oxygen (CMRO,), as defined in equation 2.13.
n = —L Equation 2.13
=—; Equation 2.

where f is the normalized CBF and m is the normalized CMRO,26. In healthy tissue,
the coupling constant n typically ranges from 2 to 3, indicating that the blood flow
response is considerably larger than the metabolic response. This disproportionate
increase in blood flow relative to oxygen metabolism forms the fundamental basis of
the BOLD contrast mechanism used in functional MRI. If n were equal to 1, the
fractional changes in CBF and CMRO; would be exactly equal, resulting in no BOLD
response, as the increased oxygen delivery would be precisely matched to
increased oxygen consumption.

About 2% of the oxygen in the blood is dissolved in the plasma, and the rest is
bound to haemoglobin (Hb) molecules within the red blood cells 7. Hb is an iron-
containing protein and has different magnetic properties depending on its
oxygenation status. When oxygen molecules are bound to its haem protein, it is
diamagnetic; whereas, when its oxygen has been released, the deoxyhaemoglobin

(dHb) is paramagnetic 5%,

When the oxygen in the capillaries is extracted by adjacent neurons from the blood
plasma supporting the active neural tissue, more oxygen dissociates from Hb,
leaving dHb behind. These changes in the local concentration of paramagnetic dHb
lead to a change in local magnetic susceptibility, X, which in turn affects the time

constant of transverse dephasing of spins, T>*. A magnetic resonance acquisition
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protocol sensitive to T2*, can then track local changes in the amount of dHb, which is
the product of its concentration and the blood volume.

The magnitude of the BOLD signal is strongly dependent on magnetic field strength,
with higher field strengths producing larger BOLD signals due to increased
susceptibility effects. At 3T, which is now the most common field strength for fMRI
studies, typical BOLD signal changes for standard motor or visual tasks are in the
range of 1-4% in gray matter. This represents a significant improvement over 1.5T,
where signal changes are typically 1-2%. The increased BOLD sensitivity at 3T
arises from both the stronger susceptibility effects of deoxygenated blood and

improved signal-to-noise ratio (SNR).

In functional MRI, neural activation leads to changes in CBF, CMRO_, and CBV,
with the CBF change much larger than the CMRO; change 2**. These changes
result in a disproportionate increase in blood oxygenation. For instance, when the
body responds to task-specific activation in healthy conditions by overcompensating
with increased oxygenated blood flow to the relevant region of the brain, a local
decrease in dHb concentration occurs. As deoxyhaemoglobin concentration reduces
due to the increase of CBF and CBV, the T, increases, giving rise to the classic
BOLD signal of an increase of a T>*-weighed signal with neural activity. The
temporal characteristics of this response are well-characterized, with a typical
hemodynamic response function showing a peak response at 4-6 seconds post-

stimulus, followed by a return to baseline over 12-15 seconds.

Mapping the BOLD signal as a local change in the T> -weighted signal relative to the
baseline is not a quantitative measurement; hence it cannot be compared directly
between subjects, different sites and time 3. This limitation arises from the complex
relationship between the measured BOLD signal and the underlying physiological
changes, which are influenced by baseline blood volume, haematocrit, and vessel

geometry, among other factors.

Calibrated BOLD

One way to compensate for the lack of quantitative information offered in fMRI is the
calibrated BOLD method which was first described by Davis, Kwong, Weisskoff,
Rosen . This was initially developed to provide quantitative measurements of
essential physiological variables that would be comparable between subjects and

sites.
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The central idea for calibrated BOLD is measuring the maximum possible signal
change denoted by the symbol M that would be done by eliminating all dHb from a
voxel. This can be measured by manipulating CBF and CMRO>, assuming that the
change in CBV (ACBYV) is tightly coupled with the change in CBF (ACBF) by Grubb's

power law 333,

ACBV = ACBF* Equation 2.14

The exponent a value is assumed to be 0.38 based on early, whole-brain
measurements in monkeys (Grubb Jr et al. 1974), but it has been quantified more

recently in humans, applying hypercapnic and hypocapnic stimuli, with MRI, as 0.18.
34

To manipulate CBF, a CO; inhalation experiment is performed, which causes
hypercapnia, which in turn elevates CBF throughout the brain but is assumed to
leave CMRO_ unchanged. The resulting change to the measured BOLD signal
ABOLD is described by the Davis model:

ABOLD _ _,cBv, aHb) B .
BOLD ( (CBVU) ([de]o) ) Equation 2.15

[de] is the dHb concentration in veins, 0 indicates the baseline (normocapnic)
state, and 3 depends on the diameter of the blood vessels where =1 for large
vessels and 3=2 for small vessels. Investigation with Monte Carlo simulations to
determine the correct B value for 1.5T suggested a value of 1.5 *2, with a lower
value of 1.3 being use at 3T . The maximum possible BOLD signal change is given
by:

M = A.TE.CBV,.[dHb];  Equation 2.16

Note that M depends on the magnetic field strength via parameter A, the pulse
sequence through TE, the baseline of the physiological state of the blood volume

(CBVo), and the dHb concentration of the voxel.

Following both Grubb's power law and Fick's principle (described above) the
complete form of the hypercapnia calibration model, including a term for metabolic

changes, is thus given by:

B a-p
ABOLD _ _/ CMRO, CBF .
BOLD M<1 (CMROZ’O) CBFO) ) Equation 2.17
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This model reveals the fundamental dependence of the BOLD signal on CBF, which
is modulated by the maximum signal change (M) and CBF-CMRO: coupling.
Because of the established relationship between end-tidal CO; and CBF %2, M can
be calculated using a hypercapnic stimulus and acquired BOLD and ASL data.
Then, when the neuronal activity or a change in physiology results in a change in
CMROg, the change can be quantified in a way that is independent of other
variables such as blood volume and oxygen saturation. It is based on the notion that
all oxygen extracted from the vascular system by a specific voxel is metabolised
locally (supplying the local CMRO,) instead of transported out 2.

To quantify absolute changes in cerebral metabolism, rather than merely relative
changes, another calibration is required. Whilst M is most commonly calculated
using a hypercapnia experiment (Equation 2.14), a similar experiment can also be
performed using hyperoxia induced changes in venous oxygen saturation *® without
significantly altering cerebral blood flow 8. The relationship between the BOLD

signal change during hyperoxia, CBF, and [dHD] is described by:

ABOLD _ _ ,CBF.® [dHb]  CBFy .. F .
BoLD —M(l (CBFD) ([de]o+ CBF 1)) Equation 2.18

By utilizing the hypercapnia M value and the known change in [dHb] from the
hyperoxia experiment, derived from changes in partial pressure of end-tidal oxygen
(PETO2), [dHBo] can be calculated. This approach enables a quantitative

assessment of OEF.

Calibrated BOLD techniques are generally constrained by the demands for
controlled gas delivery. The efficacy of gas delivery systems is crucial, asimproperly
fitted masks or imprecise quantification of administered or end-tidal gas
concentrations can introduce significant errors. Prolonged exposure to elevated CO2
levels during the hypercapnic challenge cannot be sustained, and some studies
have indicated that hypercapnia may induce changes in CMRO, *° . Likewise,
hyperoxia not only impacts oxygen saturation but also CBF 3, which can potentially

undermine the accuracy of calibration using Equation 2.15.
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Quantitative BOLD

The quantitative BOLD (qBOLD) method seeks to measure physiological
parameters such as OEF and deoxygenated blood volume (DBV) based on the
transverse relaxation decay process without the need for gas challenges or an
exogenous contrast agent. This was first proposed by Yablonskiy, Haacke ” and, in
broad terms, describes the signal evolution from two compartments. The bulk
compartment refers to tissue, and the minor compartment represents several
paramagnetic susceptibility-altering objects, such as blood vessels and red blood
cells. An important parameter characterising the magnetic properties of all tissue is
the magnetic susceptibility, X, a proportionality constant between the tissue

magnetisation M and the magnetic field strength Bo.
M = y.Bo Equation 2.19

Due to the paramagnetic structure of haem complexes in deoxygenated red blood
cells, the inclusion of a blood vessel network adds another decay mechanism for
tissue-originated MR signals. This mechanism is caused by the inhomogeneous
magnetic fields produced by the red blood cells in the blood and the inhomogeneous
magnetic fields generated by the blood vessels in the surrounding tissue. In the
gBOLD model, it is assumed that the blood vessels can be described as a set of
randomly orientated cylinders which contain paramagnetic particles. This leads to

an MR signal that can be characterised as
S(ty=p.(1-§).e¢f@»h Equation 2.20

where p is the spin density, C is the volume fraction of the cylinders and the function

f(Sw.t) is defined as:

—— Togsucn
fowty=5 @+w JT-u.—E") du  Equation 2.21

where Jo (6w .t) is the zero-order Bessel function, and dw is the characteristic

frequency shift induced by deoxyhaemoglobin.

Assuming that the arterial blood is fully oxygenated, then  represents the
deoxygenated blood volume (DBV), with the understanding that the veins are
typically the major contributor to { (sometimes also referred to as the venous blood
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volume) and éw is the deoxyhaemoglobin-induced frequency shift, which
corresponds to the change in nuclear precession frequency in the equatorial
magnetic field of a red blood cell. This frequency shift arises due to the difference in
magnetic susceptibility between deoxygenated and oxygenated haemoglobin, which

creates local magnetic field inhomogeneities. It is described as 7,

Sw=y 31 .m.Ay,.Het .OEF .B, Equation 2.22

where y is the gyromagnetic ratio which is equivalent to 2.68 x 10° rad/sec/Tesla, Bo
is the main magnetic field strength, Hct is the fractional haematocrit and is
proportional to the haemoglobin concentration, Y is the blood oxygenation fraction,
and Ay, is the susceptibility difference between fully deoxygenated and fully
oxygenated blood that has been measured to be 0.27 ppm per unit Hct “°. To obtain

a quantitative measurement for OEF, dw must be extracted from Equation 2.17.

Yablonskiy and Haacke observed that Equation 2.17 has two asymptotic forms;
namely short-time scale and a long-time scale.For the short-time scale, where data

acquisition is within t < 1.5 t, of the spin-echo formation, Equation 2.17 becomes:

3

S(t) = exp (10 . (bw. t)z) Equation 2.23

where S(t) is normalised to the spin-echo signal St = 0y, and the characteristic

time t. is dependent on w as
t. = L Equation 2.24

In contrast, for a long-time scale, where t > 1.5 t., the MR signal can be

approximated as

Sty = exp({) exp(—{.0w.t) Equation 2.25

During the short timescale of Equation 2.20, the signal decay is quadratically
exponential, whereas in the long-time scale in Equation 2.22 it is linearly
exponential. From this long timescale, it is possible to characterise the rate of

reversible dephasing R, as

R,'=(.8w Equation 2.26
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Substituting in Equation 2.19 gives
Ry = y.:;i .. Ay,.Hct .OEF .By.{  Equation 2.27

It is therefore possible to re-write Equation 2.20 and 2.22 in terms of R,' and  as:

12
Sty = exp (13—0 -M) t< 1'5'{ Equation 2.28

4 Ry
Sty=exp)exp(—R;.t) t= 1':",7 Equation 2.29
2

OEF can be recovered by solving Equation 2.24:

3Ry

OEF = —————
4 ymlyy.Het.Bg .

Equation 2.30

The model described above is based on several assumptions. First, the static
dephasing regime for MRI signal formation in the presence of the blood vessels
network assumes the diffusion effect is negligible. However, this assumption may
not be applicable for capillaries, and hence, the measured R,' is possibly lower than
predicted by Equation 2.19. According to Kiselev, Posse ' and Fuijita, Shinohara,
Tanaka, Yutani, Nakamura, Murase *?, water diffusion may play a significant role in
producing extravascular MR signals from the capillary network, mainly when
extended SE durations are utilised. Several studies have proposed methods to
account for this issue, including new gBOLD models such as the alternative
dephasing model proposed by Kiselev, Posse *'. In their model, they account for
both the static dephasing regime and the diffusion narrowing regime. The advantage
of such a model is the potential to dissociate the effect of OEF and DBV in the short-
time regime “3. Other authors have also used the Gaussian phase approximation **

and a phenomenological model derived from simulated data *°.

The second assumption relates to describing the brain tissue as a one component
structure. In fact, it is known that the brain tissue displays multicomponent MR
behaviour. For instance, a voxel may contain both cerebral spinal fluid (CSF) and
grey matter, where both have a significantly different Rz, which in turn, will result in a
biexponential decay. Additionally, the intravascular effect is ignored in this simple
model, despite the fact that it contributes significantly to the BOLD signal at 3.0 T
and lower ', Although, recent simulations suggest that for Asymmetric Spin Echo
(ASE) sequences, the intravascular effect may have minimal impact on the BOLD
signal (Stone et al., 2019b).
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Validation studies

Several studies have been conducted to validate the gBOLD model in a range of
conditions. At first, Yablonskiy “ used a phantom vascular network to quantify
volume fraction (equivalent to DBV) and R,' consistently using GESSE qBOLD.
Later, Sedlacik, Reichenbach *’ conducted similar phantom experiments and
demonstrated OEF and DBV with in vivo measurements in healthy subjects. They
found that although estimating OEF and DBV simultaneously was unreliable, by
setting one of the parameters to a physiologically reasonable value, the other

parameter can be estimated correctly.

He, Zhu, Yablonskiy *® assessed qBOLD estimations of OEF in rats versus oxygen
saturation measurements obtained using a blood gas analyser, showing a

significant correlation between the two measures.

In 2015, 4948484848485150494848Nj; and colleagues conducted a comparison study of R,'
methods, including GESSE and ASE which are both utilized in the gBOLD literature
5052 They reported differences in grey matter R,' estimations between methods,
with GESSE resulting in a lower R,' estimation.

Other qBOLD approaches

Including further information has been shown to enhance model fitting. An, Lin 5
demonstrated that Bo inhomogeneities resulted in an overestimation of Ry', but that
this effect could be minimised by a retrospective correction approach such as using
a field map. This was extended to a prospective correction approach in the
streamlined gBOLD technique using the gradient echo slice excitation profile
imaging (GESEP!) technique *'.

In addition, Christen and colleagues have demonstrated the possibility of using
arterial spin labelling and dynamic susceptibility contrast methods to obtain
measurements of CBF and CBV, then combine these results with Rz and Rz
measurements to derive maps of OEF and CMRO; . This method, termed
multiparametric gBOLD, was validated against other gBOLD approaches in healthy
volunteers. It is theoretically less sensitive to diffusion effects, owing to the
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short echo time needed to determine Ry* ** . However, it depends on the same
assumptions as the SDR qBOLD model.

The development of rapid OEF mapping techniques addresses a critical unmet

need in acute stroke care. Current standard stroke imaging protocols in the UK
typically include non-contrast CT to rule out haemorrhage, followed by CT perfusion
or MR diffusion-weighted imaging (DWI) and perfusion-weighted imaging (PWI) to
identify potentially salvageable tissue. While these methods provide valuable
information about tissue perfusion and irreversibly damaged tissue, they do not
directly measure tissue oxygen metabolism, which could provide crucial additional

information about tissue viability.

The time-sensitive nature of acute stroke treatment, where "time is brain",
necessitates rapid imaging protocols. The current 4.5-hour window for intravenous
thrombolysis and 6-hour window for mechanical thrombectomy in standard practice
highlight the critical importance of quick decision-making. Traditional OEF
measurement techniques, such as 150-PET, are impractical in this setting due to
their lengthy acquisition times and complex logistics. Therefore, a fast OEF mapping
technique that could be integrated into existing stroke protocols could potentially
improve patient selection for acute interventions by providing direct information

about tissue metabolic status.

Beyond the hyperacute stroke setting, where acquisition speed is less critical,
quantitative OEF measurements offer several potential clinical applications. In
chronic cerebrovascular disease, such as carotid stenosis, OEF mapping could help
identify patients at increased risk of stroke due to compromised cerebral
hemodynamic. This information could guide decisions about preventive
interventions such as carotid endarterectomy. In neuro-oncology, OEF
measurements could provide insights into tumour metabolism and oxygenation

status, potentially aiding in treatment planning and monitoring response to therapy.

Another approach to advancing gBOLD techniques is to combine gBOLD with
quantitative susceptibility mapping (QSM). This method is beneficial because the
QSM, which is highly repeatable %°, may be used to regularise the less robust

qBOLD reconstruction %.
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These approaches represent ongoing efforts to refine gBOLD techniques and
address the limitations of the basic model. A more comprehensive discussion of
these and other gBOLD variants, including their strengths, limitations, and clinical
applications, will be presented in the following chapter, which provides an extensive

scoping review of the current state of gBOLD research.
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3. Quantitative BOLD (qBOLD) imaging of oxygen metabolism and blood
oxygenation in the human body: A scoping review

This chapter presents a systematic scoping review of the gBOLD technique in MRI.
It aims to comprehensively analyse gBOLD acquisition methods, processing
techniques, and clinical applications reported in the literature. The review identifies
recent practices, trends, and clinical evidence, offering insights into the evolving

methodologies and potential of gBOLD in both research and clinical settings.

3.1.Introduction:

Baseline oxygen metabolism and blood oxygenation are thought to be affected in a
variety of diseases. The gold standard technique for mapping oxygen metabolism is
triple oxygen positron emission tomography (PET), which utilizes ®*O-labelled H-O,
0O2and CO to measure oxygen extraction fraction (OEF), cerebral blood flow (CBF)
and cerebral metabolic rate of oxygen consumption (CMRO>) 2°. PET studies using
this technique have shown metabolic changes in ageing %" , dementia *, and
Alzheimer’s disease 2. However, the complicated logistics, radiation exposure, and
requirement for an onsite cyclotron to create the '°0 isotope, which has a short half-

life of 2 minutes, have limited its broad clinical usage % .

In recent years, advanced MR techniques have been developed to quantify baseline
oxygen metabolism. Some of those techniques are based on respiratory calibration
of the BOLD signal %', whereas other non-respiratory techniques include T,-based
methods 2%, susceptibility based methods ®+% and quantitative BOLD (qBOLD)

5267 Some of these

and R?’ (reversible transverse relaxation rate) mapping
techniques try to estimate oxygen metabolism in specific brain regions, while others
provide a global or whole-brain assessment of oxygen metabolism and have been
discussed broadly in a recent review %°, which provides an overview of all MRI-
based OEF measurements. However, this review is distinct in two ways. Firstly, the
scoping review is a methodology to “systematically map the literature available on a
topic, identifying key concepts, theories, sources of evidence and gaps in the
research” ®8. Secondly, this review focuses specifically on the quantitative BOLD
technique for mapping OEF and R' for assessment of relative tissue oxygenation

rather than OEF measurement techniques in general.

gqBOLD theoretical underpinning
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The gBOLD technique establishes a relationship between OEF and the observed
MR signal 7, and has been shown to be a valid approach for estimating blood
oxygenation in preclinical studies “® and healthy human subjects *’. More recently it

4351 and glioma .

has been used in investigating patients with stroke
The qBOLD model focuses on signal decay in the “extravascular” tissue space
caused by local magnetic field inhomogeneities surrounding the blood vessel
network and induced by paramagnetic deoxyhaemoglobin. Traditionally, models of
the BOLD signal are unable to separate the contributions of blood oxygenation level
(i.e., OEF) and blood volume to the transverse signal decay. Therefore, a faster
BOLD signal decay (i.e., a greater value of R2') might be caused by either
decreased blood oxygenation or increased blood volume. However, Yablonskiy and
colleagues developed a model of the BOLD signal in the static dephasing regime
(SDR), by modelling the blood vessels as a network of randomly oriented cylinders.
This SDR model has the advantage of being able to separate experimentally the
oxygenation and blood volume effects. Particularly, two asymptotic equations can be

derived to describe the signal behaviour in the short and the long-time scales 746"

7 2
S, = Soexp(—TE - Ryyexp (—0.3 - BzT 7 < LE5DBY Equation 3.1
s = Soexp( 2) p( 2 o q
, 1.5 DBV .
S, = Soexp(—TE - Rz)exp(—T - Ry)exp(DBV) 1>—F Equation 3.2
2

where 1 is defined as the spin echo displacement time which controls the R;'-
weighting of the signal, TE is the echo time and R: is the irreversible transverse
relaxation rate. DBV represents the deoxygenated blood volume with the
understanding that the veins typically are the major contributor to it. During the short
timescale of Equation 3.1 the signal decay is quadratically exponential, whereas in
the long-time scale in Equation 3.2 it is linearly exponential. From this long

timescale, it is possible to characterise Ry’ (R2'= R2 — R») as,
R, =DBV:y-3m- Ay - Hct -OEF-B, Equation 3.3

where y is the gyromagnetic ratio (2.68 x 108 rad/s/T), Bo is the main magnetic field
strength, Hct is the fractional haematocrit, and Ay is the susceptibility difference

between fully deoxygenated and fully oxygenated blood (0.27 ppm per unit Hct ).
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Therefore, measurements of R,' are proportional to deoxyhaemoglobin content i.e.
the product of haematocrit and OEF. DBV can be calculated via comparison of the
measured signal at the short timescale S meqs) With the intercept extrapolated from

long timescale data Sp(exsrap) Using Equation 3.4.
DBV =In Si(extrapy (0) = In Ssmeas) (0) Equation 3.4

Therefore, when Ry' and DBV are known, OEF can be estimated from Equation 3.3.

To assess OEF using the gBOLD model, many studies have used a Gradient Echo
Sampling of Spin Echo (GESSE) sequence, in which multiple gradient echoes are
obtained with varying values of 7 *® . However, one disadvantage of this sequence is
that the Ro-weighting of the gradient echo signals also varies with 7 and must be
taken into account when estimating Ry' 25357, The Asymmetric Spin Echo (ASE)
sequence in which the refocusing pulse of a spin echo pulse (SE) sequence is
shifted by 7 /2 to produce various degrees of Ry'-weighting while keeping the TE
constant has also been used. This enables R>' to be estimated directly without the
confounding effects of Ro-weighting. Both the GESSE and ASE methods require
roughly 5-10 minutes to map the OEF *°. Since the gBOLD model relies on small
differences in the signal decay to distinguish the DBV and OEF effects (Equation 3.1
and 3.2), a high signal to noise ratio (SNR) is required to estimate them from
GESSE or ASE data “64"°, To overcome this issue, the multiparametric-qBOLD
(mp-gBOLD) approach was devised, in which CBV is evaluated using dynamic
susceptibility contrast (DSC) MRI and R;' is estimated by separately mapping R
with a multiple spin-echo sequence and R;" with a multi-echo GRE sequence *7".
Nonetheless, the CBV measured by DSC is the total CBV, not the DBV required for
qBOLD. As a result, the OEF produced by mp-gBOLD is a relative measure of OEF

71,72

The qBOLD model described in Equations 3.1 and 3.2 considers a single
extravascular tissue compartment and assumes that Ry' is only associated with
deoxygenated blood. However, Ry is susceptible to macroscopic magnetic field
inhomogeneity, which must be addressed either prospectively with techniques like
z-shimming 7 or the use of exponential excitation pulses ™, retrospectively with a
high-resolution field map or by modelling the voxel spread function 27576 If not,

then R2' will be increased leading to an overestimation of OEF.
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Other compartments, such as intravascular blood and cerebral spinal fluid (CSF) or
interstitial fluid (ISF), can be found in an in vivo imaging voxel, in the latter case
resulting in an increase in R2'. He and Yablonskiy explain the CSF effect as being
caused by its differing protein and lipid content with respect to tissue, resulting in
frequency shifts and phase differences in its MR signal relative to the tissue
component %2, To address this, the gBOLD model was expanded to include
contributions from GM, WM, CSF, and blood 2. However, implementing this multi-
compartmental model demands prior tissue composition knowledge and involves a
large number of fitting parameters 2. Otherwise, to simplify the model, it is possible
to reduce the contributions from other compartments. For instance, it has been
proposed that the intravascular contribution can be minimised by employing flow
crushing gradients °, and the CSF/ISF signal suppressed utilising a Fluid
Attenuated Inversion Recovery (FLAIR) preparation pulse °'. Another key
assumption of the gBOLD model is SDR for MRI signal formation in the presence of
the blood vessels network which assumes the diffusion effect is negligible. However,
it has been demonstrated that diffusion has a vessel size-dependent effect on signal
decay, and that disregarding this effect may result in systematic underestimation of
OEF77»79.

Aims of the review

To the best of our knowledge, there is no systematic review detailing the breadth of
gBOLD acquisition, processing methods and clinical applications that have been
presented and used in the literature. Therefore, the aim of this study is to perform a
systematic scoping review of papers which employ the gBOLD technique. We
present an overview of the different aspects of the qBOLD experiments reported
and applied in the literature, describing the methods and clinical research
applications. We classified and analysed the acquisition, data processing and
populations employed and based on these findings we identified recent practices,

trends, technical findings and evidence from clinical studies.

3.2.Methodology

A scoping review is defined as an exploratory project that aims to rapidly map the

literature available on a subject and can be implemented when a certain subject or
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area is complex or not extensively reviewed in previous studies . This approach
differs from the systematic reviews because authors do not typically assess the
quality of included studies &'%2, they also differ from the literature reviews in that the
scoping process needs analytical reinterpretation 8. Researchers can undertake a
scoping study to meet various objectives, including examining the extent, nature,
and range of research activities in a specific area, determining the value of
undertaking a full systematic review, identifying the research gap, and summarising
and disseminating the research finding . Moreover, scoping studies can be
valuable tools to investigate how research is conducted on a particular topic.
Therefore, the evidence on the applications of the qBOLD approach in the literature
was mapped in this systematic scoping review, in order to reveal the depth and
breadth of that topic. These findings are reported based on the Preferred Reporting
Iltems for Systematic Review and Meta-Analysis Extension for Scoping Review
(PRISMA- ScR), which also guided the protocol for this scoping review .

Search strategy

A systematic search was performed in the following databases: Medline, Embase
and Web of Science. The search strategy combined terms relating to “quantitative
BOLD”, “gBOLD”, “oxygen extraction”, “oxygen extraction fraction”, “oxygen
saturation”, “oxygen metabolism”, “magnetic resonance”, “MRI”, “MR imaging”, “MR
measurements”, and “Quantitative measurements of cerebral blood oxygen”. The
search was constrained to English-language literature and date of publication from
1994, the year in which the theory underlying gBOLD was first reported 7. Full
details of the search strategy are provided in the Appendix (A). The last updated

search was conducted in August 2023.

Eligibility criteria

The following inclusion criteria were applied: studies that have been conducted on
humans including healthy volunteers or patients. Studies that reported
measurement outcomes of oxygenation using gBOLD such as deoxyhaemoglobin
concentration, deoxyhaemoglobin content, oxygen extraction fraction or OEF,
oxygenation, oxygen saturation, Ry'. Studies which only report T2'/R.' were also
included. T2' is the reversible transverse relaxation time which is the inverse of R2'
i.e., T2'= 1/R.". Adecrease in T,' indicates an elevation in deoxyhaemoglobin which
is equivalent to an increase in Ry'. As shown by Equation 3.3 , Ry' is proportional to
the product of OEF and CBV.
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The following exclusion criteria were used: calibrated BOLD or dual calibrated FMRI
or QUO; using hypercapnia and/or hyperoxia, T> Relaxation Under Spin Tagging
(TRUST), Susceptibility Based Oximetry (SBO), VAscular Space Occupancy
(VASO), Velocity-selective Excitation with Arterial Nulling (VSEAN ), Quantitative
Imaging of eXtraction of Oxygen and TIssue Consumption (QUIXOTIC), reviews,
simulation studies and preclinical studies.

Selection of sources of evidence

The search records from the three databases were transferred to the Endnote
(Clarivate, Philadelphia, PA) reference tool, where duplicates were identified and
removed. Records were then screened by title and abstract by two researchers
(A.A., N.B.). The included studies were transferred to the Rayyan software tool
(Rayyan Systems, Inc., Cambridge, MA) and screened independently by title and
abstract according to the inclusion and exclusion criteria by two researchers (A.A.,
N.B.). Disagreements were resolved by consensus. Two researchers (A.A., N.B)
went through the full text of the included papers in a second step checking for their

eligibility for final inclusion.

Data charting

Data were extracted from each of the selected articles and tabulated. The following
characteristics were extracted: study characteristics, such as: author, year, methods,
and aim/objective of the study; population characteristics, including sample size,
age, pathology. MRI acquisition parameters were recorded including magnetic field
strength and type of pulse sequence. The technique for measuring CBV and OEF
were documented. Finally, information on the analysis was extracted. Data
extraction of all included studies was performed by the lead author (A.A.) and a

sample of these data were checked by the senior author (N.B.).

3.3.Results

Study selection and population characteristics

The electronic search of the three databases retrieved 5,172 studies of which 2,469
studies remained after checking for duplicates. After screening of abstracts and full
texts for eligibility, 119 studies remained for full-text assessment according to the

inclusion and exclusion criteria. Finally, 93 studies met the inclusion criteria and
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were included in the scoping review. Figure 3.1 presents a Prisma Flow Diagram
illustrating the search results ®. The studies included a total of 3,239 participants,
comprised of 1,809 patients and 1,432 healthy participants. Twelve papers did not
provide any age information, a further 34 papers reported only the age range. The
mean participant age, computed as the group mean weighted by the number of
participants in each study, was 43.3 years for healthy participants, while for patients

it was 53.1 years.

PRISMA flow chart for search strategy findings
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Figure 3.1. PRISMA flow chart for search strategy findings.

Acquisition and Analysis
The number of included studies that were conducted at 3T is 78/93, where the

remainder were acquired at 1.5T (15/93). In this review we identified many studies
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of gBOLD with different names such as gBOLD, multiparametric gBOLD (mgBOLD),
quantitative susceptibility mapping combined with gBOLD (QQ), interleaved
(igBOLD) and streamlined gBOLD (sqBOLD). Despite the fact these techniques
have different names, some of them are based on the same or similar acquisition
methods. Thus, categorising the included studies based on acquisitions methods
revealed 4 main acquisition methods: multiparametric acquisitions (mp-gBOLD)
consisting of separate acquisitions of R>* and Rz, which is the most common
approach in the literature (36 studies) and has been applied in a slightly diverse way
regarding the pulse sequence applied and the approach for measuring CBV;
followed by ASE (21) which has been applied mainly using the basic ASE pulse
sequence, and other branches pulse sequences of ASE, such as MASE used in one
study and GASE in two studies; gradient-echo (GRE) (19); GESSE (12); spin and
gradient echo (SAGE) (2); and gradient-echo sampling of free induction decay and
echo (GESFIDE) (2) (see Table 3.1 for a full reference list and Figure 3. 2). Median
and range of MRI parameters of the most common qBOLD acquisitions are
presented in Table 3.2. On the clinical side, the most commonly used acquisition is
the multiparametric approach, specifically mp-qBOLD (GRE and SE), followed by
ASE, GRE, GESSE and mp-gBOLD (GRE and Gradient and spin-echo (GRASE)),
then mp-qBOLD (SE and Echo planar imaging (EPI)), and finally SAGE.

Studies by acquisition
40+

30

20+

10

Number of studies

mp-gBOLD ASE ~ GRE GESSE SAGE GESFIDE
MRI acquisition

Figure 3.2 Studies by acquisitions. Acquisitions used for acquiring gBOLD data
by number of studies mp-gBOLD: multiparametric gBOLD, ASE: Asymmetric spin
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echo, GRE: Gradient echo, GESSE: Gradient Echo Sampling of Spin Echo , SAGE:
spin and gradient echo, GESEFIDI: a gradient-echo sampling of free induction

decay and echo.

Pulse sequence Number of studies CBV/DBV via

References

mp-gBOLD
Multi gradient 15 18:53:54,69.86-9 DS(C18:53:54,69.86-96
echo /multi spin

echo

Multi gradient 4 97100 DSC'®
echo /Fast-spin

echo

Multi-gradient 7 7172101105 DSC7172101-105
echo /Gradient

and Spin Echo

(GRASE)

Gradient echo- 6 106111 DSC'%®
EPI/Fast-spin

echo

Multi gradient 21213

echo/Fast-multi

spin echo

Fast-gradient 2114115 -
echo /Fast-spin

echo
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ASE

11 51,116-126

Yablonskiy and Haacke
qBOLD model”

Triple-echo ASE 4127130 Yablonskiy and Haacke
gBOLD model”

Multi-echo-ASE 1131 Yablonskiy and Haacke
qBOLD model”

ASE- velocity- 1132 Yablonskiy and Haacke

selective spin- qBOLD model” aided with

labelling (VSSL) VSSL maps

ASE-VASO 1133 Yablonskiy and Haacke
qBOLD model”

Electrocardiogram- 1'% Yablonskiy and Haacke

triggered ASE

qBOLD model”

GESSE

Gradient Echo
Sampling of Spin
Echo (GESSE)

1 247,52,67,79,135-140

Yablonskiy and Haacke
gBOLD model”

Multi- gradient echo

Multi- gradient
echo

1 947.56.76.141-156

QQ model56‘131‘141'
147,149,152,153,155

Yablonskiy and Haacke
qBOLD mode|7,76,148,150,151

GESFIDE
Gradient Echo 2% Yablonskiy and Haacke
Sampling of FID qBOLD model”
and Echo
(GESFIDE)
SAGE
SAGE 257,158 Yablonskiy and Haacke

gBOLD model”

Table 3.1 mp-gBOLD approach. Pulse sequences applied in mp-gBOLD

acquisition and the way of measuring CBV or DBV.
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124

137,159

97,99,100,110,112,114,115,160-

162

Techniques ASE GESSE mp-qBOLD(SE) mp-qBOLD(GRE)
~Parameters

Number of N/A 26 [10-89] 8[4-32] 8 [8-28]
echoes
TR (ms) 5000 5000 [3000- 2600 [1000-10000] 1210[67-75000]

[3000- 5000]

5000]
TE (ms) 62 [62-82] 62 [62-82] 16 [8.8-17] 5 [5-10]
Delta TE N/A 4 [2-4.96] 15[6.43-42.75] 6 [5-7]
(ms)
Time of SE N/A 64 [32.8- N/A N/A
(ms) 133.29]
7 (ms) 10[-16- - N/A N/A

22.5]
Dz (ms) 0.5[0.5-8] - N/A N/A
Spatial 3x3 3x3[2.29-3 1.8x1.8[0.86-2.5 x 1.25x 1.3 [0.86-2.5 x 1-2.5]
resolution [2.29-3 x X 2.29-3] 1-2.5]
(mm) 2.29-3]
Field of 192x192 248 x256 240 x 203[208-320 x  240x182 [200-240 x160-240]
view (mm) [192- [160-256 x 156-256]

220x-192- 192-256]

220]
Number of 16 [9-19] 1[1-9] 25 [4-50] 27 [8-75]
slices
Slice 3[3-5] 7.5[3-8] 4 [2-6] 2[0.8-6]
Thickness
(mm)
Acquisition 5:48 12.54 [8:30- 3.5[2.5-12.14] 3:36[1:05-8:00]
time [3:48- 21:07]
(mins:sec) 9:36]
No of 7 10 24 24
studies
References 86,116,117,120-  52,53,56,67,79,135- 18,54,69,86- 42,63,86,93,108,109,111,127,128,132,137,139,140,142,149,159,160,163-

166

39



Table 3.2. gBOLD acquisition parameters. Median and range (in square
brackets) for MRI parameters used in gBOLD or R,' mapping studies. Only studies
with mostly complete descriptions of the relevant parameters were included.
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qBOLD R:' (Hz) DBV (%) OEF (%)
acquisition
GESSE 4.69 [2.90- 4.56 [1.75-4.59] 37.16 [31.60-46.30] *7:52:53,56.67.79.136-
6.70] 52,53,79,136  52,53,56,67,79,89,136,13 140
7
ASE 3.10 [2.60- 5.9[3.10-6.70]  32.66 [21.0-40.0]
3.60] 51 119 51,119,131,132 51,118,119,123,131,132,167,168
mp-qBOLD 676 [4.43-  6.21[4.30-9.20] 52.0 [29.10-60.0] 577102104136
810] 54,136
54,71,107,108,115,13
6,169,170
GRE (QQ)* N/A 2.8 [1-4.9] 36.4 [30.6-43.8] 141143145147

141,143,145,147

Table 3.3. R2', DBV and OEF values. Mean and range of in brain tissue for healthy
volunteers across studies categorised by acquisition type. Means are weighted by

the number of participants in each study. *Only values from the QQ approach are

included for the GRE acquisition.
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Table 3.3 presents the mean of Ry', DBV and OEF values for healthy volunteers
across studies characterised by acquisition type. The mp-gBOLD acquisition seems
to provide higher values overall compared to ASE and GESSE. Accounting for
magnetic field inhomogeneity (MFI) was performed in 41% of the included studies

with different approaches, including prospective correction using exponential

), 92,96,103,104,112,115,171 5%) 51,87,119,124,165

or z-shimming ( , model

76,141,144,151
’

excitation pulses (12%

)54

fitting (1%) ', slice averaging (1%) *, voxel spread function (4%)

projection onto dipole field (12%) 5.141-143.145-147.149,153-155.163

, and retrospective
correction using field maps (8%) 529379132.13%6.148 " |n addition, approximately 6% of

the studies used FLAIR to suppress the CSF/ISF signal 51:113.119.124,132,165

Common pre-processing steps that were reported were motion correction, spatial
smoothing and registration to MNI or subject space. However, twenty-one studies
did not report pre-processing steps *253.67:86.107-109,111,115,127-
129,136.137,139,140,142,143,159,160.163 The method of the analysis was mostly region of
interests (ROIs), including white matter, grey matter and whole brain analysis (63
studies) or ROIs combined with voxel-wise analysis (5 studies) 0412120125168 QEF
maps were mostly computed by using least squares fitting (18 studies) %'
53,67,72,76,79,102,118,122-124,130,131,134,136,148,151,158’ but in one Study, Bayesian inference was
used ""°. Further advanced analysis approaches such as cluster analysis of time
evolution (CAT) and artificial neural network (ANN) have been applied in nine
studies 96:137.143.145.149.150.152.154.155 Thg main principle behind the CAT method is that
voxels with a similar mMGRE signal evolution have similar model parameter values,
and the number of clusters as defined by machine learning is less than the number
of voxels. Hence, averaging over a cluster can substantially improve SNR for a
cluster-wise inverse solution that can be utilised as a robust initial estimate for
voxel-wise QSM+qBOLD optimization '*. Alternatively, ANN is a machine learning
tool used to recognise patterns and classify data. It has proven to be an effective
alternative approach for robust curve fitting, with good noise and outlier resilience
and faster computational processing compared to least squares fitting . Some of
the studies did not provide detailed information about the fitting procedure that was
used 88:127-129.138.140.159.168 The most common software tools used for analysis are
MATLAB (Mathworks, Natick, MA), FSL 2 and SPM ',

Applications
The most investigated human organ was the brain (84 studies) followed by lower

extremity muscle (4 studies)®?12"1221%0 preast (2 studies) 8%, liver (1 study)'®,
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spinal cord (1 study) ' and heart (1 study) '°2. The majority of brain studies used
the mp-qBOLD approach for acquisition (34 studies) 853:5469.71.72,86-92,97.99-104,106-
M2114,115,159-161171 followed by GESSE acquisition (12 studies) 4726779135140 then
ASE (11 studies) 47:51.116.118-122.124.131.132.168 _gt,,djes conducted on the breast used the
mp-qBOLD approach 2, However, in the lower extremities, all the studies used
ASE 127-130.

Twenty-eight studies explored using gBOLD methods on healthy subjects for
various aims, such as to assess the technical feasibility of the gBOLD method
5254,79,117,130,134141 ' and to develop a new related gBOLD technique 5"'%2,
Furthermore, validation studies were also performed to investigate the validity of the

technique and the model %3162

as well as making MRI versus PET comparisons
104146 On the other hand, sixty-four out of ninety-three studies (64/93) investigated
diseases to measure tissue haemodynamic parameters, such as blood volume,
deoxyhaemoglobin concentration, and OEF as well as measuring T2' or R’ as a
surrogate marker of local oxygenation. Cerebrovascular diseases, e.g. stroke,
carotid stenosis/occlusion, mitochondrial myopathy, encephalopathy, lactic acidosis,
and stroke-like episodes (MELAS), were the most investigated diseases (28
studies), followed by glioma and brain tumour (17), diabetes (3) 4127128,
haemoglobinopathies (4) 4”212 preast tumour (2) %2, multiple sclerosis (MS) (2)
107.142 clinically isolated syndrome (CIS) (2) *"'%, pre-eclampsia (PE) (2) '531%,
neurodegenerative disease (2) *"'>*, human immunodeficiency virus (HIV) (2) 12312
and one study for the following diseases: cervical spondylosis %, retinal
vasculopathy with cerebral leukoencephalopathy and systemic manifestations
(RVCL-S) "' (Figure 3.3). Table 3.4 lists the most common pathologies investigated

along with clinical finding related to oxygenation parameters.
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Studies by pathology

RVCL-S

Cervical spondylosis
Neurodegenerative disease
PE

MS

HIV

CIS

Breast tumour

Diabetes
Haemoglobinopathies
Glioma and brain tumour
Cerebrovascular disease

0 10 20 30
Number of studies

Pathologies

Figure 3.3. Number of studies for each of the pathologies investigated using
qBOLD or R2' mapping. RVCL-S: cerebral leukoencephalopathy and systemic
manifestations, PE: pre-eclampsia, MS: multiple sclerosis, HIV: human

immunodeficiency virus, CSI: clinically isolated syndrome.
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Pathology

Number
of

studies

Cerebrovascular 28

diseases

Findings

Low OEF in DWI-defined lesions in ischaemic
stroke patients#3145,

Different OEF histogram compared to the
contralateral side in ischaemic stroke
patients'*®.

Lower OEF in the ipsilateral side compared to
the contralateral side in ischaemic stroke
patients'°.

Infarct core OEF value showed decreasing
trend from acute to early subacute to late
subacute phases of ischemic stroke'®°

rCBV and OEF were unchanged, whereas
rCMRO: and CBF had a relative reduction in the
affected side with the stenosed carotid artery'”.
rOEF was unchanged in asymptomatic internal
carotid artery stenosis (ICAS) patients'®
Elevation of rOEF and CBF preoperatively
which reduced to normal range following
surgery in patients with severe cerebrovascular
stenosis or occlusive disease ™.

Decrease in the T2’ value in the affected side
compared to the contralateral in acute stroke
patients’®®

Lower T, values within hypoperfused tissue in
acute ischaemic stroke patients® 1% 97,

Higher T2’ values in hyperperfused area in acute
ischaemic stroke patients®®'%.

T2 values in Clinically Isolated Syndrome (CIS)

did not differ significantly from healthy control'"
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Glioma and 17 e Higher OEF in ipsilateral side and suspected

brain tumour tumour area18,69,100,112,136,137,158,171.

e Low-grade glioma showed areas with increased
OEF, whereas anaplastic glioma (grade IIl) and
glioblastoma (grade IV) showed decreased OEF
when compared with normal brain tissue®'"".

e OEF distinguishing Isocitrate dehydrogenase
IDH1 status and mutant gliomas in the tumour
area'®?,

e OEF was lower in glioblastomas than

metastases®'%2,

Diabetes 3 o Diabetic patients had lower OEF and oxygen
consumption compared to healthy
Contr0|s128'129'174.

Haemoglobinop 4 e Sickle Cell Anaemia (SCA) patients showed

athies variation in whole-brain OEF and decreased

values of OEF in white matter at higher risk of

stroke under different treatment options'*'75,

e Increase OEF within normal appearance white
matter of SCA patients compared to healthy

control %,

e Whole brain OEF values was higher in SCA

patients compared to healthy control'?.

Table 3.4. List of pathologies. Findings of most common pathologies investigated

using gBOLD or R;' mapping

Studies have also been performed outside of the brain. Oxygenation parameters
have been measured in lower body extremities, in particular in the calf muscle,
using gBOLD in patients with diabetes'?-'?°. The measurements were performed at
rest and during an isometric plantar flexion muscle contraction, Zheng and
colleagues reported an attenuated oxygenation response during isometric calf
muscle exercise in people with diabetes mellitus compared to a non-diabetic group
127129 |n breast cancer, two studies have been conducted using the mp-qBOLD
acquisition approach with DSC to assess the viability of using gBOLD as a non-

invasive way to assess the tumour microenvironment (TME), hypoxia and induced
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neovascularization. It aimed to differentiate between aggressive and less aggressive
breast cancer %, Findings from these studies suggested that mp-qBOLD can aid
in the non-invasive identification of aggressive breast cancer. Two studies '5%1%°
have been conducted to investigate brain oxygen metabolism in pregnant women
with pre-eclampsia, which causes high blood pressure. The studies found that

women with pre-eclampsia had higher OEF values than healthy pregnant women.

3.4.Discussion

We identified ninety-three papers which used gBOLD to quantify oxygenation
related parameters which together included 3,239 subjects. Multiple approaches to
gBOLD acquisition and analysis were included in this review, of which 41% reported
performing correction for magnetic field inhomogeneity (prospective or
retrospective) and 6% reported performing correction for the presence of CSF.
Studies were conducted in six organs, although 91% studied the brain, and twelve
different pathologies, with the vast majority investigating cerebrovascular disease

(44%) or glioma and brain tumours (27%).

Reporting standards

Most studies reported the acquisition details except seven ASE studies which
referred to other papers for more details, this leaves room for ambiguity on how the
actual data were acquired. Another three ASE studies reported using triple-echo
ASE but did not give enough details on how these data were analysed. Seven mp-
qBOLD papers and two GESSE papers reported incomplete information about MRI
acquisition parameters. Oxygenation maps were mainly computed using simple
iterative least-squares regression '*8. However, in studies using the QSM+qBOLD
technique, machine learning algorithms such as artificial neural networks (ANNs)
have been applied with the aim of improving the robustness of curve-fitting
187.142,143,145147 ‘More than half of studies did not report the fitting method details
clearly. Reporting more details about both acquisition and processing methods

would enable more reliable replication and comparisons of these methods.

Acquisition and Analysis

The majority of gBOLD studies were performed at 3T using the mp-gBOLD
approach (GRE and SE) for data acquisition, followed by the ASE sequence. While
gBOLD can be performed using different sequences to measure oxygenation
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parameters, all have limitations. Because the gBOLD signal is a function of Rz' and
DBV, alterations in acquiring these parameters can affect the final outcomes i.e.
OEF. For instance, acquiring R,' with different acquisitions has been shown to
produce significantly different values “°. This is particularly the case for the mp-
qBOLD approach due to the multiple techniques in use to measure T, each with
different sensitivities to RF pulse errors leading to overestimation of T, and
underestimation of Ry 7'. However, from the literature reviewed in this review, there
was a notable difference in the estimate of R>' between the GESSE and ASE
techniques which both have a direct sensitivity to R.'. When compared with GESSE
measurements of R.', mp-qBOLD measurements of R.' are 47% higher whilst ASE
measurements are 34% lower. Simulations have shown that the differences in
measurements of Ry' using GESSE and ASE may be due to the effect of diffusion. In
the GESSE technique the amount of time for protons to diffuse around the blood
vessels increases with TE which flattens the signal decay around the spin echo 7°. In
contrast, this time for proton diffusion is fixed for the ASE technique and equally
affects all of the t values (Rz'-weightings) 7. Whilst for mp-qBOLD, the higher Ry’
measurements are believed to be due to stimulated echoes due to slice-selection
pulse imperfections in 2D-GraSE and 2D-TSE imaging that lead to T»
overestimations, hence higher R2' measurements. To overcome these issues, it is
advisable to use non-slice selective and 3D acquisition techniques, such as 3D-
GraSE, to reduce T,-related bias in mp-gBOLD 7. R,' values for the QQ approach
are not available since this model fits directly for OEF and DBV. The R>'
measurements reported from the included studies highlighted the notion that R,'
measurements are clearly influenced by the acquisition method (Table 3.3), which
also has been reported previously *°. This is an important consideration for
designing and evaluating research studies that use R>' measurements. In addition,
R measurements are influenced by the orientation of the white matter fibers ™ and
the existence of the myelin, which has a high diamagnetic susceptibility. Each
voxel's signal decay becomes multiexponential due to the presence of extracellular,
intracellular, and myelin water compartments. Previous studies have shown that a
significant frequency shift is caused by the water compartmentalization in the

myelin, which increases the Ry* decay during gradient echoes'"®"77.

It is crucial to distinguish between the susceptibility effects caused by
deoxyhemoglobin and those caused by static field inhomogeneities to get a more

accurate estimation of Rz'. To recover signal loss or separate the impacts of these
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two field fluctuations, a number of techniques have been applied in the included

studies. The most common ways were as follows, applying an exponential excitation

72,92,96,103,104,112,115,171 52,53,79,136

pulse , using high-resolution field maps

76,141,144,151

, and voxel
spread function . [Each of these approaches presents distinct advantages

and limitations in practice. The exponential excitation pulse technique, while

effective at compensating for magnetic field distortions occurring across different
slice levels, can increase RF power deposition and acquisition times. High-
resolution field maps provide detailed field inhomogeneity information but remain
susceptible to motion artifacts. The voxel spread function approach successfully
addresses magnetic field distortions both within each brain slice and between
different slice levels, though it requires more sophisticated post-processing
protocols. Furthermore, accounting for the presence of partial volumes of
cerebrospinal fluid (CSF) is important. This consideration is particularly crucial as
CSF contamination can significantly impact Rx' quantification accuracy, especially in
regions adjacent to CSF-filled spaces. However, few studies considered
suppressing CSF/ISF signal by using a FLAIR preparation pulse 5':13:119124.132,165
The limited implementation of CSF suppression represents a significant
methodological gap in the field. For optimal accuracy in R.' quantification,
particularly in cortical regions or areas near ventricles, CSF suppression should be
considered essential despite the additional scan time required. Moving forward,
researchers should prioritize combining appropriate susceptibility compensation
techniques with CSF suppression, with the specific choice guided by the balance
between precision requirements and practical constraints such as available scan
time. There remains a clear need for comparative studies that evaluate these
various techniques, particularly in combination with CSF suppression, to establish
more definitive methodological guidelines for different research and clinical
applications.

The deoxygenated blood volume (DBV) is similarly measured in different ways
(Table 3.3). In the gBOLD model, the DBV is estimated from the transverse signal
decay, but this method has potential issues, including signals from intravascular
blood %°, diffusion narrowing effects 77, and signals from macromolecules 2. On the
other hand, in mp-gBOLD, the DBV measure is replaced by the dynamic
susceptibility contrast (DSC) measure of cerebral blood volume (CBV). This CBV
measure is combined with a separate measurement of Ry' to estimate oxygen

extraction fraction (OEF). However, it is important to note that DBV in the gBOLD
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model specifically refers to the percentage of CBV that contains deoxyhaemoglobin.
This leads to a discrepancy between DBV, which is specific to vessels carrying
deoxygenated blood, including veins, and CBV from DSC, which is sensitive to all
vessel types and represents total blood volume. Although estimating CBV
separately results in a relative measure of OEF 72, it is perhaps a more pragmatic
approach for clinical settings. However, when compared with GESSE
measurements of DBV, mp-qBOLD measurements of DBV are 48% higher, ASE
measurements are 9% higher and GRE measurements using QQ analysis are 39%
lower (Table 3.3). It is worth noting that the QQ approach derives its sensitivity to
DBV from the same source as GESSE and ASE measurements (Equation 3.4). One
of the included studies introduces a new approach which relies on velocity selective
spin labelling (VSSL) pulses to measure DBV non-invasively '*2. For comparison,
the only other technique for measuring DBV, which uses the BOLD response to a

hyperoxia challenge, estimates DBV to be between 2.2 and 8.2% %1%,

Regarding the QQ approach, by integrating both gBOLD and QSM there is the
potential to counterbalance each of their limitations. One of the drawbacks of the
qBOLD model, which neglects non-blood sources of magnetic susceptibility (e.g.
myelin), is addressed by QSM, which is able to measure the total magnetic
susceptibility regardless of its origin. Conversely, QSM does not directly factor in
deoxygenated blood volume (DBV) and assumes a linear relationship with cerebral
blood flow (CBF). In this symbiotic relationship, both approaches complement each
other, potentially resulting in a more comprehensive methodology where the
strengths of one method offset the weaknesses of the other® 6, This method has
recently been validated against PET. Findings showed the average OEF values
across subjects did not significantly differ between QSM+qBOLD and '*O-PET'¢,
but the study did not assess the correlation between individual measurements from

the two techniques, leaving uncertainty about their agreement on a subject-by-

subject basis.

The considerably higher proportion of studies (40%) using the mp-qBOLD approach
is likely due to its reliance on pulse sequences that are already available on the
scanner (i.e., SE or GRE). This makes it easier to implement in a clinical setting
whereas techniques like ASE and GESSE require custom pulse sequences. This is
also true for the QQ approach which utilises a standard multiecho GRE pulse
sequence, so long as magnitude and phase data can be reconstructed on the

scanner. mp-gBOLD approaches are also the most common in the brain and ASE is
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the only technique used in the lower extremities. This is likely due to slow changes
in OEF in the clinical brain applications listed in the results, which are suited to the
multishot approaches used in mp-gBOLD acquisitions. Whilst ASE is a much more
rapid acquisition aiding the measurements of the transient changes in muscle during
hyperaemia. It is important to note that for fMRI studies of changes in brain oxygen
metabolism the calibrated BOLD technique is more suited due to its higher temporal
resolution. Studies using gBOLD on other parts of the human body were limited.
Nonetheless, existing studies outside of the brain and muscle demonstrate the
potential for investigating diseases elsewhere in the human body using gBOLD.
Although qBOLD provides a non-invasive approach for assessing OEF, in the
context of a clinical setting, it might be impractical to apply. However, mp-qBOLD

provides great applicability in clinical settings due to the MRI protocol availability.

Applications |

gBOLD was used to measure baseline oxygenation parameters in several
pathologies including steno-occlusive diseases, stroke, and small vessel disease
(Figure 3.3 and Table 3.4). While these investigations showed that ischaemic stroke
patients had lower OEF in the core infarcted region (tissue that is unsalvageable)
than the contralateral region of the brain and a decreasing trend from acute to early
subacute to late subacute phases of ischemic stroke, it is important to note that
calculating OEF in severely compromised tissue presents fundamental challenges.
In regions where blood flow and metabolism are markedly reduced, the
interpretation of OEF becomes problematic as it represents a ratio between these
impaired parameters. In contrast, an OEF elevation was observed in the penumbral
region (tissue that may be salvageable with treatment), which typically surrounds
the core infarct, compared with healthy tissue in the contralateral hemisphere was
also reported #3141 The penumbra region suffers from a lack of blood flow and

can recover if the blood supply can be restored in a timely manner 7.

In terms of T2, it has been observed to be reduced in the infarct core, as defined by
a thresholded ADC map, when compared with healthy tissue ¥+'%. Similar but
smaller reductions are seen within hypoperfused tissue regions of interest defined
by time-to-peak (TTP) by DSC *. These decrease in T2/, or equivalently increases in
R2', suggest a more rapid signal decay due to the higher than normal
deoxyhaemoglobin content of the tissue, which is a consequence of elevated OEF
caused by hypoperfusion and/or an increase in DBV®"'%®. However, these T.'

measurements in the core require careful interpretation, as the signal changes may
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also reflect tissue degradation, alterations in magnetic susceptibility, or residual
deoxyhaemoglobin in poorly perfused vessels rather than active oxygen
metabolism.

These findings are consistent with our current understanding of the pathophysiology
from PET imaging. According to PET studies, there should be a significant rise in
OEF in the penumbra '°. However, within the core infarct there is the potential for
disagreement with PET. In PET imaging oxygen metabolism is observed to be
reduced within the core '®, whilst T>' has been observed to decrease consistent with
an increase in oxygen metabolism '°. However, Geisler et al. were able to reconcile
this discrepancy in the following way'®. PET relies on an intravascular tracer which
cannot reach the core due to a compromised blood supply yielding a negligible
oxygen metabolism %’. Whilst measurements of Ry’ do not rely on the delivery of a
tracer and hence remain directly sensitive to any residual deoxyhaemoglobin,
regardless of whether it reflects active metabolism or stagnant blood in severely

compromised tissue.

Obtaining gBOLD-based OEF measurements for ischemic stroke is particularly
challenging due to two main reasons. Firstly, it requires a long acquisition time to
obtain high spatial resolution images or many echo times, which can lead to patients
moving during the process. This is a common issue with stroke patients that

requires motion correction, resulting in additional data acquisition®:1241%9

or image
artifacts'®. Secondly, using the same Hct value for ischemic and non-ischemic
regions can lead to an overestimation of OEF 2% |t is also important to note that
certain factors such as necrosis, bleeding, iron deposition, fibre orientation cerebral
spinal fluid or macroscopic magnetic susceptibility gradients may cause artificially

high OEF values field®"08110.124,

Studies conducted in patients with glioma and brain tumours, reported consistent
results of higher OEF in the ipsilateral side and suspected tumour area'%%'%6.137,
Moreover, high-grade glioma revealed higher OEF values than lower-grade
glioma'869112158.171 ‘Hawever, the heterogeneous nature of gliomas, with different
cellular densities, and blood flow patterns, represent a source of bias when merging
all types of gliomas into the same group-grade'®® ', Moreover, it is possible that the
necrotic tissue in tumours is susceptible to haemorrhage in the necrotic core, which
may result in high Ry’ values''2. Even if there is no bleeding, necrotic tissue can still
be problematic because its relative cerebral blood volume (rCBV) is zero. Therefore,

OEF may increase above any physiologically significant threshold ''2.
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In patients with MS, the reported finding indicated higher OEF values in the rim area
compared to the lesion and lower OEF for the whole brain in MS patients compared
to healthy control patients '*2. Two studies attempt to evaluate hypoxia in breast
cancer, which is a prevalent feature of malignant tumours and is associated with
poor treatment outcomes using gBOLD ®2. They calculated various quantitative
MRI biomarker maps, such as OEF and metabolic rate of oxygen (MRO), using
histopathology as a standard of reference. The findings demonstrated that invasive
ductal carcinomas (IDCs) were more hypoxic than benign tumours %2. Also,
aggressive malignancies had a greater oxygen consumption than less aggressive
cancers %. It seems qBOLD is a promising technique for measuring baseline
oxygenation parameters in a broad range of pathologies and promising direction for

some clinical populations.

3.5.Implications for future research

The application of gBOLD experiments can vary substantially, particularly in the
sequence chosen i.e. ASE, GESSE and mp-gBOLD. This induces heterogeneity in
the outcome measurements of Ry' making it difficult to compare the results of
different studies. As yet, there does not seem to have been a direct comparison of a
variety of these techniques to assess any systematic differences. However, it should
be noted that this is difficult to achieve in human participants due to the normal
variation in OEF which can be caused by natural variations in blood carbon dioxide
levels '®'. Therefore, phantom based comparisons may be needed. Amongst the
included studies phantoms were used for several purposes including testing post-
processing techniques for correcting for macroscopic magnetic field inhomogeneity
7279 One study used Gadolinium doped agar gel phantoms to produce a range of T
values to test the accuracy of an improved T> measurements as part of an mp-
qBOLD approach "'. However, these kinds of phantoms are not useful for comparing
techniques for measuring Ry’ because they have little to no Rz’ contrast. One further
study sought to introduce R’ contrast by randomly coiling polypropylene strings in
mineral oil to generate the mesoscopic magnetic field inhomogeneity that underlies
the qBOLD signal #’. This scoping review was not targeted at phantom comparisons
and so the literature captured may be incomplete. However, these studies provide a
future direction for phantoms to compare qBOLD variants or between scanners,
which might be particularly important for multicentre studies. In addition, validation

with the gold standard PET imaging is important; however, this is challenging due to
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the invasive nature involved in applying PET when using the radioactive agents and
its limited availability.

In addition, as noted above, there are multiple techniques in use for estimating DBV,
which are not directly comparable. Thus, caution must be taken when reporting OEF
results, which are greatly reliant on the pulse sequence and the way in which DBV is
estimated. This is true in the case of mp-qBOLD, which does does not exactly reflect
the deoxygenated blood which gBOLD measures. However, since the mp-qBOLD
approach is more applicable in clinical settings, it would be worth investigating a
more precise way to measure the DBV; one alternative option to DSC-based
measurements of CBV is to use hyperoxia-BOLD contrast to measure venous CBV

(CBVv) ', Preliminary work has been presented to demonstrate this approach 82,

When using gBOLD to measure the oxygen extraction fraction (OEF) in conditions
such as stroke and glioma, it is important to consider several factors that can impact
the accuracy of OEF and Rz' measurements. These factors may include bleeding
and necrosis. Using multiple MRI sequences, such as diffusion-weighted imaging
(DWI) and perfusion-weighted imaging (PWI), can help provide additional
information and enable differentiation between various tissue compartments,
including areas that may be affected by bleeding or necrosis. In addition, correlating
findings from different gBOLD approaches with histopathological analysis of tissue
specimens can validate the accuracy of OEF measurements and help interpret

discrepancies arising from factors like necrosis, haemorrhage, or cellular infiltration

Public availability of analysis tools is currently limited, with only a single example
identified Quantiphyse "°'®, However, this tool is only optimised for the ASE
acquisition. In future, greater availability of these tools would help to promote

reproducibility and harmonisation.

Limitations of the review

This review was limited to human studies. Therefore, it does not present detail
regarding preclinical gBOLD methodologies. However, the basic processing
techniques are similar. In addition, it only included studies in the English language
due to the long process of translation and time limitations. To date, there has not
been a systematic review of the use of gBOLD techniques for measuring blood
oxygenation in the human body. Therefore, this review is the first to cover this topic

and highlight the use of gBOLD in clinical populations.
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3.6.Conclusion

While gBOLD for measuring oxygen metabolism is a relatively underdeveloped
technique we identified applications in several clinical populations including
cerebrovascular diseases, brain tumour and glioma, multiple sclerosis, breast
cancer and diabetes mellitus. This highlights the value of gBOLD oxygenation
measurements in clinical research. However, acquisition techniques and analysis
methods all varied substantially. Future work ought to aim towards consensus
recommendations to facilitate more reliable and harmonised gBOLD measurements

for use in clinical research and trials of new therapies.
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4.Development of a quantitative BOLD phantom for validation of acquisition
strategies.

In this chapter a phantom to produce R>' (reversible transverse relaxation rate)
contrast was developed by inducing subvoxel magnetic susceptibility variation that
mimics the quantitative Blood Oxygenation Level Dependent (qBOLD) MRI signal.
Microscopic glass bubbles were used for this purpose and it was demonstrated that
they offer a cheaper option for making large volume phantoms than existing
phantoms that used precision polystyrene microspheres. A linear relationship
between the R>' contrast and the glass bubble volume fraction was found for the
constructed test object. The phantom was subsequently used for a comparison of
multiparametric gBOLD acquisitions between two MRI vendors. In future, phantoms
such as this could facilitate quality assurance for gBOLD acquisition strategies and

assist with multicenter harmonization.

Acknowledgements: We thank Prof. Dr Klaus Scheffler and Dr J6rn Engelmann
from the Department of Biomedical Magnetic Resonance, University of Tubingen,

Germany, for sharing their phantom recipe using hydroxyethylcellulose (HEC) gel.

4.1.Introduction

Quantitative BOLD (qBOLD) aims to estimate the oxygen extraction fraction
(OEF) from the reversible transverse relaxation rate R;'. This has applications in
the diagnosis of cerebrovascular diseases such as stroke '?* and glioma . Ry'
can be measured in multiple ways, but these measurements may not be

equivalent. The multiparametric mp-qgBOLD technique '8

uses separate
sequences to measure the irreversible transverse relaxation rate R, and R;" (R2’
=Rz +R") independently before calculating R2'. However, there are multiple
sequences used to make these measurements, such as GESSE (Gradient Echo
Sampling of Spin Echo) and ASE (Asymmetric Spin Echo) which are single-
sequence methods that attempt to measure R;' more directly. GESSE acquires
multiple gradient echoes around a spin echo. This sequence produces signal
affected by both R, and R, requiring complex analysis to separate these
effects, often using symmetry properties of the signal decay ¢, or quadratic
exponential decay of the signal around the spin echo %2. ASE, on the other
hand, manipulates R;' weighting while maintaining constant R, weighting by
shifting the refocusing pulse relative to the readout. This allows for more direct
estimation of R;' without the need to simultaneously fit R, 5°. As per the sc-

review chapter Ry' measurements across these multiple acquisition approaches
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vary slightly ranging from 3-6 Hz. It is essential to show minimal bias and high
consistency across pulse sequences and various vendors systems. Regarding
the latter, the literature appears sparse regarding systematic comparisons of Ry’
measurements across different manufacturers' systems, suggesting a potential

area for future investigation.

After a method is introduced in a clinical trial or clinical practice, it is essential to
prove its ongoing ability to be replicated at several locations, over a period of
time, and even after any alterations to the system. This is particularly important
in the case of multicenter and longitudinal trials. An MRI phantom, frequently
known as a reference object or test object, acts as a useful tool for assessing
bias and reproducibility in quantitative data. Researchers employ phantoms to
verify the accuracy of new MRI techniques and carry out assessments of bias
and reproducibility across several sites 1318 Additionally, phantoms play an
essential role when performing quality control (QC) measurements on scanners
and act as valuable educational tools. Regular use of phantoms is crucial for
ensuring the reproducibility of MRI data, as they help verify that scanners are
functioning properly and that the necessary hardware and software are in place
at various sites to produce the required imaging. Building an MRI phantom
involves choosing the right substance that can replicate the magnetic properties
of human tissue. Common materials include water-based gel, oil, or organic
liquids that can be doped with substances like nickel chloride (NiCl,), copper
sulfate (CuSOs), or manganese chloride (MnCl,) to adjust Ty and T values %",
Phantoms should ideally be stable over time with known expiry periods or aging
decay properties. It is recommended that these phantoms should be simple to
assemble and can be reproduced consistently '®® to ensure reliable results
across various studies and research locations.

One of the main challenges for the gBOLD technique is achieving consistent
and reliable values across different acquisition methods, sites, and vendors
to facilitate its use in clinical settings and enhance its reliability. This
highlights the need for developing an MRI phantom for the Ry' parameter.
Generating R>' contrast in a phantom requires creating microscopic
magnetic susceptibility variations at the scale of the microvasculature
(subvoxel level). Previous studies have used precision polystyrene
microspheres to demonstrate the generation of microscopic susceptibility

variation in a phantom '®°. However, polystyrene microspheres are
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expensive and only suitable for creating small-volume phantoms. Other
studies have attempted to simulate the magnetic susceptibility distribution of
a vascular network within a phantom using polyethene fishing lines and
filament strands “6, as well as coiled polyamide strings '°°. However, the
relatively large size of these fishing lines and polyamide strings may not
accurately replicate the subvoxel susceptibility variations that are intended to
be represented. Therefore, this study aims to explore the use of glass
bubbles as a more cost-effective alternative with a more reasonable suitable
median diameter of 60um and easily reproducible R2' phantom. Spherical
particles offer several advantages over filament-based models. Firstly, they
can be more easily and uniformly distributed throughout a phantom,
potentially providing a more realistic representation of randomly distributed
susceptibility sources. Additionally, while spheres do not approximate infinite
cylinders like blood vessels, Yablonskiy, Haacke 7 demonstrated that both
geometries produce similar effects on the reversible transverse relaxation
rate (R2'). Specifically, their theoretical model showed that spherical objects
tend to produce a more pronounced R>' effect than randomly oriented
cylinders, indicating that spheres can serve as a reasonable proxy for
cylindrical structures in many scenarios. Therefore, the goal of this study is
to produce a phantom that can be used for quality assurance and facilitate
standardization across multiple centers. Hence, the primary objective for this
study was to develop an Ry' phantom using glass bubbles. A secondary
objective was to make a comparison of multiparametric gBOLD acquisitions
between two MRI vendors (Philips Achieva 3T and GE SIGNA Premier 3T).
Additionally, the longitudinal relaxation rate (R1) was also investigated using the
produced phantom. In future, phantoms such as this could facilitate quality
assurance for gBOLD acquisition strategies and assist with multicenter

harmonization.

4.2.Materials and methods

In the search for a suitable gelling agent to create a uniform phantom, several initial
trials were conducted testing a few gelling agents: agar, sodium alginate, and
hydroxyethylcellulose (HEC). Agar, although commonly used in phantom studies,
was found to be problematic for our specific application. It requires heating to high
temperatures, typically using an autoclave, which led to undesirable reactions with

the glass microbubbles. Attempts to mix the microbubbles into the gel after heating
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resulted in poor uniformity. Sodium alginate demonstrated problems related to
viscosity, posing challenges to achieve the desired structural stability and uniform
distribution of glass bubbles throughout the phantom. Hydroxyethylcellulose (HEC)
was identified as the best option for our R2' phantom due to its unique advantages.
It easily dissolves in water at room temperature, eliminating heating-related risks to
the glass microbubbles. Additionally, it provides excellent viscosity control, allowing
us to fine-tune the phantom's consistency while maintaining long-term stability. The
high compatibility of HEC with glass bubbles helps to create the desired uniformity.
These properties make HEC an ideal choice for our research.

Sample preparation

Phantom samples were prepared using a HEC solution. First, sodium chloride
(NaCl) was dissolved in deionized water with vigorous stirring until fully dissolved.
Gradually, HEC (Sigma-Aldrich, 09368) was added to the NaCl solution while
maintaining continuous stirring to prevent clumping. Once the HEC was fully mixed
in, K20 glass bubbles (3M, MN, USA) were introduced to achieve specific volume
fractions. The mixture was then stirred at medium speed for an appropriate duration
based on the observed quality of the gel, with longer stirring times required for lower
glass bubble fractions to ensure even dispersion. This preparation method ensured
consistent concentrations of HEC and NaCl, as well as a uniform distribution of
glass bubbles across all samples. For the full Standard Operating Procedure (SOP)

used in the preparation of these phantoms, please refer to the Appendix (B).

Stage 1: Glass Bubble Effects

In the first stage, an experiment was conducted to assess the impact of different
concentrations of glass bubbles on the MRI signal of the phantom, in particular the
R.' contrast at 3T. Four 30ml vials were filled with HEC gel with randomly selected
volume fractions of K20 glass bubbles at 0%, 1%, 2%, and 3%. These preliminary
trials allowed us to evaluate the effect of varying glass bubble concentrations on R;'
and establish a baseline relationship between volume fraction and R»'. The gel for
each vial was prepared as described above. The mixture was then stirred with a
magnetic stirrer at room temperature until it thickened, which took approximately 10-

40 minutes depending on the volume fraction of glass bubbles.

Stage 2: Reproducibility & repeatability:
This stage aimed to evaluate the reproducibility of phantom construction and

the repeatability of MRI measurements. Four 30 mL vials were prepared with

59



HEC gel with 0%, 1%, 2%, and 3% volume fractions of K20 glass bubbles,
stirred as before. Two sets of vials (Set A and Set B) were produced to test
the reproducibility of the construction process, and one set (Set A) of vials

was scanned twice to assess the repeatability of the MRI measurements.

Stage 3: Sequence comparison and Phantom stability

The objective of this stage was to produce a phantom that would match the
expected R2' values in the human brain to enable the comparison of rapid
clinical protocols with a reference scan. A MultiSample 190F (Gold Standard
Phantoms, Rochester, UK) was filled with twelve 50 ml vials containing HEC
and arange of volume fractions (0 to 1 % in steps of 0.1% and 2%) following
the procedure above for producing HEC phantoms. The whole phantom was
filled with deionized water, Nickel Chloride (1mM) and Sodium Chloride
(0.5%) (Figure 4.1). This phantom was scanned twice, within a week from

preparation and after a month to assess phantom stability over time.

In order to determine the volume fraction of glass bubbles needed to match the
expected range of Ry' in the human brain, we used a linear equation derived from
our data in stage 1, which focused on the effects of glass bubble volume fraction.
The equation takes the form:

R, = mVf + b Equation 4.1

Where Vf is the volume fraction of glass bubbles m is the slope (in Hz per unit of
volume fraction) b is the y-intercept (in Hz). By plotting the R>' values against the
volume fractions of glass bubbles, we obtained a linear relationship. The slope (m)
and intercept (b) from this plot were then used to calculate the required volume
fraction of glass bubbles to achieve the desired R.' values. This approach ensured
that the phantom accurately represented the R>' relaxation rates expected in human

brain grey matter.
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Figure 4.1 The phantom picture. The MultiSample 190F from Gold Standard
Phantoms contains twelve 50 ml Falcon tubes filled with a range of glass
bubble volume fractions from 0 to 2% in hydroxyethylcellulose gel.

Stage 4: R; Adjustment with Gadolinium

This stage aimed to optimize the transverse relaxation rate (Rz) of the
phantom by adding gadolinium to achieve R: values that closely match
those of human brain grey matter at 3T. Initial measurements revealed that
the Rz (1/T2) values of the phantom were too small and fell outside the
expected range for human brain tissues. To address this, gadolinium was
introduced to improve the susceptibility and adjust the Rz relaxation rates
accordingly. Initially, an experiment was conducted using gadolinium alone,
without glass bubbles, to determine its effect on R values at different
concentrations. The gadolinium concentrations used were 0%, 0.3%, 0.6%,
0.9%, and 1.2%. This data was used to derive a linear equation:

R; = m[Gd] + b. Equation 4.2

Where [Gd] is the gadolinium concentration (in %) m is the slope (in Hz per % of
Gd) b is the y-intercept (in Hz). By plotting the R» values against the
gadolinium concentrations, a linear relationship was established. The slope
(m) and intercept (b) from this plot were then used to calculate the desired
gadolinium concentration needed to match the expected R values in
human brain grey matter. Following the same procedure as in Stage 3, a
MultiSample 190F (Gold Standard Phantoms, Rochester, UK) was filled
with twelve 50 mL vials containing HEC and varying volume fractions of
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glass bubble (ranging from 0% to 1% in increments of 0.1%, plus an
additional 2% volume fraction). Each vial received 436.15 microliters of
gadolinium per 80mL. The gel was stirred using a magnetic stirrer at room
temperature until it thickened, ensuring a uniform distribution of gadolinium
within the gel. This adjustment aimed to bring the R> values within the
desired range, thus making the phantom a more accurate model for

simulating the relaxation properties of human brain.

Imaging Protocol

Reference Scan

Initial images were acquired on a 3T Achieva (Philips Healthcare, Best, The
Netherlands) to serve as a benchmark. This reference scan utilized turbo spin echo
(TSE) and multi-echo gradient echo (MGRE) sequences with single-slice
acquisition. The TSE sequence included echo times of 9, 12, 15, 20, 30, 40, 50,
100, and 150 ms, with a TR of 3000 ms. The mGRE sequence had 20 echoes
(TE1 =6 ms, ATE =5 ms) and a TR of 500 ms, all acquired with a resolution of
2x2x3 mm for a single central slice. This setup ensured high accuracy and
precision in T2 and T>* measurements, albeit with longer acquisition times, making
it ideal for a controlled research environment. In addition, T1-weighted turbo spin-
echo (TSE) sequence with 12 inversion times were acquired using the following
parameters: inversion times (TI) ranged from 50 ms to 5000 ms, TR=10000ms,
TE=7 ms.

Clinical Adaptation on Philips Scanner

To transition towards more clinically applicable imaging protocols, the
mGREsequence on the Philips scanner was adapted to include 30 slices with a TR
of 1950 ms. Additionally, a 3-dimensional gradient- and spin-echo (3D-GRASE)
multiple echo sequence was implemented, featuring 16 echoes (TE1 = 10 ms, ATE
=10 ms, TR = 486 ms) across 30 slices with a resolution of 2x2x3 mm. These
modifications aimed to balance the need for detailed relaxation time measurements
with the practical requirements of clinical imaging, ensuring comprehensive
coverage and reduced acquisition times. In addition, gradient echo sampling of
spin echo (GESSE) was acquired. The sequence parameters were 2 x 2 x 2 mm,
TE =55 ms, TR = 2000 ms, gradient echo spacing (AT) = 0.89 ms, and number of
slices = 30.
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Clinical Adaptation on GE Scanner

Similarly, a protocol was designed for the 3T SIGNA Premier (GE Healthcare,
Waukesha, WI). The mGRE sequence was configured with 16 echoes (TE1 = 3.12
ms, ATE = 2.7 ms, TR = 1950 ms) and a T2MAP multiple echo spin echo
sequence with 8 echoes (TE1 = 5.5 ms, ATE = 5.5 ms, TR = 1200 ms). Both
sequences were acquired with 30 slices and a resolution of 2x2x3 mm. This
approach ensured that the imaging protocols were consistent across different

scanners, facilitating comparability and reproducibility.

Imaging analysis

Data Preparation

All MRI images were first converted from DICOM to NIFTI format using MRIcroGL
software '°'. Subsequently, individual echo images were integrated into a 4D
dataset using tools from the FMRIB Software Library (FSL) 72 enhancing data
management efficiency. Square regions of interest (ROls) ( 6 X 6 pixels) were
placed in the centre of each tube also in FSLeyes, part of the FSL suite "2, Figure
4.2.

Data Analysis
Custom made MATLAB scripts (Mathworks, Nattick, MA) were employed to
analyze the MRI signal data and extract the transverse relaxation rate (Rz), the
apparent transverse relaxation rate (R2*), and the longitudinal relaxation rate (R1).
MRI data and corresponding masks were loaded and reshaped for further
processing. For each ROI, defined by the mask, the mean signal intensity was
calculated across all voxels within that ROI. This preprocessing step ensured that
the analysis was based on averaged signals, reducing the impact of noise and
providing a more robust estimate of the relaxation rates.
The analysis of Rz involved fitting a mono-exponential decay model to the signal
intensity data at various echo times (TEs). The selected echo times and
corresponding mean signals for each ROI were used in the fitting process. The
model used was:

S(TEy = Sy exp (—TE R;) Equation 4.3

where S(TE) is the signal intensity at echo time TE, Sy is the initial signal intensity,
and R is the transverse relaxation rate. By log-transforming the signal intensities,

the model was linearized to:
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ln(S(TE)) =1In(Sy) —TE R, Equation 4.4

Linear regression was then applied to the log-transformed data to estimate Rz. This
method simplified the fitting process and improved robustness. The resulting R>
values, along with their standard errors, were subsequently used for further
statistical analysis and visualization. The apparent transverse relaxation rate (Rz2*)
was analyzed similarly to Ry, but with adjustments to account for magnetic field
inhomogeneities. The signal decay was modeled as:

S(TE)y =Sy exp (—-TER3). Equation 4.5

A log-linear regression approach was also employed, where the signal intensities
were log-transformed and linearly regressed against the echo times. This allowed
for the estimation of R»>*, capturing the effects of both intrinsic tissue properties and
magnetic field inhomogeneities. The resulting R>* values were then used for

comparative analysis.

The longitudinal relaxation rate (R1) was derived from the inversion recovery MRI
data. The fitting model for longitudinal relaxation was based on the inversion

recovery equation:

S(Thy= My (1—2exp (— :—i)) Equation 4.6

where S(Tl) is the signal intensity at inversion time T/, Mo is the equilibrium
magnetization, and T is the longitudinal relaxation time. Initial estimates for Moand
T1 were provided, and a non-linear least squares fitting method was used to
minimize the sum of squared differences between the measured and model-
predicted signal intensities. The optimization was performed using the fminsearch
function in MATLAB. Once T, values were obtained, they were converted to R4
using R1=1/T1. The resulting R+ values were used for further statistical analysis and

visualization.

For TSE measurements, the first 3 echoes were excluded from the analysis due to
instability in the signal decay. For the Philips mGRE data, 10 initial echoes were
used to avoid the noise floor. All echoes were utilized for the Philips 3D-GRASE and
GE data. Subsequently, the calculated values for the relaxation rate Ry, R2>*, R2' and

192

R+ were exported to Prism '°“ for statistical analysis and figure generation.
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FFigure 4.2 T, weighted image of the phantom. Image of The MuliSample 190F from [c.,mmented [AA8]: Comment 9.

Gold Standard phantom). Twelve ROIs were created manually in FSLeyes positioned
centrally for each of 50 mL vials with varying volume fractions of K20 glass
bubbles.

4.3.Results

Glass Bubble Effects, Reproducibility and Repeatability

The scatter plot in Figure 4.3a shows the effect of microscopic glass bubbles on
the R2' contrast in the phantom. A strong R.' contrast was found as a function of
glass bubble volume fraction, with a minimum value of R>' = 1.34 Hz, and a
maximum value of 56.39 Hz. Moreover, the phantoms demonstrated good
reproducibility in both phantom construction (Figure. 4.3b) and MRI
measurements (Figure. 4.3c). In Figure 4.3b the scatter plot compares R,'
values between Set A and Set B, illustrating the consistency in phantom

construction. The data points closely align with the unity line, suggesting
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minimal variation in R2' measurements across both sets (R? = 0.99), indicating
that the phantoms can be reproducibly constructed. Similarly, Figure 4.3c
evaluates MRI measurement repeatability by comparing R>' values from two
scans of Set A ('scan1' and 'scan2'). The data points in Figure 4.3c also closely
align with the unity line (y = x), implying high consistency in R,' values between
scans (R?=0.99).

(a) R;' vs Glass Bubbles (b) Construction Reproducibility (€) Measurement Repeatability
60 1 1 ‘ 60 1 1 ﬁ 60 1 1
<
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Figure 4.3 R;' measurements for glass bubble| The results of the glass bubble [COmmented [AA9]: Comment 10.

volume fraction on R3', construction reproducibility and measurement repeatability
experiments. (@)A linear relationship between Rz' and glass bubble fraction is
found,(b)good reproducibility of both phantom construction and (c) the MRI

measurement repeatability.

Sequence comparison and Phantom stability

The targeted value of R,' was achieved at very low volume fractions of glass
bubbles, around (0.1% - 0.3 %), Table 4.1. Figure 4.4 shows the comparison
between measured values of R2', Rz, and R2* against the reference data for
sequence comparison between gBOLD acquisitions and different vendors. The data
showed reasonable agreement between the measured R.* and reference values
across different datasets. Specifically, the R? values were 0.9985 for mGRE-Philips,
0.9873 for mnGRE-GE, and 0.9805 for GESSE, indicating high levels of consistency.
However, poor agreement is found between the measurements of R; for different
datasets. The R?values are 0.6924 for 3D-GRASE-Philips, 0.4647 for mSE-GE, and
0.2970 for GESSE, indicating weak consistency (Figure 4. 3b). Despite this, the R.'
values demonstrate a consistent trend across various datasets, with strong
agreement evidenced by R? values of 0.9970 for mp-Philips, 0.9856 for mp-GE, and
0.9729 for GESSE (Figure 4. 3c).
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The stability of the MRI phantom was evaluated by comparing the R>' values
measured within a week of preparation to those measured one month later (Figure
4.5). The scatter plot illustrates to some extent a good agreement between the two
sets of R’ measurements for the lower volume fraction of glass bubble but slightly
lower R’ values for the high glass bubble volume fraction. Additionally, the
statistical analysis reveals an R? value of 0.9361, indicating that approximately
93.61% of the variance in the post-month measurements is explained by the week-
one measurements. However, five ROIs (Vf=0.3,0.4,0.5,0.6 and 2%) were excluded
from this analysis due to the presence of artefacts or noise that distorted the Rz

measurements (see Table 4.2 for volume fraction of sample included in figure 4.5).

Glass bubble Reference Rz’ mp-Philips mp-GE R.' GESSE R?'

Vf % Hz R.' Hz Hz
Hz

0 3.01 3.90 0.19 3.80
0.1 3.02 5.00 1.07 1.57
0.2 4.11 5.95 0.67 2.34
0.3 7.61 9.00 3.22 4.78
0.4 11.90 13.09 5.54 5.31
0.5 11.17 12.98 7.40 7.21
0.6 11.26 14.15 10.05 9.41
0.7 14.81 17.07 1217 12.24
0.8 15.91 19.11 12.19 15.01
0.9 20.54 24.02 16.25 19.29
1 24.04 25.76 19.84 18.91
2 45.96 51.06 38.12 42.49

Table 4.1 R;' values. Measurements across different acquisition approaches
and vendors. Reference R’ refers to the single-spin echo turbo spin echo (TSE)
and multi-echo gradient echo (NGRE) sequences with a single-slice acquisition.
mp-Philips R2’, refers to the 3-dimensional gradient- and spin-echo (3D-GRASE)
and multi-echo gradient echo (MGRE) sequences. The mp-GE Ry’ is from the
T2MAP multiple spin echo and mGRE sequences. R’ GESSE, refer to the Ry’
measurement from the gradient echo sampling of spin echo (GESSE) pulse

sequence.
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Figure 4.4 MRI Sequence comparison measurements. Plots of the
measurements of R>*, Rz and R;' from the reference data (SE and mGRE
Philips) against the 3D-GRASE-mGRE Philips and mSE-mGRE GE data and
GESSE Philips data. (a) Reasonable agreement is seen between mGRE datasets,
but (b) poor agreement is found between the measurements of R,. (c) Despite this
the Ry' values show a similar trend for both 3D-GRASE-mGRE Philips and mSE-
mGRE GE (Figure 4.3c).

Glass Bubble % R:z' (Hz) within R2' (Hz) after month

week
0 3.01 4.73
0.1 4.10 3.62
0.2 11.26 10.86
0.7 14.81 11.83
0.8 15.90 12.41
0.9 20.53 14.13
1 24.04 15.09

Table 4.2 . Phantom stability. R>' values measured within a week of
preparation of the phantom to those measured one month later.
Measurements were taken from the reference scan single-spin echo turbo
spin echo (TSE) and multi-echo gradient echo (MGRE) sequences with a single-

slice acquisition.
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Figure 4.5 Phantom stability. Scatter plot comparing R>' values measured
within a week of the phantom preparation to those measured one month
later. Measurements were taken from the reference scan single-spin echo
turbo spin echo (TSE) and multi-echo gradient echo (NnGRE) sequences with

the single-slice acquisition.

Adjustment with Gadolinium

The addition of gadolinium brought Rz values close to the expected human
grey matter values in the phantoms, resulting in a wider range from 12.68 Hz
to 29.77 Hz, where typical Rz values for human grey matter are
approximately 12.5 Hz. To assess the comparability of the phantoms across
different clinically relevant acquisition sequences with the new adjustments,
the R2 measurements from the reference data were compared against the
3D-GRASE-Philips, GESSE and mSE-GE data, as shown in Figure 4.6.
While the R2 values illustrated better agreements between GESSE, 3D-
GRASE-Philips and mSE-GE datasets, as evidenced by the tight clustering
of their data points at each reference Rz value, they showed apparent poor
agreements with the reference dataset (figure 4.6c). The standard deviations
(s.d.) of R2measurements reveal distinct patterns with and without gadolinium.
Without gadolinium, the s.d. values are: reference (1.15 Hz), 3D-GRASE (0.23
Hz), mSE-GE (1.04 Hz), and GESSE (0.46 Hz). This indicates moderate variability
in reference (TSE) and mSE-GE, while 3D-GRASE shows high consistency. With
gadolinium, the s.d. values change considerably: reference (5.43 Hz), 3D-GRASE
(0.51 Hz), mSE-GE (0.43 Hz), and GESSE (0.86 Hz).
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For the measurements of Ry' across the dataset, a similar trend for the
phantom was observed across different sequences (mp-Philips, mp-GE, and
GESSE) when compared to the reference measurements (Figure 4.6), with
R? values indicating moderate agreement: 0.6683 for for mp-Philips, 0.6774
for mp-GE, and 0.6397 for GESSE (see Figure 4.6). Similarly, comparison of
R2* values from different datasets (mMGRE-Philips, mMGRE-GE, and GESSE)
to the reference Ry* values showed good agreement between the measured
and reference R,* values (Figure 4.6b), with R? values of 0.9489 for mGRE-
Philips, 0.9569 for mGRE-GE, and 0.8405 for GESSE.

Glass bubble Vf % Rz without Gd R with
Gd

0 1.93 13.82
0.1 2.72 23.49
0.2 2.38 29.77
0.3 1.75 16.77
0.4 1.91 12.68
0.5 2.45 13.51
0.6 3.29 19.07
0.7 3.70 22.40
0.8 4.22 22.50
0.9 3.75 25.15
1 3.65 15.10
2 5.66 15.88
mean 3.12 19.18
standard deviation 1.15 5.43

Table 4.3 R> with and without gadolinium. Rz values for the reference scan
single-spin echo turbo spin echo (TSE) sequence with the single-slice acquisition
for the phantom with and without gadolinium for each region of interests.

The addition of the gadolinium elevates the Rz values significantly.
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Figure 4.6 Phantom with gadolinium values across MRI sequence. The

measurements of Ry', R>* and Rz from the reference data against the 3D-
GRASE - mGRE Philips and mSE-mGRE GE data with added gadolinium to
the phantom. (a) Rz’ values demonstrate a similar trend across different

sequences (mp-Philips, mp-GE, and GESSE) when compared to the reference

measurements, with a notable deviating more from the reference as R.'

increases. (b) R>* data displayed good agreement. (c) R. data points show a

cluster around the reference values with minimal spread, indicating some

consistency in measurements across 3D-GRASE-Philips, mGE-GE, and

GESSE but exhibiting apparent differences from the reference dataset.

Characterising R in the phantom with and without Gadolinium.

R1 was assessed in the phantom with and without gadolinium. R1 without gadolinium

was in the range of 0.44-0.46 Hz, which is equivalent to T4 between 2220

ms to 2170 ms. However, with the addition of the gadolinium, R is increased to be
in the range of 17.92-19.16 Hz, equivalent to T1=52.17 ms to 57.64 ms. While the

primary aim for adding gadolinium to the phantom was to improve R values, the

impact on Ry was also assessed. The addition of gadolinium significantly increased

the relaxation rate Ry and decreased T4 across all measured phantoms. Specifically,

the mean Ry without gadolinium was 0.45 Hz (equivalent to T1 = 2220 ms), with a

standard deviation of 0.01 Hz, while the mean R1 with gadolinium was 18.23 Hz

(equivalent to T1 = 54.9ms), with a standard deviation of 0.45 Hz. This represents an

increase by a factor of approximately 40 times for the mean R+ value with

gadolinium and shows higher variability in the presence of gadolinium. However,

both datasets show poor correlation of Ry with beads percentage, as evidenced by
extremely low R? values (0.05 without Gd, 0.00 with Gd). Figure 4.7. illustrates Ry
values with and without Gd versus glass bubble fraction, showing consistently low

R+ values without gadolinium across all ROls.
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Figure 4.7 Relaxation rate of R for the phantom with and without gadolinium.

4.4.Discussion

The initial objective of this study was to produce an Ry' phantom for quality
assurance of Ry' measurements across different quantitative BOLD MRI
acquisition approaches and for multicenter harmonization. To this extent,
microscopic glass bubbles were investigated to generate R;' contrast in a
phantom by inducing subvoxel magnetic susceptibility variation that mimics the
gBOLD MRI signal. In addition, multiparametric gBOLD acquisitions between two
MRI vendors were also compared using the newly produced phantom. A strong Ry’
contrast was found as a function of glass bubble volume fraction, suggesting
that the presence of glass bubbles significantly influences the Ry' parameter,
which could be attributed to an alteration in the local magnetic environment
caused by the air-filled spaces of the glass bubbles. Furthermore, the phantom
showed consistent construction and repeatability of MRl measurements. These
results support the reliability of the experimental procedures and emphasise the
significance of reproducibility, a crucial aspect in phantom construction 1%,
Additionally, the microscopic glass bubbles used in this study offer a cost-effective
option compared to precision polystyrene microspheres which have been used
previously '®. The glass bubble cost is approximately £100 for 2 liters, whereas
precision polystyrene microspheres cost around £120,000 for 2 liters. Moreover, the
size of the glass bubble (60 pm) has more advantages in achieving the targeted
sub-voxel magnetic susceptibility variation compared to 280 um fishing line used in

previous work “°.
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Phantom Developments

The impact of the volume fraction percentage (Vf %) of glass bubbles on R>'
values is clearly demonstrated by the data. As the percentage of glass bubbles
increases, there is a significant rise in Ry' values, ranging from 17.82 Hz at a
volume fraction of 1% to 56.39 Hz at 3%. Hence, it was possible to achieve
targeted R.' values that replicate those typically observed in the human brain 4°,
ranging from 1.8 Hz to 4.8 Hz, by using very low volume fractions, such as
0.1%-0.3%.

As R>' is acalculated as Ry* - Ry, it is important to investigate the behaviour of
these two parameters in the produced phantom. R>* values were approximately
in the range of a normal healthy brain (Rz*= 4.94-51.61), which is typically in the
human brain between 15 Hz and 18.3 Hz for grey matter '%. However, R,

values were found to be very small R.= 1.93-5.66 Hz. \Hence\ R." measurements

in this phantom are dominated by R>' contrast. In an attempt to obtain more
typical brain R, values, the gel was doped with gadolinium which is known to
increase R; and shorten T> '®*. Hence, more realistic R, values (12.68-29.77
Hz) were achieved. Rz values in the human brain around 6.4-13.2 Hz for

grey matter '%3.

Phantom stability over time is an important feature to ensure reliability and
consistent measurement '®. The produced phantom has a promising stability
feature; though R;' values were lower after a month for larger volume fractions,
the correlation between the one-week scan after phantom preparation and the
scan after a month was good. However, the observed lower R;' values after a month
maybe due to the glass bubble precipitation to the top. One potential solution to
address the precipitation issue could involve identifying the ideal gel viscosity to
evenly suspend the glass bubbles and prevent them from settling or clustering over
time, although it may be challenging to achieve. Another beneficial solution would be
exploring the use of a surfactant as a stabilizing agent to prevent the glass bubbles

from settling or clustering such as Tween-20 '%.

Characterizing R+ in the phantom, despite its primary design for the study of R2',
provides several benefits. These include a comprehensive understanding of
relaxation processes, insights into the inter-relationship of relaxation rates, and
potential future applications. The R values observed in Figure 4.7 with and without

gadolinium showed consistent values and no correlation with the glass bubble
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fraction, which aligns with the expected outcomes, despite the increased variability
introduced by the gadolinium, possibly due to increased magnetic susceptibility
caused by the addition of the gadolinium. Furthermore, after the introduction of
gadolinium, the R+ values became so small that they no longer reflect typical values
found in the human brain, which is due to the gadolinium effect on R1 "%, At this
stage, having a very short Ry is advantageous as it is crucial for eliminating
contamination in T2/R> measurements. Controlling Ry and Rz independently was
demonstrated by Schneiders ' by selecting appropriate pairs of paramagnetic ions.
Specifically, they used solutions of manganese chloride (MnCl;) and nickel chloride
(NiCl,) to match target Ry and R values. Their results showed that these solutions
successfully achieved the desired relaxation rates with minimal error and may be an

option for targeting values of Rs and R consistent with the human brain.

Phantom validation across qBOLD acquisitions and MRI vendors.

The results of our study indicate the effective use of the newly developed
phantom for assessing R>' contrast. By scanning the phantom across two
different MRI vendor platforms and employing mp-gBOLD and GESSE qBOLD
acquisition approaches, we were able to evaluate the phantom's performance
under a range of conditions that reflect the diversity encountered in clinical and
research settings. The good consistency of R>' values obtained from these
scans highlights the phantom's reliability and its potential role as a consistent
tool for quality assurance and calibration for gBOLD acquisitions. However, the
addition of gadolinium to the phantom has led to a slight decrease in R>'
values. This could be due to an increase in gel susceptibility, reducing the
susceptibility difference between the air inside the glass bubbles and the gel
and hence reducing the R;' effect. R, measurements showed reasonable

agreement between mMGRE datasets in both cases with and without gadolinium.

Rz measurements showed poor agreements between datasets without gadolinium,

but the addition of the gadolinium improved the consistency across Rz values from
3D-GRASE-Philips, mSE-GE and GESSE. Despite this improvement, there
was a lack of agreement with the reference data (TSE), which suggests that
these clinical sequences may be fundamentally limited in their ability to
accurately quantify R.. This limitation is particularly critical for gBOLD
applications, as R: is essential for calculating Rz’ (R2" - Rz2) and subsequently
OEF. Any systematic error in Rz directly propagates into the OEF calculation,
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potentially affecting the validity of oxygen extraction measurements. The
discrepancies may also be due to the unique characteristics of TSE, which
involves complex echo pathways from multiple refocusing pulses '*7 and it's
sensitivity to B inhomogeneities, especially in such a phantom, could affect
R: quantification '°8. In addition, it is important to note that some degree of
discrepancy between quantitative T, measurements obtained from different
MRI pulse sequences is expected and has been highlighted in the literature
187, but researchers should be aware of how these differences might impact the

validity of OEF quantification in clinical applications.

4.5.Strength and limitations

Our phantom design using glass bubbles (60 pm) presents some limitations
compared to brain capillaries (5-10 ym). While both fall within Yablonskiy's
mesoscopic regime (5-200 um) "“¢, our larger bubbles may overestimate
mesoscopic effects and cause faster signal decay than typical brain tissue.
Additionally, we used spherical bubbles to model cylindrical blood vessels, with
volume fractions (0-2%) lower than physiological blood volume fractions ( ~3%).
This discrepancy stems from the higher magnetic susceptibility of glass bubbles
compared to deoxygenated haemoglobin. To address these issues, we focused
on matching expected R.' values of gray matter rather than replicating exact
blood vessel volume fractions. Despite these limitations, our approach offers a
practical method for creating controlled R,' contrast for gBOLD calibration and

standardisation.

While adding gadolinium improved Rz values to the expected range in the human
brain, it resulted in unrealistically shortened T, values. One potential solution would
be to consider using two compartments to control Ry and Rz independently as
suggested by Schneiders '%. Nonetheless, these findings highlight the challenges in
precisely replicating tissue properties in phantom studies and emphasise the
importance of careful interpretation when extrapolating phantom results to in vivo

conditions.

Another limitation of this study was the persistent discrepancy in R measurements
between the reference TSE sequence and other sequences (3D-GRASE, mSE-GE,
and GESSE), even after gadolinium addition. Future work may consider conducting

a systematic comparison of R, measurements across multiple sequences (TSE,
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GRASE, GESSE, mSE-GE) using a range of well-characterised phantoms and in
vivo tissues. This could help identify consistent patterns in how TSE differs from
other sequences. In addition, investigation into how modifying TSE parameters (e.g.,
echo train length, refocusing pulse flip angles, echo spacing) affects R»
measurements could lead to an optimised TSE protocol that produces results more

consistent with other sequences.

Improving stability over time is still an issue in the produced phantom. Accounting
for agents that control any growth of bacteria was not considered in this study and is
recommended to improve phantom use for a longer time. Another solution to
prolong the lifespan of the phantom and avoid glass bubble precipitation is heating
the tubes and mixing them using a vortex mixer. However, it is important to note that
vigorous mixing might generate bubbles, which also affect R,'. Also, future work
should include other sequences that provide a direct measurement of R>', such

as asymmetric spin echo (ASE).

4.6.Future implications

The development of such a phantom holds significant future implications for the
clinical application of gBOLD techniques. As gBOLD techniques can yield a wide
range of Ry values (2.60 — 8.10Hz) ', with some techniques providing estimates at
the lower end of the scale, such as ASE, and others provides estimates at the
higher end, such as mp-qBOLD, creating a phantom with fixed, unchanging Rz'
values will have a significant impact on quality assurance. By enabling the use of
various acquisition methods and ensuring consistent, unchangeable measurements,
this phantom will enhance the reliability and accuracy of gBOLD. Serving as a
robust tool for quality assurance, it will accelerate the clinical transition and adoption
of this technique, ultimately improving patient outcomes and advancing the field of

medical imaging.

4.7.Conclusion

Phantom measurements have the advantage of providing unchanging values for
parameters, hence, this study aimed to develop and validated an MRI R;' contrast
phantom. To this extent a phantom was developed using glass bubbles. This
phantom was investigated with two common gBOLD acquisitions (GESSE, mp-

gBOLD) on systems from two different vendors. The study found a linear
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relationship between the R>' contrast and the glass bubble volume fraction. In
addition, the results showed a good agreement in R2' measurements across the
different gBOLD acquisitions and vendors when the R; is reduced to in vivo levels
by the addition of gadolinium. The phantom accurately replicated the known in vivo
R2' values for the human brain. The study suggests that this phantom could be a
valuable tool for site qualification in clinical trials, acceptance testing, and periodic
quality assurance for gBOLD applications aimed at quantifying OEF. Additionally, it
could help to harmonize gBOLD data collected as part of multi-center clinical trials.
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5.Improving oxygen extraction fraction estimation with a robust deoxygenated
blood volume quantification under hyperoxia condition and multiparametric

qBOLD approach.
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Miinchen) for their insightful thoughts and discussion about merging the techniques
of mp-gBOLD and hyperoxia-BOLD.

5.1.Introduction

The oxygen extraction fraction (OEF) of brain tissue reports on the balance between
oxygen delivery and consumption and can be used to evaluate variations in
physiological homeostasis. Subtle changes in OEF may reflect physiological
disturbance, and an approach to rapidly and noninvasively assess this parameter
should be useful for the clinical assessment of brain homeostasis. The quantitative
blood oxygenation level dependant (qBOLD) technique reflects focal changes in
OEF. The qBOLD technique can be performed using different acquisition
approaches such as the asymmetric spin echo (ASE) and gradient echo sampling of
the spin echo (GESSE) techniques. However, ASE and GESSE acquisitions require
high SNR, which leads to long acquisition times. In addition, it has previously been
reported that DBV is overestimated using ASE %' leading to lower OEF estimates.
The gBOLD method for measuring deoxygenated blood volume (DBV) is vulnerable
to various potential confounding factors, such as signals that come from
intravascular blood %, the effects of diffusion narrowing 7® and signals that originate
from macro-molecules 2. Regardless of the specific factors causing the
overestimation of DBV, it is crucial to improve the precision of DBV measurements
to enhance the accuracy of oxygen extraction fraction (OEF) measurements using
qBOLD. A potential solution to these problems is to replace the gBOLD estimate of
DBV with a separate independent measure of cerebral blood volume (CBV) by
utilising the dynamic susceptibility contrast (DSC) perfusion imaging technique, an
idea originally introduced in the multiparametric-qBOLD (mp-qBOLD) approach 2%°.
DBV, however, represents the deoxygenated blood volume, with veins typically
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being the major contributor. As a result, there is a disparity between CBV from DSC,
which is sensitive to all vessel types and can be thought of as a measure of total
blood volume, and DBV, which is localised to vessels holding deoxygenated blood,
such as veins and the pre-venous part of the capillaries °. One alternative option to
DSC based measurements of CBV is to use hyperoxia-BOLD contrast to measure
venous CBV (CBVv). It has been demonstrated that the fractional increase in the
BOLD signal in response to the administration of oxygen is specific to CBVv and
can be scaled to deliver quantitative estimates using a heuristic model '®*. The
importance of precise DBV measurement in gBOLD-based OEF quantification was
emphasized in Stone and Blockley's work 516482 They found that measuring DBV
separately resulted in significantly better agreement with a T>-Relaxation-Under-
Spin-Tagging (TRUST) measurement of global OEF, when compared to those
obtained using DBV values estimated from the ASE signal alone. However, the ASE
technique is not widely available, whereas the multiparametric approach (mp-
gBOLD) has wide clinical availability. Therefore, the aim of this study is to improve
OEF estimation with a robust DBV quantification that is suitable for clinical research
by using widely available pulse sequences and more precise non-invasive
measurements of DBV. Hence, the first objective of this study is to implement a
more clinically applicable measurement of OEF by using independent
measurements of DBV via hyperoxia-BOLD, which provides a robust and non-
invasive way to measure DBV combined, with the application of the mp-qBOLD
approach, which is the most common technique used in clinical settings per the
scoping review findings (Chapter 2). The second objective is to assess the accuracy
of this new approach, Hyperoxia-mp-qBOLD (hmgBOLD), by comparing
measurements of OEF with the GESSE approach and TRUST imaging. Additionally,
calculating the DBV-based hyperoxia was investigated with the GESSE technique.

5.2.Methods

A variety of non-invasive MRI scanning techniques were used as part of this study,
including T2-Spin echo, T2*-Gradient echo to calculate the mp-qBOLD data,
anatomical brain data, BOLD echo planar imaging (EPI) data for the hyperoxia
experiment, TRUST to assess the global OEF level of the brain, and GESSE for
direct measurement for Ry'. TRUST and GESSE allow us to make comparisons and
validations for our new approach. MRI scanning and respiratory stimuli were

performed simultaneously. The total time for the experiment was 40 minutes.
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Fifteen healthy participants (aged 18-40 years median=28 years, female=8, male=7)
were scanned for the hmgBOLD study at the Sir Peter Mansfield Imaging Centre
(SPMIC), Nottingham, United Kingdom, under ethical approval from the Faculty of
Medicine & Health Sciences Research Ethics Committee. Written consent was
obtained from all participants before the experiment. Exclusion criteria consist of
contraindications for MRI, pregnancy, chronic obstructive pulmonary disease
(COPD), and use of medications.

Gas stimulus

Participants underwent a mild respiratory stimulus; hyperoxia — an elevated oxygen
(Oz2) level in the blood caused by breathing gas with an elevated oxygen content. In
this study, the hyperoxia respiratory stimulus consisted of 100% oxygen for an initial
period (60 s) of the oxygen block to accelerate the transition to a steady state and
then a switch to a 50:50 mix of air and oxygen (60.5% oxygen) for the plateau
period (60 s). Inspired gases were delivered to a face mask at a rate of 15 L/min via
a unidirectional breathing circuit adapted from 2°" using parts from Intersurgical
(Wokingham, UK) (Figure 5.1b). A gas analyser (ML206, ADInstruments, NZ) and
data acquisition system (PowerlLab 4/35, ADInstruments, NZ) were connected to the
face mask via a sampling line and used to obtain continuous recordings of inspired
and expired oxygen and carbon dioxide (CO:) concentration throughout the scan
(Figure 5.1a). This produced a full respiratory trace from which end-tidal values were

subsequently obtained.

80



Figure 5.1 Hyperoxia experiment set up.(a) A gas analyser and data acquisition
system are connected to (b) the face mask via a sampling line and used to obtain
continuous recordings of inspired and expired oxygen and CO, concentration
throughout the scan. Red arrow indicates the oxygen hose port for fresh gas

delivery.

The gas delivery system consisted of two cylinders: one containing synthetic
medical air, and the other containing medical oxygen. Each cylinder was equipped
with a pressure regulator and was connected to a variable area flow meter through a
solenoid valve. The solenoid valves were controlled by an automated valve
controller that was built in-house, programmed with the respiratory paradigm, and
activated directly by the MRI scanner. The gases from the flow meters were then
directed into the breathing circuit via oxygen hosing (red arrow) as illustrated in
Figure 5.1b.

The breathing circuit included a disposable anaesthetic face mask that covers the
participant's mouth and nose. The mask was secured by a harness and connected
to a sampling port by puncturing it and attaching a barbed luer lock connector. The
sampling line was subsequently connected to a data acquisition system for
continuous measurement of gas concentrations. The mask was connected to a
disposable elbow piece, which was then connected to a disposable T-piece. The T-
piece was connected to a one-way outlet valve for expired air and a one-way inlet
valve for inhaled fresh gas. A connector for the gas delivery hose was attached to
the inlet valve. To prevent cross-contamination, a medical-grade breathing filter was
placed at the connection between the disposable circuit and the fixtures.
Additionally, the circuit is open to room air through a lengthy corrugated tubing
section that acts as a gas reservoir, allowing participants to continue breathing

safely in the case of unexpected gas flow interruptions or insufficiencies.

Imaging |

All imaging was acquired using a 3T Ingenia (Philips Healthcare, Best, NL) using the
32-channel head receive coil and body transmit coil. For each participant, foam
padding was utilised to stabilise the head and minimise motion. The participants
were instructed not to fall asleep during the experiment to prevent any changes in

cerebral blood flow and venous oxygenation. Total scan time was 40 minutes.
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Figure 5.2 An overview of applied MRI sequences and derived parameters

mp-qBOLD

3D-GRASE-II: following the same parameters as ’'. 16 echoes, TE1 = ATE= 10 ms;
TR= 487 ms; over sampling 1.3; EPI-factor = 7; TSE-factor = 16; a = 90°; 180°
refocusing control; 30 slices; voxel size 2.0 x 2.1 x 3.0 mm?®; matrix 112 x 91;
acquisition time 4:09 min.

mGRE: following the same parameters as ”' 12 echoes, TE1 =ATE =5ms, TR =
1950 ms, o= 30°, 30 slices, matrix 112 x 92, voxel size 2.0 x 2.0 x 3.0 mm?, total

acquisition time 6:08 min.

Hyperoxia-BOLD:

Data were acquired using a single-shot EPI acquisition with the following
parameters: TR = 3000ms, TE = 30ms, flip angle= 90°, matrix 112 x 110, voxel size
2.0 x 2.0 x 2.0 mm?. The hyperoxia challenge was generated using an electronically
controlled gas delivery system (Figure 5.1a) which was automatically triggered by
the scanner to adjust oxygen percentage between normoxic and hyperoxic
conditions The respiratory paradigm consisted of a two-minute block of normoxia
(02=21 %) interleaved with a two-minute block of hyperoxia (02=60.5%) repeated

twice i.e. normoxia (2 min) — hyperoxia (2 min) — normoxia (2 min) — hyperoxia (2
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min) — Normoxia (2 min) Total acquisition scan time 10:12 min. Data were also

acquired with a reversed blip direction to be used for distortion correction.

TRUST: Acquisition parameters were as the following: TR = 3s, TE = 2.9ms,
Bandwidth = 3252 Hz/px, field of view (FOV) = 230 mm?, 64 x 64 matrix.

T1- weighted: A 3D-high-resolution structural image was acquired using the
following parameters: TR=8 ms, TE = 3.7, flip angle =8°, voxel size 1.0 x 1.1 x 1.0
mm?; matrix 256 x 256; acquisition time 3:43 min

GESSE: Following the same parameters as 22, a GESSE sequence was utilized
with the following parameters: a field of view (FOV) = 224 x 224 x 59 mm, voxel
size= 2 x 2 mm, TE= 80ms, AT=0.6ms, number of echoes=75 and TR= 5000 ms.
The slice parameters included a thickness of 2 mm, with a 1 mm gap between

slices, totalling 20 slices.

Analysis:

Preprocessing:

The preprocessing steps were performed by a custom shell script to handle the
complexities of such multiparametric MRI data, ensuring that the different modalities
were aligned and in the same spatial orientation for subsequent analysis. The
preprocessing workflow includes several key steps. First, brain extraction was
performed on the high-resolution structural image T1-weighted (T1w) image using
the bet command from the FMRIB Software Library (FSL) "72.This step isolates the
brain from surrounding non-brain tissues, facilitating more accurate registration and
segmentation processes. Subsequently, the script aligns the multi-echo spin-echo
(3D-GRASE-II) image to the T1w image using the flit command from FSL. This
linear registration process creates a transformation matrix that is later used to
convert the T1w mask to 3D-GRASE-II space. To ensure that the transformation is
reversible, the script inverts the matrix using the convert_xfm command. Following
the registration of 3D-GRASE-II to T1w, the T1w brain mask is transformed to 3D-
GRASE-II space and dilated to create a more inclusive mask. This dilated mask is
then used in the registration of the multi-echo gradient echo (MGRE) image to the
3D-GRASE-Il image, a process that mirrors the 3D-GRASE-II-to-T1w registration.

The script also includes steps for segmentation, where the T1w brain images were

segmented into grey matter, white matter and CSF regions of interest (ROI) using
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the FAST tool from FSL 2%, Additionally, the T1w image is registered to the standard
MNI152 space (a common brain template used for spatial normalisation), and the
resulting transformation matrix is inverted to allow for the transformation of the MNI
cortical atlas to the subject's T1w brain space. To ensure that the different MRI
modalities are aligned and in the same spatial orientation, the script applies the
appropriate transformations to the grey matter segmentation and the MNI atlas,

moving them from standard space to the subject's native space as needed.

Finally, the script prepares the BOLD data and the GESSE data for analysis by
registering them to the 3D-GRASE-II image. This alignment is crucial for integrating
BOLD and structural information and for the subsequent creation of combined

masks that focus on specific regions of interest, such as gray matter.

Mp-gBOLD data: Quantitative T2 and T>* maps were calculated using a home-built
Matlab script. The script employs a least-squares fitting approach to estimate T, and
T,* from the data acquired using 3D-GRASE-I| and mGRE sequences. The
relationship between the MRI signal intensity and the echo time (TE) for T and T2*

relaxation times is modelled by an exponential decay function:

Sty =Soexp (_T—TZE) Equation 5.1

Sty =Soexp (_T—TEE) Equation 5.2

To facilitate the fitting process, we linearize these models by taking the natural

logarithm of both sides:

In(S(t)) = In(So) —(% ) Equation 5.3
In(S(t)) = In(So) ~(3:) Equation 5.4

This transformation enables us to use a linear least-squares fitting method, which
we implement using the Iscov function in MATLAB. This function minimizes the sum
of squared differences between observed and predicted values, accounting for

errors in both variables.
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In both cases, the fitting process yields estimates for the initial signal intensity (SoS;)
and the respective relaxation rates (1/T2 or 1/T.*). Based on T2and T2* maps, maps

of Rz were then calculated using the equation:

r=1_ 1 i
R = nT T Equation 5.5

Hyperoxia-BOLD: For BOLD data, the pre-processing was done using FSL software

) 72 and brain extraction 2%, High pass

tools for motion correction (MCFLIRT
temporal filtering with a cut-off of 240 s and spatial smoothing with a Gaussian
kernel with a full width half maximum of 5 mm were applied to the data. The BOLD
signal response due to hyperoxia was analysed by using the end-tidal partial
pressure of oxygen (PETO>) time-course as a regressor. The recorded PETO, data
were exported from LabChart software as Excel files for further analysis. These files
were then imported into MATLAB, where a custom script was developed to identify
and extract the PETO; values along with their corresponding time points. The
extracted values were processed to create a regressor aligned with the fMRI data’s
time points and normalized for use in the General Linear Model (GLM) within the
FEAT tool from the FSL. This enabled the prediction and modelling of BOLD signal
changes in response to the varying oxygen levels during the experiment, capturing
the physiological effects of the hyperoxia stimuli. Then, DBV was calculated from
voxel-wise estimates of percentage BOLD signal change (§S) using Equation 5.6,
where A=27 ms, B=0.2, C=245.1 mmHg and D=0.1 "%,

4

DBV = (T‘;E +B) (370 + D) .8S Equation 5.6

OEF was then calculated by combining DBV and R,' parametric maps using
Equation 5.7. with known or assumed constants for the susceptibility difference

between oxygenated and deoxygenated red blood cells (Axo = 0.264 x 10 “°) and

haematocrit in small vessels (Hct = 0.34 2%),
OEF = + Equation 5.7
DBV.y.E.n.A)(o.Hct.Bo
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Due to extreme outliers also observed in previous work °', particularly in the OEF
maps, the median values of Ry, DBV and OEF were estimated from voxels in the
cortical GM ROls.

IGESSE: (data were analysed using a custom-made MATLAB script. The process

involved calculating mean signal intensities across echo times for voxels within the
brain mask. The spin echo time point (TE(38)) was identified as tau = 0 ms, with the
signal split into pre-spin echo (TE(37:1)) and post-spin echo (TE(39:75))
components. Rz (1/T2) was calculated from the ratio of these symmetric gradient
echo pairs, followed by removing R> decay effects. Ry' (1/T2') was then estimated by
fitting the R2-removed signal to tau, where T is the time relative to the spin echo
point. DBV was calculated from the mismatch between the fitted curve and the
actual signal at the spin echo point (tau = 0 ms) (Figure 5.3). Combining R2' and
DBV measurements, estimates of baseline brain oxygenation OEF can be made
(Equation 5.7). In addition, DBV-hyperoxia maps were combined with Ry'
measurements from GESSE data to calculate OEF-based hyperoxia-GESSE.

qBOLD signal
665 v v v ~

66

Log Signal

-40 -30 -20 -10 0 10 20 30 40
Tau (ms)

Figure 5.3 . qBOLD model. The signal decay according to the gBOLD model and
the fitting for a quadratic model to estimate R>' values, DBV, and OEF.
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TRUST

The tag-control images were first corrected for motion using the MCFLIRT tool,
which is a linear motion correction tool 2%. Following this, the tag-control images
were subtracted from each other in pairs, and the four repetitions at each eTE were
averaged. The difference image at eTE = 0 ms was used to identify the four voxels
with the highest signal in the superior sagittal sinus (SSS) through an automated
registration and masking process, which then defined a region of interest (ROI).
Using this SSS ROI, the average difference signal (AS) was calculated for each
eTE. To determine the T; of blood (T2b), AS was plotted against eTE and fitted to
Equation 5.8 to derive the exponent C 2%,

AS = S, e*TEC Equation 5.8

T2, was then calculated from C using Equation 5.9 2%, with the assumption that the
T1 of blood (T1) is 1624 ms.
Typ = % Equation 5.9
m—(;

Given a value for haematocrit in large vessels (Hct = 0.42 2°°), T, can be converted
into venous blood oxygenation (Y, ) based on the established relationship between
oxygenation and Tz, 2'°. Assuming that arterial blood is fully saturated, an estimate
of the whole brain OEF can be obtained by 1-Y,.

Quantitative maps of OEF, R.' and DBV were acquired from conventional gBOLD
(GESSE) and Hyperoxia-GESSE (h-GESSE) and compared with the same maps
from the newly proposed method hmgBOLD, and whole brain OEF values from
TRUST. Figure 5.2 presents an overview of the imaging data acquired, the
parameters derived from this imaging data and the main comparisons performed in

this study.

Statistical analysis:

The statistical analysis was performed using GraphPad Prism (version 10). A one-
way ANOVA was conducted to test the null hypothesis of no difference between the
OEF estimates from the three measurement methods (TRUST, hmgBOLD, GESSE).
If the ANOVA was significant (p < 0.05), post-hoc tests (Tukey's HSD) were

conducted to determine which specific methods varied from each other. Additionally,
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Pearson's correlation coefficients were calculated to further explore the relationships
between the methods. These correlations assessed the strength and direction of the
linear relationship between OEF values obtained using each pair of methods
(TRUST vs. hmgBOLD, TRUST vs. GESSE, hmgBOLD vs. GESSE). Bland-Altman
plots were used to visually assess correlation and agreement.

5.3.Results|

Seven participant's data were analysed for OEF and DBV, and 14 participant’s data
for R2'. A total of 8 participant’s data were excluded (movement=1 in hyperoxia-
BOLD, failed stim=2 in hyperoxia-BOLD, poor registration=4 and susceptibility
artifacts =1 in BOLD data). The median values for R,', OEF, and DBV maps were
reported. For OEF, the group mean (tstandard deviation) of the TRUST
measurements was 35.9+2.1%, the hmgBOLD group mean was 85.9 + 22.2% and
the GESSE group mean was 19.4+2.6%. The hyperoxia-GESSE group mean was
38.1+8.3%. For DBV the group mean of the hmgBOLD measurements was
2.09+0.52% whereas for GESSE the group mean DBV was 3.09+0.55%.

OEF:

The one-way ANOVA showed a statistically significant difference between one or
more of the TRUST, hmgBOLD, GESSE, and Hyperoxia-GESSE methods for
measuring OEF. The results showed that TRUST (mean OEF: 35.9 £ 2.1%, CV:
0.06 %) differed significantly from hmgBOLD (mean OEF: 85.9 + 22.2%, CV:
0.25%), GESSE (mean OEF: 19.4% + 2.6%, CV: 0.13) and Hyperoxia-GESSE
(mean OEF: 38.08%+ 8.30%, CV: 0.21).

Pearson's correlation analysis was carried out to assess the relationships between
OEF values obtained using the different methods. The analysis revealed no
significant correlation between TRUST and hmgBOLD (r=0.17, p = 0.7) and
between hmgBOLD and GESSE (r = 0.25, p = 0.5). A positive correlation was found
between TRUST and GESSE (r = 0.72, p = 0.06) that approached but did not reach
statistical significance. The correlation between TRUST and Hyperoxia-GESSE
showed a positive relationship (r = 0.53, p = 0.2) that was also not statistically
significant. Analysis of the mean differences showed a large positive bias between
hmgBOLD and TRUST (OEF hmgBOLD — OEF TRUST = 139.0%). GESSE
demonstrated a negative bias compared to TRUST (OEF GESSE — OEF TRUST = -
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49.8%), while Hyperoxia-GESSE showed a smaller positive bias (OEF Hyperoxia-
GESSE — OEF TRUST = 5.9%).

OEF %

Subject No. TRUST hmgBOLD GESSE h-GESSE
2 37.4 65.0 19.7 30.1
3 33.0 61.2 17.3 27.8
8 39.2 77.5 23.1 44.2
9 34.3 77.8 14.8 324
10 36.9 124.7 19.7 50.8
13 36.4 98.6 21.0 41.0
14 34.1 96.3 20.2 39.9
Mean 35.9 85.9 19.4 38.08
std 21 22.2 2.6 8.30
Ccv 0.06 0.25 0.13 0.21

Table 5.1 OEF and DBV measurements. .Values across three methods;
hmgBOLD, GESSE, h-GESSE and TRUST. (std):Standard deviation, (CV)
coefficient of variation.

DBV:

The paired t-test revealed a statistically significant difference (p<0.05) between the
DBV values obtained using the GESSE and hyperoxia-BOLD methods (mean
difference = 1.0%, 95% confidence interval: 0.35— 1.65%). This suggests that the
two methods do not yield interchangeable results for DBV measurements. The
Bland-Altman analysis further supported this finding, mean bias 1.0% (Figure 5.5),
indicating that on average, the GESSE method tended to measure higher DBV
compared to hmgBOLD. The limits of agreement (LOA) were wide, ranging from -
0.37 to 2.38%, suggesting a significant variability in the difference between the two

methods.
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Correlation of OEF
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Figure 5.4 OEF-TRUST versus hyperoxia-mp-qBOLD. Poor correlation between
OEF measurements obtained by TRUST versus hyperoxia-mp-qBOLD (r = 0.17, p =
0.7)). The solid line represents the line of unity. Note that the figure axes extend
beyond the physiological range of OEF to accommodate all data points, particularly

the overestimated values from hyperoxia-mp-qBOLD.
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Figure 5.5 OEF-TRUST versus OEF- GESSE. Moderate positive correlation
between OEF measurements obtained by TRUST versus GESSE data (r=0.72, p

=0.06). The solid line represents the line of unity.
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Figure 5.6 OEF from TRUST versus hyperoxia-GESSE. . A moderate positive
correlation between OEF measurements obtained by TRUST versus hyperoxia-
GESSE (r=0.53, p =0.2), though not statistically significant. The solid line

represents the line of unity.

DBV- Hyperoxia- DBV-GESSE (%)

Subject No. BOLD (%)

2 25 2.8
3 2.7 3.2
8 24 3.9
9 2.1 25
10 1.5 3.7
13 1.5 25
14 1.5 2.7
Mean 2.09 3.09
SD 0.52 0.55
cv 0.24 0.17
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Table 5.2 DBV values. Mean and standard deviation. DBV maps acquired via
Hyperoxia-BOLD and via GESSE data. (SD) standard deviation, (CV) coefficient of

variation.

Difference vs. average: Bland-Altman of DBV
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Figure 5.7 Bland-Altman plot comparing DBV measure of GESSE with DBV
measures of hyperoxia-BOLD. . Mean bias 1.0% and limits of agreement - -0.37 to

2.38%.

R:'

Analysis of R2' measurements revealed a substantial discrepancy between the
GESSE and hmgBOLD methods. The paired t-test demonstrated a highly significant
difference (p-value < 0.0001) between the two techniques. On average, the GESSE
method yielded R;' values 3.34 Hz lower than hmgBOLD (mean difference = 3.34
Hz). The Bland-Altman analysis supports this observation, the mean bias of -3.34
Hz. This difference is further underscored by the wide limits of agreement (-4.24 to -
2.43 Hz). This wide range highlights the significant variability in how much lower the
GESSE measurements might be compared to hmgBOLD for individual
measurements. Pearson's correlation analysis revealed a statistically significant
moderate to strong positive correlation (r = 0.6589, p = 0.0198.) between R2-
GESSE and Ry-mp.
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Difference vs. average: Bland-Altman of R,'
-2.0-
-2.5 @
[]
§ -3.0 i .
-4 % ¢ °
£ 3.5 °
o
[ ]
-4.0 - ° °
-4.5 T T T T 1
35 40 45 50 55 6.0
Average

Figure 5.8 Bland-Altman plot comparing the measure of R;' values of GESSE
and the multiparametric gBOLD. . Mean bias -3.34 Hz and limits of agreement -

4.24 t0 -2.43 Hz.

Subject No. R2' GESSE (Hz) R2' mp-gBOLD (Hz)
1 3.0 6.3
2 2.6 5.6
3 2.6 5.9
4 27 6.8
5 3.0 71
8 35 6.0
9 25 5.9
10 3.1 7.0
11 26 6.0
12 3.9 7.0
13 22 5.5
14 23 5.6
Mean 3.2 6.2
SD 0.5 0.5
cv 0.15 0.08

Table 5.3 R;' values of GESSE and the multiparametric gBOLD. . (SD) standard

deviation, (CV) coefficient of variation.
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5.4.Discussion

OEF Estimation

This study explored the use of combining hyperoxia-BOLD, which offers an
independent measure of deoxygenated blood volume (DBV), with the mp-qBOLD
technique, which is better suited for clinical settings, to generate parametric maps of
OEF. To calculate parametric maps of OEF, this technique, referred to here as
hyperoxia-mp-gBOLD or hmgBOLD, combines multiparametric relaxometry-based
independent measures of the transverse relaxation rates Rz and R>* before
calculating the reversible transverse relaxation rate (R2'). Through combining
hyperoxia-BOLD derived parametric maps of DBV with mp-qBOLD derived
parametric maps of R2', the measures of OEF derived from hmp-gBOLD (ranging
from 61.2% to 124.7%) exceed physiological norms (>100%) in the grey matter
cortex of healthy individuals, which typically fall between 35% and 55% 2'"2'2, While
the mean OEF value of 85.9% is high but potentially within physiological limits,
some individual values exceeded 100% are physiologically implausible. This
overestimation might be attributed to several factors. First, the higher R,' values
obtained from mp-gBOLD compared to GESSE (mean difference of 3.34 Hz) could
contribute to OEF overestimation, as R,' is directly proportional to OEF in the
qBOLD model (Equation 5.7). Second, the hyperoxia-BOLD method resulted in
lower DBV estimates (mean 1.8% * 0.6%) compared to GESSE (3.3% + 0.7%).
Given the inverse relationship between DBV and OEF in the gBOLD model
(Equation 5.7), underestimation of DBV could lead to OEF overestimation. Third, the
lack of isocapnic control during hyperoxia might have induced vasoconstriction ¥,
potentially altering CBF and affecting the DBV and OEF calculations. Furthermore,
the relatively high coefficient of variation in hmp-gBOLD (CV: 0.25) and hyperoxia-
GESSE (CV: 0.21) OEF measurements compared to TRUST (CV: 0.06) and
GESSE (CV: 0.13) indicates greater variability in these newer techniques, which
may be due to the complexity of combining multiple measurements or the sensitivity

to physiological variations during the hyperoxia challenge.

DBV Quantification

The measurements of blood volume across groups using hyperoxia-BOLD
(CV=0.24) demonstrate high variability compared to the GESSE-derived DBV
measurements (CV=0.17) (Table. 5.2). The range of both approaches (hyperoxia-
BOLD =1.5-2.7, GESSE=2.5-3.9 in this study) are reasonably consistent with
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previous measurements, with hyperoxia-BOLD (ranging from DBV = 1.8 — 2.8 %
164), and GESSE-derived DBV (ranging from DBV = 3.0 — 4.4, *"). The DBV obtained
through hyperoxia-BOLD was significantly different from that derived from GESSE
methods (mean difference = 1.0%, p<0.05), indicating that these techniques are not
equivalent. The Bland-Altman analysis revealed limits of agreement (-0.37 to
2.38%), suggesting substantial variability between the two methods. It could be that
the lower DBV values from hyperoxia-BOLD due to the vasoconstrictive effects of

hyperoxia.

R2' Measurements

R2' values from GESSE fall within the range of 2.2 - 3.9 Hz, and mp-gBOLD values
ranged from 5.5 - 7.1 Hz (Table 5.3). Both of these ranges fall within the values
reported in the literature (2.7 for GESSE *° and 7.2 for mp-qBOLD "". In addition, a
moderate to strong positive correlation was found between R,' -GESSE and R,' -mp
(r=0.6589, p = 0.0198), indicating that these measurements tend to increase
together. However, the significant difference in R,' measurements between GESSE
and hmp-gBOLD (mean difference = 3.34 Hz, p<0.0001) remains an important
result, even though it was anticipated. This difference likely stems from the inherent
characteristics of each method, such as different sensitivities to magnetic field
inhomogeneities or microstructural effects “°. The consistently higher R,' values
observed in mp-qBOLD likely contributed to the overestimation of OEF, as
previously discussed. This highlights the need for careful consideration of R,'
quantification methods in gBOLD approaches. Additionally, researchers and
clinicians must be cautious when interpreting absolute OEF values derived from
gBOLD techniques, as the choice of Ry' quantification method can significantly

impact the results, despite the correlation between methods.

Validation

The OEF of the whole brain can be measured with minimal assumptions using the
Kety-Schmidt method 2'3. To do this, venous blood is extracted from the jugular bulb
and arterial blood is obtained from the femoral or brachial arteries. For the validation
of newly developed MRI techniques, this procedure is rarely feasible due to its
invasive nature. The T2-relaxation-under-spin-tagging (TRUST) technique is one
alternative. MR-based TRUST is a well-established technique for inferring blood
oxygenation levels that have been optimised (Lu et al., 2012; Xu et al., 2012) and
tested (Jiang et al., 2018). Thus, TRUST provides a global measurement that is both
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robust and convenient, and that can be used to benchmark the development of
novel methods for mapping brain oxygenation.

The comparison of OEF measurements showed significant differences between the
various methods. Hyperoxia mp-gBOLD consistently overestimated OEF compared
to TRUST, as indicated by a large positive bias. On the other hand, GESSE showed
a negative bias, suggesting an underestimation of OEF compared to TRUST.
Importantly, the hyperoxia-GESSE method demonstrated a smaller positive bias,
indicating improved accuracy compared to GESSE alone. This highlights the
potential advantages of incorporating hyperoxia-based measurements into the
GESSE technique, as previously reported using ASE pulse sequence for hyperoxia-
qBOLD "¢, However, this approach may not be applicable when using mp-gBOLD,
as indicated by the current findings from this study.

Hyperoxia impact

The hyperoxic challenge applied in this study was performed without controlling for
changes in PETCOz, which may have significant implications for our results,
particularly in the estimation of DBV and consequently, OEF. When subjects
breathe high concentrations of oxygen without CO; regulation (isocapnia), it typically
leads to hypocapnia - a decrease in arterial CO- levels, which is the main driver of
cerebral blood flow (CBF) changes during hyperoxia 2'*. Similarly, hyperoxia might
influence cerebral metabolism (CMRO») affecting oxygen consumption 2%
Additionally, the resulting hypocapnia can induce a decrease in total cerebral blood
volume (CBV) '8, However, its effect on DBV is more complex as DBV primarily
represents the venous and capillary compartments, which may respond differently to
hypocapnia compared to the arterial compartment. Nonetheless, the venous
compartment may also constrict to some degree, potentially reducing DBV.
Hypocapnia could potentially increase the OEF , affecting the oxygenated to
deoxygenated blood ratio in the venous compartment. Furthermore, the uncontrolled
CO: levels may introduce an additional source of variability in our measurements.
Individual differences in respiratory response to hyperoxia could result in varying
degrees of hypocapnia, contributing to the high inter-subject variability in our OEF

estimates.

Impact of Analysis Methodology
Although GESSE-derived R,' and DBV maps were consistent with the literature 27°,

OEF measurements in this study are considered to be systematically low (ranging
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from 14.8 — 23%) (Table 5.1) compared to previous work-based GESSE ( around
38%). This may be due to some methodological changes made in this study. Firstly,
in this study R,' maps were calculated following Cox, Gowland 2°2 which use a
simpler model focusing primarily on T> and T2' measurements, whereas He,
Yablonskiy °2 approach is more comprehensive, incorporating a more complex
tissue model and aiming to extract additional physiological parameters beyond just
R2'. Secondly, DBV and OEF quantification was derived from a simplified model of
the gBOLD signal, inspired by the streamlined approach of Stone, Blockley *'. The
simplification in this analytical approach offers advantages in terms of computational
efficiency and ease of implementation, potentially making it more suitable for clinical
applications. However, this simplicity may come at the cost of reduced accuracy of
OEF measurements. These findings highlight the sensitivity of OEF measurements
to specific acquisition and analysis choices, underscoring the need for standardized
protocols in gBOLD technique.

5.5.Limitations and Future Directions|

This study has several limitations that should be considered when interpreting the
results. Initially, the sample size was small (n=7), which limits the statistical power
and generalizability of the findings. Based on power analysis calculations for
correlation studies, assuming a moderate effect size (r=0.5) and standard statistical
thresholds (a=0.05, 3=0.20), a sample size of approximately 28-30 participants
would be needed to reliably detect correlations between different OEF measurement
methods. Future studies should aim for this larger sample size to ensure adequate

statistical power.

[The results presented in this study may have been substantially influenced by the

limited sample size, which affected statistical power and reliability. Technical factors,

including susceptibility artifacts and failed respiratory stimuli, likely contributed
additional variability to the measurements. The combination of restricted sample
size and technical challenges can significantly compromise data quality and
potentially obscure genuine physiological relationships between different
measurement methodologies. While lack of isocapnic control during hyperoxia
remains an important physiological consideration, addressing sample size
limitations and resolving technical factors may be equally crucial for improving

measurement accuracy. Future studies should incorporate larger cohorts and
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implement robust quality control procedures to identify and mitigate these technical

issues.

R>' measurements, which are susceptible to macroscopic Boinhomogeneities, were
not corrected in this study. Corrections can be achieved either prospectively through

methods such as the z-shimming 57

or retrospectively by utilizing a high-resolution
field map 52. However, it can be argued that the effect of magnetic field
inhomogeneity is reduced by the higher resolution we used (matrix 112 x 92, voxel
size 2.0 x 2.0 x 3.0 mm3). This smaller voxel size potentially minimises within-voxel
field variations, thereby mitigating distortion effects on R,' measurements without
requiring additional correction steps. Furthermore, the presence of partial volumes
of cerebrospinal fluid (CSF) was not corrected, which could result in an

overestimated measurement of Ry' *'

. Future studies should address this by
implementing CSF suppression techniques, such as a FLAIR preparation module in

the mp-gBOLD sequence, and quantifying the impact on Rz’ measurements.

In addition, the significant positive correlation between R.' measurements from
GESSE and mp-gBOLD methods and the systematic difference in their values
highlights both a limitation and an opportunity for future research. The moderate to
strong correlation suggests that a scaling approach could potentially harmonise
these measurements. Future studies could explore the possibility of scaling R2'-mp-
qBOLD results to match those of TRUST. This harmonisation could improve the
accuracy and consistency of OEF estimations across different gBOLD techniques. A
calibration study comparing these methods against TRUST measurements in a
larger cohort would help establish appropriate scaling factors and validate this
approach.

Another limitation is that we only considered the brain at rest. Since OEF is
expected to be similar across healthy participants in resting state, our data is likely
clustered around a single point, making it challenging to observe a clear linear
correlation between different measurement techniques. Future studies should
include pharmacological challenges such as acetazolamide administration (targeting
a 30-40% increase in CBF) or controlled hypercapnia (5% CO:) to modulate blood
flow. These interventions would provide a broader range of OEF values, enabling

more robust method comparison and validation.
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5.6.Conclusion

This study explored the integration of mp-gBOLD and hyperoxia-BOLD to develop
more accurate, non-invasive and clinically implementable technique for mapping
OEF. These improvements should facilitate the use of the gBOLD technique in
clinical settings. Despite the current overestimation, the hmgBOLD method
demonstrates the potential for non-invasive OEF quantification. The combination of
mp-gBOLD for R2' measurement and hyperoxia BOLD for DBV estimation
addresses some limitations of standard gBOLD, such as the interdependence of R’
and DBV measurements. The observed overestimation suggests high sensitivity to
oxygenation changes, which could be advantageous if properly calibrated. Future
work should focus on addressing the identified limitations, particularly the need for
larger sample sizes, as well as controlling for physiological confounds during
hyperoxia and investigating the accuracy of R,' measurements in the mp-gBOLD

technique.
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6.Conclusion and future work

The primary aim of this thesis was to enhance the clinical applicability of quantitative
Blood Oxygenation Level Dependent (qBOLD) MRI techniques for measuring brain
oxygenation. The specific objectives were as follows: first, to comprehensively map
the current landscape of qBOLD literature through a scoping review. Second, to
develop and validate a phantom for gBOLD measurements, enabling quality
assurance and multi-centre harmonisation. Third, to explore the combination of
hyperoxia-BOLD and multiparametric gBOLD (mp-qBOLD) techniques to improve
oxygen extraction fraction (OEF) estimation in a clinically translatable manner.

6.1.Summary of Findings

A scoping review of gBOLD studies in humans was carried out in

Chapter 3 and revealed the progress of the technique towards clinical translation. The
review identified 93 studies including 3,239 subjects, demonstrating the growing
application of gBOLD. The technique showed potential for measuring tissue
oxygenation non-invasively and was applied in various clinical populations,
particularly in cerebrovascular diseases and brain tumours, indicating its biological
validity. gBOLD measurements, particularly OEF, showed sensitivity to pathological
changes in conditions such as ischaemic stroke, gliomas, and sickle cell anaemia.
This indicates that the technique could be useful in detecting disease-related
alterations in tissue oxygenation and potentially monitoring disease progression or
treatment response. Four main gBOLD acquisition methods were identified:
multiparametric (mp-qBOLD), asymmetric spin echo (ASE), gradient echo (GRE), and
gradient echo sampling of spin echo (GESSE). mp-qBOLD was the most commonly
used technique, likely due to its easier implementation in clinical settings. However,
the review revealed a variety of methodologies across the literature, leading to
variability in measurements. Significant variability was found in R2' measurements
across different acquisition techniques, highlighting the need for standardization. For
instance, R.' estimates from mp-gBOLD were 47% higher than those from GESSE,
while ASE measurements were 34% lower. Similar variability was observed in
deoxygenated blood volume (DBV) measurements. The review emphasized the need
for standardization in gqBOLD acquisition and analysis methods to improve

comparability between studies and support its clinical translation.
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Building on the insights gained from the scoping review in Chapter 3, which
revealed variability in R2' measurements across different gBOLD acquisition
techniques, Chapter 4 focuses on the development and validation of a gBOLD
phantom using glass microspheres to generate R;' contrast. The phantom
demonstrated a strong linear relationship between Ry’ contrast and glass bubble
volume fraction, achieving targeted R>' values mimicking human brain tissue at low
volume fractions. While initial R values were low, the addition of gadolinium
improved them to a more realistic range. R>* values were found to be in the range of
normal healthy brain tissue. The phantom showed good reproducibility in
construction and repeatability in MRl measurements, with promising stability over
time. It was successfully validated across two MRI vendor platforms (Philips and
GE) and different gBOLD acquisition approaches (mp-gBOLD and GESSE),
showing good consistency in R.' values. This validation demonstrated the phantom's
potential for standardizing and validating gBOLD measurements across different

acquisition methods and MRI vendors.

Chapter 5 detailed the development and evaluation of combining multiparametric
quantitative BOLD (mp-qBOLD) and hyperoxia-BOLD techniques to map OEF,
referred to as hyperoxia-mp-gBOLD (hmgBOLD). The study compared hmgBOLD
with established methods such as TRUST and GESSE. Results showed that
hmgBOLD significantly overestimated OEF compared to TRUST, with values
ranging from 61.2% to 124%. In contrast, GESSE underestimated OEF, while
hyperoxia-GESSE showed improved accuracy. DBV estimates from hyperoxia-
BOLD were lower than those from GESSE, with a significant difference between the
two methods. Rz’ measurements from mp-gBOLD were consistently higher than

those from GESSE, with a moderate to strong positive correlation between the two.

6.2.Contributions to the qBOLD Field

While previous reviews have focused on MRI-based OEF measurement techniques
in general % or specifically on BOLD-based techniques for quantifying brain
hemodynamic and metabolic properties 4, the scoping review performed in this
thesis provides the first comprehensive overview of gBOLD experiments across
various organs and pathologies. One of its main contributions to the field is that it
identifies the prevalent acquisition methods and analysis approaches, highlighting
areas of consensus and aspects that need validation and harmonization. For

example, the review reveals the need for better standardization of gBOLD
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acquisition techniques, more consistent reporting of methodology, and further
investigation into the sources of variability in R.' and DBV measurements across
different gBOLD approaches.

Addressing the need for standardization, the development of a gBOLD phantom
using glass microspheres (Chapter 4) represents a significant step forward, offering
a cost-effective tool for quality assurance and multi-centre harmonisation %,
However, the challenge of matching Rz values to the human brain range
necessitated the addition of gadolinium, which, while successful in increasing Rz

values, introduced new complexities due to extreme T shortening.

The exploration of the hmgBOLD approach, while requiring further refinement,
represents a new attempt to improve OEF estimation while maintaining clinical
feasibility. This study contributes to the field by advancing the integration of
hyperoxia-BOLD and mp-qBOLD techniques, building upon previous work on DBV
measurement improvements methods 5''5*%4_ |t provides valuable insights into the
complexities of combining multiple gBOLD techniques and highlights the importance
of physiological control during hyperoxia challenges in OEF quantification. The
potential high sensitivity of hmgBOLD to oxygenation changes, if properly calibrated,

could be advantageous in detecting subtle physiological alterations.

6.3.Limitations

A potential limitation of this thesis is the absence of the ASE pulse sequence in both
the phantom and hyperoxia studies due to challenges in implementing the
sequence. Since ASE is commonly used in gBOLD techniques, its absence limits
our ability to directly compare our results with a substantial portion of the existing
qBOLD literature.

The phantom study encountered challenges in accurately replicating physiological
properties, particularly in balancing Rz and T+ values. The long-term stability of the
phantom remains a challenge, with reduced R>' values observed after a month,
especially for higher bead fractions, likely due to the precipitation of glass bubbles.
This settling or clustering of bubbles may impact the consistency and reliability of

measurements (Fieremans and Lee, 2018).
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In the hyperoxia-mp-qBOLD study, poor registration between high and low

resolution images resulted in the exclusion of several datasets, leading to a reduced
sample size. The use of 'stepping-stone' images (intermediate resolution images
that bridge the gap between high and low resolution data) could potentially improve
registration accuracy. While this approach was not feasible in our current dataset as
intermediate resolution images were not acquired, future studies could benefit from
including such intermediate resolution acquisitions in their imaging protocol to
potentially improve registration accuracy and reduce the number of datasets
excluded due to poor registration.

6.4.Future work

Several important areas for future research have appeared in this work. Refining the
phantom design is crucial, focusing on improving long-term stability and more
accurately mimicking physiological conditions. This could involve exploring the use
of stabilising agents and investigating methods to achieve ideal gel viscosity for
even suspension of glass bubbles. To address the T4 shortening issue, alternative
contrast agents or multi-compartment models should be explored to control Ry and
Rz independently. Standardisation efforts are crucial for translating gBOLD to clinical
settings. Following the model of the QIBA Diffusion-Weighted Imaging Profile,
developing consensus protocols and establishing guidelines for acquisition,
reconstruction, and analysis can ensure consistent and reliable gBOLD
measurements across different sites and scanner platforms. Establishing
standardised quality control measures, such as the use of quantitative phantoms, is
essential for multi-centre harmonisation. This standardisation would enable reliable
multi-centre trials and facilitate broader clinical adoption of gBOLD techniques,
ultimately improving the comparability and reproducibility of gBOLD measurements
across different sites and studies.

The hmgBOLD method requires further optimisation to address OEF overestimation,
particularly by implementing isocapnic control during hyperoxic challenges.
Exploring scaling approaches to harmonise R.' measurements across different
techniques could improve consistency in OEF estimations. This could be achieved
by developing technique-specific calibration factors based on comparative studies.
For instance, R>' measurements from various gBOLD techniques (e.g., ASE,
GESSE, mp-gBOLD) could be collected on a cohort of subjects and compared to
global OEF values obtained from a validated method like TRUST. By analysing the
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relationships between these measurements, scaling factors could be derived to
adjust R2' values from different techniques, bringing them into closer alignment with
each other and with TRUST-based OEF estimates. These scaling factors could then
be implemented in gBOLD analysis software to automatically adjust R,'
measurements, potentially leading to more consistent OEF estimation across
techniques. In addition, future research could benefit from simulating pathological
conditions, such as inducing hypocapnia or using pharmacological interventions to
lower CBF. These manipulations could provide valuable insights into the sensitivity
and reliability of hmp-gBOLD technique across a broader range of physiological
states, more closely representing the conditions that might be encountered in
patient populations, while also allowing for better testing of correlations across a

larger range of OEF values.

In summary, this thesis has made important contributions to advancing the clinical
applicability of gBOLD imaging. By providing a comprehensive and systematic
literature review, developing a quality assurance tool, and investigating a new
combined approach for improving the OEF estimation accuracy and practicality, this
work has laid an important foundation for future advancements in gBOLD imaging.
Given the continuous development of the field, the knowledge and tools obtained
from this research will play a crucial role in moving gBOLD closer to clinical

application.
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Appendices

Appendix (A)
Database search strategy (Embase)

(oxygen adj3 (extraction or saturation or metabolism)).ti,ab.

(gbold or quantitative bold).ti,ab.

MR_OEF ti,ab.

(mri or "mr imaging" or "magnetic resonance" or "mr measurement*").ti,ab.

1and 4

2o0r3

50r6

| N| O O Ml W N =~

limit 7 to (english language and yr="1994 -Current")
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Appendix (B)
Standard Operating Procedure (SOP)

Hydroxyethyl-cellulose (HEC) phantoms

Procedure to be followed:

1.Bring a beaker, add the water (80 ml) and put it on the hot plate (DO NOT turn the heat
On)

2. put the magnetic stirrer inside the beaker

3.Add first NaCl (0.62g) to the water

4. Afterwards under rigorous stirring slowly add the HEC (2.489).

5.After 10 mins add slowly glass beads every tube has different Beads fractions

(See excel sheet)

e Beads fractions >> expected Rz’
o 0.1 % beads =0.0160 g. >>2.822
o 0.2 % beads = 0.0320. >>4.799
o 0.3% beads = 0.0481 >>6.777
o 0.4 % beads = 0.0642 >> 8.754
o 0.5 % beads = 0.0804 >>10.732
o 0.6 % beads = 0.0965 >>12.709
o 1% % beads = 0.1616 >>20.691

e Also make tubes with 0 beads

6.Stir for (5-10) mins or until the solution clears and thickens.
7.Pour the gel in the tubes.

121



