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Abstract

Glycogen is the primary glucose storage mechanism in in living systems and plays a central role
in systemic glucose homeostasis. The study of muscle glycogen concentrations in vivo still largely
relies on tissue sampling methods via needle biopsy. However, muscle biopsies are invasive and
limit the frequency of measurements and the number of sites that can be assessed. Non-invasive
methods for quantifying glycogen in vivo are therefore desirable in order to understand the
pathophysiology of common diseases with dysregulated glycogen metabolism such as obesity,
insulin resistance, and diabetes, as well as glycogen metabolism in sports physiology.

Chemical Exchange Saturation Transfer (CEST) MRI has emerged as a non-invasive contrast
enhancement technique that enables detection of molecules, like glycogen, whose concentrations
are too low to impact the contrast of standard MR imaging. CEST imaging is performed by
selectively saturating hydrogen nuclei of the metabolites that are in chemical exchange with those
of water molecules and detecting a reduction in MRI signal in the water pool resulting from
continuous chemical exchange. However, CEST signal can easily be compromised by artifacts.
Since CEST is based on chemical shift, it is very sensitive to field inhomogeneity which may arise
from poor initial shimming, subject respiration, heating of shim iron, mechanical vibrations or
subject motion. This is a particular problem for molecules that resonate close to water, such as -
OH protons in glycogen, where small variations in chemical shift cause misinterpretation of CEST
data.

The purpose of this thesis was to optimize the CEST MRI sequence for glycogen detection and
implement a real-time simultaneous motion and shim correction and measurement method. First,
analytical solution of the Bloch-McConnell equations was used to find optimal continuous wave
RF pulse parameters for glycogen detection, and results were validated on a phantom with varying
glycogen concentrations and in vivo on human calf muscle. Next, the CEST sequence was
modified with double volumetric navigators (DvNavs) to measure pose changes and update field
of view and zero- and first-order shim parameters. Finally, the impact of Bo field fluctuations on
the scan-rescan reproducibility of CEST was evaluated in vivo in 9 volunteers across 10 different

scans.



Simulation results showed an optimal RF saturation power of 1.5uT and duration of 1s for
glycoCEST. These parameters were validated experimentally in vivo and the ability to detect
varying glycogen concentrations was demonstrated in a phantom. Phantom data showed that the
DvNav-CEST sequence accurately estimates system frequency and linear shim gradient changes
due to motion and corrects resulting image distortions. In addition, DvNav-CEST was shown to
yield improved CEST quantification in vivo in the presence of motion and motion-induced field
inhomogeneity. Bo field fluctuations were found to lower the reproducibility of CEST measures:
the mean coefficient of variation (CoV) for repeated scans was 83.70 = 70.79 % without shim
correction. However, the DvNav-CEST sequence was able to measure and correct Bo variations,
reducing the CoV to 2.6 + 1.37 %. The study confirms the possibility of detecting glycogen using
CEST MRI at 3 T and shows the potential of the real-time shim and motion navigated CEST

sequence for producing repeatable results in vivo by reducing the effect of Bg field fluctuations.
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changes in the MTRasym affecting the CEST quantification and misleading
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Figure 3.1: lllustration of the CEST-EPI pulse sequence. The repetition time (TR) is approximately
equal to the sum of recovery time (Tr) and RF saturation time tp. .......ccccovvverinininnnns 54

Figure 3.2: Simulated Z-spectra (top, a&c) and MTRasym curves (bottom, b&d) as a function of
irradiation power (B1) (left, a&b) and irradiation pulse duration (right, c&d). A strong
dependence of the CEST effect on saturation power is observed in both MTRasym curves
and CEST spectra. Relatively slow CEST effect variations are observed at longer
saturation durations. Irradiation power and duration were fixed at 1pT and 1s,
respectively, when duration/power Was Varied. ...........cccoerererininenieeieienese e 56

Figure 3.3: Simulated MTRasym integral values calculated between 0.5 to 1.5 ppm as a function
of (a) irradiation power and (b) irradiation pulse duration. The integrated MTRasym
shows maximum value at 1.5uT RF power and a stable value beyond 2 seconds saturation
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Figure 3.4: Z-spectra (left) and MTRasym curves (right) from a calf muscle of single volunteer
acquired at different saturation powers. A widening effect in the Z-spectra is observed as
the saturation power increases. Highest peak values are seen in the MTRasym curve at 1.5
U PP PP 58

Figure 3.5: CEST spectrum and MTRasym curve of the in vivo test for a single volunteer acquired
from the inferior part of the gastocnemius MUSCIE ............ccoeeveiieii i, 59

Figure 3.6: glycoCEST imaging of human calf muscle (a) unsaturated image, (b) saturated image
at 1ppm, and c) color-coded MTRasym map at 1 ppm overlaid on the reference image.

Figure 3.7: MTRasym maps of glycogen phantom images at 1 ppm overlaid with the reference image

demonstrating the different glycogen concentration levels ...........cccoccvvveviiiniicinenene, 60
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Figure 3.8: CEST-spectra and MTRasym curves of glycogen phantom tests at different
CONCENEIAtION TEVEIS ... e 60
Figure 4.1: (a) Standard CEST-EPI sequence blocks; tsat and Bs are, respectively, the duration and
amplitude of the saturation pulse. (b) vNav-CEST with the volumetric navigator (vNav)
inserted for prospective motion correction. (¢c) DvNav-CEST with a pair of volumetric
navigators (DvNavs) inserted for real-time motion and shim correction. Individual
partitions (P) of the pair of navigators are acquired in an interleaved fashion. vNavPi,
vNav1Piand vNav2P;are the i partitions of vNav, vNav1 and vNav2, respectively; K is
the total number of Partitions. ..o 72
Figure 4.2: Flow diagram showing how the DvNav sequence (orange blocks) is integrated into the
CEST acquisition (purple blocks) to perform real-time motion and shim correction. Shim
correction is applied to all CEST measurements except the first one. N = total number of
CEST MEASUMBIMENTS. ...ttt ettt sbe e e b e e e e snreennees 73
Figure 4.3: A plot showing how the navigator signal intensity (blue) in a pineapple phantom varies
for different CEST offsets, as well as a comparison of CEST and MTRasym curves
obtained from the standard CEST and DvNav-CEST (red) acquisitions, respectively. The
black dotted curve indicates the difference between the CEST curves acquired with and
WIthOUL the NAVIGATOT. .....veiiiiicieee bbb 76
Figure 4.4: CEST and MTRasym curves for a pineapple phantom in the absence (blue) and presence
(red) of motion. The peaks and dips in the MTRasym and CEST curves correspond to
measurements when the pineapple was intentionally moved. The MTRasym curve was
integrated between 0 and 3 ppm to compare CEST quantification. ............ccoccocevvnenne. 77
Figure 4.5: MTRasym at 1 ppm as a function of (a) zero-order (AF) shim change, and (b) first-
order shim change (Gx, Gy, Gz) for a 50mM glycogen phantom. The value at 0 (circled)
is without any manual adjustment and represents the true MTRasym value at 1ppm
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Figure 4.6: CEST reference images of a water phantom following (a) Zero-order and (b) first-order
shim changes. In each case, the top row shows the reference image acquired after shim
changes, and the second row the image acquired following shim correction by the
DvNavs. (c) Hlustration of the Nyquist N/2 ghost that is introduced by a -128 Hz
frequency shift, and correction of the artifact by shim correction. ............c..cceevevvennne. 80
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Figure 4.7: Comparison of (a) zero- and (b) first order shim changes computed by the DvNavs to
known adjustments. The bottom plot also shows the effect of first-order shim changes on
SYSEEM TTEYUENCY. .eevviieieitiete ettt sttt et re et et eareesreeneeenee e 81
Figure 4.8: DvNav motion and shim estimates for NoMo-NoCo, NoMo-AllCo, Mo-NoCo, Mo-
MoCo and Mo-AllCo acquisitions in one volunteer. The corrected plots demonstrate how
the DvNav-CEST sequence adjusts the image FOV and shim parameters to correct for
changes that occur due to motion. Top: Translation (mm), Middle: Rotation (degrees)
and Bottom rows: Shim (zero-order and first-order). (NoMo = no motion, Mo = motion,
NoCo = no correction, MoCo = motion correction only, AllCo = both shim and motion
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Figure 4.9: CEST spectra and MTRasym curves acquired in the calf muscle in one volunteer. Top
row: (left) no motion and no correction (NoMo-NoCo); (right) no motion but with both
shim and motion correction applied (NoMo-AllCo). Bottom row: (left to right) motion
but no correction (Mo-NoCo), motion and motion correction only (Mo-MoCo), and
motion and both shim and motion correction (Mo-AlCO). ........cccooviiiiiiiiiieee 84
Figure 5.1: Location of selected ROI used for CEST analysiS..........ccceveiviiiieieiie e 94
Figure 5.2: CEST spectra and MTRasym curves for three subjects (a), (b) and (c) the DTI was run
in between the third and fourth scans. All scans were repeated five times in each of the
two sessions (left: no shim correction applied, right: shim correction applied). ........... 95
Figure 5.3: CEST Spectra and MTRasym curves from 5 CEST scans in a single subject all obtained
after a 5-minute DTI scan. The top left panel shows curves obtained from session without
shim correction while the right panel shows curves obtained after spectral shift correction
using high-order polynomial fitting technique. Bottom panel shows curves obtained
from CEST acquisitions with shim correction applied. The polynomial fitting technique
failed to recover the reduction in MTRasym integral due to shim distortion................... 96
Figure 5.4:Measured shim parameters for a single subject; Scan 3 (pre-DTI), Scan 4 (post-DTI).
The top row shows shim parameters for the scans acquired without shim correction, while
the bottom row shows shim parameters for the scans acquired with shim correction
applied. A frequency drift of approximately 10Hz/min is observed in scans acquired
IMMediately after DT L........ooiiiiee s 97
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Figure 5.5: MTRasym integral for each volunteer of five consecutive scans acquired in session 1
without shim correction (No ShimCo) and in session 2 with shim correction applied
(ShimCo). In (a) for subject 1-7 the DTI sequence was run between 3™ and 4" CEST
scans while for the volunteers 8&9 shown in (b) all scans in both sessions were acquired
POSE-DIT L. ettt e e bre e 98

Figure 5.6: Scatter plot of Average MTRasym integral for 3 consecutive scans (Pre-DTI) of each
subject acquired without shim correction and with shim correction applied. A reduction
in MTRasym integral is observed for all uncorrected scans compared to shim corrected

scans. Correlation between No ShimCo and ShimCo measurements is r = 0.62, p = 0.1.
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Chapter 1

Introduction

MRI is a non-ionizing radiation imaging method that makes use of the magnetic properties of
certain atomic nuclei. Different elements in the human body can be used as the source of the MRI
signal such as Hydrogen®, Carbon®3, Sodium?®, Phosphorus® and others. However, due to the
abundance of hydrogen in water in human, hydrogen is the most commonly used element in MRI.
Hydrogen? is not only bound in water, but also in other metabolites such as N-acetylaspartate
(NAA), creatine, lactate, glycogen etc. MR spectroscopy (MRS) is the method of choice to
quantify many metabolites. However, in-vivo measurement of certain endogenous metabolites,
such as glycogen remains challenging due to their small concentration in the human body. For
example, the maximal attainable glycogen concentration in human muscle is about 4 g per 100 g
wet muscle (Hansen et al., 1999). This means that *H MRI and MRS are unable to image glycogen.
Moreover, the glycogen resonance overlaps with signal from other metabolites which makes its
detection even more difficult. Although several techniques have been introduced for molecular
imaging of glycogen in vivo, few have found their way into clinical settings. Briefly, positron
emission tomography (PET), although highly sensitive (Herrero et al., 2007, Witney et al., 2014)
involves the use of radioactive tracers, which are invasive. Furthermore, its spatial resolution is
poor.Carbon®® nuclear magnetic resonance spectroscopy (*3C MRS) can provide a direct,
noninvasive nonionizing measurement of glycogen concentration in various organs (Casey et al.,
2000, Lei et al., 2007, Tomiyasu et al., 2010), however it requires costly hardware upgrades and

13C isotopes, not routinely available on clinical MRI scanners.

During the early 2000, a new MRI contrast method based on chemical exchange of protons with
water was proposed. This method provides molecular information about tissue but is based on
imaging rather than spectroscopy. This new technique, referred to as Chemical Exchange
Saturation Transfer (CEST) MRI (Ward, K. M., Aletras & Balaban, 2000) indirectly detects
molecules with exchangeable protons by exploiting the chemical exchange that occurs between
dilute protons, such as glycogen and free water protons when the magnetization of the former is

selectively saturated.



Glycogen CEST uses frequency selective saturation pulses to saturate the magnetization of
hydrogen nuclei attached to the hydroxyl group (-OH). However, the rapid exchange of -OH
protons (more than 102 per second (Zijl. et al., 2007), small chemical shift difference from bulk
water protons (0.5 — 1.5 ppm), MRI magnetic field inhomogeneity, and temperature and pH
dependence (Sun, van Zijl & Zhou, 2005) complicate the detection of glycogen/hydroxyl proton
groups using CEST MRI.

CEST acquisitions are typically repeated with saturation pulses with a broad range of chemical
shifts to generate the CEST Spectrum (also known as z-spectrum), which is a map of the signal
intensity as a function of the frequency of the presaturation pulses. Multiple spectral offsets are
needed to sufficiently sample the z-spectrum, making the acquisition time long. This long scan
time causes CEST MRI susceptible to subject motion and fluctuation in By field inhomogeneity.
To reduce the overall scanning time, rapid MRI acquisition techniques such as Rapid Acquisition
with Relaxation Enhancement (RARE) (Liu et al., 2009), Echo Planar Imaging (Liepinsh & Otting,
1996, Sun et al., 2013), Gradient and Spin Echo (GRASE)(He Zhu, 2010), Variably-accelerated
Sensitivity Encoding (vSENSE) (Zhang et al., 2017), keyhole (G., E. & E., 2012), optimized spiral-
centric-reordered GRE approaches (Zaiss, Ehses & Scheffler, 2018), as well as True Fast Imaging
with Steady State Free Precession (FISP) (Shah et al., 2011) have been adapted to provide CEST
signal. These fast imaging techniques are susceptible, however, to high radiofrequency (Wolfsdorf
& Weinstein, 2003) power absorption, magnetization transfer (MT) effects arising from multiple
refocusing excitation pulses, or field inhomogeneities, effects that are exacerbated on high field

MRI scanners.

This thesis focuses on optimization CEST sequence for glycogen detection. Continuous wave
(CW) RF irradiation parameters that maximize the CEST signal for glycogen were selected and
inserted in the 2D single-shot EPI sequence. The CEST EPI sequence was further optimized to
include double volumetric navigators (DvNavs) for simultaneous real-time motion and shim
measurement and correction in the detection of skeletal muscle glycogen. The technique was
validated both in vitro and in vivo on a 3 T Siemens Skyra scanner. A scan-rescan reproducibility

test was also performed to demonstrate the stability of the proposed technique.



Thesis outline

This thesis presents a novel method to detect glycogen using optimized motion and shim navigated
CEST MRI sequence to correct simultaneously for Bo fluctuations and artefacts caused by subject
motion. This was followed by validation of the scan-rescan stability of the technique for producing
repeatable CEST results in vivo. The thesis includes three independent but related papers in
chapters three, four and five. Each chapter contains various aspects of the methodology, research
and findings. A comprehensive introduction provides the necessary background for the work. As
a complete document it contains necessary repetition due to the fact that each core chapter is being
presented as an independent article. Chapter 2 presents the basic principles behind MRI and the
relevant background of the CEST technique followed by a literature review of motion and shim

correction in MRI.

Chapter 3 describes optimization of CW RF irradiation parameters that maximize the CEST signal
during glycogen measurement. The saturation power and duration used for application of glycogen

detection are based on the findings of this chapter.

Chapter 4 presents the implementation of 3D Double Volumetric Navigators to perform
simultaneous real-time motion and shim measurement and correction in glycoCEST MRI. The
performance of navigators in estimating changes in zero- and first-order shin, and application of

DvNavs in vivo in the presence of motion is discussed in this chapter.

Chapter 5 describes an investigation of the reproducibility of in vivo measurements in the
presence and absence of field inhomogeneity using the motion and shim navigated CEST

sequence.

Finally, chapter 6 provides a comprehensive discussion, highlighting the most important findings
of this thesis. The limitations are discussed, and recommendations are made for further studies
using CEST MRI.

Chapter 4 is a journal article (Simegn et al., 2018) that has been peer reviewed and published in
Magnetic Resonance in Medicine (MRM). Chapters 3 and 5 have been prepared as manuscripts to
be submitted for publication. Part of chapter 3 has been presented at the 2017 postgraduate research
day of the Department of Human Biology, Department of Integrative Biomedical Sciences, and
Department of Pathology of University of Cape Town. Works from chapter 4 were accepted for
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presentation at the International Society of Magnetic Resonance in Medicine (ISMRM) motion
correction in MRI and MRS workshop in September 2017, Cape Town, South Africa and at the
26" Annual meeting of the ISMRM in June 2018, Paris, France. Part of chapter 5 has been
presented at the 7™ international workshop on Chemical Exchange Saturation Transfer Imaging,
November 2018, Beijing, China.

| am the primary author of this thesis, but the papers were written with the assistance of 4 co-
authors. Dr. Ali Alhamud identified the problem, conceptualized parts of chapter 4 and assisted
with overall supervision. Assoc Prof. Andre van der Kouwe assisted technically in the modification
and implementation of EPI navigators to the CEST sequence. He also supervised other parts of the
work, helped in the preparation of glycogen phantoms used in the initial testing and provided a
space to work at Athinoula A. Martinos Center for Biomedical Imaging. Dr. Frances Robertson
supervised the whole work, guided, provided suggestions and helped me with editing and
revisions. Professor Ernesta Meintjes followed up the whole work and provided valuable
suggestions. | modified the sequences, performed the experiments and data analysis, wrote and

formulated the articles and gave them to the co-authors for comment.



Chapter 2

Background

2.1. Principles of Magnetic Resonance Imaging

Magnetic Resonance Imaging (MRI) is a relatively new technology with its foundations beginning
during the year of 1946. It was pioneered by Felix Bloch and Edward Purcell, who were awarded
the Nobel Prize in 1952, for their independent discovery of the nuclear magnetic resonance (NMR)
phenomenon. They discovered the phenomena of nuclear induction that enabled the development
between 1950 and 1970 of many scientific techniques that exploited Nuclear Magnetic Resonance
(Harris et al., 2002) for chemical and physical molecular analysis. In 1971 Raymond Damadian
(Damadian & Raymond, 1971) showed that nuclear magnetic relaxation times of tissues and
tumors differed motivating scientists to use MRI to study disease. Lauturbur (Lauterbur, 1973) and
Mansfield subsequently developed magnetic resonance into an imaging technique. The
introduction of computerized tomography (Proctor & Yu, 1950) by Hounsfield in 1973
(Hounsfield, 1973), echo-planar imaging (a rapid imaging technique) in 1977 by Mansfield
(Mansfield, 1977), and the development of different contrast mechanisms to improve the visibility
of internal body structures enabled MRI to become a powerful imaging modality, which is the

preferred, and safest technique in many areas of medicine and scientific research.

MRI has revolutionized our ability to obtain images of the living human body, highlighting both
anatomy and function. Compared to other imaging modalities, MRI offers a large range of contrast

mechanisms that can improve the visualization of different tissue types and physiological events.

This chapter presents the fundamental principles of NMR and MRI signal acquisition, followed by
the concept of chemical exchange saturation transfer MRI and MRI artifacts and reduction

approaches already well known in MRI.

2.1.1. Source of MR signal

The basis of MRI is the interaction between the magnetization of certain nuclei (usually hydrogen
nuclei of water) in the human body and different external magnetic fields that are generated by the
MRI scanner. An MR system consists of different electromagnetic coils to generate the various

magnetic fields including: 1) a coil to generate the static magnetic field (the BO field), 2) a
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radiofrequency (RF) coil to transmit (receive) a radio signal into (from) the body part being
imaged, and 3) gradient coils to provide spatial localization of the MR signals.

Protons, electrons, and neutrons possess spin, which is an intrinsic form of quantum angular
momentum carried by elementary particles, composite particles, and atomic nuclei. Spin comes in
multiples of 1/2 and can be positive or negative. Individual unpaired electrons, protons, and
neutrons each own a half spin. Two or more particles with opposite spins can pair up and eliminate
the apparent manifestations of spin. In NMR, it is the unpaired nuclear spins that are of importance.
Basic MR imaging arises from the physics of the element hydrogen, which is abundant in human
tissue in the form of water and lipid (fat) molecules. The spinning hydrogen nucleus is a single

proton and exhibits a magnetic moment vector, ii.

In the body, the direction of the magnetic moment of the hydrogen nuclei is randomized by thermal
radiation (Figure 2.1a). In the classical mechanics, the net magnetization M, which may vary as a
function of time t, is defined as the overall sum of magnetic moments y; in a given volume and is

equal to zero.

M(t): 2],[1)]:0 .......................................................... [21]

Polarization

In the presence of an external magnetic field (the Bo field), the magnetic moment of spins tends to
align either in the direction of the Bo field (the lower energy state) or the opposite direction (the

higher energy state) with a small excess in the direction of the Bo field (Figure 2.1b).

In addition to this alignment, spins also precess at a frequency (called the Larmor frequency, mo)
that depends on both the field strength (Bo) and the gyromagnetic ratio (y) for the particular atomic

nucleus.

where for hydrogen, y = 42.58 MHz /T (or 267.513x10° rad/s/T).

The alignment of magnetic dipole moments parallel or antiparallel to Bo gives rise to a non-zero
net magnetization vector, M, which has longitudinal (Mz) and the transverse (Mxy) components.
Initially, M is aligned with the static magnetic field of the MRI scanner Bo, which also defines the

z-axis, therefore M,=Mg and Myy=0. However, Mz is too small to be measurable and energy needs
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to be added perpendicular to the Bo field to tip M into the transverse plane and generated an MR
signal. This process is called excitation.

Hydrogen nuclei

Spins
(pm@L\\\ p
| Precess at a
/O/ single
frequency

Axis of magnetic External magnetic
moment field (BO)

(a) (b)

Figure 2.1: Demonstration of the precession of protons in the absence and presence of By field. (a) in the
absence of By field, protons (spins) assume a random orientation of magnetic moments, producing a net
magnetization of M = 0. (b) in the presence of external static magnetic field, Bo, the individual magnetic
moments can assume any of the two possible orientations, spin-up or spin-down, and precess about B,

producing a net magnetic moment of M.

Excitation

While the net magnetization M is frozen in the absence of excitation, the application of an RF
pulse at the Larmor precession frequency (on resonance) and perpendicular to the main magnetic
field Bo causes M to precess around By at the Larmor frequency until the excitation radiofrequency
pulse is turned off (Figure 2.2). The angle of precession (flip angle) for transverse magnetic field
(B1), generated by applying an RF pulse with duration t to a colil, is @ = 2z yBit. When the flip
angle is 90°, the longitudinal component, Mz, will be equal to zero while the transverse component
Myy = M.
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Figure 2.2: Illustration of MRI signal induction in the RF coil due to precessing of

Magnetization

Signal acquisition and tissue contrast

One of the main advantages of the RF excitation is bringing the spins into phase in the transverse
plane. After the RF pulse is turned off, the magnetic properties of each nuclei change the local
magnetic field causing some to precess faster and others slower. Gradually the nuclei lose their
phase coherence and the net transverse magnetization becomes zero. The rate of dephasing is
exponential, resulting in an exponentially decaying sinusoidal signal named the "Free Induction
Decay (FID)”. The rate of decay is determined by the magnetic interaction between the spins and
is called the “spin-spin” relaxation or transverse relaxation characterized by relaxation time To.
T is defined as the time it takes for the transverse magnetization to decay to 37 % of its initial

value (i.e. loses 63 % of its maximum signal).

Due to macroscopic differences in the static magnetic field (such as nearby iron or gas and their
associated electromagnetic fields) even within uniform tissues, protons will precess at very slightly
different rates and get out of phase with each other. The dephasing of protons due to these field
inhomogeneities causes tissue magnetization to drop off more rapidly than expected from the T»
constant. This dephasing of the transverse magnetization is a combination of two effects: the first
related to intra- and inter-molecular magnetic field differences (T2) and the second related to fixed
macroscopic field differences due to the presence of different tissues (AB). The combination of
these intrinsic and extrinsic effects is referred to as T>* and can be expressed using the following

formula.



As the nuclei precess in the transverse plane they give up their energy to the molecules in the
surrounding lattice. As they do so they return to the lower energy state and the longitudinal
magnetization (M) recovers exponentially. This is called “spin-lattice” or longitudinal relaxation.
The rate at which this happens is determined by the time constant T1 which is the time it takes for

M to recover to 63% of its maximum value (Figure 2.3).

What is measured in an MRI experiment is the magnetization in the transverse plane, as the spins
precess around Bo. This causes a change in flux in a receiver coil, inducing current in the coil
according to Faraday’s law. This induced current is the MRI signal or FID. The equation of motion
of the magnetization M that describes precession of the magnetization around Bo, decay of
transverse magnetization with time constant T, and re-growth of the longitudinal magnetization

with time constant T1 is generally given by the Bloch equation (Bloch, 1946):

M _ MxyB - LMD MMy [2.4]
dt T, T,

In a reference frame rotating at the Larmor frequency, the solution to this set of differential
equations is:
_—t _—t
M, (t) = M, (1 _e n) and My, (£) = Myy (0)€ T2 oo [2.5]
Where Mo represents the equilibrium magnetization, M; and Myy are longitudinal and transverse
magnetizations after excitation, and T1 and T> are the spin-lattice and spin-spin relaxation time

constants, respectively.

The MR image signal intensity is determined by mainly three basic parameters: 1) proton density,
2) T relaxation time, and 3) T relaxation time, which gives rise to Proton density-weather, T1-
wighred and T2-weithed images, respectively. Proton density is the concentration of protons in the
tissue in the form of water and macromolecules (e.g. proteins, fat, etc.) that resonate and give rise
to the NMR signal. The contrast of MR image can be manipulated by two most important
parameters: the repetition time (TR) and the echo time (TE). TR is the time between consecutive
RF pulses whereas TE is the time between the initial RF pulse and the echo. T> and T1 contrasts in
the MR image can be manipulated by changing TE and TR (Figure 2.3). Short TE and short TR
results in Ti-weighted images while long TE and long TR produces T>-weighted images. Ti-

weighted images portray anatomy, and, if contrast medium is used, may also show pathology.



However, T»-weighted images provide the best portrayal of disease, because many tissues that are
involved in pathologic processes have a higher than normal water content, and the fluid causes
the affected areas to appear bright on T»>-weighted images (Westbrook, 2016, Westbrook, Roth &
Talbot, 2011).

By making TR large and TE small as compared to T1 and T of the tissue, respectively, the decay
effects have little influence and the image is primarily proton density weighted. Table 2.1 shows
the different relative time lengths of TR and TE for different types of contrast weighting.

Due to their varied water content and surroundings, different parts of the human body have

different relaxation times (Table 2.2).

RF

A N

M,
63%

T, times time’ T, times time

Figure 2.3: lllustration of the T, and T, relaxation times for different tissues as a function of TR and TE.

Short TR Long TR
Short TE T1-weighted Proton Density (PD)
Long TE | Not good for imaging (mixture of To-weighted
Tiand Ty)

Table 2.1: Influence of TR and TE on MR image contrast weighting
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Tissue T2 (ms) T1(ms)

Liver 42+3 812+64
Skeletal muscle  50+4 1412+13
Heart 47+11 1471+31
Kidney 5614 1194+27
White matter 69+3 1084+45
Gray matter 99+7 1820+114
Blood 27550 1932+85

Table 2.2: T; and T relaxation times at 3 T measured at 37°C (Stanisz et al., 2005)

MR signal localization

Spatial localization of MR signal is achieved by manipulating the precession frequency of the
nuclei in a predictable way using current carrying gradient coils, which are designed to produce a
desired spatially-varying magnetic field gradient. The secondary magnetic field created by these
gradient coils alters the main magnetic field such that the resonance frequency of protons to varies
as a function of position.

There are three sets of gradient coils, one for each direction: the x-, y-, and z-gradients. The signal

received from a region of a sample at time t (E. Mark Haacke et al., 1999) can be written as:

S o [[[pm)e?Odxdydz .............ccceeiiiiiiiiiiiiiii [2.6]
where p(r) is the spin density and ¢ (t) is the phase that can be expressed as:
D) = V(G 1)t [2.7]
and the field gradient G(r) is:
G =Gz +GyJ + GzK .o [2.8]

The variation in the magnetic field allows for spatially-selective excitation in the slice direction,
as well as further localization via phase encoding and frequency encoding of the received signal.
By applying a called slice select gradient, Gss during excitation, only spins that match the resonance

condition are excited (Figure 2.4a) enabling selection of the imaging slice. Similarly, by applying a
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frequency encoding gradient, Gre during readout, the location of a signal with a specific frequency can
be determined (Figure 2.4b). Localization along the third axis is done by manipulating the phase of
the protons using a phase encoding gradient, Gee (Figure 2.4c). When this gradient is applied, the
spin resonance frequencies are modified, inducing dephasing, When Gee is switched off protos
precess at the same frequency, but have accumulated a phase that depends on their position along

the direction of Gpe.

Patient oatient
slic
) frequency
Bo . cd ‘f_‘”f_‘_f\ ______ I flfz.reasmg B
>
Wag? _
decreasing B bandwidth
> 7z axis
. | —
Decreasing o Increasing Frequency encoding gradient
frequency frequency
() (b)
Patient

Phase encoding gradient
180°

a0°

different rates-
of-change of
g° phase

-a0°

-+ -180°

(©

Figure 2.4: (a) Slice select selection. slice of tissue is selected by applying Gss at the same time point

with the RF excitation pulse. The position along the gradient (z axis in this case) determines ®, resonance
only occurs where this matches wo, defining a plane of that tissue perpendicular to the z-axis. (b)
Frequency encoding, Gee is applied in the plane of the selected slice during readout. Gee determines
the Larmor frequency according to position along its direction. (¢) Phase encoding. Phase encoding
gradient, Geg, is applied in a direction along the selected image plane causing a range of proton magnetic
moment phase shifts dependent on their position along the magnetic field gradient, slope and duration

of the gradient.
12



Since it is not possible to measure more than one phase per frequency, repeated acquisitions are
needed for many different phase-encoding gradient strengths. Hence excitation should be repeated
for each different phase-encoding gradient that needs to be measured.

The MR scanner samples and digitizes the frequency-encoded signals it obtains from each phase-
encoding run and stores the data in the rows of a matrix, which is known as K-space matrix (Figure
2.5). A two-dimensional (2D) Fourier transformation (FT) of the matrix results in the
reconstruction of the image. The number of pixels in the image along the phase encoding direction
is determined by the number of phase encoding steps. The coordinates of the image are the spatial
coordinates x and y. The distribution MR signal components in the image is determined by their
frequency, along the frequency encoding direction (in this case x), and by their change in phase
with each phase encoding step, along the phase encoding direction (in this case y). The program
that controls the timings and order of the encodings is called a pulse sequence.

K-space _ Image _
. (raw data matrix) (image matrix)
— NN I

Spatial
A N\~ frequency
a \ Ly =ky
—‘/\JUUU"\ Foooooozzzizzzzooooooood Phase I

W ------------------ encoding™. . F.
w NMYn— T LT steps, Np  © 7
- M Spatial  |"

| | frequency l

—'— ~—NN\N~ 1/x = ky

Freauencv encodina

phase encodina direction

Figure 2.5: K-space acquisition and image reconstruction. The coordinates of k-space are the spatial

frequencies (kx = 1/x and ky = 1/y). The data points in k-space represent the spatial frequencies content

of

the image. The Fourier transform is used to reconstruct the image. In a Cartesian coordinate acquisition, the

data points are stored line by line along the ky direction and each line corresponds to a separately sampl

2.1.2. MRI pulse sequences

An MRI pulse sequence is a set of radio frequency and gradient pulses (wave forms), usually
applied repeatedly in MR image acquisition. The MR signal is controlled by the time interval
between pulses, and the amplitude and shape of the gradient waveforms. These also affect the
characteristics of the image. There are two fundamental types of MR pulse sequences: spin echo
(SE) and gradient recalled echo (GRE). By tweaking and adding different parameters other MR
sequences can be derived. MR pulse sequences can be either 2D, with one section (slice) excited
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at a time, or 3D, with a volume of multiple sections excited and obtained in a single acquisition.
Some of the widely used pulse sequences are discussed below.

Gradient Recalled Echo (GRE)

The GRE sequence comprises a series of excitation pulses each separated by TR. An RF pulse is
applied to partially flip the net magnetization vector into the transverse plane (Frahm, Haase &
Matthaei, 1986). Gradients, are used to dephase (negative gradient) and rephase (positive
gradients) transverse magnetization. Figure 2.6a show the different components of the GRE pulse
sequence. The Gss is applied to select an imaging slice. Any dephasing of the spins across the slice
that occurs due to this gradient is reversed by a rephasing Gss gradient with opposite polarity.
Before the application of the readout gradient (Gre), a negative dephasing gradient is applied,
whose is half that area under the readout gradient, causing the spins to dephase. The spins get back
into phase in the center of the readout period (at time TE). In the GRE sequence, TE is defined as
the time between the mid-point of the excitation pulse and the mid-point of the data acquisition
window. GRE sequences can generate 3 types of MRI contrasts: T1, T2* and proton density (PD).

GRE is suitable for fast imaging due to low flip angles with ultrashort TR.

Spin echo (SE)

The spin-echo pulse sequence is one of the earliest developed and is still widely used in different
forms.

In this sequence, a 90° pulse is used to flip the net magnetization vector into the transverse plane
(Hahn, 1950). As the spinning nuclei go through Ti, T2, and To>* relaxation, the transverse
magnetization is gradually dephased. To rephase the spinning nuclei, a 180° pulse is applied at a
time equal to one-half of TE. When the nuclei are again in phase (at TE), an echo is produced and
read (Figure 2.6b). The advantages of the SE sequence are high signal to noise ratio (SNR) and
true T2 weighing. Most conventional SE sequences require long a TR for signal relaxation due to
the 90-180-degree RF pair, increasing the acquisition time. Advances in MR imaging technology
have enabled a reduction in acquisition time with the use of other fast SE derived
sequences. However, the long TR is also essential for some applications to eliminate the effects

of T1 of and generate T>-weighted images.
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Figure 2.6: (a) simplified GRE pulse sequence diagram indicating the timing of gradients, including the
reversal of GFE synchronized with RF excitation and data acquisition. (b) SE pulse sequence diagram with
the RF refocused pulse. Spins initially in phase will be dephased at the end of the first TE/2, but recover
their phase coherence after the refocusing pulse, producing a maximum signal (echo) at the end of second
TE/2 period. Amplitude is shown vertically and time horizontally. RF is the excitation pulse, Gss is the slice
select gradient, Gee is the phase encoding gradient, Gre is the frequency encoding gradient, ADC is the
analog to digital conversion indicating the signal acquisition. After time interval TR the sequence is

repeated for a different Gpe strength (represented by parallel lines in the diagram)
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Fast Spin Echo (FSE) or Multi-Echo Spin Echo (MESE)

FSE sequence also known as Turbo Spin Echo (TSE) or MESE consists of a 90° RF pulse
followed by a train of evenly-spaced 180° RF pulses applied alternately along the transverse
plane to acquire several echoes per excitation (per TR). Each echo is encoded with a different

phase encoding gradient. This is designed to reduce imaging time of SE sequence.

The spin echo occurs after dephased protons are re-phased by the 180° pulse, thus reversing the
fixed magnetic field inhomogeneities, while intrinsic T2 dephasing continues unabated. After the
protons become dephased at TE, they will continue to dephase and the ‘echo’ dies away but
applying another 180-degree pulse will rephase them again. This can be repeated as many times
as needed, each time generating an echo, reversing effects of fixed magnetic field
inhomogeneities. As T dephasing continues, at some point, the echo becomes too weak to be

detected above the noise.

The total number of 180° RF pulses and echoes is called the echo train length (ETL). In the FSE
pulse sequence the acquisition time is greatly reduced with respect to a conventional SE
sequence. Since many echoes are acquired each with a different TE, instead of just a single TE,
there is an 'effective TE' (TEefr) that reflects the T1/T2 weighting of the sequence.

Echo Planar Imaging (EPI)

The GRE sequence is inherently characterized by a short TR compared to the SE sequences.
However, the conventional GRE still acquires a single line of k-space per excitation (per TR).
Repeating a succession of phase encoding steps, to generate the whole MR image, increases the
scanning time and renders the data susceptible to motion artefacts. Furthermore, many imaging
technologies, such as CEST require repeating the acquisition multiple times. Fast techniques such
as single-shot EPI (ss-EPI) (Mansfield, 1977, Rzedzian et al., 1983) were introduced in order to
reduce acquisition times. The ss-EPI sequence utilizes rapidly switching gradients to acquire the
entirety of k-space lines with a single excitation. By using varying gradient strengths, consecutive
phase encoding steps can be obtained thereby completing the k-space matrix. Alternating the
frequency encoding gradient enables sweeping back and forth across the frequency encoding

direction with each phase encoding step. Each image can be acquired in less than 100 ms, with a
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tradeoff in image quality. The EPI sequence can be either blipped or unblipped. In blipped-EPI, a
small phase encoding gradient ‘blip’ is placed at each readout gradient reversal. This adds further
phase encoding to the previous ‘blip’ making the acquisition easier and faster. However, in
unblipped-EPI, a constant phase-encoding gradient is continuously used during an oscillating
readout gradient. Figure 2.7 shows the timing diagram of a ‘blipped’ single shot Echo planar

imaging (ss-EPI) pulse sequence timing diagram.
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Figure 2.7: Blipped single-shot GRE-EPI pulse sequence timing diagram. A small phase-encoding
gradient ‘blip’ is placed at each readout gradient reversal. TEes is the effective echo time and a is the

flip angle.

Artifacts in EPI Sequences

EPI based sequences afford fast image acquisition times, but are more susceptible to various
artifacts. Because of the successive application of gradients, EPI based sequences are very
sensitive to magnetic field inhomogeneities. Furthermore, the successive application of gradients
cause phase buildup across the sequence resulting in chemical shift displacement artefact.
Chemical shift displacement or frequency difference between fat and water encoding can
correspond spatially to as much as half of the image. Another EPI artefact is ‘ghost” artefact. The
polarity of the readout gradient in the EPI sequence is alternated. For image reconstruction, every
alternate echo must be time-reversed before Fourier transformation. Small errors in gradient

amplitudes and pulse sequence timings can cause a phase disparity between the odd and even
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echoes and result in half-FOV ‘ghost’ artefacts (also known as Nyquist ghosts). Other factors
including eddy-current effects, timing and amplitude errors related to the gradient hardware, and
receiver anti-aliasing filter delays can be also the cause of ghost artifact (Sukumar, 1999). The
influence of the above factors can be difficult to handle because they affect the odd and even
echoes differently. Hence, effective fat suppression and phase correction are important in EPI

based sequences.
Hybrid GRE-SE sequence (TGSE or GRASE)

Turbo Gradient Spin Echo (TGSE) or Gradient and Spin Echo (GRASE) sequence is a mixture
of FSE (using 180° rephasing pulses to create a spin echo train) and GRE (readout of several
gradient echoes between each 180° pulse). During a single TR, several gradient echo trains can
be recorded, with a signal weighting of the SE type. Each echo has a different phase encoding
to fill the k-space more quickly. Using intermediary gradient echoes rather than spin echoes
allows reduction of the number of 180° rephasing pulses, thereby reducing the quantity of RF
energy deposited. This sequence is used primarily for T2-weighted imaging. Its advantages are
shorter measurement time and reduced RF power deposition. Figure 2.8 shows the timing diagram

of Hybrid Turbo Spin Echo/Gradient Echo pulse sequence.

Figure 2.8: Illustration of TGSE sequence diagram with four gradient and two spin-echoes.
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2.1.3. MRI scan parameters
During MRI acquisition, different parameters affect the resulting tissue contrast, image spatial
characteristics, scan time and image noise characteristics. These can be classified into primary
parameters (those that can be set directly) and secondary parameters (resulting from the primary
parameters, which are used to describe the image) (Duerk, 1997). TR, TE, Flip Angle (FA), slice
thickness, Field of View (FOV), Number of phase encoding steps (Nrg), Number of frequency
encoding steps (Nre), Bandwidth (BW) and Number of Excitations (NEX) are among the primary
parameters. Signal to Noise Ratio (SNR), Scan time (TA), coverage, resolution and image contrast

among secondary parameters that can be controlled by adjusting the primary parameters.

BW is a measure of frequency range involved in reception or transmission of a signal, the range
between the highest and lowest frequency allowed in a signal. BW is apportioned to pixels along
the frequency-encoding direction equally.

FOV is the dimension of the desired part of the object to be scanned. In a particular direction, the
FOV is related to the bandwidth of the RF excitation pulse and the applied gradient strength G in

that direction. For example, in the phase encoding direction:

FOVPE Y [29]

The FOV along with Npg, Nre and slice thickness determines the spatial resolution (voxel size),
which is the minimum distance that can be distinguished between two points. It is given by:
Voxel size = 222 x FOVFE v Glice thickness ......ccoov..... [2.10]
Npg Nrg
Npe and Nre represent the number of pixels in the phase encoding direction and frequency

encoding direction, respectively which are determined by the image matrix size.

NEX stands for the number of times the scan is repeated (number of signals averaged). It refers to

how many times each line of k-space data is acquired during the scan.

SNR is the measure of the relative strengths of the signal with respect to the noise. Low SNR

results in poor image quality. SNR depends on voxel size, BW, NEX, Npe.

SNR « Voxel size x

JNpgX NEX 2.11]
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In 3D imaging, there is an additional phase-encoding step in the slice select direction (N.)
(partitions). Therefore, the SNR will be:

JNpgX NzX NEX 2.12]

SNR;p, « Voxel size x TR e

Equation [2.9] shows that SNR in 3D imaging is higher than in 2D imaging. Specifically,

Total scan time or Total acquisition time (TA) is dependent on TR, NPE and NEX (additionally
on Nz in 3D). It is given by:

Scantime = TR XNpe X NEX........coooiiiiiiiiiiiin, [2.14]
For fast spin-echo (FSE) imaging, NEX will be divided by the Echo train length (ETL). For 3D

imaging, the above scan time will be multiplied by N..

Optimization of the above parameters may involve some trade-offs depending on the desired

resolution, SNR and contrast and the allowable acquisition time.

2.2. Chemical Exchange Saturation Transfer (CEST) MRI

In MRI, image contrast is determined by properties of hydrogen nuclei embedded in water or fat
(“free protons”). Hydrogen nuclei in molecules other than water and fat (“macromolecules”
“bound protons” “solid pool protons”) can also be the source of MRI signal. MRS allows direct
detection of endogenous metabolites, containing hydrogen, including N-Acetylasparate (NAA),
creating (Cr.), choline (Cho), myo-inositol (Ins), and glutamate (Glu) (Graaf, 01 November 2007).
These metabolites can be robustly detected on a clinical MRI scanner with a field strength of 3 T,
due to their adequate concentrations in the human body and their well separated chemical shifts in
the MRS spectrum. However, in vivo measurement of certain molecules, such as glycogen,
remains challenging due to their low concentration and resonance frequency that overlaps with
other signals. As a result, they cannot be seen directly using conventional MRS technique. These
types of molecules can be detected indirectly using off-resonance imaging, by means of
magnetization transfer through proton exchange with the free water protons. This relatively new

technique is called chemical exchange saturation transfer (CEST).
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2.2.1. Chemical shift
Protons in different molecules experience a range of magnetic environments and shielding effects
from the surrounding electrons. Thus, Larmor frequencies vary slightly from one type of molecule
to another (Proctor & Yu, 1950). For example, if due to the circulation of electrons in a molecule
a local magnetic field, Be is created that opposes the static magnetic field, Bo (Be is proportional

to Bo), the resulting magnetic field will be:

Because the nucleus is partially shielded from the external magnetic field its Larmor frequency

will be:

The extent of shielding is influenced by structural features within the molecule. Chemical shift is
defined as the relative difference in resonant frequency compared to a standard signal which is

defined to be at 0 ppm.

(frequency of signal - reference frequency)

Chemical shift, § = x 108 ... [2.17]

reference frequency
Conventionally tetramethylsilane (TMS) is used as a reference for *H NMR (Harris et al., 2002).
For most CEST experiments free water is used as a reference. The scale is expressed in parts per
million (ppm) which is independent of the spectrometer frequency. Figure 2.9 shows the chemical

shift scale in the conventional NMR spectrum.

Shield
Deshield N
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Figure 2.9: Chemical shift scale using Conventional NMR Spectrum

2.2.2. RF Saturation and Exchange
Saturation is a temporary state in which tissue shows approximately zero net magnetization (Wu,
B. et al., 2016). Saturation is a form of suppression; suppression techniques include chemical

(spectral) saturation, inversion recovery and spatial saturation in the field of view (Duerk, 1997).
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The resonance frequency variation between different molecules allows the selective excitation of
specific molecular protons without exciting others, through the delivery of an off-resonance
radiofrequency pulse (Wolfsdorf & Weinstein, 2003). The subsequent interaction (chemical
exchange) between these protons and water protons surrounding the molecules transfers the
saturated magnetization to the water. As a result, the overall MR signal from water is lower than
it would have been without the saturation transfer, giving an image contrast directly dependent on
the concentration of the targeted molecule.

Protons in metabolites, small molecules, peptides and small mobile proteins have a different
frequency distribution and exchange magnetization with water via mechanisms that are different
from protons on large proteins, macromolecules and membranes (Zijl et al., 2003). Hence, off-
resonance saturation transfer contrast can be classified in to two categories: magnetization transfer
(MT) and CEST. MT is the physical process by which semi-solid macromolecules and their closely

allied water molecules (the "bound™ pool) cross-relax with protons in the free water pool.

On the other hand, CEST is the transfer of saturation from the solute (target molecule) pool to the
water after exchangeable solute protons are selectively saturated using RF irradiation at their
resonance frequency. The solute chemical species must have in its structure a *H proton that is
exchangeable with those of water for this transfer to take place. The exchange of saturated protons
from the solute pool with unsaturated protons from the bulk water pool then leads to a reduction

in the water signal proportional to the concentration of solute pool (Figure 2.10).

In view of the low concentration of solute protons (UM to mM range), a single transfer of saturation
is insufficient to show any discernable effect on water protons (Zijl. & Yadav, 2011). However,
because the bulk water pool is much larger than the saturated metabolite proton pool, each
exchanging saturated solute proton is replaced by a non-saturated water proton, which is in turn
saturated via application of a long duration saturation pulse, progressively decreasing the water

magnetization.

Concurrent, longitudinal relaxation returns the saturated proton spins to their thermal equilibrium
state until the system reaches steady-state, or the saturation pulse is turned off. The reduction in
the water signal can be imaged with any imaging readout scheme provided that the discrete

chemical shift difference (Aw) between water and the exchangeable proton on the solute is

22



preserved, and the exchange rate, ky, fulfils the slow to intermediate exchange condition on the
NMR time scale defined as (Kogan, Hariharan & Reddy, 2013):

KbSA® coveiieie [2.18]
Kb Water
’ pool (a)
Ka
Reduction in water signal
\ due to saturation transfer
N from solute pool

3 -
RF on solute pool * 1) L
M
A

Figure 2.10: RF Saturation and exchange mechanism. When RF saturation pulse is applied to the

exchangeable solute pool, the magnetization from the solute protons is nulled. The saturated protons then
move to the larger water pool via chemical exchange with exchange rate Ks, while unsaturated protons from
water move to the solute pool with exchange rate Ky, replenishing the magnetization.

2.2.3. CEST MRI contrast mechanism

CEST agents (molecules with exchangeable protons), can be categorized into two classes:
paramagnetic CEST agents (PARACEST) and diamagnetic CEST agents (Kogan, Hariharan &
Reddy, 2013, Zhou, Jinyuan & Zijl, 2006). Molecules with exchangeable protons capable of
providing CEST signal combined with a paramagnetic metal ion (typically one of the lanthanides)
are known as paramagnetic CEST (PARACEST) agents. PARACEST agents create larger
chemical shifts between exchangeable protons, which allow for more selective irradiation and
imaging of faster exchanging species. On the other hand, diamagnetic CEST (DIACEST) agents
are endogenous molecules with exchangeable protons without paramagnetic ions (Wu, B. et al.,
2016). Glycosaminoglycans, glycogen, myoinositol, glutamate, creatine are some examples of
endogenous metabolites with exchangeable protons (Kogan, Hariharan & Reddy, 2013). Figure
2.11 demonstrates the DIACEST molecules relative chemical shift to that of water;
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2.24.

Many mathematical models are available to describe the CEST saturation transfer mechanism and
guide optimization of the CEST signal. The simplest model is the two-pool model (Liu G, KWY.
& MT., 2013), where the pools are the exchangeable proton pool (b) and bulk water proton pool
(a) with proton chemical shift differences (Aw) and equilibrium exchange rate (k). The two-pool
and three-pool models are shown in Error! Reference source not found.. The small pools
represent exchangeable protons on small solute molecules and in the three-pool case,
magnetization transfer from semi-solid macromolecules. The large pool represents bulk water
protons. T1 and T» are the longitudinal and transverse relaxation rates. M is the equilibrium
magnetization, wn, is the resonance frequency of the exchangeable proton of interest and wa is the

resonance frequency of the water. Kpa and kap, are the exchange rates of magnetization from pool

Water

Amide NH Hydroxyl OH
Hetrocycle NH qre——) PR
M
Amine NH;

—— ) —

6 ppm 5 ppm 4ppm 3ppm 2 ppm l1ppm Oppm

Relative chemical shift with respect to water

Figure 2.11: DIACEST molecules relative chemical shift with respect to water molecule

CEST exchange models

b to pool a and vice versa.
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Figure 2.12: Two-pool (left) and three-pool (Woessner et al., 2005, Zhou, Jinyuan et al.,
2004) exchange model for CEST modeling with solute pool and water pool, and MT pool.

Bloch-McConnell equations (McConnell, 1958), derived from the Bloch equation (Equation [2.5])
with the inclusion of magnetic effects between two or more pools of hydrogen atoms, are commonly
used for quantitative description of the CEST process. The time-dependent Bloch-McConnell

equations in the two-pool exchange model for CEST can be represented as (Zhou et al 2004):

oM, ] Max/T

ax/o | [ka Awg 0 ke 0 0 Max] Moy
Mayyol 1800 =k =01 0 kg 0 ||May| | _ MZS/
OMaz ot 0 -—w —kg O 0 kba ||Maz .
My Tk 00 0 -k Bw, 0 |[My|” woo | o

x
Moy fot 0 ko 0 Awy, —kpe —w1f|Mpy M bV;TZb
_aMbZ/at | Lo 0 kap 0 —w;  —kpglLM, ] My — le)b/
i Tip

where Maxy,z and Moxy,; are the x, y and z magnetization components for bulk water and solute
(labile) protons, respectively, and Ti2a and Ti2p are the longitudinal and transverse relaxation
times. w1 = yB1 is the RF saturation pulse amplitude, and Awap is the difference between the

saturation RF offset and the bulk water and labile proton chemical shifts, respectively.

More complicated mathematical models, including three-pool models (Woessner et al., 2005), that

include magnetization transfer from semi-solid macromolecules through dipole-dipole interaction
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(with a very short T2), and four or higher pool models (Li, Alex X. et al., 2008), have also been

reported, that include additional exchangeable proton and/or semi-solid proton pools.

The Bloch-McConnell equation can be extended to describe multi-pool (n-pool) CEST signal as
follows (Sun, 2010b, Woessner et al., 2005, Zhou, Jinyuan et al., 2004):

— aM —
aM“x/at —kap,  Dwg 0 0 0 ky 0 0
ay/at Aw,  —kgp, —w; 0 . 0 0 —kp,_.a 0
aMaz/at 0 ~w  —kgp, O 0 0 0 kb, .a
0 0 0 0 0 0
-l o . 0 . . -—w 0 0 0
_ 0 0 0 —w, 0 0 0
oM
bn_lx/at _kab1 0 0 0 0 0 _kbn—la A(,()bn 1 0
aMbn_ly/at 0 —kap, 0 0 0 0 Awp_, —kp _.a W,
M,,_z/ 0 0 —kgp,, O 0 0O 0 0 —kp_.ql
I ot
i M
[ Max ax/Tza
Mg, May
2a
Maz (MaO - Maz)/
Tiq
I R U [2.20]
Mbn_lx/
T
Mbn_ n-1
v Mbn—ﬂ’/
Mbn—ly T2bn—1
M, ., | Mp,,_,0— Mbn_IOZ)/
| T1p,_, |

While it is complicated and difficult to solve higher pool models, numerical (Murase & Tanki,
2011, Woessner et al., 2005) and analytic approaches (Bottomley et al., 1989, Zaiss et al., 2015)
can be used to solve the Bloch-McConnell equations for models with a low umber of pools and
investigate the effect of time varying saturation. This allows optimization of parameters to that
increase the CEST effect.
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2.2.5. CEST Spectrum (Z-Spectrum)

In CEST relative quantification is achieved by measuring the reduction in water signal caused by
the saturation transfer, compared to the corresponding unsaturated image. A signal (Ssa) is
measured after an RF pulse is applied at a desired offset frequency, A, from the water resonance.
Another signal (So) is measured without applying a RF saturation pulse. The process is repeated
over a range of saturation frequencies to generate the so-called CEST or Z-spectrum, which
displays the ratio of water signal intensity acquired with and without saturation as a function of
RF saturation frequency offset from free water at 0 ppm (Ward, K. M., Aletras & Balaban, 2000).

Z(A®) = Ssat(AD)/S0 vveveriaiiiiirieiee et [2.21]
A simple estimation of CEST the effect at a particular saturation frequency offset is complicated
by competing factors like magnetization transfer (MT), which is transfer of magnetization between
semi-solid macromolecules and water, and direct water saturation (DS) or spillover effects. These
effects also reduce the water signal and should be eliminated for reliable CEST quantification.

To isolate the effects of chemical exchange from the effects of MT and DS, instead of comparing
the signal reduction caused when saturating a specific spectral location (+mppm With respect to) to
that without saturation, the CEST effect is measured by comparing to the water signal reduction
when saturating the opposite spectral location (—wppm). This asymmetry analysis assumes that the
MT and DS effects are symmetrical about the water resonance frequency. In this way, the most
commonly utilized CEST metric, the Magnetic Transfer Ratio (MTRasym) at +wppm IS expressed as
(Wu, B. etal., 2016, Zhou, J. et al., 2003, Zijl. & Yadav, 2011):
_ (Ssat(-4Aw) — Ssqr(+4w)

MTR g5ym = P — [2.22]

where Ssat(+Aw) and Ssat(-Aw) are the measured signal with RF saturation at +Aw and -Ao,

respectively.

MTRasym analysis assumes chemical-shift (Aw) > kna — the transfer rate of protons from solute to
water. ldeally, 3 measurements are required for MTRasym: one each after applying an RF saturation
pulse at +A® and -Aw, and another without applying RF saturation. However, in practice the
assumption of symmetric MT and DS effects will be disrupted by Bo inhomogeneity which will

shift the resonance frequencies by an unknown amount.
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Hence, instead of measuring signals at only 3 points, the CEST effect is measured by applying RF
saturation pulses at a range of frequency offsets around the desired resonance frequencies both
upfield and downfield of the water resonance frequency (0 ppm).
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Figure 2.13: A simulated Z-spectrum and MTRasym curve. The simulation was based on an
analytical solution to the two pool BM equation. A clear “suppression” in the Z-spectrum and
“peak” in the MTRasym CUrve can be seen at 3.5 ppm corresponding to the CEST effect due to

chemical exchanae.

For molecules with resonance frequencies sufficiently far from water, the CEST effect may be
visible as a “dip” or attenuation in the Z-spectrum and “peak” in the MTRasym curve as shown
Figure 2.13. For molecules with resonance frequencies very close to water, like hydroxyl groups,
the MTRasym plot is used to better visualize the CEST effect.
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2.2.6. Other CEST metrics
Bloch fitting
The CEST spectrum can be fitted and quantified using the Bloch equations modified for chemical
exchange (Li, Alex X. et al., 2008, Woessner et al., 2005). In this method, pools representing bulk
water, solute molecule, and asymmetric magnetization transfer effects are typically fit to the
measured CEST spectrum.

CEST effect = [Sa(A®) - Sa+a(A®)]/S0 envenviriiiiiiiiiiiiann [2.23]

where Sa and Sa+« are the simulated signals at Ao offset frequency (chemical shift) of water pool
and the water and desired molecule pool respectively. So is the signal intensity of water without
saturation. The pure CEST effect of the solute molecule can be measured from the fitted
parameters. In theory this method removes the confounding effects of MT and direct water

saturation.

Lorentzian line fitting

Analytical studies show that individual CEST effect, including the MT effect within a small
range of frequency offsets, can be approximated by a Lorentzian line shape in a Z-spectrum
(Zaiss, M. & Bachert, P., 2013, Zaiss, Schmitt & Bachert, 2011). The sum of these individual

line shapes can provide a fit for complete CEST spectrum.

Fitted CEST spectrum =, L;(AW) .occcovvivvevinincen e nennnen | 2.2 4]

where Li is the Lorentzian function of a pool defined as (Kogan, Hariharan & Reddy, 2013):

FWHM?

Li=4A 4 OO 3.1

i 2 .
FWfM +(Aw-w(water))?

where A is the amplitude, FWHM is the full width half maximum, and 4w is the offset frequency

of an individual Lorentzian function, w(water) is the frequency of bulk water.

This method allows fitting of multiple pools with Lorentzian line shapes. However, the
reliability of this approach strongly depends on the SNR, which can be compromised by poor
spatio-temporal resolution. In addition, conventional least-squares fitting is sensitive to initial
and boundary values, which, if not properly selected can lead to inaccurate fitting (Zhou, Iris
Yuwen et al., 2017).
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Relaxation compensated CEST MRI (AREX)
AREX is another method of correcting the direct water saturation and MT influences (Zaiss et al.,
2014), which is based on an inverse metric of the steady-state Z-spectra. To correct for MT and
DS effects, a reference spectrum (Zref) is subtracted from the complete fit of the CEST spectrum
(Ziab). Zrer consists of the fit for all pools except the pool of interest in the CEST spectrum. This
subtraction is assumed to yield an isolated CEST effect known as MTRRex.

MTRRex = 1/Z1ab = 1/Ziref vevereemrrersrerresenseessssesssesssesssnsssseneen [2.26]

After this subtraction, the influence of water longitudinal relaxation is corrected via multiplication
by Riw (1/Tw). This provides relaxation compensated CEST signal known as apparent exchange-
dependent relaxation (AREX) (Xu et al., 2014, Zaiss et al., 2014).

AREX = MTRREX/T1 euviieiiieie et e [2.27]

MTRRex and AREX are metrics for pH measurement, where exchange rate is a function of pH.
However they should be used with caution as the statistical error of inverse Z is considerably
higher than Z which may limit the application of MTRgrex and AREX, especially for exchange
protons with a small chemical shift such as -OH protons in glycogen (Michael T. McMahon, 2017).

2.2.7. CEST pulse sequence implementation

The CEST MRI pulse sequence consists of three parts: a relaxation period that allows sufficient
magnetization recovery prior to the next excitation; a saturation pulse that determines the type of
image contrast and molecule to be detected, and image acquisition, which determines the image
quality and scan time (Figure 2.14). There are two main approaches for RF saturation: continuous
wave (CW) and pulsed wave (PW). Other types of CEST preparations have also been proposed
such as frequency-labeled exchange transfer (FLEX) (Friedman et al., 2010, Lin, C. Y. etal., 2014,
Lin et al., 2012, Wu, B. et al., 2016), saturation with frequency alternating RF irradiation
(SAFARI) (Scheidegger, Vinogradov & Alsop, 2011), or spin-lock (Jin & Kim, 2014, Yuan et al.,
2012, Zaiss, Moritz & Bachert, Peter, 2013).

tsat

JAY0) Readout/ imaging
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4

Figure 2.14: Parts of CEST pulse sequence
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CW saturation pulse

In this approach, a continuous off-resonance RF pulse, with a given amplitude, duration and
frequency, is used for saturation. Optimization is straightforward in the CW-CEST case, because
there is an analytic solution that facilitates simple and rapid calculation (Zu et al., 2011), and there

are only two acquisition parameters (amplitude and duration) that need to be optimized.

Experiments using CW are less sensitive to B; inhomogeneities, but have high power deposition
(high SAR), that may pose a safety issue, especially at high field strengths (Wu, B. et al., 2016).
Figure 2.15 shows the timing diagram of a ss-EPI sequence with a CW RF saturation pulse.

CW RF saturation RF excitation

f-q---gx--q------{------

—
Py

Figure 2.15: CW RF saturation pulse with amplitude (power), B: and duration t, with a GRE-EPI acquisition. TR
includes both the saturation duration, acquisition duration and relaxation duration (shown broken, a time where
spins are allowed to relax to their equilibrium position and be ready for next saturation and measurement with a

different offset frequency) in a single measurement.

PW saturation pulse

In the PW implementation, a train of short RF pulses are used with a total duration equivalent to
the CW pulse (Figure 2.16). Using short repetitive pulse addresses the SAR limitation. In pulsed
saturation, more sophisticated RF shapes have been proposed such as Fermi (Dixon et al., 2010),
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Sinc and Gaussian (Schmitt et al., 2011, Zu et al., 2011) etc. In addition to the pulse shape, factors
that need to be considered CEST signal optimization include: individual pulse length, inter-pulse
gap, and number of pulses (Wu, B. et al., 2016) making it more difficult to use analytical
optimization. PW saturation is sensitive to field inhomogeneities (Schneider, Prost & Glover,
1993).

Image acquisition

Block

Figure 2.16: PW saturation pulse with power B4, individual pulse duration t, and inter pulse gap tq.
The TR duration includes pulse duration, inter-pulse gap, acquisition time and relaxation duration.

2.3. Glycogen detection using CEST (glycoCEST) MRI

When we eat carbohydrates, our body breaks them down into smaller sugars (glucose, fructose,
and galactose) which get absorbed and used as energy. Any glucose not needed right away gets
stored mainly in the muscles and the liver in the form of glycogen. When glycogen stores are filled

up, the extra will be stored as fat (Acheson et al., 1988).

Glycogen is a branched glucose polymer consisting of linear a-1,4 linkages and branching o-1,6
linkages. It is the primary short-term energy storage molecule in animals and bacteria (lwase et
al., 2018, Roach et al., 2012). Glycogen can be easily stored by our muscles (~500 g) and liver
(~100 g) hydrated with three or four parts of water (Jensen et al., 2011, Kreitzman, Coxon & Szaz,
1992).

Muscle glycogen is converted into glucose by muscle cells and used as the primary ‘fuel’ during
exercise., and liver glycogen converts to glucose for use throughout the body including the central
nervous system (Katz et al., 1986). Glycogen is essential for energy production at all levels of
effort and plays a major role in supporting the energy demands of skeletal muscle during prolonged

exercise. At rest, muscle glycogen is used for about 15-20% of energy production. At moderate
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intensities (~55-60% of max) glycogen usage could rise to as much as 80-85%, and this increases

even more at higher exercise intensities (Kreitzman, Coxon & Szaz, 1992).

Literature shows that aerobic endurance is directly related to the initial store of muscle glycogen,
that strenuous exercise cannot be maintained once these stores are depleted, and that perception of
fatigue during prolonged intense exercise parallels the decline in muscle glycogen (Bergstrom et
al., 1967, Hermansen, Hultman & Saltin, 1967, lvy, 2004). During exercise, when the body runs
out of glycogen, it experiences a very uncomfortable state and lacks the energy to continue
exercising. For sustained intense exercise, or for rapid recovery from prolonged exercise, it is
important to refill muscle glycogen stores and initiate repair and adaptation, by consuming either
carbohydrate high food or glycogen gels (Ivy, 2004, Saitoh et al., 1994).

Several genetic glycogen storage diseases are characterized by an abnormal ability to utilize
glycogen (Godfrey & Quinlivan, 2016, Wolfsdorf & Weinstein, 2003) that results in exercise
intolerance, and glycogen content may also be abnormal in conditions such as obesity, insulin
resistance, and type 2 diabetes (Cline et al., 1999, Zijl. et al., 2007).

Methods to detect and quantify glycogen in vivo are key for better understanding of exercise-
related glycogen depletion and repletion to optimize athletic performance and in the prescription
of exercise and dietary interventions for health, fitness and weight control as well as to understand

the pathophysiology of glycogen related disease.

Despite limitations of the methods, glycogen can be measured by invasive tissue sampling through
needle biopsy(Bergstrom, 1975, Evans, Phinney & Young, 1982, Shanely et al., 2014), *C
Magnetic Resonance Spectroscopy (**C MRS) (Lei et al., 2007, Witney et al., 2014), Positron
Emission Tomography (PET) (Witney et al., 2014) or high frequency ultrasound (Nieman et al.,
2015, Sikdar, Wei & Cortes, 2014).

Needle biopsy provides direct glycogen measurement but is invasive and impractical for
longitudinal studies due to discomfort associated with repeated biopsies from different muscle

groups.

13C MRS can provide a direct measurement of glycogen concentration in various organs, but is not

widely available. In addition to poor spatial resolution, PET involves ionizing radiation, which
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limits the allowable frequency of measurement, making it unsuitable for longitudinal studies. Low
spatial resolution and accuracy limit the use of ultrasound for detection of glycogen.

What makes MRI a very powerful technique compared to other imaging modalities is the ability
to generate new contrasts by manipulation of hydrogen atoms in different molecules. The major
difference between CEST MRI and other MRI pulse sequences is that CEST requires a train of
spectrally selective CEST excitation pulses before the standard excitation pulse. These saturation
pulses saturate the magnetization of the hydrogen nuclei attached to the hydroxyl (OH-) group in
glycogen. Since hydrogen nuclei bound to glycogen and those in free water possess different
chemical shifts, after spectrally selective saturation of the hydrogen nuclei in the glycogen pool an
attenuated MRI signal can be detected in the water pool due to chemical exchange between the

two pools.

The feasibility of detecting glycogen using CEST from —OH groups of glycogen to free water
(glycoCEST) was previously demonstrated in vivo (Zijl. et al., 2007) (Kim, Mina et al., 2009).
However, to date, CEST MRI is not routinely available on clinical scanners. The rapid exchange
of -OH protons (which is greater than 10° per second (Zijl. et al., 2007)), a small chemical shift
difference with bulk water protons (0.5 — 1.5 ppm), the dependency of chemical shift as well as
exchange rate on the MRI magnetic field, temperature and pH (Sun, van Zijl & Zhou, 2005) makes
the detection of glycogen/hydroxyl proton groups using CEST MRI a difficult task.

The acquisition of multiple CEST images to generate the Z-spectrum results in long scan times
when using traditional imaging readouts. This long scan time causes CEST MRI to be susceptible
to subject motion and magnetic field inhomogeneity. To decrease the overall acquisition time,
rapid MRI acquisition techniques have been adapted for CEST, including Rapid Acquisition with
Relaxation Enhancement (RARE) (Liu et al., 2009), Echo Planar Imaging (Liepinsh & Otting,
1996, Sun et al., 2013), True Fast Imaging with Steady State Free Precession (FISP) (Shah et al.,
2011), Gradient and Spin Echo (GRASE)(He Zhu, 2010), Variably-accelerated Sensitivity
Encoding (VSENSE) (Zhang et al., 2017), keyhole (G., E. & E., 2012), as well as optimized spiral-
centric-reordered GRE approaches (Zaiss, Ehses & Scheffler, 2018). These imaging methods,
however, cannot eliminate motion and fluctuation in the prepared static shim between different

offset frequency acquisitions.
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2.4. Motion in MRI and correction techniques

Most MRI imaging sequences require an acquisition time that is far longer than the time scale of
most types of physiological motions, including involuntary movements, cardiac and respiratory
motion, gastrointestinal peristalsis, vessel pulsation and blood flow. These cause motion to occur
in between or during acquisition blocks of the imaging sequence. Motion is one of the most
frequent sources of artifacts in MRI. It causes the signal to be mis-registered during reconstruction
and analysis and results in blurred images as well as ghosting (Ali et al., 2013, E. Mark Haacke et
al., 1999). Motion induced effects in MR generally include: blurring artifacts due to interpolation
(Tong & Cox, 1999), ghosting, signal loss, and the appearance of undesired strong signals (Zaitsev,
Maxim, Maclaren & Herbst, 2015). Periodic motion synchronized with the k-space acquisition
results in coherent ghosting with the number of replicas corresponding to the frequency of k-space
modulation. Deviations from perfect periodicity in k-space result in incoherent ghosting, appearing
as multiple overlapped replicas, and sometimes seen as stripes in the phase encoding direction
(Zaitsev, Maxim, Maclaren & Herbst, 2015). Simple reconstruction using an inverse Fourier
Transform (FT) assumes the object has remained stationary during the time the k-space data were
sampled. Inconsistency between various portions of the k-space data causes readout-related motion
artifacts (Zaitsev, Maxim, Maclaren & Herbst, 2015).

Motion in MRI can be categorized in to non-rigid and rigid motion. Non-rigid motion is hard to
identify, it includes cardiac motion, gastrointestinal peristalsis, and pulsatile brain motion.

The influence of rigid body motion can be defined in the raw k-space data. Rigid body motion
estimation and correction techniques in the inverse space operate by separating the translation and
rotation of an object in a k-space. In general, translations only affect the phase while rotations only

affect the magnitude of the raw signal (Vaillant et al., 2014).

The effect of rigid body transition on the phase of the signal is given by the Fourier shift theorem
(Vaillant et al., 2014). Consider two physical representations of an object (l1(x, y), l2(X,
y)) translated by (Xo, Yo):

120X, ¥) = 11(X=X0, Y-Y0) werveerrrereeirienieeiesieseeseeseeseessaessneeesseesseeneens [2.28]

This translation in image space is converted to a linear phase accumulation between their

corresponding Fourier pairs (Fi(Kx, Ky), F2(kx, ky)), referred to as Fourier-shift-theorem:
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F2(kx, ky) = Fl(kx, ky) e (-2im (kxX0+ k)}/o)) .............................................. [229]

The translation parameters (Xo, Yo) are encoded in the phase of the Fourier data and can be

recovered by computing their normalized cross-power spectrum Q (kx, Ky):

Fi (Ky Ky) Fy (Kye Ky
|F1 (Ko, K ) Fp (Ko, Ky |

Q(kx' kx) =

A straightforward operation to estimate (Xo, Yo) is to compute its inverse Fourier transform, leading
to (Foroosh, Zerubia & Berthod, 2002, Vaillant et al., 2014)

D (X, ¥) = F(Q (Kx, Ky)) =8 (X—Xo, Y=Y5) crerrrrreeeermmmmmereerrseseesreeseeneee [2.31]

where p (x, y) is referred to as the phase correlation map between the Fourier pairs Fi(kx, Ky)
and F2(ky, ky). The xo and yo for which the cross correlation between F1 and F2 is maximum will

be the estimated translations.

A rotation in object space is a rotation of the magnitude data in k-space around the central point in
k-space (Hennig, 1999, Paschal & Morris, 2004, Tamhane & Arfanakis, 2009). The phase signal
is not affected by rotations, apart from SNR changes due to the rotated magnitude. Estimation of
the rotation of the object between two objects is equivalent to estimating the rotation in the data of

the central k-space from two objects.

Since the beginning of clinical use of MRI, many techniques have been developed to prevent,

suppress or correct subject motion artifacts.

The degree of motion can be minimized by simple instruction/education of the patient to stay still
during a scan, or by using stabilization measures including the use of foam pads, supports, etc.
Some unwanted physiological motions can be suppressed by using surface coils confined to the
area of interest, or by using suppression/saturation pulses (Felmlee & Ehman, 1987) to null signals
from unwanted moving anatomical objects (e.g. flow saturation pulses to suppress signals from

arterial or venous blood entering a slice).

Adjusting imaging sequences and parameters is another way of reducing motion. Increasing the
number of signals averaged reduce artifacts and increases SNR at the expense of imaging time.

Swapping frequency- and phase encoding directions shifts the direction of artifacts (English &
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Moore, 1995). Flow compensation techniques (Riek et al., 1993) can also reduce artifacts from

flowing blood and spinal fluid by gradient refocusing of signal.

Motion detection and correction techniques in MRI can be grouped into two general categories:

prospective and retrospective correction.

Many retrospective motion correction approaches assume that multiple images are available that
can be registered to one another to determine the differences in position between them. This is
applicable when the scan type naturally generates a series of image volumes, as in BOLD (fMRI).
The images can be registered and resampled in post-processing to correct for some of the effects
of motion. This approach has also been applied to diffusion (A.K. et al., 2016, Holdsworth et al.,
2012, Kober, Gruetter & Krueger, 2012) and Arterial Spin Labeling (ASL) (Luh et al., 1999, Wang
et al., 2008, Wu, W. C. et al., 2009) images, but this situation is more challenging because the
images have different contrast and this will confound the motion estimation.

Prospective methods use motion-tracking data acquired during the scan to follow the subject by
updating the slice positions. In prospective motion correction various methods are used to obtain
pose information. Generally, they can be classified as optical methods, field methods and navigator

methods.

External optical tracking devices are completely independent of the MR sequence timing. Laser
systems, optical fibers or camera systems are used with the help of markers to track the patient
movement (Chikop et al., 2018, H. et al., 1999, Herbst M, 2011, Maclaren et al., 2018, Todd et al.,
2015, Zioga et al., 2012). These methods may not be appropriate as they require additional

hardware which imposes patient discomfort and MRI issue of compatibility.

In field detection methods the scanner gradient fields are measured to localize the object. This
technique requires the use of a short sequences of pulses to obtain position information from a
small sample of MR visible material fixed inside a miniature receive coil (Ackerman JL, 1986,
Dumoulin, Souza & Darrow, 1993). Field detection techniques require several probes or active
markers to be attached to the subject. In this method, the active markers (and hence the subject)
are connected to the scanner by wires. This makes patient handling more difficult and could
increase patient anxiety levels. The presence of cables also increases difficulties with the rigid
marker fixation (Maclaren et al., 2013).

37



MR navigator methods are the most common means of obtaining position information during an
MRI experiment without using additional hardware. The pencil beam navigator (Ehman &
Felmlee, 1989) was one of the first navigator technique used for motion correction. It was
employed for the measurement of motion caused by breathing for thoracic and abdominal imaging.
A line navigator was spliced into the imaging sequence to track the movement of the diaphragm.
In this method the main purpose of the navigator is to track deformation or displacement of internal

organs.

Advanced methods for rigid body motion have been devoped using navigator methods. Examples
of navigator methods used for motion correction include navigators operating in k-space, such as
orbital navigators (Fu et al., 1995), cloverleaf navigators (van der Kouwe, Benner & Dale, 2006),
and spherical navigators (Welch et al., 2002) as well as image-based navigators, such as PROMO
(White et al., 2010) or EPI navigators (Alhamud et al., 2012, Hess et al., 2011, Tisdall et al., 2012).

K-space navigators are used to repetitively sample parts of k-space and quantify rotations and
translations of the object by measuring rotations and phase shifts in the k-space data. On the other
hand, image base navigators (anatomical navigators) register the reconstructed magnitude image
to a reference image to evaluate object translations and rotations. Navigator techniques with
adequate accuracy for prospective motion correction all need unused time in the sequence to obtain
accurate motion information. Navigator techniques have an advantage over hardware-based
tracking and field detection methods, in that they require no additional hardware and that there is
no need for a marker to be affixed to the subject. This is particularly important in terms of patient

handling in clinical MRI.

2.5. Field inhomogeneity in MRI and correction techniques

MR uses three main magnetic fields: the main field (Bo), a radiofrequency field (B1) and gradient
fields. The measured MR signal depends greatly on the applied magnetic field magnitude and
phases. Homogenous magnetic fields are required to create the most accurate images possible.
However, a completely homogenous field is not feasible in the real world. In practice, it is not
possible to build a perfect magnet. Inhomogeneity in the main field may arise both from the
physical design of the magnet (although this can be improved with shimming) and from the

differences in bulk magnetic susceptibility, especially on the boundary of air and tissues.
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Under field inhomogeneity, the object to be imaged will have a distribution of different resonant
frequencies which gives the spins phase incoherence. When the contribution from each spin is
added together, this dephasing causes a signal loss. This effect is referred to as T,* decay and
causes a much faster decay in the transverse magnetization. This problem becomes even more
severe and results in signal loss with longer readout times. If the T>*decay is severe, the signal is
weighted in k-space, creating blur in the final image. Geometric distortions can also result (Hong,
Lee & Han, 2014, S. et al., 2004) in the image. An image is distorted due to field inhomogeneities
created in two directions: distortion due to field inhomogeneities in the slice direction and
distortion due to field inhomogeneities in plane of the slice.

Assuming a one-dimensional inhomogeneity along the slice-select direction and that the imaging
gradient in this direction is centered at z= 0, in the presence of a local background field gradient
AB treated as Gz’, the slice select gradient will be (Reichenbach et al., 1997):

BB =G (2). Z oo [2.32]
y. (Gz + Gz ’) Z,: sz.Z ......................................... [233]
, Gz

= TZ [2.34]

where 7’ is the scaling factor.

Depending on Gz’>0 or Gz’<0, the slice thickness will be compressed or enlarges resulting on

overall local intensity changes across the slice.

Another effect of gradient field distortion is improper refocusing of spins under the influence of
the rephasing lobe of the slice-select gradient. The effect of field inhomogeneity in the slice-select
direction on a signal received from a region of a sample can be expressed by looking the phase
behavior. During the slice select process, the equation for the signal received from a region of a
sample could be written as (E. Mark Haacke et al., 1999):

S s [p(r)eCe?tdz ... [2.35]

where p(r) is the spin density and G; the field gradient in the slice select direction.
since the measured signal is now affected by presence of field inhomogeneities in the slice select

direction, Gz, misregistration of the signal occurs as a function of slice location:
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S o [ pr)elCatC'Dztgy [2.36]

Similarly, field inhomogeneity also occurs in the plane of the slice causing image distortion and
echo shift effects. Assuming readout direction in the x-direction, in the presence of field
inhomogeneity, the actual readout gradient during sampling will become (G + Gyx’), therefore the
effective local field of will be scaled by the factor A:

G

Depending on the scaling factor A the image information along this direction at the location of
inhomogeneity either appears stretched (A<1, FOV decreases locally) or shrunken (A>1, FOV
increases locally). The presence of Gx’ causes wrong frequency encoding for a certain set of spins

leading mispositioning upon reconstruction (Reichenbach et al., 1997).

The presence of Gx’ will also cause an echo shift in time. The actual time at which all spins within
a given voxel are rephased again, will be shifted away from the designated TE. Depending on the
imaging conditions and polarity of the background gradients, the echo can be completely pushed
outside the acquisition window, leading to a total signal loss (Reichenbach et al., 1997). The
resulting effect of this temporal shift can be considered as an induced phase shift (A¢). Since the
reconstruction is performed with the ideal TE taken as the origin in k-space, any temporal shift in

the sampled time series leads to a phase shift during Fourier transformation.

ATE

where ATE is the temporal shift of the echo and n is the number of sampling points corresponding

to a total sampling time per readout.

The same way, presence of local gradient along phase encoding direction will cause a net phase
dispersion across the affected voxels resulting signal reduction. In addition, there will be a shearing

distortion, shifting spin information from one voxel into other voxels (Bammer et al., 2005).

Field inhomogeneity rarely occurs in just one direction. The presence of field inhomogeneities
along the x- and y- directions during the slice select process could cause the excited plane to be
rotated (E. Mark Haacke et al., 1999). During the phase encoding process, slice distortion could

occur resulting in positional misregistration of the signal. In trajectories, such as echo-planar, the
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resulting geometric distortion due to field inhomogeneity is a shift. However, spiral trajectories
cause a blur in the resulting image which is harder to correct for in the image domain (Jezzard &
Clare, 1999, T-K. Truong, Chakeres & Schmalbrock., 2004), though both trajectories can be

corrected in the signal domain.

The process of preventing magnetic field inhomogeneities (ABO) in MRI is called shimming.
Shimming can be done passively or actively. In passive shimming, small pieces of sheet metal or
ferromagnetic pellets are placed at various locations within the scanner bore to improve field
homogeneity. On the other hand, active shimming technique uses currents directed through
specialized coils to generate a "corrective” magnetic field. In both cases, the additional magnetic
fields (produced by coils or steel) add to the overall magnetic field of the superconducting magnet
increasing the homogeneity of the total magnetic field. Passive shimming is created for an empty
magnet. But, when a subject is placed within the scanner bore, additional field distortions result
from diamagnetic susceptibility effects. Each subject therefore creates a unique pattern of
inhomogeneity that can only be corrected through a dynamic process. Hence, active shimming

provides a method to correct for these individual field variations from subject to subject.

Shimming can be done through automatic shamming by the MR scanner in the beginning of the
scan, although distortion by heating of the shim iron, subject motion and mechanical vibration may

alter the field during the scanning procedure.

Several active shimming algorithms and techniques have been developed in MRI for different
imaging sequences and applications using linear or higher-order resistive shim coil current
updating (Alhamud et al., 2016, Balteau, Hutton & Weiskopf, 2010, Blamire AM, 1996, de Graaf
et al., 2003, Gruetter, 1993, Hess et al., 2011, Lee, Jongho et al., 2009, Poole & Bowtell, 2008,
Tisdall etal., 2012, Webb P, 1991, Wilson JL, 2002). The overall common goal of these techniques
is to calculate the corrective shim currents to compensate for magnetic field fluctuation over a
region of interest (ROI) by reducing the spatial standard deviation of the magnetic field. This
includes updating zero-order, first-order and higher order shim coils. Zero-order (frequency offset)
updating is done by RF frequency adjustment whereas first-order (linear gradient) adjustment is
achieved by setting a constant offset to the linear spatial encoding gradients. The magnitude of
each shim coil and frequency offset can either be calculated using Bo field sensitive measurements

of interactively by the operator. Acquiring a phase difference image (field map) (Reese, Davis &
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Weisskoff, 1995) from complex division of images with different echo times and fitting the spatial
shim terms to the Bo field using linear regression is the most popular technique.

2.5. Motion and shim correction techniques in CEST MRI

CEST also suffers from the same problems as in MRI in general, in addition to its inherent
difficulties. Subject motion during MR measurements is a major source of artefacts, and CEST is
no exception. Subject motion is especially problematic in CEST data analysis as it relies on

comparison of images acquired at multiple offset frequencies.

The acquisition of multiple CEST images results in long scan times when using traditional imaging
readouts. This long scan time causes CEST MRI to be affected by motion. A CEST spectrum (also
known as Z-spectrum) is generated for each acquired image voxel. If there is a mismatch between
the corresponding voxels due to subject motion, the acquired Z-spectrum will not be accurate and
high signal variations (peaks or dips) in the curve may be introduced, resembling detection of
metabolites of interest.

The effect of motion and correction in CEST MRI is almost unexplored. The few studies that
examine motion correction in CEST MRI are based either on rigid registration (Schuenke et al.,
2017) or retrospective time domain analysis (Nirbhay N. Yadav, 2015). A recent similar work
has included volumetric navigators to correct for motion in glutamate CEST at 7T (Auno, 2018).
However, motion correction was only found to be effective for motion less than 0.7mm/0.7-

degrees.

Moreover, since CEST is based on chemical shift, it is very sensitive to field inhomogeneity or
fluctuation in the prepared shim. Shim fluctuations due to subject respiration, heating induced in
the shim iron by eddy currents, mechanical vibrations or subject motion will affect CEST

measurements.

In CEST, the irradiation RF pulses for label and reference scans are assumed to be symmetric
around the free water resonance in the z-spectrum. However, in the presence of severe magnetic
field inhomogeneity and motion, the label and reference scans will no longer be symmetric about
the water resonance frequency, which will introduce a Bo inhomogeneity-dependent MTR offset.

Such an MTR offset, if not properly accounted for, may cause non-negligible errors in quantitative
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CEST imaging. For OH protons that resonate close to water, the CEST effect can be observed only
in the MTRasym plots. A shift in the Z-spectrum due to field inhomogeneity may result in either an
intensity decrease or increase in the MTRasym, misleading interpretation. Figure 2.17 is an example
of artefactual MTRasym increase due to a Z-spectrum shift by 0.15 ppm down field of the water

resonance frequency.
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Figure 2.17: Simulated Z-spectra (left) and MTRasym plots (right). The dashed Z-spectrum is due
to a shift of 0.15 ppm. A shift as small as 0.15 ppm in Z-spectrum causing relatively large changes

in the MTRasym affecting the CEST quantification and misleading interpretation.

Current CEST Bginhomogeneity-induced measurement error compensation techniques rely on
post-processing of the CEST data using a pre-acquired Bo map (Kim, Mina et al., 2009, Sun, Farrar
& Sorensen, 2007), or fitting the CEST spectra to a higher-order polynomial (Zhou, Jinyuan et al.,
2003, Zhou, J. et al., 2008). In the first method, the local Bo shift at each voxel is determined from
separately acquired gradient-echo phase images or using Water Saturation Shift Referencing
(WASSR). WASSR uses a weak saturation pulse to measure the direct water saturation at each
voxel (Kim, Mina et al., 2009). Assuming that maximal saturation occurs when the saturation
offset equals the Bo shift, the offset in the acquired CEST data is corrected, effectively moving the
center of the Z-spectrum for each voxel back to 0 Hz. Alternatively, CEST spectra are fitted to a
polynomial, where the minimum is deemed to be the reference frequency and each voxel’s CEST
spectrum is shifted accordingly (Zhou, Jinyuan et al., 2003, Zhou, J. et al., 2008). However, the
robustness of this technique relies on sampling the minimum of the CEST spectra in sufficient
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detail and the method is applicable only when the central peak in the Z-spectrum is sharp or if the
CEST agents’ exchangeable protons are sufficiently far from water that small errors in Bo

correction do not cause problems (i.e. MTC and DS effects are small).

The above methods of Bo correction either require phase mapping using a separate pulse sequence,
or an additional step for image registration and complicated curve fitting. Traditional curve fitting
approaches are not suitable as a very long experiment time is required to collect the Z-spectrum
with sufficiently fine frequency interval. Moreover, these post processing methods cannot remove
errors that occur due to motion and field inhomogeneity between different offset scans.

Since in CEST MRI images are acquired with a longer time interval and varying contrast, it is
advantageous to insert navigators with a consistent contrast independent of the CEST signal for
the explicit purpose of measuring motion and shim. Such an approach has been used in diffusion
(Alhamud et al., 2016), Single Voxel Spectroscopy (Hess et al., 2011), chemical shift imaging
(Hess Aaron T., 2012) and GABA (Saleh et al., 2016). Navigators have the advantage of being
able to measure changes in position by updating the slice positions and gradient coordinate system
(Tisdall et al., 2012).

In this thesis, a method for real-time simultaneous measurement and correction of motion and field
inhomogeneity, in terms of frequency (zeroth-order) and linear (first-order) shim gradients, in an
optimized glycoCEST MRI sequence has been implemented using ultrafast double volumetric

navigators (DvNavs).
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Chapter 3

Chemical Exchange Saturation Transfer MRI optimal Continuous
Wave RF irradiation parameters for glycogen (glycoCEST) detection?

Gizeaddis L. Simegn?, Ali Alhamud?2, Frances Robertson?3, Ernesta Meintjes?3, and Andre van
der Kouwe?#®

Abstract

Chemical Exchange Saturation Transfer (CEST) enables detection of molecules such as glycogen,
whose concentrations are too low to impact the signal intensity of standard MR imaging. Detection
of these molecules is achieved by selectively saturating a molecule of interest and by measuring
the reduction in water signal due to saturation transfer. CEST effects are dependent on parameters
such as CEST agent concentration, pH, temperature, relaxation rate, magnetic field strength as
well as on experimental parameters such as repetition time, RF irradiation amplitude and the
imaging readout scheme. Measurement of molecules with exchangeable protons that resonate very
close to water, e.g. hydroxyl groups in glycogen, is challenging especially at lower magnetic field
strengths, mainly due to the effect of direct water saturation. Therefore, optimal RF irradiation
parameters that maximize the CEST signal and reduce the competing factors are important for
better quantification of glycogen-weighted CEST effects. In this study, analytical solution of the
Bloch-McConnell equations was used to find optimal continuous wave RF irradiation parameters
for detection of glycogen. In vivo tests were performed on a human calf muscle at different
saturation powers to validate the optimal saturation parameters determined via simulation. The
selected parameters were applied in vitro to CEST measurements in a phantom with varying
glycogen concentrations and also in vivo in a human calf muscle. Our results show the possibility

of detecting glycogen using CEST MRI at 3 T. It is further shown that glycoCEST signal can be
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maximized by optimizing the RF pulse irradiation parameters and that different glycogen
concentrations can be identified when applying the optimized saturation pulse.

Keywords: chemical exchange saturation transfer, CEST, glycogen, glycoCEST, RF irradiation

power, B1, RF irradiation duration

3.1. Introduction

Glycogen plays a major role in supporting the energy demands of skeletal muscle during prolonged
exercise. Depletion of muscle glycogen affects exercise performance; however, repletion and
depletion are poorly quantified. Currently glycogen can be measured by invasive tissue sampling
through needle biopsy, Positron Emission Tomography (PET) which uses ionizing radiation and
13C magnetic resonance spectroscopy (MRS). Due to the numerous practical disadvantages of
measuring glycogen in humans by tissue biopsy and using ionizing radiation, there has been
widespread interest in detection of glycogen in vivo by *3C MRS in multiple organs, including the
heart (Bottomley et al., 1989), liver (Magnusson et al., 1992), skeletal muscle (Cline et al., 1999),
and brain (Oz et al., 2003). With MRS methods, a wide dynamic range of glycogen levels has been
observed. However, 1*C MRS is available only in specialized research sites and require costly
hardware upgrades and **C isotopes, not routinely available on clinical MRI scanners (Zijl. et al.,
2007). The ability to measure glycogen in different organs non-invasively using standard MRI
hardware would be helpful for a wide variety of applications.

Chemical Exchange dependent Saturation Transfer (CEST) MR, is a recent MRI contrast method
that can detect macromolecules, including glycogen, from the nanomolar to millimolar range.
Since hydrogen nuclei bound to different molecules and those in free water possess different
chemical shifts (i.e., resonance frequencies), MRI methods to probe these exchange processes,
make use of a spectrally selective excitation of the nuclei in one pool and detection of the
attenuated MRI signal in the other pool (bulk water). The exchange of protons between the two
pools results in unique contrasts that can be used to quantitatively assess physiological exchange
processes, including Amide Proton Transfer (APT) (Zhou, Jinyuan et al., 2003),
Glycosaminoglycan (GAGCEST) (Ling et al., 2008) and Glutamate and y-aminobutyric acid
(GABA) (Cai et al., 2012). This also introduces the possibility for indirect detection of glycogen
via the MRI water resonance, by exploiting chemical exchange between the hydroxyl (-OH)
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protons and free water. The feasibility of detecting glycogen using CEST (glycoCEST) has
previously been demonstrated in vivo in animal studies of the liver at 4.7 T (Zijl. et al., 2007).
Detection of skeletal muscle glycogen has also been performed at 3 T in different muscle groups
using CEST MRI in conjunction with the Water Saturation Shift Referencing (WASSR) frequency
correction method (Kim, Mina et al., 2009).

To generate CEST signal, a magnetization preparation pulse is embedded in the pulse sequence.
One of two RF pulse types can be used to perform the saturation: continous wave (CW) or pulsed
wave (PW). In CW-CEST a long rectangular RF pulse is used to saturate the metabolite protons
whereas in pulsed-CEST multiple pulses with short duration are applied (Liu., 2008.). The specific
absorption rate (SAR) and hardware limitations deterrmines the choice of pulse type (Vinogradov,
Sherry & Lenkinski, 2013). Although PW saturation helps to reduce the burden on the hardware
as well as the SAR level, in pracice the optimization of the PW RF pulse is often performed
experimentally (Wu, B. et al., 2016). The CW RF pulse type is widely used for its simplicity and
ease of optimization, although sequence parameters including saturation irradiation pulse design
and readout RF pulse type and duration require consideration (Huang et al., 2015).

The CEST effect is sensitive to solute proton concentration and exchange rate and also to factors
that affect the exchange rateincluding pH and temperature. However, CEST signal also depends
on relaxation rate and magnetic field strength (Kim, Jinsuh et al., 2015). It has been shown that
the apparent CEST measurement varies strongly with experimental parameters such as the RF
irradiation amplitude (B1) and duration (Jiang et al., 2016, Kim, Jinsuh et al., 2015). Generally,
fast exchanging hydrogen protons (as in glucose and glycogen) are expected to produce good
CEST signal only when saturated with high RF power, whereas slower exchanging molecules (like
amide groups) require less power. However, SNR also gets affected at high saturation power

levels.

Magnetization transfer (MT ) - transfer of magnetization between semi-solid macromolecules and
water, and the direct water saturation (DS) or spillover effect (Wu, B. et al., 2016) also affect the
CEST signal depending on the RF irradiation level. The spillover effect dominates, reducing the
observable signal especially close to water (Michael T. McMahon, 2017). Moreover, strong
spillover effects shift the magnetic transfer ratio (MTR) asymmetry profile away from water at the

center. Hence, the optimum range of offset frequencies that contain the CEST information depends
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on the applied saturation power. Precise optimization of saturation power depends on the
characteristics of the tissue inspected, including water content, T1 and T2 relaxation times, and
pH. Recent studies have also shown that the CEST effect depends on experimental factors such as
repetition time (TR) and flip angle (FA) (Sun et al., 2013), which also need to be taken into
account. For small molecule contrast agents that have a chemical shift very close to the water
resonance frequency, like -OH molecules in glycogen, the CEST effect is very sensitive to
parameter selection, and choosing the saturation parameters that maximize the signal is crucial.
Previous studies have used a continuous-wave rectangular RF saturation pulse with a B1 field
strength of 3 uT and duration 300 ms to detect glycogen in the liver (Deng et al., 2016b) and a B1
field strength of 0.75 uT, duration 500 ms for skeletal muscle (Kim, Mina et al., 2009). Although
the optimal RF power and duration have not been systematically determined, they are likely to

differ between tissues due to differences in T1, T2 and water content.

Different approaches have been used to optimize the amplitude of RF pulses that maximize CEST
signal (Sun, 2010a, Zhe Sun et al., 2008). Both analytical and numerical mathematical models
have been developed to describe the CEST signal mechanism. However, numerical methods are
computationally complex, the insight into the intrinsic structure of Z-spectra is limited, and no

analytical optimization for designing experiments is possible.

Despite its broad range of potential applications (Jin et al., 2014, Ling et al., 2008, Nasrallah et al.,
2013, Sun & Sorensen, 2008, Ward, K. M., Aletras & Balaban, 2000, Zhou, Jinyuan et al., 2003,
Zhou, J. et al., 2008), CEST MRI lacks a standard as to which RF pulse type, duration and power,
and pulse sequence to use for a specific molecule of interest at a particular magnetic field strength,
limiting its use for routine clinical applications. In this study analytical solution of the Bloch-
McConell (BM) equations was used to analyze the dependence of the glycoCEST effect on CW
RF irradiation parameters and to select optimal values that maximize the proton transfer ratio using
a 2D single-shot gradient echo EPI sequence at 3 T. This is then validated in vivo and demonstrated

on a glycogen phantom.
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3.2. Theory

3.2.1. Bloch-McConnell (BM) equations

The Bloch-McConnell equations are two sets of Bloch equations modified with exchange terms
between the solute and free water protons, that are commonly used to describe proton transfer
experiments. Even though the general solution for a broad range of irradiation parameters is
complicated, concise results can be derived under certain assumptions (Sun, van Zijl & Zhou,
2005). For a typical 2-pool chemical exchange model, comprising pool a (the water pool) and pool
b (the dilute solute pool, glycogen in this case), with forward (a — b) exchange rate ks and thermal
equilibrium magnetizations Moa and Moy, in a static magnetic field Bo = (0, 0, Bo), the ratio
Mo,/Mo.a is conserved by the backward (b — a) exchange rate ka (Mon/Mo= fb/kb . Pool a is the

measured pool, which is the spin ensemble of water protons.

On resonance, the RF irradiation field B: = (B1,0, 0) causes the magnetization to precess around
the x-axis in the rotating frame, with frequency w1 = yBi. For off-resonance irradiation, the
magnetization rotates around the effective field Befr= (w1, 0, 4w)/y = wesil y at an angle 0 = tan’
Y w1/ Aw) from the z-axis. The dynamics of magnetizations of the two pools during off-resonance
irradiation is described by the BM equations for the case of exchange between pool a and b and
by the differential equations for dipolar—coupled systems (Henkelman et al., 1993). In the rotating
frame of reference (x, y, z), the time dependent BM equations for two pools, water (pool a), CEST
(pool b) are (Murase & Tanki, 2011, Woessner et al., 2005):

dlc\i/lzm = AwgMyq(t) — RpaMya(t) — kqMya(t) + kpMyp (2)

dl:; 2 = AwyMyp(t) = RypMyp () — KMy () + kqMiq(t)

d% = —AwaMya(t) = RpaMyaq(t) — kaMyq(t) + kpMyp(t) + @01 Mpa(t)  .ooeee.. [3.1]
dlc\i/ltyb = —AdwpMy,(t) — RypMy,(t) — koM, (t) + kogMyq(t) + wiM,,(6)

di\ftza = w1 Myq(t) = R1g[Mzq(£)—Mog] — koMo (8) + kpM,p(t)

di\jtzb = 1My () = Ryp[Mzp (£)—Mop] — kpMzp(t) + kqMya(t)

49



The differential equations given by Equation [3.1] above can be combined into one vector equation
as follows (Zaiss, M. & Bachert, P., 2013):

with the six-dimensional magnetization vector M

an
Mya

— M

M = el PP [3.3]
be
Myb
Mzb

And a block matrix A:
Al b K R (3.4]
+ K, L, - K,

consisting of 3x3 submatrices Ki = ki, and Li where i =a, b

-R, —Aw, 0

Ol
I

Awa = wrf — wa 1S the frequency of the oscillating B field (wr) offset relative to the Larmor
frequency wa of pool a (for *H: wa/Bo =y =42.58 Hz/uT). The offset of pool b: Awp = wrt — wp =
Awa — dvwa, 1S shifted by oy parts per million (ppm) relative to the water proton resonance. Ry an =

1/T1amand R2am = 1/T2ap are longitudinal and transverse relaxation rates.
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The exchange rate from free water to solute protons (Ka) can be calculated from the following
relationship based on the mass balance between two pools (Zaiss, M. & Bachert, P., 2013)

k, 0 0
K,=fKy=f| O Ky 0 oo [3.7]
0 0 Kk,
M n, -[b
fy M e [3.8]
MOa na [a]

Where fy, is the proton fraction, [a] and [b] are the concentrations and na and n, are the number of
protons per molecule for pools a and b. The population fraction f, can be assumed to be < 1 %,
hence kap << kpa (Zaiss, M. & Bachert, P., 2013).

For n-pools the system of equations [3.1-3.4] increases in dimensionality. E.g. for three pools, pool
¢ for semi-solid macromolecular protons, Equation [3.4] transforms to (Zaiss, Moritz & Bachert,
Peter, 2013)

_La - Kab + Kba + Kca + Kda + Kfa |
+ Ky L, - K., 0 0 0
A=l +K, 0 L. —-Kg 0 (O N I [3.9]
+ K4 0 0 L, —Kg 0
L+ K, 0 0 0 L — Ke ]

3.2.2. Solution of The Bloch-McConnell Equations

The BM equations are first-order ordinary differential equations with an inhomogeneous term
(Equation [3.2]). The formal solution of the BM equations that is commonly used for numerical
solution is (Murase & Tanki, 2011):

M = (Mo + Aflé) exp(A-t,,) - A'C

However, this method is computationally complex and does not allow analytical optimization for

designing experiments.

The CEST effect is usually analyzed using Magnetic Transfer Ratio asymmetry (MTRasym)

obtained from Z-spectra (CEST spectra) plotted as a function of RF irradiation frequency (Murase
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& Tanki, 2011, Sun, van Zijl & Zhou, 2005). The Z value after long irradiation at an RF frequency
offset dw is given by the z component of the water (pool a) magnetization (Mza(4w)) normalized

by the equilibrium magnetization (Moa) Without RF saturation:

Myq(Awg)

Z(Aa)) = T M TeTtetteereesseesessiiieiiiiieciiiieiene. [311]

oa

The proton transfer ratio that excludes effects of direct water saturation and semi-solid
macromolecular magnetization transfer (MT) can be analyzed via Z-spectrum asymmetry obtained
from saturation of corresponding frequencies +A® and -Aw either side of the water resonance, as
follows (Murase & Tanki, 2011, Sun, van Zijl & Zhou, 2005):

MTRasym = Mza(~4wa)~Mza(da) _ Z(_A(D) - Z(+A(,0) ...................... [3.12]

Moq

Using an Eigenspace solution to the Bloch-McConnell equation for two pools, Equation [3.11]

can be formulated as:
2 .
Z(dw) = ———

For two pools, the longitudinal relaxation in the rotating frame Ryp is a superposition of water
relaxation Resf and exchange dependant relaxation (CEST) Reest (Sun, van Zijl & Zhou, 2005, Zaiss,
Moritz & Bachert, Peter, 2013, Zaiss et al., 2015):

2
Rip (Aw) = (Ryqcos?8 + Rygsin®0) + (fy kpa .w12+kba‘“(1k — ) e [3.14]
\ 1 \
Y Y
Reff Rcest
where
2 2
SN0 = — 00820 = — 2, [3.15]
(w12+4w™) (w,"+4w")

For three pools (water, CEST and MT) if fb,.<<1, the longitudinal relaxation R1p can be described
as follows (Zaiss, Moritz & Bachert, Peter, 2013, Zaiss et al., 2015):

Rip (Aw) = Repr (A0)(Aw) + Ryt (Aw) + Regst wovverveeeeaieieieienns [3.16]
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where the MT relaxation rate Rt in rotating frame is:

Rpne (Aw) =

2
(Aa)1 +r2a2)-(kcarla+rlc(kac+rla))+w12-T2a-(kca+Tlc)
> .
(Awl +Tza2)-(kca+kac+rla+rlc)+2 T2a-(keaTra+T1c(Kactr1a))+ 012.(Kea+72a+71¢)

. [3.17]

and ria = Ria — Reff, F2a = R2a — Reff, and ric = Ric+R1s — Reff

Zaiss et al (Zaiss et al., 2015) show that considering the effect of semi-solid MT pool ¢ on T
recovery time, the relaxation rate R1a in Equation [3.13] is Rions. Since CEST pools have a low
relative concentration, the effect of the labile proton pool b can be neglected and R1 obs €xpressed
as:

Ry ops ~ % .................................................. [3.18]

Then from Equation [3.13] the adjusted Z-spectrum for 3 pools is:

c0s2 6. Ry ops

Zo(Aw) = 2008 [3.19]

The Z-spectrum after RF irradiation of duration tp is then given by:

Z(Aw,t,) = (c0s?0.Z; — Zss). e RPE 4+ Zoo i [3.20]

Where Zi is the initial magnetization before saturation (Zaiss, Moritz & Bachert, Peter, 2013, Zaiss
et al., 2015). This allows for optimization of irradiation parameters that maximize the Z-spectrum
and hence the MTRasym.

3.3. Methods

3.3.1. Simulation

The CEST (Z) spectra for glycoCEST were simulated in Matlab (MathWorks 2014b) using a three-
pool exchange model (Equation [3.20]). The dependence of CEST on RF irradiation power and
duration was examined. Taking into account the specific absorption rate limit (Acheson et al.,
1988), irradiation RF power was simulated between 0 and 4uT for a fixed pulse duration of 1 s
and pulse duration was varied between 10 ms and 3.5 s while power was fixed at 1 pT. From the
simulated MTRasym curves, the MTRasym integral was calculated within the glycogen resonance
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frequency range (between 0.5 ppm to 1.5 ppm down field of water) and examined as a function of

irradiation power and pulse duration.

The following parameters were used in the simulation: longitudinal relaxation rate and transverse
relaxation rate for water pool Ria = 0.66 s, R2a = 2 s, which is T1a = 1500 ms and T2a = 50ms
for skeletal muscle at 3 T (Gold et al., 2004, Stanisz et al., 2005). The fraction of exchangeable
protons for glycogen has been reported as np < 3 depending on the branching of the glycosyl links
(Zijl. et al., 2007). Using np = 3, proton fraction (fp) = 0.00135 (using Equation [3.8] 50mM
glycogen in water: 3*50/(2*55.5*1000) = 0.00135), exchange rate for glycogen is approximately
1000 s at room temperature (Liepinsh & Otting, 1996, Zijl. et al., 2007), chemical shift of the
glycogen pool =1 ppm, longitudinal and transversal relaxation rates of pool b are approximately
Rip=1.1s? (T, = 900 ms) and Rz, = 76.9 st (T2 = 13 ms) (Weis, Kullberg & Ahlstrom, 2018).
Standard parameters were chosen for MT: Tic=1's, Toc=8.7 s, fc=7.4 %, Kea= 66 %, Awc=0 ppm
(Stanisz et al., 2005, Zaiss et al., 2015). The glycogen hydroxyl proton resonates between
approximately 0.5 and 1.5 ppm down field from water (Zijl. et al., 2007), that is 63.87 Hz t0 191.61
Hzat3 T. We used 127.74 Hz (1 ppm) down field of water as the glycogen chemical shift signature

point to evaluate the optimum irradiation parameters that maximizes the CEST signal.

3.3.2. CEST pulse sequence and acquisition parameters

The CEST sequence was implemented by adding a frequency selective continuous wave RF pulse
on to a 2D gradient echo single-shot Echo Planar Imaging pulse sequence with a rectangular
saturation pulse swept between -383.22 Hz to 383.22 Hz in intervals of 19.16 Hz (-3:0.15:3 ppm)

with respect to the water resonance frequency.

|

B
»

v

Image acq.
5| time (Ta)

' Relaxation i RF saturation
i time (Ty) ; time (tp)

0 T, tp+ T

TR

»
<} Ll

Figure 3.1: Illustration of the CEST-EPI pulse sequence. The repetition time (TR) is

approximately equal to the sum of recovery time (Tr) and RF saturation time tp.
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Figure 3.1 shows the employed CEST sequence with a continuous wave (CW) RF irradiation of
duration (tp) and power (B1). Since the 2D EPI image acquisition duration is very small, the
repetition time can be assumed to be approximately equal to the saturation time plus relaxation
recovery time. Hence, the RF duty cycle of 50% given by t,/TR was selected for good RF amplifier
performance (Jiang et al., 2016).

For both phantom and in vivo acquisitions, a 15-channel Tx/Rx knee coil was used with scanning
parameters of: TR 2000 ms, TE 21 ms, 43 offset measurements (including two reference
unsaturated measurements). Single slice scans with 5 mm thickness, 64 x 64 acquisition matrix
and 220 x 220 mm FOV mm were acquired and analyzed using custom written Matlab program
(MathWorks 2014b) to generate the Z-spectra and MTRasym CuUrves.

3.3.3. Invivo validation

In vivo scans were performed on the calf muscle of 2 human volunteers on a 3 T Skyra (Siemens,
Erlangen, Germany) according to protocols approved by the Faculty of Health Sciences Research
Ethics Committee of the University of Cape Town. All experiments were performed following an
informed written consent. The experiment was first performed at different saturation powers (0.5
MUT - 4 uT) with a CW pulse duration of 1 s to validate the simulation. A second in vivo test was
performed on a volunteer using the optimized RF irradiation parameters obtained from simulation
and in vivo validation tests. For this a 1 s CW saturation pulse with power of 1.5 uT was applied.
Curves were generated from selected 35x35x5 mm? region of interest (ROI) from the inferior part

of the gastrocnemius muscle.

3.3.4. Phantom test

Five different Bovine liver glycogen (Type IX GO0885, CAS Number: 0009005792, Sigma,
Aldrich) concentrations (10mM, 20mM, 50mM, 100mM and 200mM) mixed with phosphate-
Buffered Saline (PBS) solution with a pH of 7 were prepared and tested to demonstrate that the
CEST effect changes with different glycogen concentrations at the optimal values of irradiation
power and duration selected from the simulation. The concentration of glycogen is expressed in
millimolar glycosyl units, with each glycosyl unit contributing 168 g/mol (Zijl. et al., 2007). For
example, 100.8 mg of glycogen was dissolved in a 60 ml PBS solution to obtain a 10mM solution
of glycogen (168 mg/mmol x 0.01mol x 60ml = 100.8 mg). The phantom scans were performed on
a Siemens Skyra 3 T (Erlangen, Germany) scanner at the Athinoula A. Marthinos center for
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Z(Aw) %

Biomedical Imaging, Massachusetts General Hospital, Boston, USA. The CEST-weighted images
for all offsets of each concentration were co-registered to the unsaturated (reference) image and
the CEST spectrum was defined as the normalized water intensity (Mow/Mow) as a function of RF

saturation frequency or chemical shift.

3.4. Results

3.4.1. Simulation
Figure 3.2 shows the simulated z-spectra and corresponding MTR asymmetry (MTRasym) Spectra
as a function of RF irradiation power and duration. Spectral widening can be observed as either

saturation power or duration increases.
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Figure 3.2: Simulated Z-spectra (top, a&c) and MTRasym curves &)ottom, b&d) as a function of

irradiation power (B1) (left, a&b) and irradiation pulse duration (right, c&d). A strong dependence of the
CEST effect on saturation power is observed in both MTRasym curves and CEST spectra. Relatively
slow CEST effect variations are observed at longer saturation durations. Irradiation power and duration

were fixed at 14T and 1s, respectively, when duration/power was varied.
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The z magnetization is attenuated (saturated) with increasing saturation power. Changing pulse
duration has less of an effect on CEST spectra than varying saturation power, the effect of
saturation (spectral widening) approaches a steady state with further increase in saturation power.
A similar effect is observed in the MTRasym curves (Figure 3.2 b&ad). At lower saturation powers
(0— 1.5 uT) the MTRasym peak shifts towards 1 ppm. However, with a further increase in saturation
power there is a line broadening and loss of the CEST effect. Figure 3.3 shows the simulated
MTRasym integral values calculated between 0.5 to 1.5 ppm as a function of irradiation power and
irradiation pulse duration. The simulated MTRasym integral increases towards a maximum at a
saturation power of 1.5uT, decreasing at higher saturation powers. The MTRasym integral value
also increases with increasing RF irradiation duration, levelling off at durations longer than ~2 s
(Figure 3.3Db).
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Figure 3.3: Simulated MTRasym integral values calculated between 0.5 to 1.5 ppm as a function of (a)
irradiation power and (b) irradiation pulse duration. The integrated MTRasym shows maximum value at

1.5uT RF power and a stable value beyond 2 seconds saturation duration.
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3.

4.2. Invivo test

Figure 3.4 shows z-spectra and corresponding MTRasym curves from in vivo tests at different

saturation powers. In agreement with the simulation, a widening effect can be seen in the CEST

spectrum with increasing saturation power. Table 3.1 shows that the MTRasym integral calculated

between 0.5 — 1.5 ppm gradually increases with increasing irradiation power and decreases after

reaching a maximum value at1.5 uT.
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Figure 3.4: Z-spectra (left) and MTRasym curves (right) from a calf muscle of single volunteer acquired at
different saturation powers. A widening effect in the Z-spectra is observed as the saturation power increases.

Highest peak values are seen in the MTRasym Ccurve at 1.5 uT.

Saturation power MTRasym integral

0.5uT 10.31
1T 17.74
1.5uT 21.17
2 uT 18.04
2.5uT 17.33
3uT 7.98
3.5uT 5.12
4 uT 3.98

Table 3.1 : MTRasym integrals between 0.5 and 1.5 ppm as a function of saturation power for

in vivo acquisition on a calf muscle
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Figure 3.5 shows the CEST and MTRasym curves for the calf muscle scan of a second volunteer
acquired at the selected optimal irradiation parameters (1.5 uT saturation power and 1 s saturation
duration). The “peak” at around 0.9 ppm in the MTRasym curve demonstrates the detection of
glycogen-weighted signal using the selected irradiation parameters.
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Figure 3.5: CEST spectrum and MTRasym curve of the in vivo test for a single volunteer acquired from

the inferior part of the gastocnemius muscle

Figure 3.6 shows CEST images acquired using the selected optimal saturation power and duration
(left to right) without saturation, after saturation at 1ppm and the MTRasym map overlaid on the

reference image. The saturated image displays lower intensity due to the CEST effect.

@ ) (b) ©

Figure 3.6: glycoCEST imaging of human calf muscle (a) unsaturated image, (b) saturated image at 1ppm,

and c) color-coded MTRasym map at 1 ppm overlaid on the reference image.
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3.4.3. Phantom test

The calculated maps of MTRasym at 1 ppm for 5 different glycogen phantom concentrations
overlaid on the reference image (Figure 3.7) demonstrate the ability to detect glycogen-weighted
signal using optimized RF saturation parameters for CEST at 3 T. In the MTRasym maps at 1ppm
from water a slight intensity increase can be observed with increasing glycogen concentration.
Figure 3.8 shows the CEST and corresponding MTRasym curves for 5 different glycogen
concentrations, also demonstrating a larger CEST effect with increasing glycogen concentration.
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Figure 3.7: MTRasym maps of glycogen phantom images at 1 ppm overlaid with the reference

image demonstrating the different glycogen concentration levels
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Figure 3.8: CEST-spectra and MTRasym curves of glycogen phantom tests at different

concentration levels
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Table 3.2 shows the MTRasym integral between 0.5 to 1.5 ppm and peak values at 1 ppm as a
function of glycogen concentration. The MTRasym integral and peak values show a significant
linear correlation (Pearson’s r = 0.98 and 0.98 respectively, both p’s < 0.05) with glycogen

concentration.

Concentration MTRasym peak (max. MTRasym integral (0.5
0.5-1.5ppm) — 1.5 ppm)
10mM 5.18 36.95
20mM 8.34 53.55
50mM 10.33 65.75
100mM 17.46 104.32
200mM 23.19 139.18

Table 3.2: MTRasym peak values and MTRuasym integral between 0.5 and 1.5 ppm for
glycogen phantom tests of different concentrations level showing a linear correlation with

glycogen concentration

3.5. Discussion

Although CEST MRI is a promising technique to detect dilute CEST agents and
microenvironmental properties, experimental measurement of the CEST effect is complex due to
its dependence not only on CEST agent concentration but also on experimental parameters such
as scanner field strength, RF irradiation amplitude and duration, pulse sequence and image
acquisition scheme. Detecting glycogen using CEST MRI is more challenging due to its close
resonance with free water, which makes it more likely to be contaminated by direct water
saturation (spillover effect) and other CEST pools resonating at approximate frequencies due to
smaller absolute chemical shift (Deng et al., 2016b). This is especially problematic at lower
magnetic field strengths, such as 3 T, where the sensitivity of CEST signals substantially decreases
compared to high and ultra-high magnetic fields (>7 T) scanners (Liu G, KWY. & MT., 2013).

However, an optimal irradiation power and saturation duration can be selected by balancing
saturation efficiency, direct water saturation and MT (Desmond & Stanisz, 2012, Liu G, KWY. &
MT., 2013, Sun et al., 2007) to maximize the measurable CEST effect.

61



Weak power causes inefficient labile proton saturation leading to an attenuated CEST effect, on
the other hand, very strong RF power directly attenuates the bulk water signal (in addition to
saturating the solute protons), reducing the sensitivity and specificity of CEST (Kim, Jinsuh et al.,
2015, Sun & Sorensen, 2008, Sun et al., 2011).

As demonstrated in the simulated z-spectrum (Figure 3.2 and 3.3), very weak irradiation power
(<0.5uT) causes saturation efficiency for the solute resonance to be low, and the water signal
reduction due to saturation transfer is small. The saturation efficiency increases gradually with the
applied irradiation power and reaches its optimal value (=1.5 uT), correspondingly reducing the
water proton signal. On the other hand, strong saturation power (>2.5 uT) introduces additional
spillover effects, thus reducing proton transfer ratio as reflected by the MTrasym Curve at the

glycogen proton frequency (=1 ppm) (Figure 3.2b).

The simulated MTRasym integral also increases asymptotically towards a maximum at durations
longer than ~2 s (Figure 3.3b), reflecting the steady state proton exchange between solute and
water pool where further irradiation is not required. As saturation duration increases, higher
saturation is accumulated and a larger CEST effect is seen compared to short durations. The
simulation results confirm the dependence of MTRasym On RF saturation power and duration,
identifying a maximum MTRasym peak at a power of 1.5 uT, with a pulse duration of 1 s. Beyond

1 s only an incremental gain in MTRasym peak is achieved.

In agreement with the theory and simulation, in the in vivo experiment a widening effect is seen in
the CEST spectrum when saturation power is increased (Figure 3.4). Even though the MTRasym
curves plotted as a function of saturation power do not exactly mirror the results obtained via
simulation (compare Figure 3.3), the peak MTRasym is also seen for an acquisition with 1.5 uT
saturation power. The MTRasym integral calculated between 0.5 — 1.5 ppm (Table 3.1), also shows
a maximum at 1.5 puT, with lower and higher irradiation powers resulting in smaller values of

MTRasym, as expected.

Overall, the simulations and in vivo tests show that for a continuous wave CEST experiment, using
a 2D gradient echo single shot EPI pulse sequence, hydroxyl protons are more sensitive to
approximately 1 - 2 uT irradiation power, and longer saturation durations (1 — 2.5 s) are desirable

to achieve maximal CEST signal. The specific absorption rate limit during in vivo tests (Acheson
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et al., 1988) restricts the irradiation duration. Hence a 1 s irradiation duration, which results in a
50 % duty cycle as recommended (Jiang et al., 2016) was selected as an optimal value for our test.
However, this can be increased by selecting a longer repetition time (TR) at the cost of extending

scanning time.

Because glycogen hydroxyl protons resonate close to the water resonance frequency and since
their proton exchange is intermediate to fast in the MR time scale, they are not visible in a standard
proton spectrum under physiological conditions (Zijl. et al., 2007), especially at lower magnetic
fields. Hence, “suppression” or “dips” around the expected glycogen resonance are not directly
observable in the CEST spectrum. However, peaks in the MTRasym curves between 0.75 ppm - 1.2
ppm are evidence of glycogen hydroxyl proton exchange and are more prominent at higher

glycogen concentrations (Figure 3.7).

Higher glycogen phantom concentrations result in asymmetric broadening of the z-spectrum.
Correspondingly an increase in signal intensity with increasing glycogen concentrations was
apparent in the MTRasym maps at 1ppm overlaid on the reference image (Figure 3.6). The amount
of saturation depends on the proton exchange rate and concentration, and saturation efficiency can
only approach a maximum of 100% which may be reached at lower concentrations and higher
exchange rates (Zijl. et al., 2007). Hence the magnitude of the CEST effect may not scale linearly
with concentration. However, phantom test results in Table 3.2 show that MTRasym integral has a
significant linear correlation (r = 0.981, p <0.05) with glycogen concentration. Although MTRasym
integral values do not represent absolute glycogen concentrations, this confirms that they can be
used as glycogen-weighted values for comparative analysis, including longitudinal studies,

perfusion studies, or muscle glycogen depletion-repletion studies in sports physiology.

The principle of endogenous glycogen CEST (glycoCEST) imaging was first demonstrated by van
Zijl et al (Zijl. et al., 2007) in the excised perfused mouse liver at 4.7T. Other studies have been
conducted to study the distribution of glucose in mice livers at 4.7 T using a PARACEST sensor
(Renetal., 2008), at 9.4 T using CEST (Sagiyama K, Zhang S & Dimitrov I, 2014). In vivo studies
of glycogen in humans are limited and only a few have been performed at 3 T (Deng et al., 2016b,
Kim, Mina et al., 2009). In agreement with the literature, a higher peak at around 0.9 to 1 ppm in
the MTRasym curve was observed in our in vivo test on a human calf muscle demonstrating the

detection of glycogen-weighted signal using the selected irradiation parameters at 3 T (Figure 3.5).
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The image acquired after applying saturation (Figure 3.6b) displays lower intensity because of the
CEST effect from presaturation at 1 ppm. The MTRasym map (Figure 3.6¢) shows regions where
there is strong CEST-weighted effect, presumably showing regions of the imaged calf muscle
where glycogen storage is highest. The in vivo test results demonstrate the possibility of detecting

glycogen hydroxyl protons at 3 T using optimized irradiation parameters.

Further work could assess the dependence of the glycoCEST effect on readout RF pulse flip-angle

and pulse sequence type.

3.6. Conclusion

Given that the concentration of certain endogenous molecules is very low, detection using the
CEST method requires optimization of experimental parameters to maximize the CEST effect and
reduce competing factors. Along with the Bo magnetic field strength, RF irradiation parameters
play a determining role in the size of the observable CEST effect. In this study, analytical solution
of the Bloch-McConnell equations was used to find the optimal RF irradiation power and duration
that maximize the glycoCEST weighted signal, which were found to be 1.5 pT and 1 s,
respectively, for the 2D gradient echo ss-EPI pulse sequence. In vivo tests were performed at
different RF saturation powers to validate the simulation results. Further phantom and in vivo test
results demonstrate the ability of the optimized CEST MRI sequence to detect and measure
different concentrations of glycogen at 3 T. This ability to non-invasively measure muscle
glycogen using CEST MRI has the potential to advance our understanding of glycogen metabolism

in sports physiology, as well in glycogen related disorders.
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Chapter 4

Real-time simultaneous shim and motion measurement and
correction in glycoCEST MRI using Double Volumetric Navigators
(DvNavs)1

Gizeaddis L. Simegn?, Andre van der Kouwe?3#, Frances Robertson?®, Ernesta Meintjes®®°, and
Ali Alhamud?®

Abstract

CEST MRI allows for indirect detection of molecules with exchangeable protons, measured as a
reduction in water signal because of continuous transfer of saturated protons. CEST requires
saturation pulses on the order of a second, as well as repeated acquisitions at different offset
frequencies. The resulting extended scan time makes CEST susceptible to subject motion, which
introduces field inhomogeneity, shifting offset frequencies and causing distortions in CEST
spectra that resemble true CEST effects. This is a particular problem for molecules that resonate
close to water, such as the hydroxyl group in glycogen. To address this, a technique for real-time
measurement and correction of motion and field inhomogeneity is proposed. A CEST sequence
was modified to include Double volumetric Navigators (DvNavs) for real-time simultaneous
motion and shim correction. Phantom tests were conducted to investigate the effects of motion and
shim changes on CEST quantification, and to validate the accuracy of DvNav motion and shim
estimates. To evaluate DvNav shim and motion correction in vivo, acquisitions including 5
experimental conditions were performed in the calf muscle of 2 volunteers. Phantom data show
that DvNav-CEST accurately estimates frequency and linear gradient changes because of motion
and corrects resulting image distortions. In addition, DvNav-CEST improves CEST quantification
in vivo in the presence of motion. The proposed technique allows for real-time simultaneous
motion and shim correction with no additional scanning time, enabling accurate CEST

quantification even in the presence of motion and field inhomogeneity.

! Chapter has been peer reviewed and published in Magnetic Resonance in Medicine (MRM)

2 UCT Medical Imaging Research Unit, Division of Biomedical Engineering, Department of Human Biology,
University of Cape Town, Cape Town, South Africa

3 Athinoula A. Martinos Center for Biomedical imaging/MGH, Charlestown, MA, United States

4 Department of Radiology, Harvard Medical School, Boston, MA, United States

5 Cape Universities Body Imaging Centre (CUBIC-UCT), Cape Town, South Africa
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4.1. Introduction

Magnetic resonance spectroscopy (MRS) allows for direct detection and quantification of different
endogenous metabolites containing *H. However, in vivo measurement of certain metabolites
remains challenging because of their low concentrations. In 2000, Ward and Balaban (Ward, K.
M., Aletras & Balaban, 2000) demonstrated that molecules can be detected indirectly through the
chemical exchange of protons from preselected labile groups with free water. This technique is
CEST MRI.

Because hydrogen nuclei bound to metabolites and those in free water possess different chemical
shifts, chemical exchange processes can be probed by selectively saturating the bound hydrogen
nuclei and detecting the attenuated MR signal in the water pool. CEST typically involves exchange
of protons from amides (-NH), termed Amide Proton Transfer (APT) (Zhou, Jinyuan et al., 2003),
amines (-NHz) and hydroxyls (-OH). Transfer of amine protons is involved in the quantification
of glutamate (Glu-CEST), y-aminobutyric acid (GABA) (Cai et al., 2012) and creatine (Cr-CEST),
and transfer of hydroxyl protons in measuring glucose (Gluco-CEST), myo-inositol (MICEST), as
well as glycosaminoglycan content (GagCEST) in cartilage (Ling et al., 2008). The feasibility of
detecting glycogen using CEST (glycoCEST) from hydroxyl protons (—OH) was demonstrated
previously in vitro and in vivo in animal studies of the liver at 4.7 T (Zijl. et al., 2007).

In the ideal CEST experiment, quantification is achieved by measuring the reduction of the water
signal because of saturation transfer (Ssat) relative to the corresponding unsaturated image (So).
However, there are several factors that complicate CEST measurements. These include
magnetization transfer (MT) between semi-solid macromolecules and water, and direct water
saturation (DS) (Kim, Mina et al., 2009, Wu, B. et al., 2016, Zijl. & Yadav, 2011).These effects

reduce the attenuated water signal and should be eliminated for reliable quantification of CEST.

To mitigate the effects of MT and DS, and isolate the effects of chemical exchange, instead of
comparing only the signal reduction caused when saturating a specific spectral location (+4® with
respect to water) to that without saturation, the CEST effect is assessed by subtracting the labeled

signal (Ss,:(+4w)) from the reference signal acquired after applying a saturation pulse at the
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opposite spectral location (S, (—4w)) (Baguet & Roby, 1997). This assumes that the MT and DS
effects are symmetrical about the water frequency. The most commonly used CEST metric, the

Magnetization Transfer Ratio (MTRasym) at +4w, is defined as:

Ssat(—Aw) — Ssqt(+Aw)
MTRqsym = o0t — T [4.1]

where Sgq: (+4w) and Sg,; (—Aw) are the measured signals with RF saturation at +A® and -Ao,
respectively, and So is the signal measurement without RF saturation (Baguet & Roby, 1997, Zhou,
Jinyuan et al., 2003, Zhou, J. et al., 2003, Zhou, J. et al., 2008). Although it is difficult to absolutely
quantify the CEST effect, the relative magnitude can be described using MTRasym. Although
MTRasym IS the most widely used metric to quantify CEST effects, it is contaminated by asymmetry
of MT in the frequency range close to the water resonance (J. et al., 2007). Therefore, instead of
comparing the saturated water signals at a pair of offsets, CEST is quantified by comparing the
saturated water signals over a range of offsets. Furthermore, in the presence of severe Bo
inhomogeneity, the labeled and reference scans will no longer be symmetric about the true water
resonance of the spin system (He Zhu, 2010, Sun, van Zijl & Zhou, 2005) resulting in a Bo

inhomogeneity-dependent MTR offset that may cause errors in CEST quantification.

Because CEST acquisitions are repeated at different spectral offsets to adequately sample the
CEST spectrum (Z-spectrum) for each voxel, the acquisition will be long when using traditional
imaging readouts. This causes CEST MRI to be sensitive to motion and Bo inhomogeneity. To
decrease the overall acquisition time, rapid MRI acquisition techniques such as Rapid Acquisition
with Relaxation Enhancement (RARE) (Liu et al., 2009), EPI (Liepinsh & Otting, 1996, Sun et
al., 2013), True Fast Imaging with Steady State Free Precession (FISP) (Shah et al., 2011),
Gradient and Spin Echo (GRASE)(He Zhu, 2010), Variably-accelerated Sensitivity Encoding
(VSENSE) (Zhang et al., 2017), keyhole (G., E. & E., 2012), as well as optimized spiral-centric-
reordered GRE approaches (Zaiss, Ehses & Scheffler, 2018) have been adapted for CEST. Fast
imaging techniques, however, cannot eliminate motion between the different offset frequency
acquisitions. If there is a mismatch between the corresponding voxels because of subject motion,
the acquired Z-spectrum will not be accurate and high signal variations (peaks or dips) that
resemble those expected from the metabolites of interest may be introduced in the curve (Gizeaddis
L. Simegn, 2017). The effect of motion in CEST MRI is almost unexplored. The few studies that
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examine motion correction in CEST MRI are based either on rigid image registration (Schuenke
et al., 2017) or retrospective time domain analysis (Nirbhay N. Yadav, 2015).

During a prolonged CEST scan, several sources can alter the homogeneity of the static shim
prepared by the MRI scanner. These include subject motion (Ward, Heidi A., Riederer & Jack,
2002), breathing (Pfeuffer et al., 2002), heating of the iron plates in the shim trays by eddy currents
and mechanical vibrations (Benner et al., 2006, Foerster, Tomasi & Caparelli, 2005). This can
severely impact the accuracy of the CEST measurement. For example, at 3 T, a shift of just 100
Hz in the central frequency may cause the amine (-NH>) group to be saturated instead of the -OH
group in glycogen. Although shim changes before the start of the scan can be corrected by the
scanner’s automatic shimming or by manual shim optimization, standard techniques cannot correct
shim changes that occur during the scan. Given that the endogenous CEST signal is only a few
percent, accurate quantification requires correction of field inhomogeneity-induced measurement

errors.

To date, shim has been corrected retrospectively in CEST imaging using a pre-acquired Bo map
(Kim, Mina et al., 2009, Sun, Farrar & Sorensen, 2007), or by fitting the CEST spectrum to a
higher-order polynomial (Zhou, Jinyuan et al., 2003, Zhou, J. et al., 2008). In the first method, the
local Bo shift at each voxel is determined from separately acquired gradient-echo phase images or
using Water Saturation Shift Referencing (WASSR). WASSR uses a weak saturation pulse to
measure the direct water saturation at each voxel (Kim, Mina et al., 2009). Assuming that maximal
saturation occurs when the saturation offset equals the Bo shift, the offset in the acquired CEST
data is corrected, effectively moving the center of the Z-spectrum for each voxel back to 0 Hz.
Alternatively, CEST spectra are fitted to a polynomial, where the minimum is deemed to be the
reference frequency and each voxel’s CEST spectrum is shifted accordingly (Zhou, Jinyuan et al.,
2003, Zhou, J. et al., 2008). These techniques, which rely on sampling the minimum of the CEST
spectrum in sufficient detail, are only applicable when the spectrum is symmetric and the water
peak is sharp, or if the CEST agents’ exchangeable protons are sufficiently far from water that
small errors in Bo correction do not cause problems (i.e. MTC and DS effects are small). It is worth
noting that these methods cannot detect and remove errors that occur because of motion and
dynamic changes in field inhomogeneity between different frequency offsets.
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In contrast, navigator methods are able to detect Bo changes throughout the scan and correct these
in real time by adjusting both zeroth- and higher-order shims. Navigators can also correct for
motion during the scan by updating the slice positions and gradient coordinate system (Alhamud
etal., 2012, Tisdall et al., 2012, van der Kouwe, Benner & Dale, 2006), and are advantageous for
CEST over hardware-based motion detection methods (Andrews-Shigaki et al., 2011, Lange et al.,
2012, Zaitsev, M. et al., 2006) in that they can be inserted into unused time during the imaging
sequence and require no additional hardware. To accurately measure motion and shim changes,
navigator images require a consistent contrast independent of the CEST signal. Volumetric
imaging navigators have been used previously for prospective motion and shim correction in
diffusion tensor imaging (Alhamud et al., 2016), single voxel spectroscopy (Hess et al., 2011) and
chemical shift imaging (Hess Aaron T., 2012). A similar approach based on dual-echo Prospective
Motion correction (PROMO) has also been reported to correct for motion in single voxel

spectroscopy(Keating & Ernst, 2012).

The current work presents a method for real-time simultaneous measurement and correction of
motion and field inhomogeneity, in terms of frequency (zeroth-order) and linear (first-order) shim

gradients, in CEST MRI using ultrafast double volumetric navigators (DvNavs).

4.2. Methods

4.1.1. CEST-EPI pulse sequence

The CEST MRI pulse sequence consists of three blocks/stages (Figure 4.1a): relaxation, saturation
and image acquisition. A long recovery period ensures sufficient magnetization (Mz) before to
excitation. The relaxation period is followed by RF saturation and comprises either a long
continuous-wave radio frequency pulse or a train of short pulses. The current implementation uses
a long continuous-wave pulse. For image acquisition, we use 2D gradient echo single-shot echo
planar imaging. These 3 blocks are repeated for saturation pulses with chemical shifts ranging

from -3 to 3 ppm relative to free water in increments of 0.15 ppm.

4.1.2. Volumetric navigated CEST-EPI for prospective motion correction

The volumetric navigator (vNav) was previously implemented in DTI (Alhamud et al., 2012),
single voxel spectroscopy (Hess et al., 2011), chemical shift imaging (Hess Aaron T., 2012),
MEGA-SPECIAL (Saleh et al., 2016) and morphometry (Tisdall et al., 2012). The vNav uses
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multi-shot EPI with 3D encoding. A single complete slice of k-space is collected with a Cartesian
sampling scheme after each excitation. The full navigator consists of a stack of k-space slices
collected across multiple excitations.

Because the relaxation period in the CEST sequence occupies a significant portion of the repetition
time (TR), the vNav was inserted into this block, immediately before the saturation block (Figure
4.1b). This ensures that all CEST measurements are affected equally. A small flip angle (2°) further
ensures minimal impact on the CEST signal. vNav sequence parameters TE 6 ms, repetition time
(TRwnav) 11 ms, bandwidth 4882 Hz/px, 6/8 slice partial Fourier, turbo factor 32, acquisition matrix
32 x 32 x 32, resolution 8 x 8 x 8 mm?, and FOV 256 mm; duration 264 ms.

For pose estimation, each 3D navigator magnitude image is compared to a reference, selected to
be the first navigator after the dummy scans. Prospective Acquisition CorrEction (PACE) (Thesen
et al., 2000), performed immediately after the navigator acquisition, computes translation and
rotation parameters relative to the reference. Motion estimates are sent to the sequence and slice
position and orientation are updated for subsequent CEST and vNav acquisitions. The complete
navigator block, including computation and transmission of the motion estimates back to the
sequence, requires 344 ms and fits into the CEST relaxation period without requiring any

additional time.

4.1.3. DvNav CEST-EPI for prospective motion and shim correction

For simultaneous shim and motion correction, the navigator sequence was modified to acquire a
pair of navigators (double vNavs) with different echo times (TEL/TE2 = 4.8/7.0 ms). The 2.2 ms
difference in TE is chosen so that fat and water are in phase at 3 T. The partitions of the 2 navigators
are acquired in an interleaved fashion as shown in Figure 4.1c. Because of the longer TE2, the TR
of the navigator had to be increased to 13 ms, increasing the total acquisition time for the pair of
navigators to 624 ms. All other parameters are as for vNav-CEST.

The sequence protocol was enabled to run with 3 options; the standard CEST sequence (CEST),
DvNav-CEST with only prospective motion correction, and DvNav-CEST with prospective

motion and shim correction.

The magnitude and phase images of both navigators (vNavl and vNav2) are generated after

acquisition. Pose estimation is performed in real-time using successive vNavl images and shim
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correction using successive navigator pairs. Each vNavl image is co-registered to the reference
using PACE and motion estimates are sent back to the sequence.

A 3D field map is computed by complex division of the vNav1 and vNav2 phase images. VVoxels
with low SNR are excluded using a mask created from the vNavl magnitude image. Phase
unwrapping is performed online using Phase Region Expanding Labeler for Unwrapping Discrete
Estimates (PRELUDE) (Jenkinson, Mark, 2003). Motion parameters calculated from vNavl are
used to reorient the field map to the current position. Because DvNav-CEST effectively consists
of 2 interleaved sequences with different FOVs, 2 frequency (AFs) and first order shim (linear
shim gradients Gx, Gy and G;) estimates are calculated online, 1 for the selected CEST FOV and 1
for the DvNav FOV. The shim estimate for the DvNav is calculated using an unweighted least
squares regression (Hess et al., 2011). For CEST, the shim estimate within the plane uses a
weighted least squares regression, where the weighting of each navigator voxel is according to its
intersection with the CEST FOV, whereas the through-plane (slice direction) shim is set equal to

that of the DvNav. Shim parameters for CEST and DvNav are sent to the sequence.

First, slice position and orientation are corrected for both CEST and DvNav, followed by
adjustment of the linear shim gradients for both sequences. Frequency correction involves
recalculating the frequency and the phase of the RF and ADC pulses for both the vNav and CEST
sequences. Although higher order shim terms can be calculated from the field map, only the linear
terms can be applied in real time by the hardware. Using 6/8 partial Fourier in the slice direction,
the total time required for the DvNav block (including communication time) is ~704 ms, which is
short enough to fit inside the CEST relaxation time without requiring any additional imaging time.
Therefore, any motion and accompanying field changes are corrected immediately after the
navigator block so that the CEST offset is corrected in the very next measurement. Because the
first measurement in the CEST acquisition will not be shim corrected, 2 reference measurements
(images without saturation) are acquired. This ensures that shim-corrected data are available for
all CEST offsets, including the reference. To avoid interaction with the DvNav, the standard
frequency offset correction for the Siemens platform based on the non-phase-encoded echoes
embedded into each EPI readout was disabled during DvNav-CEST acquisitions. Figure 2 shows

a flow diagram of the DvNav-CEST sequence.
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Figure 4.1: (a) Standard CEST-EPI sequence blocks; ts.: and Bs are, respectively, the duration and amplitude
of the saturation pulse. (b) vNav-CEST with the volumetric navigator (vNav) inserted for prospective
motion correction. (¢) DvNav-CEST with a pair of volumetric navigators (DvNavs) inserted for real-time
motion and shim correction. Individual partitions (P) of the pair of navigators are acquired in an interleaved
fashion. vNavPi, vNav1P;and vNav2P; are the i partitions of vNav, vNav1 and vNav2, respectively; k is

the total number of partitions.
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Figure 4.2: Flow diagram showing how the DvNav sequence (orange blocks) is integrated into the CEST
acquisition (purple blocks) to perform real-time motion and shim correction. Shim correction is applied to

all CEST measurements except the first one. N = total number of CEST measurements.
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4.1.4. MRI data acquisition and scanning protocols

All scans were performed on a Skyra 3 T (Siemens, Erlangen, Germany) according to protocols
that had been approved by the Human Research Ethics Committee of the Faculty of Health
Sciences, University of Cape Town. Sequences were tested on water, pineapple, and bovine liver
glycogen (Type IX G0885, CAS Number: 9005 79 2, Sigma, Aldrich) phantoms, and in vivo on
the calf muscle of 2 volunteers using a 15-channel Tx/Rx knee coil. vNav parameters were as
described earlier. The CEST parameters for both in vitro and in vivo acquisitions were: TR = 2000
ms (including the navigator time), TE = 21 ms, 1 average, single slice, slice thickness =5 mm, 64
X 64 acquisition matrix and FOV = 220 mm. Each CEST acquisition included 2 reference
measurements and 41 CEST offsets between -3 and 3 ppm (relative to free water) in increments of
0.15 ppm with an optimized rectangular RF saturation pulse of duration 700 ms and amplitude 1.5
WT; total CEST acquisition time 86 s. MATLAB (The MathWorks, Natick, MA) was used to
process the images and generate CEST and MTRasym curves. For all acquisitions, glycogen
concentrations were determined by integrating the MTRasym curve across the region where

glycogen resonates (0.5 — 1.5 ppm downfield of water) (Zijl. et al., 2007).

4.1.5. Validations

I.  Assessing the effect of the vNavs on CEST and vice versa
First, we investigated the effect of the navigator on CEST saturation and acquisition efficiency, as
well as the effect of the CEST saturation pulse on the navigator signal. To this end, a pineapple
was scanned twice, once using the standard CEST sequence and again using the DvNav-CEST
sequence, both without motion. We examined how the navigator signal intensity varied for

different CEST offsets and compared the CEST and MTRasym curves for the 2 acquisitions.

Il.  Assessing the effect of motion and Bo inhomogeneity on CEST quantification

The effect of motion on CEST data was examined by scanning a pineapple using the standard
CEST sequence both without (NoMo) and with (Mo) motion. A motion stick was used to
introduce pose changes during the “with motion” acquisition. The MTRasym CUrves were integrated

from 0 to 3 ppm downfield of water to compare effects on quantification.

The effect of Bo inhomogeneity was assessed by scanning a 50mM bovine glycogen phantom with

saturation pulses applied at -1, 0, and 1 ppm while intentionally manipulating the zero- and first-
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order shims. After the baseline acquisition, the acquisition was repeated with the central frequency
manually adjusted by +32 Hz, £64 Hz, £96 Hz, +128 Hz, and £160 Hz from its nominal value
(equivalent to £0.25 ppm, £0.5 ppm, £0.75 ppm, =1 ppm, and +1.25 ppm at 3 T). Next, the linear
shim gradient values were manually adjusted simultaneously in Gx, Gy and Gz by +5 uT/m, £10
UT/m and +20 uT/m. The MTRasym Values in a 35x35x5 mm? ROl at 1ppm downfield of water
were compared for the different acquisitions.

1.  Performance of the DvNavs in estimating and correcting zero- and first-order shim
changes
To assess the ability of the DvNavs to accurately detect and correct zero- and first-order shim
changes, the central frequency and linear gradients were manually adjusted for successive DvNav-
CEST acquisitions. First a baseline acquisition was performed on the standard MRI water phantom
with the scanner’s initial system settings. The acquisition was then repeated with the system
frequency adjusted by 32 Hz, 64 Hz, 96 Hz, 128 Hz, and 160 Hz, respectively. These frequency
shifts (0.25 — 1.25 ppm in steps of 0.25 ppm) were selected to assess the ability of the DvNav to
correct frequency changes of the same order as the chemical shift of the glycogen hydroxyl group.
Next, the acquisition was repeated with the gradient values changed by 10 pT/m in Gx only, both
Gx and Gy, and finally Gx, Gy, and Gz together. DvNav shim correction was applied to all
acquisitions. Because shim correction is only applied from the second measurement, we compared,
for each acquisition, the first uncorrected CEST reference image to the second shim-corrected
reference image. In addition, shim estimates computed by the DvNavs were compared to known

adjustments.

IV.  Invivo validation
To investigate the benefits of real-time simultaneous motion and shim correction on CEST data in
the presence of subject motion in vivo, 5 acquisitions were performed on the calf muscle, targeting
the middle of the gastrocnemius, in each of 2 healthy adult male volunteers: 2 DvNav-CEST
acquisitions without motion (NoMo) — 1 without correction (-NoCo) and 1 with both motion and
shim correction (-AllCo); and 3 acquisitions with motion (Mo) — 1 without correction (-NoCo), 1
with motion correction only (-MoCo), and the last with both motion and shim correction (-AllCo).
Before the scan session, participants were instructed to lie still unless prompted to move. For

acquisitions with motion, subjects were instructed to change their position slightly twice to the left
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and twice to the right (for volunteer 1), and 4 times progressively to the left (for volunteer 2) at
equal intervals during the CEST acquisition. The speed of motion was intended to mimic small
voluntary leg movements that a subject might make to adjust to a comfortable position during
scanning. Before each CEST acquisition the scanner’s shim was manually optimized. All the
measurements were acquired in the transverse plane and the center slice of the navigator was
aligned to the CEST slice.

4.3. Results

4.3.1. Assessing the effect of the vNavs on CEST and vice versa

Figure 4.3 demonstrates the effect of the navigator and CEST sequences on each another. The
navigator curve (blue) shows the normalized signal intensity in a 35 x 35 x 5 mm® ROI on the
pineapple as a function of different CEST offsets. The green and red lines are CEST and MTRasym
curves for the CEST and DvNav-CEST acquisitions, respectively. The black dotted curve indicates
the difference between the CEST curves acquired with and without the navigator.
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Figure 4.3: A plot showing how the navigator signal intensity (blue) in a pineapple phantom varies for
different CEST offsets, as well as a comparison of CEST and MTRasym curves obtained from the
standard CEST and DvNav-CEST (red) acquisitions, respectively. The black dotted curve indicates
the difference between the CEST curves acquired with and without the navigator.
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4.3.2. Assessing the effect of motion and Bo inhomogeneity on CEST quantification
Figure 4.4 shows how motion (red curve) during the acquisition causes artifacts (evident here at
1.3 ppm and 1.8 ppm) that resemble the features expected in a CEST curve, as well as inaccurate
CEST estimates (38.8% in the presence of motion compared to 23.3% in the absence of motion).
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Figure 4.4: CEST and MTRasym curves for a pineapple phantom in the absence (blue) and presence
(red) of motion. The peaks and dips in the MTRasym and CEST curves correspond to measurements
when the pineapple was intentionally moved. The MTRasym curve was integrated between 0 and 3
ppm to compare CEST quantification.

Figure 4.5a show the MTRasym value at 1 ppm downfield of water for a 50mM glycogen phantom

for various manual frequency adjustments both downfield and upfield of the scanner central
frequency.

The MTRasym Value at 0 ppm was acquired without any change to the system frequency. MTRasym
values to the left of 0 ppm are from acquisitions where the system frequency was manually
increased in 32 Hz intervals (~0.25 ppm at 3 T) and those on the right from acquisitions where it
was manually decreased in 32 Hz (-0.25 ppm) intervals. Figure 4.5b shows the effect of linear
gradient (Gx, Gy, Gz) changes on MTRasym Values at 1 ppm.
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4.3.3. Performance of the DvNavs in estimating and correcting zero- and first-order
shim changes

Figure 4.6 shows geometric distortions and voxel shifts in the CEST reference images of a water
phantom after manual adjustment of the system frequency and linear gradient values. For each
acquisition, the top row shows the first CEST reference image (before shim correction), and the
bottom row shows the second reference image acquired after shim correction by the DvNavs.
Frequency shifts cause the image to shift in the phase encoding direction (Figure 4.6a), whereas
gradient changes cause geometric distortions (Figure 4.6b). Figure 4.6¢c demonstrates how a
frequency shift of -128 Hz introduces a Nyquist N/2 ghost in the CEST reference image that is

minimized after frequency correction by the DvNavs.

Figure 4.7 shows good agreement between shim estimates computed by the DvNavs and known
adjustments. Across all frequency shifts, the mean absolute estimation error was 0.23+0.15 Hz,
with a maximum error of 0.45 Hz for a 32 Hz frequency change (Figure 4.7a). Additionally, we
found that changes in the linear shim terms also caused global frequency changes, which could be
correctly detected by the DvNav (Figure 4.7b). Each manual adjustment was performed after first

resetting both the system frequency and linear-gradients to their optimal (“well shimmed”) values.
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Figure 4.6: CEST reference images of a water phantom following (a) Zero-order and (b) first-order shim
changes. In each case, the top row shows the reference image acquired after shim changes, and the second
row the image acquired following shim correction by the DvNavs. (¢) lllustration of the Nyquist N/2 ghost
that is introduced by a -128 Hz frequency shift, and correction of the artifact by shim correction.
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Figure 4.7: Comparison of (a) zero- and (b) first order shim changes computed by the DvNavs to known
adjustments. The bottom plot also shows the effect of first-order shim changes on system frequency.
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4.3.4. Invivo validation

Figure 4.8 shows the translation, rotation and shim parameters estimated by the DvNav for in vivo
scans of 1 volunteer. In the motion corrected cases, the image FOV and shim are immediately
adjusted when a change in position is detected. The coordinates of the current acquisition
(including the DvNav) and shim are adjusted by the previously detected translation, rotation and
shim parameters, respectively. This causes measured parameters in the prospectively-corrected

case to resemble the derivative of these parameters in the non-corrected case.

Figure 4.9 shows the CEST and MTRasym curves from a 35 x 35 x 5 mm3 ROI for the NoMo-
NoCo, NoMo-AllCo, Mo-NoCo, Mo-MoCo and Mo-AllCo acquisitions of 1 volunteer. The
uncorrected and incompletely corrected acquisitions with motion result in corrupted MTRasym
curves. Table 1 compares the integral of the MTRasym curve between 0.5 and 1.5 ppm downfield
of water, and peak values at 1 ppm, for the different acquisitions in each of the volunteers. Motion

without correction or motion correction only result in inaccurate CEST quantification.
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Figure 4.8: DvNav motion and shim estimates for NoMo-NoCo, NoMo-AllCo, Mo-NoCo, Mo-MoCo and Mo-AllCo acquisitions in one volunteer. The
corrected plots demonstrate how the DvNav-CEST sequence adjusts the image FOV and shim parameters to correct for changes that occur due to motion.
Top: Translation (mm), Middle: Rotation (degrees) and Bottom rows: Shim (zero-order and first-order). (NoMo = no motion, Mo = motion, NoCo = no

correction, MoCo = motion correction only, AllCo = both shim and motion correction)
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Figure 4.9: CEST spectra and MTRasym curves acquired in the calf muscle in one volunteer. Top row: (left) no motion and no correction (NoMo-
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Volunteer 1 Volunteer 2
Scans MTRasympeak | MTRasym integral MTRasym peak MTRasym
(1ppm) (0.5- 1.5 ppm) (1ppm) integral
(0.5- 1.5 ppm)

NoMo-NoCo 11.34 32.62 11.90 38.66
NoMo-AllCo 12.14 34.21 14.64 41.80
Mo-NoCo 8.36 28.25 5.04 11.36
Mo-MoCo 1.94 12.42 5.35 15.37
Mo-AlICo 10.08 29.56 13.99 40.63

Table 4.1: Summary of MTRsym peak values at 1ppm and integrals between 0.5 - 1.5 ppm downfield
of water for two volunteers during NoMo-NoCo, NoMo-AllCo, Mo-NoCo, Mo-MoCo and Mo-AllCo
acquisitions.

4.4. Discussion

Although CEST MRI has emerged as a promising technique to detect molecules present in
concentrations in the nanomolar to millimolar range, accurate analysis and quantification using
remains challenging. Because the CEST spectrum is generated from multiple acquisitions with
different saturation frequencies, it is prone to subject motion and heating of the iron shim coils
because of eddy currents or mechanical vibrations, both of which can lead to significant fluctuation
in the Bo field (Benner et al., 2006, Clark et al., 2016, Foerster, Tomasi & Caparelli, 2005). Even
after automatic shimming at the beginning of every acquisition, field homogeneity may change
between measurements because of many unavoidable factors (Alhamud et al., 2016). The
dependence of CEST on the chemical shift of endogenous molecules makes it especially sensitive
to Bo field inhomogeneity. This is exacerbated in glycoCEST where the resonance frequency of
hydroxyl protons is very close to the water resonance (Kim, Mina et al., 2009). Effective shim

correction is therefore essential for accurate quantification, particularly at 3 T.

Current CEST By correction methods rely on data post-processing and require either a separate
field map acquisition or multiple acquisitions with a fine frequency interval to correct the shift in
the CEST spectrum caused by zero-order shim changes (Kim, Mina et al., 2009, Sun, Farrar &

Sorensen, 2007). Motion correction is performed retrospectively via rigid (Schuenke et al., 2017)
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or nonrigid (Muller-Lutz et al., 2015) registration of CEST offset-images. However, the CEST
signal attenuation caused by geometric distortion because of gradient field variation cannot be
corrected in this way. To our knowledge, no previous study has examined the effects of both

motion and shim on CEST data analysis and quantification.

We have implemented fast double volumetric navigators in the CEST sequence to measure and
correct shim changes and motion for each CEST frequency offset measurement. For each offset
measurement, the motion and shim parameters are calculated and the FOV, frequency and gradient
currents are updated for subsequent navigator and CEST measurements in real-time. This improves
on existing correction methods by incorporating prospective correction, as well as the ability to
report and correct changes in field inhomogeneity between different frequency offset

measurements.

Placing the navigator immediately before the RF saturation pulse of the parent sequence is
intended to minimize the signal saturation from the CEST sequence on the navigator. Accordingly,
we observe a relatively stable navigator signal across the offset scans, with only a slight signal
drop observed close to the water frequency, because of the residual saturation effect from the
preceding CEST (Figure 4.3). The stable signal intensity over successive navigator images allows
for accurate registration and motion estimation, whereas methods that attempt to correct for motion
by registering CEST offset images (Li, Bian et al., 2017, Wech & Kostler, 2018) must address the
challenge of registering images with varying contrast. Similarly, the small mean difference
between CEST curves generated from acquisitions with and without the navigator confirms that

the navigator’s 2° flip-angle RF excitation is sufficiently low not to affect CEST saturation.

Although it is difficult to absolutely quantify glycogen levels, relative quantification is possible
using the MTRasym integral. For example, exercise-induced glycogen depletion can be examined
using MTRasym measured before and after exercise, provided that all other conditions are identical
between scans. However, a small change in intensity because of motion and Bo variation may alter
the MTRasym integral between 0 and 3 ppm downfield of water by up to 60% of its true value
(Figure 4.4). Given the low MRI signal of endogenous molecules, even a small change in MTRasym

has a large effect on data interpretation, and artifacts may resemble a metabolite of interest.
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Our phantom results demonstrate the sensitivity of MTRasym values to slight zero-order shim
changes. As the frequency of the saturation pulse shifts away from the expected glycogen
resonance, saturation of glycogen protons decreases and hence also the indirect saturation of the
water signal because of proton transfer. Changes in linear gradients also affect MTRasym, possibly
because of intensity variation resulting from geometric distortion and phase encoding shifts. The
pattern of artefactual changes in MTRasym as a function of shim variation is not deterministic but
Figure 4.5 demonstrates the substantial effect of small variations in zero- and first-order shim.

The CEST-DvNav sequence accurately detects, measures and corrects the change in Bo following
manual adjustment of the scanner system frequency (zero-order shim) and the linear gradients
(first-order shim). A change in zero-order shim results in a shift of the volume image in the phase
encoding direction, and a visible phase wraparound (Nyquist N/2 ghost) artifact, especially for
larger zero-order shim changes (Figure 4.6). This causes misregistration of voxels from
consecutive offset volumes, in addition to a shift in offset frequency in the CEST-spectrum. These
artifacts, as well as geometric distortions and intensity variations caused by varying linear shim
gradients (particularly apparent when more than 1 shim term is adjusted) are corrected by the
DvNav. Because variations in Bo can result in misinterpretation during voxel-wise CEST analysis,

for accuracy it is important that ABo be corrected in each CEST offset volume acquisition.

In our in vivo test, the relatively stable zero and first-order shims are distorted directly after pose
changes during acquisitions with motion but no correction (Figure 4.8). Without correction, the
frequency increases and/or decreases as pose changes with respect to the initial frequency and
returns towards its initial value upon return to the initial pose. Both pose changes and shim
distortions are corrected when shim and motion correction are applied using the DvNav-CEST
sequence (Figure 4.8: Mo-AllCo). Because of motion, a gradient change of about 5 pT/m
(uncorrected case) and 4 uT/m (corrected case peak to peak) occurred in Gx (excluding the initial
shim offsets), which is a significant amount to alter the CEST effect (as demonstrated in Figure
4.5).

Although a single vNav can correct a subject’s pose change, it cannot correct the resultant offset
shifts in the CEST-spectrum and vyields corrupted CEST and MTRasym curves (Mo-MoCo). In
contrast, motion- and shim-corrected (AllCo) CEST-spectra and MTRasym curves both without and

with motion are in good agreement with the NoMo-NoCo baseline scan (Figure 4.9). Although the
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MTRasym integral and peak values between 0.5 and 1.5 ppm downfield of water for both volunteers
are substantially reduced in scans with motion and either no correction (Mo-NoCo) or motion
correction only (Mo-MoCo), values are similar for scans without motion (NoMo) —both with and
without correction and for scans with motion and both shim and motion correction (Mo-AllCo).
This highlights the importance of correcting both motion and shim to achieve accurate CEST

quantification in the presence of motion.

Recent similar work has included volumetric navigators to correct for motion in glutamate CEST
at 7T (Auno, 2018). However, motion correction was only effective for motion < 0.7 mm/0.7°. By
contrast the PACE estimation method used here is potentially effective for translations and/or
rotations of up to 20 mm/8° (Thesen et al., 2000). We have demonstrated effective motion
correction for up to 7 mm transition and 2 degrees rotation. Although the Bo field was corrected
retrospectively in Auno (Auno, 2018) using the dual echo of the CEST sequence, and receiver
sensitivity using the vNav intensity, the current implementation corrects Bo prospectively in real-

time without additional scanning time.

Very few studies have attempted glycoCEST in humans at 3 T as motion of organs, and By spatial
inhomogeneity and temporal changes present a challenge to quantification. One study has
demonstrated liver glycogen reduction after fasting (Deng et al., 2016b). Another has shown that
muscle glycogen can be assessed at 3 T with proper frequency correction using the WASSR
method (Kim, Mina et al., 2009). The DvNav-based prospective frequency and first order shim
measurement and correction presented here could improve accuracy of muscle glycogen CEST
measurements. Even with minimal motion, the proposed method would correct any drift in the

scanner center frequency that occurs during the CEST acquisition (Windschuh et al., 2018).

A limitation of this work is that reproducibility of the CEST measurements obtained with the
DvNav sequence was not evaluated. This will be addressed in future work. We also did not

quantify the incremental benefit of linear shim correction above frequency correction alone.

4.5. Conclusion

Given that endogenous CEST imaging contrasts are only a few percent, even small errors
significantly impact CEST data analysis and quantification. Field inhomogeneity is unavoidable

and may occur during a scan because of heating of the shim iron, subject motion and other factors.
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We have presented a technique that accurately detects, measures and corrects changes in the Bo
field using DvNavs. Our method was shown to decrease the effects of subject motion and field
inhomogeneity by simultaneously correcting for both in real-time with no additional scanning
time. Phantom and in vivo test results show improved CEST quantification in the presence of
motion and field variations. Although the method was demonstrated for glycogen, which is more
sensitive to field inhomogeneity than other metabolites because of its resonance being close to that
of water, it can be extended to other metabolites detectable with CEST-MRI.
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Chapter 5

Reproducibility study of glycoCEST MRI using a motion and shim
navigated 2D EPI CEST sequence!

Gizeaddis L. Simegn?, Ali Alhamud?®, Andre J.W. Van der Kouwe®*® | Ernesta Meintjes®3, and
Frances Robertson??

Abstract

The effectiveness of CEST MRI for detecting macromolecules in vivo depends on several factors
including body temperature, pH, the prepared static shimmed Bo and other experimental
parameters. Repeated measurements on the same subject should produce similar results under the
same environmental and experimental conditions. However, fluctuation in the static prepared Bo
field, which may occur between measurements due to heating of the iron shim coils or subject
motion, may alter CEST results and affect reproducibility. The aim of this study was to investigate
the reproducibility of CEST measurements from consecutive acquisitions and to examine the
effectiveness of using a navigated CEST sequence with real-time shim and motion correction to
improve reproducibility. Nine healthy subjects were scanned on the calf muscle. For every subject,
five CEST scans were acquired in each of two sessions, in the first without shim correction applied,
and in the second with shim correction applied. In both sessions a 5-minute gradient intensive
diffusion sequence was run to introduce a dynamically changing field as a result of coil heating.
Tests were performed to evaluate the effect of the introduced Bo inhomogeneity on the
reproducibility of glycogen CEST, where the small chemical shift difference between the hydroxyl
protons and bulk water protons at 3 T makes CEST quantification extremely sensitive to magnetic
field inhomogeneities. With shim correction applied, CEST results were relatively consistent with
mean coefficient of variation (CoV) of 2.67 = 1.37 % across all subjects, whereas without
correction the results were less consistent with CoV of 83.70 £ 70.79 %. Our results demonstrate
that the fluctuation in the Bo field affects reproducibility of CEST data and that the navigated CEST
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sequence produces more reproducible measurements. This is important when conducting
longitudinal studies or when using CEST MRI to assess treatment or physiological responses over

time.

Keywords: Reproducibility, glycoCEST, field inhomogeneity, DvNav-CEST sequence, Shim

correction

5.1. Introduction

Chemical exchange saturation transfer (CEST) is a relatively new MRI contrast method that allows
for indirect detection of low concentration metabolite pools bearing exchangeable protons through
the large exchange-mediating water proton pool (Khlebnikov et al., 2017, Sun, van Zijl & Zhou,
2005, Zaiss, M. & Bachert, P., 2013, Zhou, Jinyuan et al., 2004, Zijl. & Yadav, 2011).

CEST imaging provides a more specific means to probe tissue composition compared with
conventional MRI through the exchange of specific labile protons that are generally not detectable
with standard MRI methods. However, the magnitude of the CEST effect is typically a few percent,
and therefore, it is important to improve its sensitivity by optimizing acquisition parameters. The
effectiveness of CEST to indirectly detect specific macromolecules in vivo depends on both
acquisition parameters and physiological factors (Wu, B. et al., 2016). These can be optimized
prior to the CEST scan, by selecting values that maximize signal reduction from the specific

molecule of interest (see chapter 3).

Field homogeneity can be distorted by several factors including subject motion (Pfeuffer et al.,
2002, Ward, Heidi A., Riederer & Jack, 2002) and heating of the iron plates in the shim trays by
eddy currents and mechanical vibrations (Benner et al., 2006, Foerster, Tomasi & Caparelli, 2005)
during measurement. Since CEST imaging is based on chemical shift difference of metabolites
from water, it is extremely sensitive to field fluctuation. Small variations in the field may strongly
impact the apparent CEST effects due to interference of direct saturation effects that have a strong
frequency dependence, especially when in close proximity to the water signal (Liu et al., 2010), as
in the case of glycogen.

The degree of field inhomogeneity, and therefore its effect, may vary within a CEST scan, from
offset measurement to measurement, and scan to scan making CEST measurement unreliable

during studies that require multiple rounds of CEST scan repetitions, such as pre- and post-exercise
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glycogen depletion and repletion studies, perfusion studies (Pekar et al., 1996, Yeung & Aisen,
1992), and assessment of glucose metabolism using CEST MRI (GlucoCEST) in the brain
(Nasrallah et al., 2013) (Jin et al., 2014).

Repeatability of measurements refers to the variation in repeated measurements made on the same
subject under identical conditions, using the same instrument or method, and over a short time
period during which the measured value is assumed to be constant. Variability in such cases
therefore results only from measurement itself (Bartlett & Frost, 2008). Reproducibility refers to
the variation in measurements made on a subject under changing conditions (Bartlett & Frost,
2008, Casadevall & Fang, 2010, Crook, Davison & Plesser, 2013), which may be different

measurement methods, different observers or measurements being made over a period of time.

Under constant experimental conditions CEST offset measurements for the same subject should
be repeatable. To be of practical use, measurements in different sessions should also be
reproducible, that is robust to instrument-related or environmental variations besides that of the
CEST effect itself. Any differences in the CEST data should therefore reflect only physiological

variations.

A motion and shim navigated CEST sequence (Simegn et al., 2018)has recently been introduced
and shown to decrease the effects of subject motion and field inhomogeneity by simultaneously
correcting for both in real-time. To date, the effect of field inhomogeneity on the reproducibility
of CEST data has not been assessed. This work examines the effect of field inhomogeneity on the
reproducibility of in vivo glycoCEST acquisition and evaluates the effectiveness of our navigated

CEST sequence with dynamic shim and motion correction in producing more repeatable results.

5.2. Methods

5.2.1. Data Acquisition

All scans were performed on a Skyra 3 T MRI scanner (Siemens, Erlangen, Germany) using a 15-
channel Tx/Rx knee coil according to protocols that had been approved by the Human Research
Ethics Committee of the Faculty of Health Sciences, University of Cape Town. Written informed

consent was obtained from all volunteers.

Nine healthy subjects (7 male and 2 females; age: 23 - 38) were recruited for the study. The calf

muscle of each subject was scanned 5 times in each of two sessions. In the first session — set of 5
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scans - shim correction was not applied, and in the second both shim and motion correction were
applied, to evaluate the reproducibility of the CEST sequence in each case. Between the two
sessions there was a short pause in scanning, but the subject was not removed from the scanner.
During all scans, subjects were instructed to lie still. In addition, the leg was immobilized using
foam padding. A Diffusion Tensor Imaging (DTI) sequence with a duration of five minutes was
run in between the third and fourth CEST scans for 7 subjects, and before all scans for the
remaining 2 subjects to introduce a dynamically changing field during the remaining scans
subsequent to heating induced by the gradient-intensive diffusion scan, and to evaluate the effect
of this shim change on the reproducibility of the CEST scans. The DTI sequence can cause field
drift to up to 30Hz due to heating of the shim iron (Alhamud et al., 2016) and mechanical vibration
(Alhamud et al., 2016, Avram et al., 2014, Bodammer et al., 2004, Truong, Chen & Song, 2008).

5.2.2. Scanning Protocols

A 2D gradient echo single-shot echo planar imaging (ss-EPI) continues wave (CW) CEST
sequence optimized with Double Volumetric Navigators (DvNav-CEST) for real-time shim and
motion correction (Simegn et al., 2018) was used for this study. The CEST imaging parameters
were: TR=2000ms; TE=21ms; FOV=256x256 mm? pixel size=4x4mm? slice
thickness =5 mm; 43 offset measurements (including 2 reference unsaturated measurements)
acquired with an optimized RF power of 1.5 uT and saturation pulse duration 1000 ms swept
between -3 to 3 ppm (with respect to water) with an interval of 0.15. The DvNav parameters
were: TR=13ms, TE1=4.8 ms and TE>= 7.0 ms, acquisition matrix of 32 x 32 x 32, 8 mm isotropic
voxels (with 6/8 partial Fourier encoding in the slice direction), FOV 256 mm, turbo factor 32, 2°
flip angle and bandwidth 4882 Hz/px. A 2.2 ms echo time difference (ATE) was chosen to maintain
fat and water in phase. The total data acquisition time, including the navigator, was 1 min and

30 seconds. Volunteers were instructed to maintain their position during the whole acquisition.

5.2.3. Data analysis

For each subject a 35x35x5 mm? region of interest (ROI) was manually selected from the largest
muscle group (gastrocnemius) in the calf (Figure 5.1) for glycoCEST analysis. Consistent
placement between subjects was achieved by visual comparison. Since there was assumed to be
minimal displacement between scans of one subject, within each subject the identical ROI
positioning was used for all scans. A custom-written Matlab (MathWorks, Inc 2014) program was
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used to process all the images and generate CEST spectra and MTRasym curves. The MTRasym Curve
was generated by subtracting the intensity of CEST spectra down field of water (positive offset
frequencies) from that upfield of water (negative offset frequencies). For all acquisitions, the

MTRasym integral was calculated between 0.5 — 1.5 ppm downfield of water, targeting glycogen.

For comparison to the navigator based real-time shim correction, a polynomial fitting field
inhomogeneity correction method (Zhou, Jinyuan et al., 2003, Zhou, J. et al., 2008) was used to
correct CEST spectra acquired from the 8" subject during the shim-uncorrected session. CEST
spectra were fitted to a 12™" order polynomial, and the frequency corresponding to the lowest signal
intensity in the fitted spectra was assumed to be water resonance frequency. All spectra were

shifted accordingly in order to correct field inhomogeneity shift effects.

The standard deviation and coefficient of variation (CoV) of the MTRasym integral for scans within
a session were calculated for each subject and session to compare reproducibility between sessions
with and without shim correction. CoV for each subject i and session j was calculated as follows:

COVyj (%) = 2L X100 ..o [5.1]

Wi, j
where ¢ and p are the standard deviation and means respectively of n scans in session j. To
investigate measurement repeatability, the CoV was calculated over the first 3 pre-DTI scans (n =
3), and to investigate the reproducibility under the changing shim conditions CoV was calculated
over all scans in each session (n = 5). To investigate inter-session variations (the effect of
introducing shim correction), the Pearson correlation coefficient of the session mean MTRasym
integral (n = 3) for each subject was calculated between sessions with and without shim correction.
The inter-subject CoV was calculated as the ratio of the SD of subject MTRasym means to the mean
of the subject MTRasym means. The measured shim parameters for all scans were analyzed in

Microsoft Excel.

Selected
ROI

Figure 5.1: Location of selected ROl used for CEST analysis
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5.3. Results

A total of 90 CEST spectra and MTRasym curves (9 subjects x 5 scans x 2 sessions) were generated

and analyzed. Figure 5.2 shows the CEST and MTRasym curves for the first 3 subjects with and
without shim correction.
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Figure 5.2: CEST spectra and MTRasym curves for three subjects (a), (b) and (c) the DT1 was run in between
the third and fourth scans. All scans were repeated five times in each of the two sessions (left: no shim
correction applied, right: shim correction applied).
95



For the remaining two subjects the 5-minute DTI scanning was performed prior to the CEST
acquisitions in both shim uncorrected and corrected cases. This is shown in Figure 5.3 where after
the DTI in the shim uncorrected case a reduction in signal intensity, resulting in flatter CEST
spectra with broadening around 0 ppm and spectral shifts, are observed in the first scans directly
after DTI in the shim uncorrected case. This causes distortion of the MTRasym curve, which is
particularly severe in the first scan after DTI. On the other hand, consistent intensities are observed
in the shim corrected cases. Post-processing with a high-order polynomial to correct a shift in the
CEST spectrum is shown for comparison.
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Figure 5.3: CEST Spectra and MTRasym curves from 5 CEST scans in a single subject all obtained after a 5-
minute DTI scan. The top left panel shows curves obtained from session without shim correction while the right
panel shows curves obtained after spectral shift correction using high-order polynomial fitting technique.
Bottom panel shows curves obtained from CEST acquisitions with shim correction applied. The polynomial

fitting technique failed to recover the reduction in MTRasym integral due to shim distortion.
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Figure 5.4 shows the shim parameters (zero-order and first-order) measured for a single subject
acquired during scans before the DTI sequence (3" scan) and after the DT sequence (4" scan)
during the two sessions, demonstrating how the gradient intensive DTI sequence alters the scanner
field.
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Figure 5.4:Measured shim parameters for a single subject; Scan 3 (pre-DTI), Scan 4 (post-DTI). The top
row shows shim parameters for the scans acquired without shim correction, while the bottom row shows
shim parameters for the scans acquired with shim correction applied. A frequency drift of approximately

10Hz/min is observed in scans acquired immediately after DTI.

Figure 5.5a shows a plot of the MTRasym integral for consecutive scans, demonstrating relatively
more consistent values for scans acquired with shim correction applied than for those acquired
without shim correction. Distinct alterations in MTRasym integral are evident for post-DTI CEST
scans (scans 4 and 5). Figure 5.5b shows the MTRasym integral for two volunteers acquired in
two sessions post-DTI, where the first scan is most affected by the preceding DTI, followed by a

gradual increase in MTRasym.
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Figure 5.5: MTRasym integral for each volunteer of five consecutive scans acquired in session 1 without
shim correction (No ShimCo) and in session 2 with shim correction applied (ShimCo). In (a) for subject 1-
7 the DTI sequence was run between 3 and 4™ CEST scans while for the volunteers 8&9 shown in (b) all

scans in both sessions were acquired post-DTI.
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Table 5.1 shows Coefficient of variation (CoV) and standard deviation (Std) of the MTRasym
integral for the 5 consecutive scans acquired in uncorrected and shim-corrected scans for all
subjects. Table 5.2 shows the same, but only for the 3 scans acquired prior to DTI (i.e. without
deliberate introduction of Bo changes) for 7 subjects. For comparison Table 5.3 shows the
reproducibility of the MTRasym integral for a single subject (subject 8) without shim correction,
with real-time shim correction and with shim correction by postprocessing using a polynomial
fitting method only.

Coefficient of Variation (CoV) Standard deviation (Std)
Volunteer No ShimCo ShimCo No shim Correction | Shim Corrected
1 90.74 4.74 15.33 2.40
2 53.44 4.74 14.47 3.49
3 125.65 243 14.88 1.80
4 20.60 1.33 10.90 1.13
5 36.18 1.70 9.17 1.25
6 24.25 1.54 4.73 1.11
7 20.63 241 1.7 1.95
8 208.67 3.71 8.79 1.29
9 173.15 1.51 8.62 0.92

Table 5.1: Measures of MTRasym integral reproducibility calculated over 5 consecutive scans acquired

from 9 subjects without shim correction and with shim correction applied.

CoV Std.
Volunteer No ShimCo ShimCo No ShimCo ShimCo
1 26.08 4.80 6.88 2.38
2 21.02 6.53 7.67 4.77
3 12.42 2.72 2.79 1.99
4 6.21 1.69 3.72 1.43
5 16.17 1.36 5.07 1.0
6 7.15 1.57 1.61 1.12
7 8.89 1.61 3.71 1.29

Table 5.2: Measures of MTRasym integral reproducibility calculated for the first 3 (pre-DTI) scans acquired

from 7 subjects without shim correction and with shim correction applied
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CoV Std.

No Shim 208.67 8.79
Correction

Shim Corrected 3.71 1.29

PolyFit 173.15 8.27

Table 5.3: MTRasym integral reproducibility calculated from 5 CEST acquisitions in a single volunteer all
obtained after a 5 minute DT scan without shim correction, with real-time shim correction applied and

after correction by a 12" order polynomial fitting technique (PolyFit).

Between subject CoV of the mean MTRasym integral for the No ShimCo session is 38.71 % and for
the ShimCo session it is 15.30 %.

The mean MTRasym integral across the first 3 consecutive scans for each subject in shim
uncorrected and shim corrected sessions is shown in Figure 5.6. In uncorrected scans the MTRasym
integral appears to be underestimated relative to corrected scans. However, a correlation of r =

0.62, p = 0.1 is observed between average values acquired in each session.
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Figure 5.6: Scatter plot of Average MTRasym integral for 3 consecutive scans (Pre-DTI) of each subject
acquired without shim correction and with shim correction applied. A reduction in MTRasym integral is
observed for all uncorrected scans compared to shim corrected scans. Correlation between No ShimCo and

ShimCo measurements is r =0.62, p = 0.1.
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5.4. Discussion

CEST MRI is a promising technique to detect metabolites, including glycogen, that are difficult to
observe using standard MRI techniques due to their low concentrations. However, CEST imaging
is complex, due to its dependence on physical and physiological parameters (Zaiss, M. & Bachert,
P., 2013). Moreover, the strong dependence of CEST on the magnetic field affects the parameters
of radiofrequency irradiation for selective CEST saturation and complicates interpretation of
acquired signals. Bo field inhomogeneities lead to a distortion in the acquired images and a shift in
the water resonance frequency that results in asymmetric direct water saturation effects. This
introduces artificial CEST effects in asymmetry analysis (Kogan, Hariharan & Reddy, 2013). Due
to a very small frequency separation from water, hydroxyl groups are particularly sensitive to
fluctuations in field homogeneity, where a small change in system frequency leads to direct

saturation effects and decreases the sensitivity of CEST.

Studies using CEST MRI typically employ multiple scanning sessions to examine changes in
physiology, biochemistry (e.g. pH) (Sun & Sorensen, 2008), molecular composition (Haris et al.,
2013), metabolism (e.g. muscle glycogen depletion and repletion), and perfusion (Anemone,
Consolino & Longo, 2017, Haris et al.,, 2011). For accurate and reproducible results, all
experimental and physical parameters should ideally be kept constant. However, changes in field
homogeneity may occur between measurements as a result of instrumental factors (e.g. heating of
shim coils) and subject-related factors (small motions, such as respiration), causing inconsistencies
in the acquired data. Technological improvements that address some of these issues will improve
the practical utility of CEST imaging. We previously introduced a navigated CEST sequence
(DvNav-CEST) for real-time motion and shim correction and demonstrated how it corrected CEST
measurements that were corrupted due to motion (Simegn et al., 2018). In the current work, we
investigated the reproducibility of glycoCEST MRI, under different consecutive scanning

scenarios using the both standard and DvNav-CEST sequence.

Without correction CEST spectra and MTRasym curves were distorted, particularly for scans
acquired after DTI (Figure 5.2 and Figure 5.3) where the MTRasym curve even dipped below zero.
This is due to slight changes in frequency and linear gradient shim causing saturation asymmetry
between corresponding offset measurements. As a result, for shim-uncorrected scans in all

subjects, the MTRasym integral was reduced in the 4™ CEST scan, which was performed directly
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post-DTI showing evidence of recovery (about 10%) towards its pre-DTI value on the 5" scan
(Figure 5.2). The CoV increased by about 39% for post-DTI scans compared to the first three pre-
DTI scans, highlighting the effect of shim distortion on CEST reproducibility.

By contrast, CEST spectra and MTRasym curves for consecutive shim-corrected scans, were
qualitatively similar, including for scans acquired post-DTI, with consistent MTRasym Values. With
shim correction, the mean (xsd) MTRasym integral CoV across 7 subjects was 2.67 £ 1.37 %
compared to 83.70 + 70.79% without shim correction. CoV of 2.69 % for CEST is comparable to
GIUuCEST reproducibility studies conducted at 7 T in repeated measurements of five mice (Bagga

et al., 2018) and in vivo in the human brain (Nanga et al., 2018).

Post processing using high-order polynomial fitting (Zhou, Jinyuan et al., 2003, Zhou, J. et al.,
2008) helps to center the CEST spectra at the minimum to compensate for shifts of the entire Z-
spectrum due to Bo zero-order shim, however, a reduction in the MTRasym integral due to combined
zero- and first-order magnetic field distortion cannot be recovered (Figure 5.3). The technique also
cannot correct Bo fluctuations that occur between different frequency offset measurements that
cause asymmetric direct saturation effects in the Z-spectrum. In CEST acquisitions obtained after
DTI, although a slight reduction in the CoV is observed for the MTRasym integral obtained after
post-processing using a 12" order polynomial (173.15%) compared to the uncorrected case
(208.67%), the intensity variation is still large. This shows that the CEST signal attenuation due
to the cumulative effect of zero-order and first-order shim in the presence of fluctuating field

cannot be corrected using simple post-processing techniques alone.

Even without the deliberate introduction of By instability, the mean CoV for the first 3 scans of 1
to 7 subjects were lower for the shim-corrected session (CoV = 2.89+2 %) than for the session
without shim correction (CoV = 13.99+7.48 %), showing improved measurement repeatability
under conditions assumed to be constant. The MTRasym integral is also lower for scans acquired
without shim correction compared to scans acquired with shim correction applied, suggesting that
CEST measurements may be underestimated without proper correction. This reduction is due to
the initial field homogeneity setting (i.e. pre-scan frequency and gradient offset) and due to the
shim fluctuation, that may occur in between CEST offset measurements as a result of the eddy

current sensitive EPI acquisition.
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Zero-order shim (frequency offset shift) causes a shift in the entire CEST spectrum leading to a
mismatch between the assumed and actual O ppm position (Wu, B. et al., 2016). Without proper
shift correction, this causes an increase or decrease in the calculated MTRasym integral depending
on the direction of the shift. The presence of field inhomogeneity along slice, phase encoding and
readout directions (gradients) can cause a temporal shift, geometric distortion (shearing, stretching,
compression, scaling) (Bammer et al., 2005, E. Mark Haacke et al., 1999), or phase dispersion
across affected voxels (Reber et al., 1998, Wachowicz, Tadic & Fallone, 2012, Ward, Heidi A.,
Riederer & Jack, 2002) resulting in signal loss and positional mis-registration of the signal and the
acquired offset images during voxel-wise CEST data analysis. As shown in Figure 5.4, during all
acquisitions, a drift in both zero-order (frequency) shim and first-order (linear) shim was observed
for scans acquired without shim correction. Directly after DTI the drift in zero order shim was as
much as 10 Hz/min. However, this, as well as the shim offset observed at the beginning of the

CEST measurement, was corrected when prospective shim correction was applied.

Considering the mean MTRasym in the first 3 pre-DTI scans only (Figure 5.6), the inter-session
correlation (reproducibility between ShimCo and No ShimCo measurements) is reasonable (r =
0.62), indicating that similar conclusions about relative glycogen concentrations in subjects could
be drawn using the standard or shim-corrected CEST sequences. Although no gold standard
glycogen measurement s available to us to confirm this, we expect the shim-corrected version to
produce more accurate measurements by correcting for small subject motions and changes in field
homogeneity. Subject 3 appears to be the cause of the modest correlation between sessions, since
the MTRasym integral for that subject is unexpectedly low even in the shim corrected session. This
is due to high initial offset frequency (zero-order shim) observed for the same subject resulting in
CEST spectral shift from 0 ppm (Figure 5.2c). However, in addition to producing more repeatable
and reproducible within-subject measurements, the navigated sequence also results in a lower
between subject CoV (15.30 %) for MTRasym than the standard CEST sequence (38.71%).

Due to several instrumental and physiological factors, that influence the CEST effect, longitudinal
and multicenter reproducibility is challenging in practice. The glycoCEST effect may be
confounded by other CEST contrasts that appear in the Z-spectrum. Notably we observe
reproducible dips at 2.5 ppm and -2 ppm, possibly corresponding to APT and NOE effects
respectively that may affect glycogen MTRasym estimation. A handful of studies have examined
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reproducibility of CEST measurements in vivo including Amine Proton Transfer Imaging
(APTCEST) of the human breast at 7 T (Klomp et al., 2013), glutamate in mice using GIUCEST
(Bagga et al., 2018) and gray and white matter glutamate contrast in the human brain (Nanga et
al., 2018). However, the effect of field inhomogeneity on repeatability and reproducibility of CEST
data has not been evaluated. To our knowledge no study has evaluated the reproducibility of

glycogen measurement using CEST MRI.

Our results demonstrate that drift in the scanner center frequency and gradients resulting from coil
heating affects CEST spectra, misleading CEST interpretation and that this effect can be
eliminated with application of prospective shim correction. This highlights the importance of
correcting field inhomogeneity prospectively during longitudinal studies. The navigated CEST
MRI sequence provides highly reproducible measurements in human calf muscle when shim
correction is applied. Additional work needs to be established to investigate the reproducibility of

CEST within and across specific regions of the calf muscle.

We acknowledge several other limitations of the current study, including a limited number of
subjects. Effects of scanner field strength, RF coil type and environmental factors such as
temperature were not assessed; however, we anticipate that this assessment of reproducibility lays
the groundwork for further CEST reproducibility studies that will systematically investigate these

important questions.

5.5. Conclusion

Scans acquired on the calf muscle of nine subjects, 5 times in each of two sessions in a total of 90
CEST scans, show that the motion and shim navigated CEST sequence produces more repeatable
results compared to the standard unnavigated CEST sequence. The effect of Bo field fluctuations
on CEST reproducibility was also demonstrated. Our simultaneous real-time shim and motion
navigated CEST sequence shows the potential to produce reproducible results by mitigating the
effect of changes in field homogeneity. The navigated CEST sequence may prove particularly
valuable for applications that require multiple scanning sessions, for example to study glycogen

depletion and repletion in skeletal muscle.
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Chapter 6

Summary and future work

CEST is an emerging MRI technique that has the ability to noninvasively measure endogenous
biomarkers and exogenous agents relevant to various physiological, disease and medical
conditions. CEST signal is proportional to the labile proton concentration and exchange rate and
therefore provides measurable sensitivity enhancement for detecting CEST agents (Sun et al.,
2011, Terreno, Castelli & Aime, 2010). The low concentration level of endogenous molecules (e.g.
glycogen) makes the application of CEST MRI in vivo extremely susceptible to artefacts induced
by environmental, experimental and physical factors. While some experimental parameters can be
optimized to maximize the detection of the required CEST signal, subject motion and induced field
inhomogeneity that may occur at any time during CEST acquisition are difficult to avoid. The
problem is worse for endogenous molecules, such as hydroxyl groups that resonate very close to
water, in which field inhomogeneity and motion escalate the effect direct water saturation by

shifting the CEST-spectrum leading to misinterpretation of the CEST data.

In this thesis, the standard 2D gradient echo single shot EPI sequence was modified to include a
continuous wave RF saturation pulse, RF irradiation parameters were optimized to maximize the
glycoCEST signal, and finally the optimized CEST sequence was further modified to include
double 3D-EPI volumetric navigators prior to the RF saturation pulse, for dynamic simultaneous
motion and shim measurement and correction. The prospective motion and shim correction
technique is independent of the CEST sequence. Its ability to detect changes in zero- and first-
order shim was validated in phantom through manual adjustment of the system frequency (zero-
order shim) and linear gradients (first-order shim). The technique was tested in vivo in the presence
of subject pose changes. The scan-rescan reproducibility study was also examined in the presence

of field inhomogeneity to validate the stability of the technique.

6.1. Selecting optimal RF irradiation parameters

Although CEST imaging allows indirect detection of species normally undetectable in standard
MRI, the CEST effect is only a few percent. CEST signal is dependent on physiological as well as
instrumental/experimental factors; the latter can be optimized for a specific metabolite of interest
in order to maximize the CEST signal.
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In Chapter 3, analytical solution of the Bloch-McConnell equations was used to find optimal
irradiation parameters that maximize glycoCEST signal. The RF power and duration were
systematically varied from weak to strong and short to long, respectively, in the three-pool
exchange simulation model. The MTRasym and CEST spectra were shown to vary strongly with
saturation power. An increase in saturation power resulted in widening of the CEST spectra while
the MTRasym integral first increased to a maximum at an optimal power level of 1.5 uT and
decreased with a further increase in saturation power (Figure 3.2 a&b). Although CEST signal also
gradually increased with increasing RF irradiation duration (Figure 3.2 c&d), its effect was small
compared to the effect of varying saturation power, especially at pulse durations longer than 2
seconds, where CEST signal became stable, reflecting the steady state proton exchange between

solute and water pool.

Due to their small chemical shift from water, signal from hydroxyl groups is particularly dependent
on saturation power. As shown by the simulation, weak power causes inefficient solute proton
saturation leading to an attenuated CEST effect; on the other hand, very strong RF power directly
attenuates the bulk water signal in addition to saturating solute protons, reducing sensitivity and
specificity of CEST (Kim, Jinsuh et al., 2015, Sun & Sorensen, 2008, Sun et al., 2011). The
variation in magnitude of CEST signal, spillover and MT effects on RF irradiation power shows
that there is an optimal RF power that maximizes the CEST signal. The optimal power and duration
for the RF irradiation (presaturation pulse (B1)), is dependent on the rate constant, relaxation times,
proton fraction, and chemical shift of the metabolite of interest. Despite limits on RF energy
deposition, pulse width and duty cycle in standard continuous wave RF irradiation, it enables
effective saturation, and an analytical solution for modeling the dynamics of the spin system can
be obtained from the coupled Bloch-McConnell equations (Zaiss et al., 2015), which includes

cross-relaxation terms to take MT into account.

The simulation result was validated in in vivo tests conducted at different saturation powers (see
Figure 3.5 and Table 3.1), which also showed maximum glycoCEST signal at 1.5 uT. A saturation
power of 1.5 uT and 1 second saturation pulse duration were subsequently selected as optimal
parameters for glycoCEST, although a 700 ms pulse duration also produced meaningful results
during validation of motion and shim correction in Chapter 4. In order to overcome hardware

limitations on duty cycle and tissue SAR restrictions to obtain longer saturation pulse durations a
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longer TR can be used, with the cost of extending scanning time. However, for clinical applications
it is important to minimize both scan duration and energy deposition. Longer CW irradiation is
sometimes not possible on clinical scanners, but the optimal saturation power and duration
presented here may provide a good starting point for optimizing a pulsed irradiation scheme.
Although optimization of pulsed RF irradiation is more complicated and requires optimization of
additional parameters, including flip angle, and inter-pulse delay, it has been shown that a good
CW design can inform optimal pulsed wave irradiation (Sun et al., 2011, Zhe Sun et al., 2008, Zu
etal., 2011).

Using the optimized parameters, different glycogen phantom concentration levels could be
distinguished (Figure 3.7 & Figure 3.8). The linear correlation (Pearson’s r = 0.98, p < 0.05)
between the MTRasym integral and phantom glycogen concentration demonstrates that detection of
relative glycogen levels using CEST MRI is feasible with optimized RF irradiation parameters.
Moreover, such optimization of parameters that affect the measured glycoCEST effect should
improve reproducibility, opening the way to unbiased measurement of this biological information

for clinical translation.

6.2. Effects of motion and shim on CEST and correction techniques

Subject motion and field inhomogeneity are the main sources of artifact in MR imaging. Due to
its dependence on chemical shift and voxel-wise data analysis, CEST imaging is particularly
sensitive to these effects. Motion results in a blurring of sharp contrast, geometric distortion,
ghosting artifacts, signal loss or appearance of undesired strong signals in the image (Van de
Walle, Lemahieu & Achten, 1997, Wood & Henkelman, 1985, Zaitsev, Maxim, Maclaren &
Herbst, 2015). This causes false positive results (“dips” and “peaks” in the MTRasym and CEST
spectrum) or induces field inhomogeneity artefacts (see Figure 4.3) misleading CEST data analysis
and quantification. Field inhomogeneity affects the CEST spectrum and consequently also
MTRasym data, which was observed to be very sensitive to slight changes in zero- and first-order
shim (see Figure 4.5). Although, the pattern of artefactual increases and decrease in MTRasym as a
function of shim variation is not deterministic, the results demonstrate that small variations in zero-

and first-order shim may have a non-trivial effect on CEST quantification.

Techniques currently available for shim correction are based on retrospective post-processing of
the data, either using a pre-acquired field map (Kim, Mina et al., 2009, Sun, Farrar & Sorensen,
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2007) or fitting CEST spectra to a higher order polynomial (Zhou, Jinyuan et al., 2003, Zhou, J. et
al., 2008). In the first method, a field map or map of the absolute water frequency is generated
using a separate pulse sequence to center the shifted CEST spectrum according to the measured
Bo field variation. This method requires a separate pulse sequence and additional scanning time.
Water saturation shift referencing (WASSR) (Dula et al., 2011, Kim, Mina et al., 2009) similarly
uses a separate acquisition with low saturation power to detect the direct saturation of water and
estimate the frequency shift caused by field inhomogeneities. However, this also requires
additional scanning time and data post-processing. In the second method the CEST spectrum is
fitted to a higher-order polynomial to find the minimum, which is assumed to be the center
frequency (true water resonance frequency) and each voxel’s CEST spectrum is shifted
accordingly. This technique relies on sampling the minimum of the CEST spectrum in sufficient
detail and the method is applicable only when the central peak in the CEST spectrum is sharp or
if the CEST agents’ exchangeable protons are sufficiently far from water for MT and DS effects

to be negligible, so that the technique is robust to small errors in Bo correction.

The effect of motion on CEST has not been thoroughly addressed in the literature. The few studies
that examine motion correction in CEST MRI (Nirbhay N. Yadav, 2015, Schuenke et al., 2017)
consider retrospective technigues. Retrospective motion correction methods based on volume-to-
volume registration are well established for standard MRI (Atkinson et al., 1997, Cox, 1996,
Friston et al., 1995, Jenkinson, M. et al., 2002, Stehling, Turner & Mansfield, 1991). However,
these methods are not appropriate for CEST MRI, which involves multiple measurements with
different saturation frequencies and therefore varying contrasts. Moreover, motion-induced field
inhomogeneity that occurs in between offset measurements remains uncorrected using

retrospective correction techniques.

6.3. Volumetric navigator-based motion and shim correction in CEST
The effectiveness and robustness of 3D-EPI navigators to correct for both motion and shim
fluctuation in real-time has been demonstrated for other pulse sequences (Alhamud et al., 2016,
Hess et al., 2011, Saleh et al., 2016). Here the CEST-DvNav sequence was shown also to
accurately measure, report and correct a change in Bo following manual adjustment of the scanner
system frequency (zero-order shim) and linear gradients (first-order shim) (see Figure 4.6 and
Figure 4.7)
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The effect of adding the navigator to the CEST sequence was evaluated in Chapter 4. The main
concern when interleaving two separate sequences is a possible contamination from one to the
other. Since the relaxation period in CEST occupies a significant portion of the TR, the navigator
could be inserted immediately before the saturation block to minimize the effect of CEST
saturation on the navigator. Consequently, only minimal variation in the navigator signal was
observed, limited to a slight trend that follows the CEST curve, due to the residual saturation effect
from the preceding CEST (Figure 4.3). Conversely the 2°-flip angle RF excitation selected for the
navigator was sufficiently low not to affect the CEST saturation, with a small difference (mean £
sd = 0.13 £ 0.89) between the CEST curves generated from acquisitions with and without the

navigator.

In vivo scans acquired from the calf muscle of two volunteers demonstrate that the relatively stable
zero and first-order shims were distorted directly after pose changes during acquisitions with
motion but no correction. Without correction, the frequency increased for pose changes away from
the origin and returned towards its initial value upon return to the initial pose (Figure 4.8). With
motion and no correction applied (Mo-NoCo), false dips resembling metabolite detection occurred
in addition to an artefactual shift in the CEST spectrum around the water resonance (Figure 4.9).
Although pose changes were corrected when motion correction only was applied, the shim
distortion remained, showing that correction for pose change alone cannot remove all the errors
that occur as a result of motion. This is demonstrated in the Mo-MoCo case (Figure 4.9) where the
subject’s pose was corrected, but the resultant offset shift in the CEST-spectrum due to field
inhomogeneity left uncorrected. During shim and motion correction, the DvNav adjusts the image
FOV and shim parameters to correct for the changes immediately after they occur. Therefore, using
the DvNav sequence, both pose changes and the resulting offset shift in the CEST-spectrum was
corrected in the Mo-AllCo case. The results demonstrate clearly that zero- and first-order Bo
changes occur in the presence of subject pose change and that correcting only motion correction
in CEST will be ineffective without employing Bo correction. Hence, simultaneous motion and
shim correction using our proposed method is desirable for accurate CEST data analysis and
quantification. The motion used for testing was intended to mimic small voluntary leg movements
that a subject might make to adjust to a comfortable position during scanning, rather than to

account for physiological motion. However, the technique might also prove useful to correct small
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bulk muscle motions that result from respiration or cardiac pulsation, as long as minimal motion

occurs during navigator acquisition.

An advantage of the navigator method is that a field map can be computed dynamically, between
different CEST offset measurements, unlike approaches such as WASSR that depend on field
maps acquired before or after the acquisition. An alternative approach for achieving this dynamic
correction is to determine Bo maps from a dual echo CEST data (Auno, 2018, Wei et al., 2014,
Zhou, Zhengwei, Bi & Li, 2017). Another recently proposed implementation of volumetric
navigators to correct for motion in CEST at 7T (Auno, 2018) would not be effective for
glycoCEST, since the navigator contrast in that work was affected by saturation which precluded

acquiring motion-corrected Z-spectrum offsets close to water.

Prospective motion correction has been shown to reduce motion artifacts by adapting the data
acquisition in real-time during in various MRI sequences (Alhamud et al., 2012, E. Mark Haacke
et al., 1999, Hoinkiss & Porter, 2017, Lee, C. C. et al., 1998, Lee, Jongho et al., 2009, Tisdall et
al., 2012). The PACE technique (Thesen et al., 2000) allows the use of motion parameters from
rigid-body image registration to adapt slice positions and orientations in real-time. Prospective
motion correction using navigators (Lin, W. et al., 2014, Tisdall et al., 2012, van der Kouwe,
Benner & Dale, 2006, White et al., 2010) enables estimation of motion parameters in multishot
imaging when it is not possible to estimate motion parameters reliably from the data acquired for
individual shots. The advantage of navigator methods is that they can be modified so that magnetic
field inhomogeneity can be estimated and corrected at the same time. Navigators are ideal for use
in the CEST MRI pulse sequence, because of the long CEST relaxation period, the ability to
simultaneously correct motion and shim changes, and the independence of the navigator from the

main sequence.

6.4. Field inhomogeneity and CEST reproducibility

The effectiveness of CEST MRI in detecting metabolic changes in longitudinal studies, depends
on the reproducibility, as well as the accuracy of CEST quantification. However, because the
CEST method relies on indirect detection, it may be compromised by artifacts or contaminated by
contributions from other metabolites that participate in proton chemical exchange. The dependence
of CEST on physical and experimental factors makes it very sensitive to small variations in

experimental variables.
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In this study, the scan-rescan reproducibility of glycoCEST MRI was investigated under a
dynamically changing field subsequent to a gradient-intensive diffusion scan that has previously
been reported to introduce eddy current-induced magnetic field inhomogeneities (Alhamud et al.,
2016, Avram et al., 2014, Bodammer et al., 2004, Truong, Chen & Song, 2008).

For shim uncorrected scans, inconsistent CEST results were observed across the session (see
Figure 5.2, Figure 5.3, Table 5.1 and Table 5.2) with mean CoV of 83.07 + 70.79 %. Before DTI
the MTRasym integral generally decreased slightly as scans were repeated and CoV for different
subjects ranged from 6 — 26 %. The measured shim parameters for post-DTI CEST scans showed
that the zero-order shim (frequency) slightly increases along measurements without shim
correction (Figure 5.4). After the DTI sequence, a dramatic reduction in MTRasym integral occurred
in all subjects (Figure 5.5). However, using the navigated CEST sequence with motion and shim
correction, frequency and linear gradient traces showed stable values, and consistent CEST results
were obtained (CoV = 2.67 £ 1.37 %) for all scans, including those acquired post-DTI. This CoV,
obtained at 3 T, is comparable to those of GagCEST in cartilage (1.9%) (Brinkhof et al., 2018),
and GIUCEST in mouse striatum (2.3%), and in the human brain (2%) (Nanga et al., 2018)at high
field strengths (>=7 T). It is also lower than the CoV obtained for many metabolites (range 2% -
21%) (Zhang et al., 2018) using MRS at 3 T, although this region-dependent (de Matos et al.,
2016). However, although DvNav CEST reduced between subject CoV compared to without the
DvNav, the between subject CoV for DvNav glycoCEST (15%) is still higher than that obtained
for GIUCEST in human gray (2%), and white matter (6%) at 7 T (Nanga et al., 2018).

Fewer studies have investigated CEST reproducibility at clinical field strengths, however, even at
3 T repeatable measurements have been obtained for APT CEST in the breast (Dula et al., 2013).,
and in the brain (Togao et al., 2015) and reasonable GagCEST reproducibility (ICC =0.508/0.759)

in different intervertebral disc regions (Deng et al., 2016a).

Interestingly, and more relevant to our intended application of CEST to skeletal muscle, one study
at 3 T investigated reproducibility of creatine CEST in the soleus and lateral and medial
gastrocnemius and found mean within-subject CoVs of 4.5%, 3.4% and 8.2% respectively
(DeBrosse et al., 2016), slightly higher than what we obtain with the DvNav glycoCEST sequence.
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For reproducible CEST results, experimental and physical parameters should be ideally kept
constant during the course of multiple acquisitions. However, changes in field inhomogeneity

between measurements are often unavoidable, resulting in inconsistency in the acquired data.

Field inhomogeneity may occur due to the slowly varying field fluctuations intrinsic to the MR
hardware, heating of the iron coils, and mechanical vibrations, in combination with the
susceptibility differences in different tissues and subject motion (Benner et al., 2006, Foerster,
Tomasi & Caparelli, 2005, Pfeuffer et al., 2002, Ward, Heidi A., Riederer & Jack, 2002). The
effect of field inhomogeneity is not only a position-dependent shift in the CEST spectrum that can
be corrected using post-processing, but also irreversible attenuation of the CEST signal. Due to
the hydroxyl group’s close resonance frequency to that of water, glycoCEST MRI is particularly
sensitive to BO field inhomogeneity. Hence, prospective correction of field inhomogeneity is
essential for reproducible glycoCEST measurement. Our results demonstrate that the navigated
CEST MRI sequence provides reproducible measurements in human calf muscle when shim

correction was applied.

6.5. Limitations and future work

One limitation of the DvNav motion and shim correction method is that motion that occurs during
navigator acquisition and the short communication time gap cannot be corrected. However, this

duration is very short compared to the rest of the sequence.

Secondly, as well as affecting zero- and first-order shims, subject motion can result in second order
shim changes (Hess et al., 2011). Because the current Siemens hardware does not allow real-time
control of higher-order shims, only zero-order and first-order shims are updated in the current work
(although the navigator estimates the second-order shims). In addition, the motion estimates for
the navigated CEST sequence rely on the Siemens implementation of PACE (Thesen et al., 2000),
which terminates for translations in any direction greater than 20 mm and rotations greater than 8
degrees. However, the sequence will continue to run enabling offline estimation of motion

parameters which can be used for retrospective correction.

The reproducibility of DvNav-CEST sequence was not evaluated on a known glycogen
concentration because of the difficulty and expense of creating additional glycogen phantoms.

Future studies could compare DvNav-CEST reproducibility and relative quantification to that of
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the standard optimized sequence on known glycogen concentrations. We also did not investigate
the effects of B1 transmit field correction which can be done via interpolation using pre-acquired
flip angle maps (Windschuh et al., 2015). As head motion can also alter receiver sensitivity (Auno,
2018), this could be addressed in future work.

Finally, we would like to highlight that, the hydroxyl group CEST signal is small at lower magnetic
fields (Zijl. et al., 2007), and different factors including uncorrected MT and DS effects, and
saturated protons from other endogenous metabolites with overlapping resonance frequencies,
such as glucose, may cause a reduction of the bulk water signal in addition to the metabolite of
interest (glycogen). Although the RF irradiation parameters that maximize the glycoCEST signal
can be optimized, signals detected in vivo should be considered glycogen-weighted, rather than
pure glycogen. Jin et. al (Jin & Kim, 2014) suggest that Chemical Exchange sensitive spin-
locking (CESL) provides better exchange rate selectivity and sensitivity than CEST. For
molecules with fast exchange rate of glycogen and resonance frequency close to the water
resonance, CESL could be as an alternative method for better sensitivity. It would be interesting
in the future to implement DvNav in the CESL sequence for glycogen detection.

Moreover, absolute quantification of glycogen signal in particular; and the CEST signal in general,
is not possible using the MTRasym method. The MTRasym integral is best applied to examine relative
glycogen concentrations, for example to investigate glycogen level changes in well-controlled,
repeated measured experiments. Advances in the reliability and practical application of CEST
imaging, such as presented in this thesis, open the possibility of imaging a range of biologically

important molecules that have not yet been studied in detail.

Moving to field strengths higher than 3 T will improve CEST SNR, and the longer water T, at
higher fields will allow saturation transferred to water to be retained for longer. Because the
chemical shift separation between metabolites is greater, CEST becomes more specific at higher
field strength and glycogen detection sensitivity is increased as the exchange rate becomes slow
relative to the chemical shift (Zijl. et al., 2018). It would be of interest to test the effectiveness and
sensitivity of the DvNav-CEST technique at a higher field strength (e.g. 7 T), where both
glycoCEST signal and field inhomogeneity is high.
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Chapter 7

Conclusion

In this thesis, a CEST MRI pulse sequence was optimized to maximize the detection of glycogen
by reducing competing factors. An optimal irradiation power of 1.5 uT and duration of 1 s were
selected to maximize CEST signal for glycogen detection. These values were validated on in vivo
on human calf muscle and different phantom glycogen concentrations were identified using the
selected optimal RF irradiation parameters.

An optimized CEST sequence was presented that simultaneously performs real-time tracking and
correction of pose changes, and frequency and first-order shim measurement and correction using
double volumetric navigators (DvNavs). The 2D gradient echo single-shot EPI sequence was
modified to acquire 3D EPI DvNavs prior to the continuous wave RF saturation pulse in each TR
without any additional scanning time. Registration of successive first navigator magnitude images
to the reference navigator magnitude image provides position and orientation estimation that are
used to update the scanners coordinate system once in each TR of the CEST sequence. A field map
is generated from the phase images of dual navigator contrasts of the same CEST TR and is used

for zero-order (frequency) and first-order (linear gradient) shim correction.

In addition to introducing false ‘dips’ or ‘peaks’ that resemble the CEST effect, motion also
induces field inhomogeneity that shifts the CEST spectrum. Phantom data showed that the
navigator estimated and corrected the manual zero-order and first-order shim adjustments with
minimal error. It was also shown that introducing the navigator does not corrupt the CEST data

and the CEST has a minimal effect on the navigator contrast.

The scan-rescan reproducibility study demonstrated that shim changes lower the reproducibility
of CEST data and validated the stability of DvNavs under a dynamically changing field induced
by the preceding gradient-intensive diffusion scan. Without shim correction, the CEST sequence
produced varying results for repeated scans, whereas consistent CEST data was acquired with shim
correction. In conclusion, this work has demonstrated the effectiveness of motion and shim
correction in CEST MRI and has presented and validated an optimized CEST sequence that is

robust to motion and fluctuations in field inhomogeneity.
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