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ABSTRACT OF THE DISSERTATION

Development of MRI Techniques for Tissue Characterization

Using Magnetic Resonance Multitasking

by

Pei Han
Doctor of Philosophy in Bioengineering
University of California, Los Angeles, 2022

Professor Debiao Li, Chair

Magnetic resonance multitasking (MR Multitasking) is a multi-dimensional imaging
framework that was developed recently. With low-rank tensor modeling, signal correlation
among images at different time dimensions are exploited in MR Multitasking to resolve
motion, accelerate image acquisition, and enhance image quality. Though initially
developed for cardiovascular imaging, it has also been extended to many other
applications, such as whole-brain multi-parametric mapping, free-breathing abdominal
dynamic contrast enhanced imaging, etc. The primary focus of this dissertation is to
improve two important MR tissue characterization techniques using MR Multitasking: (1)

Electrocardiogram (ECG)-less myocardial T1 and extracellular volume fraction (ECV)



mapping in small animals at 9.4 T, and (2) Fast 3D chemical exchange saturation transfer
(CEST) imaging for human studies at 3.0 T.

ECV quantification with cardiovascular magnetic resonance T1 mapping is a
powerful tool for the characterization of focal or diffuse myocardial fibrosis. However, it is
technically challenging to acquire high-quality T1 and ECV maps in small animals for
preclinical research because of high heart rates and high respiration rates. An ECG-less,
free-breathing ECV mapping method using MR Multitasking was developed on a 9.4 T
small animal MR system. The feasibility of characterizing diffuse myocardial fibrosis was
tested in a rat heart failure model with preserved ejection fraction (HFpEF). A 25-min
exam, including two 4-min T1 Multitasking scans before and after gadolinium injection,
were performed on each rat. It allows a cardiac temporal resolution of 20 ms for a heart
rate of ~300 bpm. Elevated ECV found in the HFpEF group is consistent with previous
human studies and well correlated with histological data. This technique has the potential
to be a viable imaging tool for myocardial tissue characterization in small animal models.

CEST imaging is a non-contrast MRI technique that indirectly detects
exchangeable protons in the water pool. It is achieved by performing frequency selective
saturation at those protons before acquiring water signal readout. CEST MRI provides a
novel contrast mechanism to image important physiological information, such as pH and
metabolite concentration. However, long scan time is still a crucial problem in many CEST
imaging applications, which makes it difficult to translate current CEST techniques into
clinical practice. A novel 3D steady-state CEST method using MR Multitasking was
developed in the brain at 3.0 T. This allows the Z-spectrum of 55 frequency offsets to be

acquired with whole-brain coverage at 1.7 x 1.7 x 3.0 mm? spatial resolution in 5.5 min.



Quantitative CEST maps from multi-pool fitting showed consistent image quality across
the volume.

Motion handling in moving organs is another challenge for practical CEST imaging.
For instance, breath-holding is currently needed in liver CEST imaging to reduce motion
artifacts, which limits not only spatial resolution, but also scan volume coverage.
Following the whole-brain CEST protocol, a respiration-resolved 3D abdominal CEST
imaging technique using MR Multitasking was developed, which enables whole-liver
coverage with free-breathing acquisition. CEST images of 55 frequency offsets with
entire-liver coverage and 2.0 x 2.0 x 6.0 mm? spatial resolution were generated within 9
min. Both APTw and glycoCEST signals showed high sensitivity between post-fasting

and post-meal acquisitions.
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CHAPTER 1: Introduction

1.1 Motivation

Since its invention in 1970s, Magnetic Resonance Imaging (MRI) has become one
of the major medical imaging modalities for non-invasive diagnosis. It can provide both
structural and functional information with high-resolution three-dimensional images. The
major advantage of MRI is that it offers excellent soft tissue contrast without using any
ionizing radiation.

By varying the structure and parameter settings of the MR pulse sequence, images
with specific contrasts among different tissues can be generated, which makes MRI a
very versatile imaging technique for tissue characterization. For instance, images from
the most commonly used T1-weighted and T2-weighted scans are produced by using
different TE and TR times. More advanced image contrasts can be generated by
performing specific preparation pulses, such as diffusion weighted imaging (DWI), arterial
spin labelling (ASL) imaging, and chemical exchange saturation transfer (CEST) imaging,
or by injecting contrast agents, such as dynamic susceptibility contrast (DSC) imaging
and dynamic contrast enhanced (DCE) imaging. In recent years, research of quantitative
MRI methods (such as T1 mapping and T2 mapping protocols) is getting more popular
[1, 2]. Unlike conventional qualitative imaging techniques, quantitative parametric maps
rather than contrast-weighted images are generated. Those parametric maps can be
compared among different imaging sites or different acquisition time points.

Magnetic Resonance Multitasking (MR Multitasking) is a recently proposed

imaging framework [3], which uses a low-rank-tensor (LRT) model to exploit the high



correlation among images at different time dimensions (relaxation, motion, etc.), thus can
resolve motion and greatly accelerate the acquisition process.

The long-term goal of the dissertation is to improve MRI tissue characterization
techniques using MR Multitasking. In this dissertation, we will focus on initial technical
development of two important tissue characterization techniques: (1) ECG-free
myocardial T1 and ECV mapping in small animals at 9.4 T; (2) Fast 3D CEST imaging for
human studies at 3.0 T.

1.2 Aims

Aim 1. To develop an ECG-free myocardial ECV mapping technique in small
animals using MR Multitasking to characterize myocardial fibrosis.

Extracellular volume fraction (ECV) quantification with cardiovascular magnetic
resonance T1 mapping is a powerful tool for the characterization of focal or diffuse
myocardial fibrosis. However, it is technically challenging to acquire high-quality T1 and
ECV maps in small animals for preclinical research because of high heart rates and high
respiration rates. Therefore, we try to develop an ECG-free T1 and ECV mapping method
using MR Multitasking on a 9.4 T small animal MR system.

Aim 2: To develop a fast 3D steady-state CEST imaging method for tissue
characterization within a clinically feasible scan time using MR Multitasking.

Conventional CEST imaging, where each image readout is preceded by a
frequency selective saturation module with long enough duration to reach the steady state
between the exchanging proton pools and the water pool, is usually slow. This makes
fast, high-quality 3D CEST imaging quite challenging. Moreover, breath-holding is usually
needed when CEST is applied to moving organs such as liver or pancreas. Therefore, we

2



try to develop a 3D steady-state CEST imaging technique using MR Multitasking to further
reduce scan time in brain imaging and to achieve free-breathing acquisition in abdominal
imaging.

Aim 2.1: To develop a robust 3D whole-brain steady-state CEST acquisition scheme

using MR Multitasking.

We try to develop a fast 3D whole-brain CEST technique using the MR Multitasking
framework. No physiological motion is involved in this protocol.

Aim 2.2: To develop a free-breathing 3D abdominal steady-state CEST method of human

liver using MR Multitasking.

Based on Aim 2.1, we try to develop a free-breathing 3D abdominal CEST imaging
method. This will be the first abdominal CEST protocol with: (1) volumetric coverage, and
(2) free-breathing acquisition.

1.3 Structure of the Dissertation

Chapter 2 introduces the background of the work, including principles of magnetic
resonance imaging and the MR Multitasking framework. A brief introduction of T1I/ECV
mapping and CEST imaging—two tissue characterization methods involved in the
thesis—are also included.

Chapter 3 describes an ECG-less, free-breathing myocardial T1 and ECV mapping
technique in small animals at high heart rates. In this chapter, the proposed technique is
validated against the Bruker scanner’s built-in T1 mapping method in a phantom. Its
feasibility to characterize diffuse myocardial fibrosis in a rat hypertensive heart failure
model with preserved ejection fraction (HFpEF) model is tested. The repeatability of ECV

guantification is also assessed. (Aim 1)



Chapter 4 describes a fast whole-brain steady-state CEST method using MR
Multitasking. In this chapter, CEST maps generated from the proposed method are
compared with those from conventional 2D single-shot FLASH CEST method in healthy
volunteers. The consistency of CEST maps is assessed among different subjects. The
intra-session repeatability is also evaluated. (Aim 2.1)

Chapter 5 describes a free-breathing 3D abdominal steady-state CEST method
using MR Multitasking. In this chapter, the feasibility of the proposed method is tested in
healthy volunteers. The sensitivity of APTw and glycoCEST signals generated with the
proposed method is tested with fasting experiments. (Aim 2.2)

Chapter 6 gives an overall discussion with conclusion and future directions.



CHAPTER 2: Background

2.1 Magnetic resonance multitasking

Magnetic resonance multitasking (MR Multitasking) is a novel imaging framework
that initially developed for quantitative multi-parametric cardiovascular imaging [3].
Different sources of image dynamics—both physiological (including cardiac and
respiratory motion) and physical (including T1 and T2 relaxation, as well as varying
contrasts introduced by preparation pulses) —are conceptualized as different tasks. Each
‘task’ is assigned to a time dimension, and all those dimensions can be resolved using a
low-rank tensor (LRT) to exploit the image correlation along each dimension. Rather than
‘freezing’ some unwanted image dynamics, MR Multitasking ‘embraces’ all dynamics with
a continuous acquisition without ECG triggering/gating, breath-holding or respiratory
navigation. In the past few years, MR Multitasking has not only been explored in
cardiovascular imaging [4, 5, 6], but also been extended to many other applications, such
as whole-brain multi-parametric mapping [7, 8] and free-breathing quantitative dynamic
contrast-enhanced (DCE) MRI of the abdomen [9].

The theory and core components of MR Multitasking are summarized in the
following sub-sections.
2.1.1 The image model

In MR Multitasking, the image to be reconstructed is represented in a
multidimensional function a(x, t,, t,, ..., ty), where x indexes the spatial dimension, and
t;, ty, ... ty index different temporal dimensions (including but not limited to temporal

evolution within one recovery period, respiratory motion, cardiac motion, etc.). Given the



high spatiotemporal correlation among different dimensions, the multidimensional image
can be discretized and viewed as a low-rank tensor A, which is partially separable, i.e.
A =G X1 Uy Xy Up, X3 Up, Xy oos Xpyypq Ugy (2.1)

where x; denotes the tensor i-mode product; U, € C/*Lo contains L, spatial basis
functions with J voxels each, U, € CX*L1 contains L, basis functions characterizing the
first temporal dimension, U,, € CM*Lz contains L, temporal basis functions characterizing
the second temporal dimension, and so on; G € Clo*t1xL2xXLn denotes the core tensor
that governs the interaction between different dimensions.

The core tensor and temporal bases can be combined into a temporal factor tensor
@ =G X, Up, X3 U, Xy, - Xpnyq Ug,, in Which case Equation (2.1) simplifies to

A= x; Uy (2.2)

Equations (2.1) and (2.2) can also be expressed in factorized form as follows:

J
a(x,ty, ty, .., ty) = Z wi(X)P;(ty, ta, -, ty) (2.3)

Jj=1
Ly Ly

Biltntoit) = ) D Y Gy (6 v un(t)  (24)

llzl 1221 lTL=1
where {”u]-(x)}j_:1 represent spatial basis functions spanning the spatial subspace,
{vi(ti)}fi"zl are temporal basis functions spanning the N individual temporal subspaces,

and g,.,.,..1,, are the elements of the core tensor g.

2.1.2 K-space sampling and image reconstruction



Based on Equation (2.2), in which the temporal and spatial information of A are
separated as @ and U, we can reconstruct the multidimensional image by serially solving
@ and U,, rather than solving the low-rank tensor A as a whole.

To solve the temporal factor @, we need to collect k-space data with enough
sampling rate to ensure enough temporal resolution, but we only need very limited spatial
information. Therefore, the central k-space line or a very limited number of central k-space
lines are frequently and periodically collected, to capture the temporal dynamics with the
strongest signal intensity. The frequently sampled subset of k-space as described above,
is referred to as “training data” (denoted as d;;) in the framework of MR Multitasking.
Basically, @ can be reconstructed from d,. using singular value decomposition (SVD)
thresholding or higher-order SVD truncation. See Section 2.1.3 for more details.

To solve the spatial factor Uy, the whole k-space needs to be sampled to achieve
desired spatial resolution and field of view. It is worth noting that the k-space sampling
pattern should be designed in a way that incoherence is ensured between the sampling
operator and the temporal factor matrices [3]. Thus, the sampling strategy needs to be
unsynchronized with any physiological dynamics, such as respiratory or cardiac cycles if
involved, or magnetization preparation periods. In this work, randomized Cartesian
sampling or radial sampling with golden-angle stack-of-stars spoke reordering are
employed for this purpose. To distinguish from the “training data” d,,, the subset of k-
space data acquired to recover Uy is referred to as “imaging data” (denoted as d;,).

Given @ reconstructed from d,., the spatial factor U, can be solved from d;,, by:

Uy = argmin||dir, — Q(@ x; FSUQ|IZ + AR(U,) (2.5)



where F is the Fourier encoding operator, S is the sensitivity map information for multi-
coil acquisition, Q is the undersampling operator, and R(:) is a regularization functional
that additionally exploits compressed sensing.

Figure 2.1 illustrates one example of a possible k-space sampling pattern using

radial sampling with golden-angle stack-of-stars spoke reordering.

Imaging data Training data

p(k,)

k, = kz.max

Figure 2.1: A possible k-space sampling pattern for MR Multitasking. The k-space is continuously
sampled with fast low-angle shot (FLASH) readouts using a stack-of-stars acquisition with golden
angle ordering in-plane and Gaussian-density randomized ordering in the partition direction. In this
example, “training data” (central k-space lines) are acquired along the partition direction (k, = k, = 0)

to better capture respiratory motion.
2.1.3 Tensor subspace estimation
As in the previous sub-section, the “training data” d,, is acquired continuously and

periodically throughout the scan. In order to recover the temporal factor @, a tensor D,

can firstly be filled from d,., i.e., D, is indexed as (K, t;,t,, -, ty), Where K indicates the
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k-space location, and t; is the index along each temporal dimension, such as the recovery
period, respiratory motion or cardiac motion, etc.

For each data point of d,., multiple temporal indices may need to be determined.
The temporal index within any recovery period (e.g., acquisition between two inversion
recovery or any other two magnetization preparation pulses) can naturally be determined
according to the chronological order. The temporal index corresponding to motion states
can be determined directly from d,, using motion identification (“binning”) algorithms [3],
or from external physiological detection data [10, 11].

However, it is possible that not all combinations of the temporal indices are
covered in the training data d.,., given the limited scan time. Therefore, those data entries
from the “missing” index combinations need to be recovered to make the tensor D,

complete. This can be achieved with the following LRT completion problem:

N+1

Dy = arg r%in”dtr — Qe (D)l + 2 Z ”Dtr,(i) ”* + UR(Dyy) (2.6)
tr -

=1
where ||-]|. denotes the nuclear norm, R(-) is a regularization functional that exploits other
properties of D, 4 and u are weighting parameters, and (), indicates that only the D,
with sampled index combinations are considered in the data fidelity term.
Once D,, is completed, the temporal factor matrix @ (or the core tensor G along
with temporal subspace bases along different dimensions U.,U.,---,U;, ) can be
recovered with higher-order SVD (HOSVD) of D, [12].

2.2 T1 mapping and Extracellular Volume (ECV) fraction

2.2.1 Late Gadolinium Enhancement



Late Gadolinium Enhancement (LGE) has been the reference standard for
characterization of myocardial scar and focal fibrosis in cardiac MRI [13, 14, 15]. It is
based on the shortening of T1 in fibrotic areas due to accumulation of extracellular
gadolinium contrast agent, which enhances the MR signal of those regions in T1-weighted
images.

However, two needs are still unmet with LGE imaging: (1) Diffuse fibrosis is hard
to detect with LGE because of the absence of normal references. (2) LGE images are not
guantitative, which makes it difficult to compare the results among different subjects or to
perform longitudinal therapy monitoring.

2.2.2 Native T1 mapping

T1 mapping is a class of techniques to perform pixelwise measurement of the
longitudinal relaxation time (T1). In 1970, a fast T1 measurement technique was
proposed by Look and Locker [16], in which the relaxation curve is sampled multiple times
(T1s) after an initial inversion recovery (IR) magnetization preparation pulse. Generally,

T1 can be fitted with a three-parameter recovery model, i.e.
_Tln]
M,[n]=A <1 —(1-B)e T > (2.7)

where M,[n] is the signal acquired at the n-th inversion time TI[n], B indicates the
inversion efficiency, and A is the amplitude factor.

Based on the Look-Locker technique, several cardiac T1 mapping methods were
developed, such as MOLLI [17] and ShMOLLI [18]. In those methods, ECG-triggering
were introduced, allowing images of difference TlIs to be acquired at the same cardiac

phase. In this way, a pixelwise T1 map can be generated for a certain cardiac phase.
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2.2.3 Contrast-enhanced T1 mapping and Extracellular Volume (ECV) fraction

Similar to native T1 mapping, contrast-enhanced (or post-contrast) T1 mapping
can be done after the gadolinium contrast agent is injected and distributed throughout the
extracellular space [19, 20]. However, contrast-enhanced T1 values are impacted by not
only physiological conditions, but also several experimental factors such as contrast
doses, duration between contrast injection and post-contrast image acquisition, etc.

Combining native T1 and post-contrast T1, the extracellular volume (ECV) fraction
can be estimated. Assuming the steady state is reached between myocardium and blood
pool after administration of contrast agents, the following equilibrium holds [21, 22]:

ECmeo _ ECVblood

ARl,myo ARl,blood

(2.8)
where ECViy, and ECVyj0q represent ECV of the myocardial tissue and ECV of the blood

. -1 -1
pool respectively, and AR (y = (Tyypost—ca) — (To,(ynative) -

Given ECVy)00q = 1 — HCT, the myocardial ECV can be calculated as follows:

1 1
T —ca T i
ECV = (1 _ HCT) ] 1,my01post Gd 1,my01nat1ve % 100% (29)

T1blood post—Gd  T1,blood native
Unlike contrast-enhanced T1 values, ECV is theoretically only dependent on the
underlying physiology, thus is more reproducible for myocardial tissue characterization
and can be measured longitudinally. Previous studies have shown that ECV can be used
to characterize not only focal myocardial fibrosis [23], but diffuse myocardial fibrosis as
well [24, 25, 26].

2.2.4 Technical challenges in small animal studies
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In preclinical imaging studies of myocardial diseases, rodent have been the most
widely used models because of the high reproducibility, short development period and
low cost. However, it is technically challenging to acquire high-quality T1 and ECV maps
in small animals because of high heart rates and high respiration rates.

In all previous studies with a Look-Locker scheme (see Section 2.2.2), ECG
triggering was always needed to monitor cardiac motion [22, 27, 28, 29]. Respiratory
motion was handled with navigation [28] or simple signal averaging [27, 29]. ECG and
respiratory gating setup make the workflow more complicated. Also, ECG triggering at
high field strengths and high heart rates is unreliable due to elevated
magnetohydrodynamic effects, which can introduce trigger-related motion artifacts and
blurring effects [30, 31]. Therefore, quantification of ECV with cardiac MR is still not well

established despite the important unmet needs in preclinical research.
2.3 Chemical exchange saturation transfer (CEST) imaging

Chemical exchange saturation transfer (CEST) is a metabolic imaging technique
that indirectly detects exchangeable protons through water signal after they are pre-
saturated with selective frequencies [32]. Since Ward et al. published the first CEST paper
in 2000 [34], CEST MRI has become an emerging metabolic imaging technique with
various clinical applications.

2.3.1 Principles of CEST
Principles of CEST imaging are illustrated in Figure 2.2. They can be explained by

looking at the full name chemical exchange saturation transfer word by word:
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Chemical exchange. A simplified two-pool model (solute pool and water pool) is
illustrated in Figure 2.2a [32]. Protons in the solute pool and the water pool resonate at
different frequencies, and they are exchanging all the time.

Saturation transfer. As in Figure 2.2b [33], solute protons can be saturated using
frequency selective saturation pulses. Some of these saturated protons will be transferred
into the water pool, causing water signal loss. The amount of the water signal loss
normally indicates the solute proton concentration and the exchange rate. In this way, we

can indirectly detect those exchangeable molecules in water signal.

(@) Solute protons (s) Water protons (w)
(small pool) (large pool)
O, O,
N ke H HOUH TH
Solute H ——— OMH H O
oiute T /N 7N
kes H H O\ H_'H
/O\ H H/O\
H H H H

b
O ARR DARR Ag R A R

Q Q HH H H HH H
—N—H H/H =—N—Hx, 4 - N—H QH B-N—H QH
H HH HH H H HH H H HH

WAL SV G VAV VAV,
3

:
| " .
i ‘N ) ‘. i

Compound Water Coenpound Water Compound Water Compound Water

Time

Signal

Figure 2.2: Principles of chemical exchange saturation transfer (CEST) imaging. (a) and (b) were
modified from Figure la in [32] and Figure la in [33] respectively.
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If we acquire water signals that are pre-saturated with different frequency offsets,
then we will get the CEST spectrum (or Z-spectrum) after normalization using signals
acquired without saturation pulses.

Traditionally, a CEST imaging acquisition module consist of three parts: (1) CEST
preparation. A group of saturation pulses are applied to allow water signal loss. In clinical
applications, Gaussian-shaped pulse trains rather than continuous-wave pulses are
commonly used to avoid SAR issues. (2) K-space readout. Different readout schemes,
such as FLASH, TSE, or EPI, can be used. (3) Recovery delay. After the readout, a
waiting gap is often used for T1 recovery to increase the SNR.

Another CEST imaging acquisition scheme, the steady-state CEST (ss-CEST)
method, performs pre-saturation and k-space sampling in an interleaved pattern with
repeated modules [69, 70]. A basic module in ss-CEST acquisition consists only a single
saturation pulse, followed by readout of several k-space lines, which repeats at a very
short period.

2.3.2 Applications
Amide proton transfer (APT) imaging

Developed by Zhou et al. in 2003, the amide proton transfer (APT) MRI is one of
the earliest and most commonly used CEST applications [36, 37]. It can detect amide
protons of mobile proteins and peptides indirectly from water signal, where the maximum
APT effect can be observed at around 3.5 ppm downfield from water.

APT imaging has been studied in various clinical applications. For instance, it has
been used for tumor characterization and diagnosis of brain tumors, including tumor

grading for differentiation between high-grade and low-grade gliomas [38, 39, 40, 41, 42],
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and evaluation of tumor response to therapy [43, 44, 45, 46]. It can also be applied to
detect ischemic stroke [47, 48, 49, 50, 51].
Detection of glycogen: glycoCEST and glycoNOE

Glycogen is the storage form of glucose in humans, which are mainly stored in the
liver and skeletal muscles. It can be detected with CEST imaging (glycoCEST) from
hydroxyl protons in 0.5 to 1.5 ppm downfield from water [52]. The feasibility of detecting
glycogen has been demonstrated in the liver [52, 53, 54].

Recently, a new glycogen imaging method called glycoNOE was developed at
ultra-high fields. In glyceNOE imaging, the nuclear Overhauser enhancement effects
(NOESs) between water protons and glycogen aliphatic protons, with a peak at around 1.0
ppm upfield from water, were detected in the Z-spectrum [55]. In vitro experiments
showed that the glycoNOE signal was linearly correlated with glycogen concentration.
Detection of glycosaminoglycan (GAG): gagCEST

Glycosaminoglycan (GAG) plays an important role in supporting human
musculoskeletal functions [56]. It can be detected with CEST imaging (gagCEST) from
labile hydroxyl protons at 1.0 ppm downfield from water. gagCEST allows detection of
GAG concentration and pH change in the articular cartilage, and has already been applied
to human knee joints [57, 58] and intervertebral discs [59, 60, 61, 62].

2.3.3 Technical challenges

Long scan time is still a crucial problem in many CEST imaging applications. In
conventional CEST acquisitions, each image readout is followed by a pre-saturation
module with long enough duration to reach the steady state of chemical exchange. In

recentyears, advanced Z-spectrum analysis methods such as multi-pool fitting are getting

15



more popular, in which distinct CEST effects can be separately measured [63, 64, 65].
To achieve this, dense sampling of the wide Z-spectrum is generally required. Therefore,
the total imaging time will be prolonged significantly, making fast, high-quality 3D CEST
imaging very challenging.

The snapshot-CEST method is recently developed for fast 3D CEST imaging [66].
The scan time is shortened in snapshot-CEST mainly by optimizing the k-space sampling
efficiency [67, 68]. The steady-state CEST method is another potential solution to
accelerate volumetric CEST imaging [69, 70]. Several fast 3D brain steady-state CEST
protocols were developed in recent years [71, 72, 73, 74].

Another technical challenge of CEST imaging is motion handling. All fast CEST
imaging techniques mentioned above were developed for brain imaging. They cannot be
directly applied to moving organs such as liver, pancreas, or even heart. In human studies,
breath-holding is often needed to reduce respiratory motion. However, even with multiple
breath holds, 3D CEST imaging is almost impossible to apply in moving organs, because
the total scan time would become intolerable in clinical practice. This problem could

severely limit the clinical application of CEST imaging in moving organs.
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CHAPTER 3: ECG-less, Free-breathing Myocardial ECV

Mapping in Small Animals at High Heart Rates

3.1 Background

Cardiac magnetic resonance (CMR) T1 mapping is a powerful diagnostic modality
for various abnormalities of the myocardium, such as edema, amyloidosis, and overload
of lipid or iron [1, 76, 13]. Combined with gadolinium contrast enhancement, T1 mapping
allows extracellular volume fraction (ECV) quantification, which can be used to
characterize focal or diffuse myocardial fibrosis [13, 24, 25, 26].

Rodent models are widely used in preclinical studies of myocardial diseases
because of the short development period, availability of genetically modified disease
models, and low cost. However, it is technically challenging to acquire high-quality T1 and
ECV maps in small animals because of high heart rates (usually faster than 300 bpm)
and high respiration rates (around 60 cpm). Therefore, CMR quantification of ECV is still
not well established despite the important unmet needs in research. Several studies have
been done to improve CMR T1 mapping and/or ECV measurement in small animals.
Coolen et al. proposed a 3D T1 mapping method of the mouse heart using variable flip
angle (VFA) analysis [77]. The method can detect regional differences in myocardium
with excellent repeatability, but VFA-based methods have inherent problems with B1
inhomogeneity, and the long scan time (more than 20 mins) makes it impractical to be
used in pre- and post-Gd studies. Messroghli et al. acquired myocardial T1 and ECV
maps in rats from a single (unsegmented) dataset using a small animal Look-Locker

inversion recovery (SALLI) method [22, 27]. It was able to reconstruct both cine MR
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images and T1 maps, and showed the feasibility to detect diffuse myocardial fibrosis,
while the spatial resolution was limited due to SNR consideration. Segmented multi-shot
FLASH methods were then proposed to acquired images with higher resolution [28, 29].

In all previous studies with a Look-Locker scheme [16, 17], ECG triggering was
used to monitor cardiac motion [22, 27, 28, 29]. However, ECG triggering at high field
strengths is unreliable due to elevated magnetohydrodynamic (MHD) effects, which can
introduce trigger-related motion artifacts and blurring effects [30, 31]. High heart rates
may make the situation even worse. Respiratory navigation was used in some studies
[28], however, most studies simply used signal averaging, resulting in image blurring [27,
29]. Furthermore, ECG and respiratory gating setup leads to complicated workflow.

In this study, we developed an ECG-less, free-breathing ECV mapping method
using MR Multitasking [3] (hereinafter abbreviated as ECV Multitasking) ona 9.4 T small
animal MRI system. It allows continuous acquisition without ECG triggering or respiratory
gating. The pre- and post-Gd data were acquired separately but reconstructed jointly, to
allow image co-registration and direct ECV mapping. The feasibility of characterizing
diffuse myocardial fibrosis was tested in a rat hypertensive heart failure model with
preserved ejection fraction (HFpEF), which has been shown to have increased interstitial
fibrosis in left ventricular [78, 79, 80], and has been recapitulated in recent studies [81,
82, 83].

3.2 Methods

3.2.1 Animal model
All animal experiments were approved by the Cedars-Sinai Institutional Animal
Care and Use Committee. Dahl salt-sensitive (DSS) rats can develop hypertension
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followed by HFpEF on a high-salt diet [78, 79]. In this model, male DSS rats (Charles
River Laboratories, MA) were normally fed (0.3% NacCl) until the age of 7 weeks. Rats
were then randomly assigned to a high-salt (HS) diet group (8% NacCl) to induce HFpEF
or a normal-salt (NS) diet group (0.3% NaCl) to serve as controls, until the age of 14
weeks [84]. HS rats with heart failure symptoms (including decreased activity, cachexia,
labored breathing, and body edema) and detectable diastolic dysfunction by
echocardiography were diagnosed as HFpEF.

Nine control rats (control group: n = 9; weight, 335 + 44 g) and nine HS fed rats
diagnosed with HFpEF (HFpEF group: n = 9; weight, 286 = 47 g) were imaged. Imaging
experiments and all measurements were done between the age of 14 weeks and 15
weeks. After the imaging study, animals were euthanized, and the hearts were excised.
Mid-ventricular heart tissues of the nine control rats (n = 9) and nine HFpEF rats (n = 9)
were sectioned and stained with Masson’s trichrome staining.

3.2.2 MRI protocol

All MRI data were acquired on a 9.4 T preclinical system (BioSpec 94/20
USR; Bruker Biospin, Billerica, MA) using a single-channel volume coil. The T1
Multitasking sequence was implemented in Paravision 5.1 by modifying the built-in
FLASH sequence.

The rat was anesthetized before the scan, and the tail vein was cannulated for
later Gd injection within the scan. During the scan, anesthesia was maintained by
ventilation with 1.5% isoflurane-oxygen. After the scan, hematocrit (HCT) level was

measured for ECV calculation.
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Figure 3.1: Imaging workflow and T1 Multitasking sequence diagram.

Figure 3.1a shows the imaging workflow for one rat study. A self-gated (IntraGate)
localizer was used to select a slice with a mid-cavity short-axis view of left ventricle (LV).
The T1 Multitasking sequence [4] (Figure 3.1b) was then performed. Gd contrast agent
(Gadavist, 0.2 mmol/kg; Bayer Schering Pharma, Berlin-Wedding, Germany) was
manually injected immediately afterwards. Fifteen minutes later, the T1 Multitasking
sequence was repeated on the same slice using identical imaging parameters. The total
exam time was around 25 minutes.

T1 Multitasking was performed using a continuous FLASH acquisition with
repeated non-selective inversion recovery (IR) magnetization preparation pulses. Odd-
numbered readouts followed randomized Gaussian-density sampling in the phase

encoding (k, ) direction (used as the imaging data), and even-numbered readouts

collected the k-space center line (k, = 0, used as the subspace training data). Imaging
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parameters were: matrix size = 128 x 128, FOV = 40 x 40 mm?, voxel size = 0.31 x 0.31
x 1.5 mm?3, flip angle = 5°, TR/TE = 7.0/2.4 ms, recovery period (time between adjacent
IR pulses) = 2.9 s. In each T1 Multitasking module, 85 IR preparation pulses were applied,
resulting in a total scan time of 4 min 10 s.

Data acquired from pre- and post-Gd T1 Multitasking sequence was reconstructed
and analyzed jointly, as described in the following sections. The joint pre- and post-Gd
reconstruction can improve respiratory and cardiac binning and promote image co-
registration in native and post-Gd T1 fitting.

3.2.3 Image reconstruction

Images from the proposed ECV Multitasking protocol are represented as a high-
dimensional image A(x, t, t,, tp,) with 2 spatial dimensions and 3 temporal dimensions
(cardiac phase ¢, respiratory phase t., and T1 recovery time tr ). The high-dimensional
image can be discretized and viewed as a low-rank tensor A, and thus partially separable
[85], i.e.

An) = UxCyy (Uc ®U: UTl)T (3.1)
where columns of U, represents spatial basis functions; columns of U., U,, and Ur,
contain cardiac, respiratory, and T1 recovery temporal basis functions, respectively; ®
denotes the Kronecker product; and Ay and C(;y are mode-1 matricization of the image
tensor A and the core tensor C respectively [86].

Equation (3.1) permits A(yy = Uy ®, where @ = C;,(U. Q@ U, ® UTl)T, in which ®
and U, contain separate temporal and spatial bases respectively. Therefore, & can be

first recovered using only the training data d., which is frequently sampled in time, via
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Bloch-constrained low-rank tensor completion followed by high-order singular value
decomposition (HOSVD) [3, 12]. With ® determined, the spatial basis U, can then be
reconstructed from the imaging data d;,, by solving the following problem:

U, = argming]|d;,,, — Q(EU,®)||3 + AR(U,) (3.2)
where E is the signal encoding operator, including Fourier transformation and coil
sensitivities weighting (optional), Q is the undersampling operator, and R is a
regularization functional which was chosen here as a wavelet sparsity penalty in order to
additionally exploit compressed sensing [87].

A detailed description of the basic image model and reconstruction scheme used
in MR Multitasking can be found in previous work [3, 4]. In this work, it is divided into the

following steps:

Moy (ME, Ty pre, @, B) My (M2, Ty post. @, B)
IR IR IR IR
m.. 1%

Ll
=

f i f I

2.9 sec recovery period 2.9 sec recovery period
Pre-Gd acquisition Post-Gd acquisition

Figure 3.2: lllustration of joint pre- and post-Gd T1 recovery modeling. A pair of single blocks from
pre- and post-Gd acquisition are Bloch simulated together, with the same FLASH flip angle « and
inversion efficiency B.

1) Determination of T1 recovery basis functions in Uy, with Bloch simulation

The IR-prepared T1 recovery process is modeled by Bloch simulations to

determine Uy, . In this work, pairs of pre- and post-Gd T1 recovery curves were jointly

simulated as shown in Figure 3.2, for the purposes of joint physical modeling during
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respiratory and cardiac binning (Step 3) and multidimensional image reconstruction (Step
4). The detailed information of the T1 recovery modeling is available in Section 3.2.4 .

A dictionary was generated with this model using 101 T1 values ranging from 100
ms to 3000 mMs (T pre > T1 post COMbinations only), 15 FLASH flip angles from 0.5° to 7.5°,
and 21 inversion efficiency values from -1 (complete inversion) to 0 (no inversion). The
SVD of this dictionary yielded the T1 recovery basis functions Uy .

2) Real-time image reconstruction

A “real-time” (i.e., ungated before sorting into multiple time dimensions) image was
first generated for motion identification:

Xt = Uy rt®Pre (3.3)
where rows of &, correspond to the real-time temporal basis functions, and columns of
U, .« correspond to the spatial basis functions.

The real-time temporal basis ®.. was estimated from the SVD of the training data
d... Then the spatial coefficients U, . were recovered by solving the least-squares
optimization problem:

Uy« = argming_||dip, — Q(EUX,rthrt)”i (3.4)
3) Respiratory and cardiac binning

Different time points of X, were assigned to multiple respiratory motion states
(“respiratory bins”) and cardiac motion states (“cardiac bins”) based on the real-time
images generated in Step 2. A modified k-means clustering method was used to
automatically group the data into different bins, incorporating the predetermined low-rank

T1 recovery model in Ur, to address the contrast change of X, from T1 recovery [3].
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4) Tensor formation and multidimensional reconstruction

After cardiac and respiratory binning, each readout time point was assigned three
temporal indices: cardiac phase, respiratory phase, and T1 recovery index. A 4-way
training data tensor D,. with one k-space readout dimension and three temporal
dimensions was recovered from the subspace training data d.. by solving a Bloch-
constrained low-rank tensor completion problem.

After Dy is completed, the cardiac basis functions U., the respiratory basis

functions U, and the core tensor C can be extracted from the HOSVD of D, fully

determining @ = C;)(U. Q@ U, ® UTl)T . The spatial coefficients U, can then be
reconstructed by solving the problem in Equation (3.2).
3.2.4 Parameter fitting and image analysis

One specific respiratory phase and cardiac phase were selected for T1 and ECV
map generation, corresponding to end-expiration and end-diastole respectively. A joint
pre- and post-Gd T1 recovery model was also used in pixel-wise T1 fitting. By fitting this
joint model, we can get the pre- and post-Gd T1 maps simultaneously.
a) Myocardial T1 maps

The z-magnetization within a single recovery period between two adjacent IR

pulses can be described as

M, = M, + (BMN+1 — MSS) .En1 (3.5)
TR
E=e¢ T cosa (3.6)
1—EN
Mpyy1 = Mg 1 — BEN (3-7)
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where n is the readout index within each recovery period, n=1,2,---,N; Mg =

1—e_TR/T1 0: . . . .
—1_€,_TR/T1COWMZ is the z-magnetization at true steady-state (t — o); My, is the actual

final z-magnetization in each recovery period incorporating incomplete relaxation; and
B € [—1,0] represents the inversion efficiency of the IR pulse. Our pulse sequence used
N =416, TR = 7 ms; a was prescribed as 5° but was not assumed to be perfectly
homogenous during Bloch simulations and during fitting.
Combining Equations (3.5) — (3.7) yields the combined z-magnetization equation
Mn(Mg'Tlla:B)

= MSS (Mg) Tll a)
1 (3.8)
1—e Ticosa 1 ( TR )

n-—1

. Ty
1+ B TR e 1 cosa
1—Be Ticosa

Assuming that the B:1 field does not change between pre- and post-contrast
acquisitions, the unknown actual FLASH flip angle a and inversion efficiency B can be
assumed to be constant for each pixel. Therefore, the paired signal model concatenating
the pre- and post-Gd signal evolution is:

S(Mg, T pres T1,post @ B)
(3.9)
= {My.n(M2, Ty pre, @, B), Myy(M2, Ty pose @, B)} - sina

Parameter fitting was done using the joint pre- and post-Gd T1 recovery model in
Equation (3.9). Ty pre, T1,post» @, B, and M2 were fitted using the 832 inversion time images
at the selected reparatory and cardiac phase. The pre- and post-Gd myocardial T1 maps
were directly generated from the T; ;.. and T 0 fitting results.

b) Blood T1 fitting
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First, the pixels to be used for blood T1 fitting were automatically selected based
on the thresholding of the fitted M? map. Then, the average T1 recovery curve from these
pixels was calculated, weighted by the M? map. Finally, parameters were fitted to the
average blood T1 recovery curves using the model in Equation (3.9) without Look—Locker
correction (i.e., with M, (M2, T,,a = 0,B)) to better model the inflow of unexcited blood
spins into the imaging slice [4]. The fitted T, ;. and T, ;o Values were then used as the
pre- and post-Gd blood T1 values.

c) ECV calculation

The ECV map was generated according to the following equations:

AR
ECV = (1 — HCT) - —° x 100% (3.10)
1,blo
1 1

AR, = Rl,post - Rl,pre =

- 3.11
Tl,post Tl,pre ( )

in which AR, .y, is the pixel-wise R, changes, and AR, ;, is the change of blood R;, and

HCT is the hematocrit value. All statistical analyses were performed for septal ECV, i.e.,
where AR, 1y, Was calculated as the mean value within the septal myocardium. All image
reconstruction and curve fitting were done in MATLAB 2018a (MathWorks, Natick, MA).
3.2.5 Phantom validation

The accuracy of T1 fitting of the pre- or post-Gd T1 Multitasking sequence was
tested in an 8-vial water phantom with GdClIs concentrations of 0, 10, 20, 33, 50, 80, 120
and 200 umol/kg. T1 maps generated by the Bruker built-in RARE-VTR method was used
as the reference. The imaging parameters of RARE-VTR were: TE = 19.5 ms, TR array
= 8000, 4000, 1500, 800, 400, 200 and 120 ms, RARE factor = 4, matrix size = 128 x 128,

FOV =40 x 40 mm?2, and total scan time = 6 min 1 s.
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3.2.6 Histological analysis

Masson's trichrome staining was used to measure the extent of fibrosis. Mid-
ventricular heart tissues were sectioned and stained following the manufacturer’s protocol
(Sigma-Aldrich, St. Louis, MO, USA). Quantitative histological analysis was done with
ImageJ 1.52a (National Institutes of Health; http://imagej.nih.gov/ij). In each section, the
extent of myocardial fibrosis was quantified by the percentage of total fibrosis area, which
was calculated as the number of blue-stained pixels divided by the total number of pixels
in the ventricular area (excluded: intramural vascular structures, perivascular collagen,
endocardium, and LV trabeculae) [80, 88]. For each rat, the average percentage from five
different sections was reported.
3.2.7 Statistical analysis

Welch'’s t-test was performed to compare ECV values between the control group
and HFpEF group. The Pearson coefficient was measured to evaluate the correlation
between ECV values and quantitative fibrosis percentages. A two-tailed value of P <0.05
was considered to be statistically significant. Statistical graphs were generated using
GraphPad Prism 8 (GraphPad Software, La Jolla, California, USA) and Microsoft Excel.
3.3 Results

The reference T1 of the phantoms measured by RARE-VTR ranged from 333 to
2433 ms, with a corresponding R1 range from 0.41 to 3.00 s. Figure 3.3 shows the linear
regression result of R1 values measured by Multitasking and RARE-VTR, in which a

strong linear relationship can be found (R = 0.9983, P < 0.0001).
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Figure 3.3: Linear regression of Multitasking and RARE-VTR R; values. The dotted line shows the
95% confidence bonds.
Five respiratory bins and ten cardiac bins were used for respiratory and cardiac
binning, corresponding to a cardiac temporal resolution of 20 ms for a heart rate of ~300
bpm. Figure 3.4 shows the images of the heart from a representative healthy subject

right before the inversion recovery preparation pulse, generated from different cardiac

and respiratory phases, i.e. cfl(x,nc,nr,nTl)|n 1o met e —nsre (FiQUre 3.42) and
c=1: ) r=1, T1= =

A(X,n¢, np, ny,)| . (Figure 3.4b). The diastole and the systole, or the

ne=6, ny=1:5, nr, =N=41
end-expiration phase and the end-inspiration phase can be clearly differentiated in the

figure.
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Figure 3.4: Images of different cardiac and respiratory bins.

Figure 3.5a/b shows representative native and post-Gd T1 maps from the control
group and HFpEF group. T1 maps were smooth and homogeneous within the LV
myocardium, except for areas in the inferior and lateral walls with imperfect fitting results
(as indicated by white arrows in Figure 3.5a). The native myocardial T1 values (mean +
SD, in ms) were 1534 + 151 in the control group, and 1662 + 152 in the HFpEF group.
There was no significant difference in native T1 between the control group and the HFpEF
group (P = 0.09). Figure 3.5c shows the corresponding ECV maps. In this study, signal
from the aorta rather than the LV was usually selected for blood T1 fitting, because of the
signal loss resulting from LV inflow in this single slice setup; and the septal myocardium

areas selected for ARy, calculation were indicated by red arrows. Welch's t-test
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showed that ECV was significantly higher in the HFpEF group (22.4% + 2.5%) compared

with those in the control group (18.0% + 2.1%), P = 0.0010, as displayed in Figure 3.5d.

*k
3000

Figure 3.5: Representative T1 and ECV maps (local) from the control and HFpEF group.

mean(ECV,5, ECV()

-10=

Figure 3.6: The Bland-Altman plot evaluating the repeatability of ECV measurement. The dotted and
dashed lines indicate the mean bias and the 95% limit of agreement, respectively.

In eight rats (4 control + 4 HFpEF), an additional post-Gd T1 Multitasking sequence

was run 10 minutes after the Gd injection, with identical imaging parameters. ECVs were
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also calculated using this separate post-Gd T1 measurement. Figure 3.6 shows the
Bland-Altman plot comparing the ECVs measured from the 15-min post-Gd T1 (ECV1s)
and the 10-min post-Gd T1 (ECV10). The interclass correlation coefficient (ICC) was 0.817.
The root-mean-square within-subject standard deviation was 1.4, yielding a coefficient of

variation of 6.7%. There was no significant difference between ECV1s and ECVio (P =

0.66).
(b)
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Figure 3.7: Representative histological sections and ECV(%)-fibrosis(%) scatterplot.

Figure 3.7a/b shows representative Masson trichrome-stained sections of the
control and HFpEF rats. The myocardial fibrosis can be clearly seen as the diffused dark
blue areas in Figure 3.7b. The extent of fibrosis significantly increased in HFpEF hearts

(11.69% = 1.88%) than in control hearts (3.37% % 0.83%), P < 0.0001. Figure 3.7c shows
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the relationship between the ECV value and the extent of fibrosis, in which a moderate

correlation can be found (R = 0.59, P = 0.0098).
3.4 Discussion

We developed a novel ECV Multitasking protocol which can map ECV at high heart
rates without ECG triggering or respiratory navigation. To test its feasibility to characterize
diffuse myocardial fibrosis, a HFpEF rat model was chosen in this study. Although ECV
has not previously been measured in a HFpEF rat model, there has been increasing
clinical interest in T1 and ECV characterization of patients with HFpEF in recent years.
Several publications showed elevated ECV in HFpEF patients versus control subjects.
Su et al. reported that patients with HFpEF had elevated ECV compared with control
subjects (28.9% vs. 27.9%, P = 0.006) [26]. Rommel et al. reported similar results (32.9%
vs. 28.9%, P < 0.01) [25], and Mordi et al. also confirmed this finding (35.9% vs. 27.0%,
P < 0.001) [24]. A modified Look-Locker inversion recovery (MOLLI) sequence was used
to perform T1 mapping in all these studies. In the present study, ECV characterization
was performed for the first time in a rat model with HFpEF. The elevated ECV found here
in rats with HFpEF (22.4% vs. 18.0%, P = 0.0010) is consistent with previous human
studies. Though so far only tested in the DSS rat model for HFpEF diagnosis [78, 79], this
newly developed technique can easily be extended to other small animal applications.
More importantly, the non-invasive quantitative imaging protocol not only provides a
diagnostic tool, but also a method for longitudinal therapy monitoring of the same subject
[89].

In the control group, native T1 values were 1534 + 151 ms and ECV values were
18.0% + 2.1% (both calculated from the septal area). Previous rodent studies have
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reported variable myocardial T1 values, depending on field strength and T1 encoding
schemes, both of which are known to affect T1 estimates. At 7.0 T, T1 values were
reported as 1620 ms (Vandsburger et al.) and 1638 ms (Zhang et al.) [28, 90]. At 9.4 T,
reported T1 values ranged from ~1200 ms to 1764 ms (Kim et al., Li et al., and Coolen et
al.) [77, 91, 92]. ECV, a physiological quantity in principle unaffected by field strength or
T1 encoding scheme, allows more direct comparison. In healthy rats, myocardial ECV
was previously reported as 16% [21], 18% [93], 17.2% [22], and 15.5% [92], comparable
with the 18.0% value measured in our study. A direct comparison to these previous
methods on the same scanner and in the same subjects was not performed in the present
study, but would be a useful future validation step.

One major technical novelty of this work compared with previous MR Multitasking
work is the joint reconstruction of pre- and post-Gd data and the paired modeling of the
pre- and post-Gd T1 recovery. This has two primary benefits. First, it allows the respiratory
and cardiac binning to be done in the concatenated pre- and post-Gd data. In this way,
the data with a similar motion state—no matter whether from pre-Gd or post-Gd—will be
clustered into the same respiratory or cardiac bin, removing the need for respiratory co-
registration between pre- and post-Gd T1 maps. Second, it can improve the robustness
of T1 fitting by constraining pre- and post-Gd images to share the same thermal
equilibrium magnetization M2, FLASH flip angle a and inversion efficiency B, exploiting
internal a priori knowledge and reducing the total number of fitting parameters from 8 to
5.

The phantom study found that the Multitasking based T1 fitting results showed a

strong linear correlation with the RARE-VTR reference. If calibrated using the linear
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correlation ( R, = LC(R,) = 1.166R, — 0.331 ), the relative Ri difference between
Multitasking method and RARE-VTR reference would be 2.7% + 3.6%. Note that ECV
measurements are insensitive to linear transformation: the ECV value is calculated by the
ratio of R1 changes of myocardial and blood pool, so both the intercept (—0.331) and slope
(1.166) of the linear transformation LC will be canceled, leaving the final ECV
guantification result unchanged.

Ten bins were used to separate different cardiac phases in the current protocol for
ECV Multitasking reconstruction, corresponding to a cardiac temporal resolution of 20 ms
for a heart rate of 300 bpm. As shown in Figure 3.4, the diastolic and systolic phases can
be differentiated at this temporal resolution. However, for higher heart rates, such as
those in mice (around 450 bpm), more cardiac bins may be required, which may have an
impact on SNR and ECV homogeneity. A nearly-significant negative correlation (R = —
0.44, P = 0.06) was found between the septal SNR of the ECV map and the heart rate.
This may be an effect of increased intra-bin motion at higher heart rates. More cardiac
bins can possibly be achieved by shortening the echo spacing, or by acquiring k-space
training line and imaging lines in separate echoes after each FLASH flip angle [94].

In this work, blood T1 was extracted by fitting the weighted average T1 recovery
curve of the selected blood pool. The FLASH flip angle « in Equation (3.6) was fixed as
0 to remove Look-Locker correction and better model the inflow of unexcited blood spins.
This approach is particular to 2D slice-selective excitation, for which blood spins flow
through the slice quickly enough that Look-Locker correction is not required. For a
volumetric 3D variation of our method, the blood spins would be driven towards steady-

state, and the Look-Locker correction could be retained in blood.
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T1 inhomogeneity was present in the inferior and lateral walls due to potential B1
issues at high Bo field, as visible in Figure 3.4. In diffuse myocardial disease, it does not
affect the ECV calculation from septal area. However, it will affect the accuracy of the
ECV map in the inferior and lateral walls. This may reduce the reliability of the method in
the diagnosis of focal myocardial disease, such as focal myocardial infarction. Further
sequence improvements, such as a dual-flip-angle acquisition [95], should be made to
address this problem.

The method described here did not include bulk motion compensation, as
anesthesia and additional immobilization setup did not result in any apparent bulk motion.
However, bulk motion compensation is compatible with the MR Multitasking framework,
as described in [9], where a translational inter-bin registration to k-space data was applied
prior to joint reconstruction. Similar motion compensation could be incorporated into the
proposed method if used with different experimental setups more susceptible to bulk
motion.

Currently, a total of 85 IR preparation pulses were applied in each T1 Multitasking
module, resulting in a single-slice scan of just over 4 minutes. However, the minimum
required scan time was not systematically explored, so further shortening of the scan time
may yet be possible.

Future work will include optimizing the number of cardiac bins, expanding spatial
coverage with 3D volumetric imaging, as well as addressing B1 and Bo issues affecting
T1 homogeneity in the inferior and lateral walls. Further imaging tests will also include
using ECV Multitasking for longitudinal therapy monitoring, such as the cardiosphere-

derived cell (CDC) treatment of HFpEF [89].
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3.5 Conclusion

In this work, we developed an ECG-less, free-breathing CMR Multitasking ECV
mapping method at high heart rates. The pre- and post-Gd data were concatenated and
reconstructed using a joint T1 recovery model to generate ECV maps. Elevated ECV
found in the HFpEF group agrees well with previous human studies and shows a
moderate correlation with the histological data. This technique can serve as a viable MR

imaging tool for myocardial tissue characterization in small animal models.

This chapter previously appeared as an article in Journal of Cardiovascular Magnetic
Resonance. The original citation is as follows:

Han P*, Zhang R*, Wagner S, Xie Y, Cingolani E, Marban E, Christodoulou AGT,
Li D. Electrocardiogram-less, free-breathing myocardial extracellular volume fraction
mapping in small animals at high heart rates using motion-resolved cardiovascular
magnetic resonance multitasking: a feasibility study in a heart failure with preserved
ejection fraction rat model. Journal of Cardiovascular Magnetic Resonance. 2021;23(8):1-
11.
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CHAPTER 4: Whole-brain Steady-state CEST at 3.0 T

4.1 Background

Chemical exchange saturation transfer (CEST) is a non-contrast MR imaging
technique that indirectly detects exchangeable protons in the water pool by pre-saturation
at different frequency offsets [34, 36, 32]. CEST MRI provides a novel contrast
mechanism to image important physiological information, such as pH and metabolite
concentration [96, 97]. It can be applied to detect and diagnose various pathologies, such
as cancer [98], ischemia [36, 99], and lymphedema [100].

In conventional CEST imaging, each image readout is preceded by a frequency
selective saturation module with long enough duration to reach the steady state between
the exchanging proton pools and the water pool. Collecting images at different saturation
frequency offsets generates the so-called Z-spectrum, which reflects the steady-state
signal at sampled frequency offsets for a given saturation power. Wide, symmetric
coverage of the Z-spectrum allows multi-pool analysis [63, 65], simultaneously revealing
different CEST effects such as amide protein transfer (APT), relayed nuclear Overhauser
enhancement (rNOE) effect, and other application-specific effects such as glycoCEST
[52], CrCEST [101] and glycoNOE [55]. To achieve a reliable multi-pool analysis, dense
sampling of the wide Z-spectrum is generally performed. Given the several dozen
frequency offsets typically sampled, the acquisition duration (including the long saturation
module) per frequency offset should ideally be limited to a few seconds in order to keep
scan times acceptable for clinical practice. This time constraint typically allows only a

single-shot k-space acquisition for each frequency offset after the saturation module. This
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single-shot scheme makes fast, high-quality 3D CEST imaging a challenging technical
goal.

One fast approach, the snapshot-CEST method [66], shortened scan times by
optimizing the k-space sampling efficiency, such as using spiral-centric reordered k-space
acquisition for snapshot gradient-echo (GRE) readout [67, 102] or 3D echo-planar-
imaging (EPI) readout with CAIPIRINHA undersampling [68, 103]. It can provide 1.7 x 1.7
mm? in-plane resolution with an FOV of 220 x 180 x 54 mm? acquired in 7 sec per offset
using 3D GRE readout, and 1.8 mm isotropic resolution with and FOV of 256 x 224 x 156
mm? acquired in 4.3 sec per offset using 3D EPI readout.

A potentially faster approach, the steady-state CEST (ss-CEST) method, performs
pre-saturation and k-space sampling in an interleaved pattern with repeated modules [69,
70, 71, 35]. It ensures that the saturation exchange steady state is maintained most of
the time within each frequency offset, and the interleaved pattern provides more flexibility
in sequence design and possible acceleration. However, initial ss-CEST methods
required more than 12 min to acquire the whole Z-spectrum, which is still too long for
practical use. Recently, faster ss-CEST was explored in several studies. For instance, a
new ss-CEST method combining the radial readout with multilinear singular value
decomposition was proposed to further reduce the total scan time to be less than 5 min
[72, 73]. Compared with previous ss-CEST approaches, the acquisition time per
frequency offset was reduced from more than 10 sec to 7.6 sec [71]; however, the spatial
coverage and in-plane resolution was compromised (from 2 x 2 x 2 mm? with >40 slices

to 5 x 3 x 3 mm?3 with 15 slices). Another work explored fast 3D ss-CEST using segmented
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3D EPI with incoherent undersampling in the k-w space [74], generating whole-brain 1.8
mm isotropic CEST maps within 4 min.

Compared with EPI acquisition, ss-CEST with GRE acquisition is still slow despite
its robustness to off-resonance and distortion. Therefore, we focus on the acceleration of
GRE based ss-CEST in this work. In this study, we propose a novel 3D ss-CEST method
at 3.0 T using MR Multitasking [104]. MR Multitasking is a low-rank-tensor (LRT) imaging
strategy initially developed for quantitative cardiovascular imaging. We extend its
application to CEST imaging in this work. With LRT modeling, the correlations among
images acquired at different frequency offsets and among data during the approach to
steady state are exploited to both reduce the scan time and enhance the image quality.
This allows the Z-spectrum to be acquired with whole-brain coverage at 1.7 x 1.7 x 3.0
mm? spatial resolution within 5.5 min.

4.2 Methods

4.2.1 Data acquisition
(A) —— Saturation pulse
{ (— Spoiler gradient

Segmented Segmented
FLASH FLASH s

| ® P [ @ Training line ® Imaging line |

TR TR

Figure 4.1: lllustration of the proposed Multitasking ss-CEST protocol. (a) Sequence design and (b)
k-space sampling pattern.
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Figure 4.1 illustrates the pulse sequence design and k-space sampling pattern of
the proposed Multitasking ss-CEST protocol. The continuous-acquisition pulse sequence
consists of repetitive ss-CEST modules. Each ss-CEST module contains a single-lobe
Gaussian saturation pulse, followed by a spoiler gradient and eight fast low-angle shot
(FLASH) readouts. The module repeated several times at each frequency offset in order
to reach steady-state, and then switched to another frequency without any additional
delay between modules. K-space lines were sampled using 3D Cartesian encoding. The
center line (k, = k, = 0) was first sampled as “training data”, and seven randomized lines
with Gaussian distribution in k, and k, direction were then sampled as “imaging data”
[104].

4.2.2 Image reconstruction

Images from the proposed protocol were represented in form as a 5D image
A(x,Aw, 7), where x is the voxel location in three spatial dimensions, Aw indexes different
frequency offsets of saturation pulses, and t tracks the time within each frequency offset
(indexing the approach to steady-state). The image was reshaped as a three-way tensor
A (grouping together the three spatial dimensions into one mode and assigning Aw and
T to the other two modes). Due to high correlation along each dimension, the tensor A
can be modeled as low-rank and thus partially separable [105], e.g.

A =G X, Uy X, Uy, X3 U, (4.2)
where X; denotes the tensor i-mode product; U, € C/*Lo contains L, spatial basis
functions with J voxels each, U,, € C¥*!1 contains L, basis functions which characterize
the Z-spectra, and U, € C¥*L2 contains L, temporal basis functions which characterize

the signal evolution to reach steady-state within each frequency offset; G € Cto*L1xL2
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denotes the core tensor. The core tensor and temporal bases can be combined into a
temporal factor tensor @ = G X, U,, X3 U, in which case Equation (4.1) simplifies to
A= x; Uy (4.2)

Image reconstruction was done similarly to previous MR Multitasking works [106,
107, 7, 108], in two steps:

First, the components of the temporal factor tensor @ were estimated from the
training data d... Using the known Aw and t indices, all the training data can also be
reshaped into a three-way multichannel tensor D, in (k,Aw, T)-space, where the first
mode comprises k-space locations k from all receiving coils. Then, G, U,,,, and U, were
extracted from the higher-order singular value decomposition (HOSVD) of D, [12].

Second, the spatial basis functions U, were determined from the imaging data d;,,
by solving the following problem:

Uy = argmin|ldiy, — Q(@ x; EUQII + AR (U) (4.3)

where E is the signal encoding operator, including Fourier transform and coil sensitivity
weightings; (1 is the undersampling operator; and R(:) is a regularization functional which
was chosen here as a spatial total variation (TV) regularization term in order to additionally
exploit compressed sensing.
4.2.3 CEST gquantification

After the 5D image tensor A was fully reconstructed, a 4D image A(x, Aw) was
extracted, consisting of the steady-state images at each frequency offset:

AX,Aw) = A(X, Aw, Tray) (4.4)

where 1., iS the last sampling time point at each frequency offset. A(x, Aw) was then

used for further CEST analysis for each voxel x in the following steps:
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1) Z-spectra generation. For each voxel x = x,,, the CEST signal A(x,, Aw) was first
normalized with the signal from unsaturated image S,(x,) (acquired at 300 ppm) to
generate the Z-spectrum:

A~(XO’ A(U)

4.5
So(Xo) (4:5)

Z(Xo, A(I)) =

2) B, correction. The central part of the Z-spectrum (nominal frequency offset |Aw| <
1ppm) was used to determine AB, with a Lorentzian model [109]. Z-spectra were then
shifted for each voxel with corresponding AB,.

3) Multi-pool Lorentzian fitting to generate isolated CEST contrasts. The four-pool
model was employed, including APT (+3.5 ppm), rNOE (-3.5 ppm), semisolid
magnetization transfer (MT, -1.0 ppm), and direct water saturation (DWS, 0 ppm) [63, 68].
The contribution of each pool is represented by a Lorentzian function:

W2/4

Li(Be, A Wey € = Ai G R = € )2
i L

(4.6)

where Aw is the frequency offset; A4;, W;, C; is the amplitude, width, and center frequency
of the i-th Lorentzian curve (i = 1,2, 3,4). Then, the fitted Z-spectrum can be described

as

FlAw) =1— Z L;(Aw, Ay, W, C,) 4.7)

Eq. (7) was used to fit the Z-spectrum for each voxel using the MATLAB function

Isgnonlin. The fitting parameters were listed in Table 4.1.
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Table 4.1: Lorentzian fitting parameters. In this table, Ib, ub, and x0 represent the lower bound, the
upper bound, and the initial value of the fitting parameters correspondingly.

Pool i DWS rNOE APT MT
Parameter As Wi Az W> As W3 A4 W,
Ib 0.6 0.5 0.0 1.0 0.0 1.0 0.0 30.0
ub 1.0 6.0 0.2 12.0 0.2 8.0 0.3 100.0
x0 0.8 2.3 0.1 4.0 0.05 3.0 0.15 60.0

4.2.4 In-vivo experiments

The experiment was approved by the institutional review board of Cedars-Sinai
Medical Center. Written informed consent was obtained for all participating subjects. Data
were acquired in six (n = 6) healthy volunteers on a 3.0 T MR system (MAGNETOM Vida,
Siemens Healthcare, Erlangen, Germany) with a 1Tx/16Rx-channel head/neck coil.

For the proposed Multitasking ss-CEST protocol, CEST parameters were (Figure
4.1): TR =70 ms, saturation pulse duration t.,; = 30 ms, saturation pulse flip angle = 500°
(effective B1 =0.93 uT [110]), FA = 5° for FLASH readouts. The module was repeated 80
times at each frequency offset (5.6 sec in total), and then switched to another frequency
without delay. Other parameters were: FOV = 220 x 220 x 120 mm?3, matrix size = 128 x
128 x 40, spatial resolution = 1.7 x 1.7 x 3.0 mm?3. Images of 53 frequency offsets (-100,
-40, -30, -20, -15, -10, -9.0, -8.0, -7.0, -6.5, -6.0, -5.5, -5.0, -4.5, -4.0, -3.5, -3.0, -2.5, -2.0,
-1.5,-1.0,-0.8, -0.6,-04, -0.2,-0.1, 0, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5,
4.0,45,5.0,5.5,6.0,6.5,7.0, 8.0, 9.0, 10, 15, 20, 30, 40, 100 ppm) were acquired from
upfield to downfield, with two prolonged unsaturated acquisition S, (300 ppm) at the

beginning and the end. The total imaging time was 5 min 30 s.
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Single-slice single-shot FLASH CEST images were acquired as a reference. The
frequency offsets were sampled as in ss-CEST. A train of 30 Gaussian pulses of tg,; = 30
ms (duty cycle = 50%) and flip angle = 200° were used for saturation. Other parameters
were: slice thickness = 10 mm, TR/FA = 3000 ms/5°, 2 averages. The total imaging time
was 5 min 54 s for one slice.

T1lw images were also acquired with the same image center, FOV, and slice
thickness with the 3D ss-CEST protocol for gray matter (GM) and white matter (WM)
segmentation.

To test the intra-session repeatability of the protocol, the same Multitasking ss-
CEST sequence were performed twice at the same location in four (n = 4) volunteers.
4.2.5 Image analysis

All image reconstruction and image processing were performed with MATLAB
R2018a (MathWorks, Natick, Massachusetts, USA) on a Linux workstation with two 2.7-
GHz 12-core Intel Xeon CPUs, one NVIDIA Quadro K6000 GPU, and 256 GB RAM.

CEST quantification was done for both 3D Multitasking ss-CEST images and 2D
single-shot FLASH CEST images as described in previous sections. Segmented WM and
GM in the central slice were selected as regions of interest (ROIs) for statistical analysis.
WM/GM segmentation was performed with FSL [111] upon T1lw images. The mean
values of APT, rNOE, and MT maps of each subject within GM and WM regions were
compared between the proposed 3D Multitasking ss-CEST method and 2D single-shot
FLASH CEST method. Statistical graphs were generated with GraphPad Prism 8
(GraphPad Software, La Jolla, California, USA).

4.3 Results
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Figure 4.2: Representative Z-spectra from (A) the white matter (WM) region and (B) the grey matter
(GM) region of a healthy volunteer. For convenience, raw data (the green dots in the figure) were
plotted as 1 — Z(Aw).

Representative Z-spectra between -15 ppm and 15 ppm are shown in Figure 4.2A,
B for WM and GM respectively. It can be clearly seen in the figure that the MT effect was
more significant in WM than in GM, which is consistent with previous studies [67, 68].

Figure 4.3 shows representative (A) Bo estimation result, (B) MT map, (C) rNOE
map, and (D) APT maps of the proposed Multitasking ss-CEST method from one healthy
volunteer. The image quality was consistent among different slices. Figure 4.4 shows the
comparison between rNOE, APT, and MT maps generated from the proposed
Multitasking ss-CEST method and the 2D single-shot FLASH CEST method. While fitted
rNOE, APT and MT values were generally consistent with each other (also see Figure

4.5), maps from the proposed method were less noisy than those from the reference 2D

single-shot FLASH method.
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Figure 4.3: Representative Bp estimation results and MT, rNOE, APT maps of the proposed
Multitasking ss-CEST method (From A to D: Bo, MT, NOE, APT). 35 out of 40 slices are presented
here. The outermost 5 slices are discarded for display because the aliasing at the boundary makes
the fitting result less reliable.
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Figure 4.4. Comparison between maps generated from (A) the 2D single-shot FLASH method and
(B) the proposed Multitasking ss-CEST method. Note that the slice thickness of 10mm used in the 2D
single-shot FLASH CEST method was larger than 3mm in the proposed 3D Multitasking ss-CEST
method. Therefore, though the center of the slice matched between (A) and (B), the spatial coverages
were not completely the same.

Statistics of mean Lorentzian amplitudes within WM and GM regions among
different volunteers are presented in Figure 4.5. As shown in Figure 4.5A, the mean
amplitude was consistent among healthy subjects. Contrast ratios of WM:GM for rNOE,
APT and MT amplitudes were 1.12, 1.07 and 1.31 from the proposed Multitasking ss-
CEST method, near to the reference values of 1.13, 0.94, and 1.35 from the 2D single-
shot FLASH CEST method. Note that the saturation powers used in the proposed
Multitasking ss-CEST method (saturation pulse flip angle = 500°) and the reference the
2D single-shot FLASH CEST method (saturation pulse flip angle = 200°) were different,

since a higher Bi is usually needed in steady-state CEST acquisition to achieve

comparable CEST effects in conventional CEST acquisition [35]. Even with the saturation
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power adjustment, the established “steady state” at data acquisition were different

between the proposed method and the reference method, which may contribute to the

difference in fitted rNOE, APT, MT amplitudes and corresponding WM/GM contrast ratios.

The mean values of fitted rNOE, APT and MT amplitudes in WM and GM regions for each

volunteer are shown in Figure 4.6.
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Figure 4.5: Average Lorentzian amplitudes within WM and GM regions among different volunteers.
The mean amplitude is consistent among healthy subjects with (A) the proposed method and (B) the
reference method. (C) Contrast ratios of WM:GM for rNOE/APT/MT: 1.12/1.07/1.31 (Multitasking ss-
CEST) vs. 1.13/0.94/1.35 (2D single-shot FLASH CEST).
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Figure 4.6: The mean and standard deviation of fitted amplitudes of rNOE, APT and MT for each
volunteer. (A/C/E) are results from the proposed 3D Multitasking ss-CEST protocol, (B/D/F) are results
from the reference 2D FLASH CEST protocol.

The intra-session repeatability results for each of the three volunteers are

displayed in Figure 4.7. The Coefficient of Variation (CoV) of rNOE, APT, and MT
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(considering the values in both GM and WM) were 5.1%, 8.9%, and 9.2% [112].
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Figure 4.7: Comparison of fitted rNOE, APT, MT amplitudes (mean + SD) from two scans (R1/R2) per
subject in four subjects. The two scans were performed in the same day, and the sequence parameters
and the imaging location were the same.

4.4 Discussion

We developed a novel 3D steady-state CEST method with whole-brain coverage
using MR Multitasking. 3D Images of 55 different frequency offsets (including unsaturated
ones) were acquired within 5.5 min covering an FOV of 220 x 220 x 120 mm? at a spatial
resolution of 1.7 x 1.7 x 3.0 mm?3. The time to acquire the data for each frequency offset
was 5.6 seconds. It is more time efficient than previous GRE based methods considering
the spatial coverage and the spatial resolution [66, 67, 113].

In contrast to the single-shot acquisition method (or the pseudo-steady-state
method) [35], the ss-CEST method ensures that the steady state of the chemical

exchanging process is maintained during most of the acquisition time. It allows continuous
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acquisition for more efficient traversal of k-space than the single-shot method.
Nonetheless, the only additional source of acceleration in the original ss-CEST
implementation was limited to parallel imaging.

Low-rankness in spatiospectral signals has been exploited in previous work such
as the SPICE method [114] and the Multilinear Singular Value Decomposition (MLSVD)
method [73]. In SPICE, the spectroscopic image is modeled as a low-rank matrix to
accelerate image acquisition. It was designed for spectroscopic imaging but has not been
explored for CEST imaging. The MLSVD method performs post-processing denoising of
CEST images by enforcing low-rankness of individual spatial dimensions versus a
frequency offset dimension. In contrast, the low-rank tensor model in MR Multitasking
enforces low-rankness of a combined spatial dimension (thereby imposing no assumption
on spatial structure) versus two individual sequence parameter dimensions: frequency
offset and time since frequency increment. Furthermore, Multitasking imposes this model
during image reconstruction to accelerate acquisition. In addition to accelerating the
acquisition, the Multitasking ss-CEST method has two additional advantages: (1) the
approach to the steady state at each frequency offset is modeled and the signal before
the steady state is excluded, allowing uncorrupted steady-state values to be used for
guantification; (2) the Z-spectra are automatically denoised with the low-rank constraint.
Given enough spatiotemporal correlation, the only explicit limiting factor of acceleration
becomes the time required to reach steady state at each frequency offset.

In this work, 53 different frequency offsets were sampled between -100 ppm and
100 ppm. In fact, though all the data were reconstructed jointly, not all the frequency

offsets were needed in the multi-pool fitting process. The quantitative CEST maps
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reported in this paper were fitted using only the data from -20 ppm to 20 ppm (after Bo
correction). However, those outer frequency offsets, even not used for fitting, are still
important in this protocol. Note that the frequency offset is switched from one to another
without water signal recovery during the continuous scan. Generally, the time to reach
the steady state is shorter if the gap between two adjacent sampling frequency offsets is
closer. Therefore, outer frequency offsets (e.g., +30, 40, and £100 ppm) were sampled
to “bridge the gap” between unsaturated images and saturated images, so that the steady
state could be reached quickly at the following frequency offset [70].

Certain inhomogeneities are present in APT images (Figure 4.3D), correlated to
Bo inhomogeneities in Figure 4.3A. There is possibility of either incomplete Bo correction
or incorrect modeling of Bo inhomogeneities in the low-rank model. A locally low-rank
approach [115] may model the effects of smooth Bo inhomogeneity more efficiently, which
will be explored in future work. Furthermore, the use of advanced active shimming coils
may potentially provide better Bo shimming to reduce Bo inhomogeneity during image
acquisition [116, 117].

B1 correction [118, 119] was not performed in this feasibility study. This may
increase the variability of the CEST quantification results within the same tissue.
Therefore, the influence of B1 inhomogeneity on the reliability of quantitative CEST maps
needs to be evaluated before exploring the clinical applications of the proposed technique.

A 4-pool Lorentzian fitting method was used to quantify the CEST effects, as in
Mueller et al. [68]. Different fitting methods have been used previously, such as the
Lorentzian difference (LD) method [67, 120, 121] or the PLOF method [72, 122]. Moreover,

a different number of pools were fitted in the studies. Therefore, a standard fitting method
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which is generally accepted is still not established. Also, in previous works at 3.0 T,
different B1 values were chosen. Some representative effective B1 were 0.6 uT [67], 0.65
MT [68], 0.76 uT [72], and a peak B1 of 2 uyT was used in several studies [74, 123]. In this
work, we use a Gaussian saturation pulse with flip angle = 500° (peak B1 = 2.15 pT,
effective B1=0.93 uT), which is slightly higher to balance the SNR of the spatial subspace
images in MR Multitasking reconstruction and the visibility of the CEST effect in the
steady-state acquisition of Z-spectra. Both the choice of accurate CEST fitting method
and the optimization of B1 are important questions to explore, but are beyond the scope
of this work.

There are several potential improvements to explore in the near future. First,
advanced k-space sampling trajectories may be exploited. For instance, non-Cartesian
trajectories such as spirals have the potential to improve the sampling efficiency and
incoherence over Cartesian acquisition, further reducing the scan time and enhancing the
image quality. Second, the sampling pattern of specific frequency offsets can be further
optimized to reduce the total number of sampled frequencies, so that the total scan time
may be reduced while maintaining the reliability and robustness of the multi-pool fitting.
Also, given that the sampling pattern of one “training line” every 70 ms resembles self-
gated acquisition used for MR Multitasking in the heart and abdomen, the current ss-
CEST protocol has the potential to also be applied to moving organs, such as free-

breathing abdominal CEST.
4.5 Conclusion

Three-dimensional steady-state CEST with whole-brain coverage can be done at
3.0 T with a total scan time of 5.5 min and a spatial resolution of 1.7 x 1.7 x 3.0 mm? using
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MR Multitasking. Repeatable APT and rNOE maps were generated using the proposed
method. This method has the potential to enable fast and high-quality 3D CEST imaging

at clinical field strength.

This chapter previously appeared as an article in Magnetic Resonance in Medicine. The
original citation is as follows:

Han P, Cheema K, Lee HL, Zhou Z, Cao T, Ma S, Wang N, Han H, Christodoulou
AGT, Li DT. Whole-brain steady-state CEST at 3 T using MR Multitasking. Magnetic

Resonance in Medicine. 2022 May;87(5):2363-71.

54



CHAPTER 5: Free-breathing 3D CEST MRI of Human Liver at

30T

5.1 Background

Chemical exchange saturation transfer (CEST) imaging is a novel MRI technique
that allows indirect detection of exchangeable protons in the water pool. In recent years,
several studies have explored various CEST applications in the liver, such as amide
proton transfer weighted (APTw) imaging [53, 54, 124, 125], glycogen CEST (glycoCEST)
imaging [53, 54], glycogen NOE (glycoNOE) imaging [55], and extracellular pH
measurement with loversol injection [126, 127], to list a few examples. However, CEST
MRI of the liver in human studies is still challenging. Breath-holding is currently needed
to reduce motion artifacts, which limits not only spatial resolution, but also scan volume
coverage: even with multiple breath holds, 3D coverage would require an impractically
long scan time.

Steady-state CEST (ss-CEST) is a method that performs pre-saturation and k-
space sampling in an interleaved pattern with repeated modules [69, 70]. In the previous
chapter, we developed a ss-CEST method in the brain using MR Multitasking to
accelerate image acquisition and enhance image quality [133]. In this work, we propose
a novel respiration-resolved 3D abdominal Multitasking ss-CEST technique at 3.0 T,
which enables whole-liver coverage with free-breathing acquisition. The feasibility of the
proposed technigue was tested in healthy volunteers. The sensitivity of APTw and
glycoCEST measurements between post-overnight-fasting and post-meal imaging were

evaluated with fasting experiments.
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5.2 Methods

5.2.1 Sequence design

(a) (b)

Imaging data  Training data

k, Saturation pulse

Spoiler gradient
plk.)

[l Segmented Ml Segmented

FLASH FLASH |

TR TR

Figure 5.1: K-space sampling pattern and sequence structure of the abdominal Multitasking ss-CEST
sequence. (a) The k-space is continuously sampled using a stack-of-stars FLASH sequence with
golden angle ordering in the x-y plane and Gaussian-density randomized ordering in the z direction,
interleaved with training data (central k-space line along z-direction) every 8th readout. (b) Each ss-
CEST module contains a single-lobe Gaussian saturation pulse, followed by a spoiler gradient and
eight readouts.

The continuous-acquisition pulse sequence consists of repetitive ss-CEST
modules. Each ss-CEST module contains a single-lobe Gaussian saturation pulse,
followed by a spoiler gradient and eight fast low-angle shot (FLASH) readouts, as in
Figure 5.1. FLASH readout with the option ‘water excitation only’ was used for fat
suppression. The total time of one ss-CEST module is 72 ms, consisting of 30 ms for the
saturation pulse and 42 ms for right FLASH readouts. The module repeated several times
at each frequency offset until the steady state is reached and maintained, and then
switched to another frequency without any additional delay between modules.

Images were acquired in axial orientation covering the whole liver region. K-space

lines were sampled using a stack-of-stars acquisition pattern. In each ss-CEST module,
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the center k-space line was first sampled as “training data” to estimate temporal basis
functions, and seven k-space lines with golden angle ordering in-plane and Gaussian-
density randomized ordering in the partition direction were sampled as “imaging data” to
recover spatial basis functions. In this work, the training data was acquired in the superior-
inferior direction (k, = k,, = 0) to detect respiratory motion with more sensitivity.
5.2.2 Image reconstruction
Image model

The abdominal CEST image is modeled as a 6D image a(x, z,7,r), where x is the
voxel location in three spatial dimensions, z indexes the pre-saturation frequency offset,
T tracks the time within each frequency offset (indexing the approach to steady-state),
and r represents the respiratory motion phase. Due to high correlation along all
dimensions, the image can be modeled as a 4-way low-rank tensor A.:

A =Gx, Uy X, U, X3 U; X, U, (5.1)
where X; denotes the tensor i-mode product; U, € C/*Lo contains L, spatial basis
functions with J voxels each, U, € C¥*!1 contains L, basis functions characterizing the Z-
spectra, U, € CM*L2 contains L, temporal basis functions characterizing the signal
evolution to reach steady-state within each frequency offset, and U, € C”*L3 contains L
temporal basis functions characterizing the respiratory motion; G € Cto*t1*L2XLs denotes
the core tensor. The core tensor and temporal bases can be combined into a temporal
factor tensor @ = G x, U, X5 U, X, U,, in which case Equation (5.1) simplifies to

A=® x, U, (5.2)

Tensor subspace estimation
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Components of the temporal factor tensor @ =g x, U, X3 U, X, U, were
estimated from the training data d. with tensor subspace estimation. The training data
d.. can be reshaped into a three-way multichannel tensor D, in (K, z, 7, r)-space, where
the first mode comprises k-space locations k from all receiving coils, z and 7 represent
the temporal indices which can be read naturally from chronological order, and r indicates
the respiratory motion state. In this work, the respiratory motion state was binned into 5
states with the help of recorded Siemens Physiologic Monitoring Unit (PMU) data, which
was extracted from the raw data.

A dictionary of full-course signal curves was generated ahead of time with Bloch
simulation. The dictionary consists of 41 T1 values of the water pool logarithmically
spaced from 100 ms to 3000 ms and 18 exchange rates (k) of the APT pool at 3.5 ppm
linearly spaced from 100 ms to 3000 ms. The temporal factor U, which characterizes the
signal evolution to reach steady-state was predetermined from the SVD of this dictionary.

The undersampled tensor D, was first completed by solving (also see Section

2.1.3):

o~

_ : 2
Dy, = arg Dtr,(z)rc?slpgn{uz}”dtr — Qe (DIl + 2 ”Dtr,(i)

. (5.3)

i=1,3,4
where d,, is the sampled training data, Dy ; is the mode-i matricization of the tensor Dy,
d||-]|. denotes the nuclear norm, 1 is the weighting parameter, and (., indicates that only
the D, with sampled index combinations are considered in the data fidelity term.
With the completed D,,, the core tensor G, respiratory basis functions U,., and Z-
spectra characterization basis functions U, can be extracted from the higher-order SVD

(HOSVD) of Dy, which finally recovers @ = G x, U, X3 U, X, U,..
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Spatial coefficient recovery
After recovering @ = G x, U, X3 U, X, U,., the spatial basis functions U, were

determined from the imaging data d;,, by solving the following problem:

U, =arg min||d;y, — Q(® X, EUY|I3 + AR(Uy) (5.4)

where E is the signal encoding operator, including Fourier transform and coil sensitivity
weightings; Q is the undersampling operator; and R(-) is a regularization functional which
was chosen here as a spatial wavelet regularization term in order to additionally exploit
compressed sensing.
5.2.3 CEST analysis

After the image tensor A was fully reconstructed, a 4D image A(x,z) was

extracted, consisting of the steady-state images at each frequency offset:

A(x,2) = A(X, 2, Tmax Topt) (5.5)
where 7,4 IS the last sampling time point (or the average of all time points when the
steady state is reached) at each frequency offset, and r,,. is the optimal respiratory phase.

A(x, Aw) was then used for further CEST analysis for each voxel x in the following steps:
1) Z-spectra generation. For each voxel x = x,,, the CEST signal A(x,, z) was first
normalized with the signal from unsaturated image S,(x,) (acquired at 300 ppm) to

generate the Z-spectrum:

(5.6)
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2) B, correction. The central part of the Z-spectrum (nominal frequency offset |Aw| <
1ppm) was used to determine AB, with a Lorentzian model [109]. Z-spectra were then
shifted for each voxel with corresponding AB,,.

3) Asymmetry analysis. The CEST effect was quantified with the magnetization

transfer asymmetry ratio (MTRasym):
MTRsym(Aw) = Z(—Aw) — Z(Aw) (5.7)

where Aw is the frequency offset. APTw values were quantified as MTRasym at Aw =
3.5 ppm, while glycoCEST values were quantified as the average MTRasym 0f 0.6, 0.8, 1.0,
1.2, and 1.4 ppm.

5.2.4 In-vivo experiments

The experiment was approved by the institutional review board of Cedars-Sinai
Medical Center. Written informed consent was obtained for all participating subjects. Data
were acquired in seven (n = 7) healthy volunteers (four males + three females, mean age
= 37.1 y, age range 21-59 y). To test the sensitivity of the proposed CEST imaging
protocol to fasting and compared with previous methods [55, 124, 54], two separate scans
were done for each volunteer: a ‘post-meal’ scan which was done 1.5 hours after a full
lunch, and a ‘post-fasting’ scan which was done after overnight (more than 12 hours)
fasting.

MRI data were acquired on a Siemens 3T MR system (MAGNETOM Vida,
Siemens Healthcare, Erlangen, Germany) with an 18-channel phase array body coil.
Imaging parameters were: FOV = 512 x 512 x 192 mm?3, matrix size = 256 x 256 x 32,
spatial resolution = 2.0 x 2.0 x 6.0 mm3. CEST parameters were: saturation pulse flip

angle = 500° (effective B1 = 0.93 uT), FA = 5° for FLASH readouts. The module was
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repeated 128 times at each frequency offset (9.2 sec in total), and then switched to
another frequency without delay. Images of 53 frequency offsets (-40.0, -30.0, -20.0, -
15.0, -10.0, -9.0, -8.0, -7.0, -6.0, -5.5, -5.0, -4.5, -4.0, -3.5, -3.0, -2.5, -2.0,-1.7,-1.4, -1.2,
-1.0,-0.8, -0.6,-04, -0.2, -0.1, 0, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.7, 2.0, 2.5, 3.0,
3.5,4.0,45,5.0,55,6.0, 7.0, 8.0, 9.0, 10.0, 15.0, 20.0, 30.0, 40.0 ppm) were acquired
from upfield to downfield, with prolonged unsaturated acquisition So (300 ppm) at the
beginning and the end. The total imaging time was 9 min.

5.2.5 Image analysis

All image reconstruction and image processing were performed with MATLAB
R2018a (MathWorks, Natick, Massachusetts, USA) on a Linux workstation with two 2.7-
GHz 12-core Intel Xeon CPUs, one NVIDIA Quadro K6000 GPU, and 256 GB RAM.

ROIs were manually drawn to include the liver region in the central slice of the
imaging volume. The boundary of the liver was excluded from the ROIs to avoid severe
Bo inhomogeneities. For each scan, single APTw and glycoCEST values were reported
as mean = standard deviation (SD) within the ROI.

Wilcoxon signed rank test was performed to compare mean APTw and glycoCEST
values in post-fasting and post-meal scans. A two-tailed value of p < 0.05 was considered
to be statistically significant. The repeatability was evaluated by performing the Bland-
Altman plot. Statistical graphs were generated using GraphPad Prism 8 (GraphPad

Software, La Jolla, California, USA).

5.3 Results
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Figure 5.2: Representative 5D CEST images at steady-state of a healthy volunteer from a post-fasting
scan, with 3 spatial dimensions, a frequency offset dimension, and a respiratory dimension. Images
are displayed at unsaturated acquisition Sp, 3.5 ppm and 1.0 ppm (before Bo correction). Bin 1 and
Bin 5 correspond to end-expiration and end inspiration phases respectively.

62



Figure 5.3: CEST images along the whole Z-spectrum from Bin 3 (in which the liver was positioned
between end-inspiration and end-expiration phases) before By correction, including the unsaturated
one and 53 different frequency offsets from -40 to 40 ppm.
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The proposed protocol with free-breathing acquisition was successfully applied to
all healthy volunteers. Representative 5D CEST images at steady-state (t = 1,,4) are
shown in Figure 5.2. Figure 5.2a and Figure 5.2b represent respiratory bins
corresponding to end-expiration and end inspiration phases respectively. Unsaturated
images, CEST images acquired at 3.5 ppm, and CEST images acquired at 1.0 ppm are
displayed from left to right.

Figure 5.3 shows all 54 CEST images (including So) along the whole Z-spectrum
from a specific respiratory phase. In can be seen that the position of the liver is consistent
in images of different frequency offsets.
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Figure 5.4: Representative Bg, APTw and glycoCEST maps of the liver region at the central slice from
(a-c) post-fasting scan and (d-f) post-meal scan of the same volunteer.
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Figure 5.4 presents Bo, APTwW (MTRasym at 3.5 ppm), and glycoCEST (MTRasym at
1.0 ppm) maps in post-fasting and post-meal scans of a healthy volunteer. Figure 5.5
shows the distribution of APTw and glycoCEST MTRasym values within the liver region in

the same volunteer.
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Figure 5.5: Histograms of MTRasym values of APTw and glycoCEST in the same volunteer.

Results of average APTw and glycoCEST measurements from post-fasting and
post-meal scans in all subjects are shown in Figure 5.6a and Figure 5.6b respectively.
The upward trends of both APTw and glycoCEST values after meal can be clearly seen

in the figure, which is consistent with previous study [54]. In all volunteers, both APTw
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and glycoCEST signals from post-mean scans were significantly increased (APTw values:
-0.022 £ 0.016 in post-fasting scans, 0.015 + 0.023 in post-meal scans, p < 0.02;

glycoCEST values: -0.008 = 0.018 in post-fasting scans, -0.003 = 0.065 in post-meal

scans, p < 0.02).
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Figure 5.6: Line plot of mean MTRasym values of APTw and glycoCEST in the liver region from post-
fasting scans and post-meal scans.

The Bland-Altman plots of APTw and glycoCEST measurements from two intra-
session scans are shown in Figure 5.7a and Figure 5.7b respectively. The 95% limits of

agreement of the average APTw signal were -0.050 to 0.062, while the 95% limits of

agreement of the average glycoCEST signal were -0.033 to 0.032.
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Figure 5.7: Bland-Altman plots for mean MTRasym Values of APTw and glycoCEST in two intra-session
measurements. The dashed lines show 95% limits of agreement.

5.4 Discussion and conclusion

The Multitasking ss-CEST technique was able to acquire 3D liver CEST images
without breath-holds. The in-plane spatial resolution of 2.0 mm was comparable with
previous 2D studies [54, 124, 125], while the Multitasking 3D slice coverage of 192 mm
was much larger, covering the whole liver.

In this work, k-space data were continuously acquired during free-breathing within
the 9-min scan, and all the data were used for image reconstruction. Compared with
breath-hold or navigator-gated acquisition, the proposed free-breathing method not only
makes it possible to apply 3D abdominal CEST imaging in human studies for the first time,
but also greatly improves the acquisition efficiency (equivalent to an 100% gating
efficiency). In free-breathing acquisition, data need to be binned into different groups
corresponding to real-time respiratory motion states, so that the tensor D,. can be
correctly completed in the respiratory dimension. Respiratory binning is usually done only

using image data (similar to self-gating strategies) in previous MR Multitasking
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applications, either directly in the image domain [9] or from real-time temporal weighting
functions. However, it is difficult to apply such binning methods in ss-CEST acquisition,
because both real-time images and temporal weighting functions show very low signal
intensities when the saturation frequency offset is close to 0 ppm. Therefore, the Siemens
PMU data was used in our proposed protocol as auxiliary data to finish the respiratory
binning process.

Motion handling is still not perfect in the current free-breathing ss-CEST protocol.
First, the Bo field is constantly changing during free-breathing acquisition, which can
cause severe Bo inhomogeneities, especially in the regions close to the liver dome. This
will introduce error to final CEST analysis because of incomplete Bo correction or incorrect
modeling of Bo inhomogeneities in the low-rank model. It can possibly explain those
outliers shown in Figure 5.7. Advanced active shimming coils may potentially provide
better Bo shimming in future studies. Second, residual motion is still visible in some cases
after respiratory binning, which can also introduce error to pixel-wise CEST analysis. This
may be addressed in the future by developing more robust binning procedures. Last, the
steady-state signal may be less stable, because the tissues at the boundary of the
imaging volume are continuously moving in and out. Signal averaging can be used to
replace the single time point T = 7,4 in Equation (5.5) to lessen this issue.

There are several limitations in this study. First, as an initial technical validation,
only healthy volunteers were included in this study, and some variates were not strictly
controlled in the fasting experiments (such as diet, actual duration of fasting, etc.). Even
though clear upward trends can be seen in both APTw and glycoCEST values after meal

for each subject, it is hard to compare among different subjects. Therefore, we are not
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able to reach clinical conclusions at this stage from the results of current fasting
experiments. Also, a single ROI was drawn in the liver region to report the average APTw
and glycoCEST for each volunteer. Analysis was not performed in different sub-regions
of the liver to explore possible signal difference of various liver tissues. A more systematic
patient study will be performed in the future to investigate potential clinical applications of
the proposed protocol.

Future work will also focus on optimizing the saturation power B1 and developing
application-specific frequency offset sampling patterns with clinical validations. Advanced
CEST quantification methods, such as multi-pool fitting or the Lorentzian difference
method, will also be investigated. Further reduction of total scan time and improvement
of the spatial resolution will be explored as well.

In conclusion, the proposed 3D abdominal steady-state CEST method using MR
Multitasking can generate CEST images of the entire liver during free breathing. It has

the potential to push the liver CEST technique towards practical clinical use.

69



CHAPTER 6: Conclusions and Future Work

6.1 Summary of the work

In this dissertation, we focus on improvements of two important tissue
characterization techniques using MR Multitasking: (1) ECG-free myocardial T1 and ECV
mapping in small animals at 9.4 T; (2) Fast 3D CEST imaging for human studies at 3.0 T.

Chapter 3 presented an ECG-free myocardial T1 and ECV mapping technique in
small animals at high heart rates. Phantom T1 mapping results from the proposed method
showed excellent consistency with the scanner’s built-in technique. Its feasibility to
characterize diffuse myocardial fibrosis with ECV quantification was validated in a rat
HFpEF model.

Chapter 4 introduced a fast whole-brain steady-state CEST method using MR
Multitasking. Repeatable APT and rNOE maps with whole-brain coverage and a spatial
resolution of 1.7 x 1.7 x 3.0 mm? were generated within a total scan time of 5.5 min. The
mean amplitudes of APT and rNOE signals were consistent among healthy subjects.

Chapter 5 presented a free-breathing 3D abdominal steady-state CEST method
using MR Multitasking. CEST images of 55 frequency offsets with entire-liver coverage
and 2.0 x 2.0 x 6.0 mm? spatial resolution were generated within 9 min. Both APTw and
glycoCEST signals showed high sensitivity between post-fasting and post-meal
acquisitions.

6.2 Future directions

In general, we will continue to improve the steady-state CEST imaging technigue

using MR Multitasking.
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6.2.1 Clinical validations

In Chapter 4 and 5, the technical feasibility of the MR Multitasking based steady-
state CEST protocol was tested in healthy volunteers. However, there is no patient study
in this work. With images of healthy volunteers only, it is hard to determine what specific
CEST parameters (such as Bi1) would be optimal for clinical diagnosis. Therefore, we are
planning to perform future patient studies to further validate the technique and to optimize
the imaging parameters.

For brain CEST, glioblastoma (GBM) patients will be recruited for further clinical
validation [128, 129, 130]. For abdominal CEST, patients with focal liver lesions can be
recruited for clinical validation [125]. CEST imaging has not been validated for the
diagnosis of pancreatic ductal adenocarcinoma (PDAC) [131, 132], while it is also a
potential application to explore. It can be expected that optimized CEST parameters might
be different in different clinical diagnosis scenarios.

6.2.2 Further reduction of scan time

In Chapter 4, we have shown that the GRE based steady-state CEST imaging can
be further accelerated using MR Multitasking. With low-rank tensor modeling, the
correlations among images acquired at different frequency offsets are exploited to reduce
the scan time and enhance the image quality. With the current protocol, CEST images of
55 different frequency offsets can be acquired within 5.5 min, allowing whole-brain
coverage at a spatial resolution of 1.7 x 1.7 x 3.0 mm?2,

In the proposed MR Multitasking based ss-CEST protocol, the acceleration of
imaging acquisition was achieved by reducing the acquisition time at each frequency

offset. In other words, it further undersampled the k-space while maintaining the image
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quality, with the help of low-rank tensor modelling. From another point of view, the total
CEST scan time is directly proportional to the number of frequency offsets sampled.
Therefore, another possible solution to reduce the total imaging time is to obtain CEST
maps from undersampled Z-spectrum, i.e., to reduce the number of frequency offsets
acquired. Previous studies have used deep learning methods to bypass the traditional
CEST analysis methods such asymmetry analysis or multi-pool fitting, either from fully
sampled CEST images [134, 135] or undersampled CEST images [136, 137]. Further
investigation and exploration will be done towards this direction.
6.2.3 Moving towards free-breathing cardiac CEST imaging

Cardiac CEST techniqgues have been developed for myocardial tissue
characterization in various applications, such as chronic myocardial infarction [138] and
amyloid light-chain amyloidosis [139]. Currently, both ECG triggering and navigator gating
were used to reduce the effects of cardiac and respiratory motion. However, respiratory
phase mismatch can still happen with imperfect navigator gating, which leads to Bo field
variations [138]. In some cases, the navigator gating would completely fail [139].
Moreover, only 30% ~ 40% navigator efficiency can be achieved in successful cases,
which reduces the efficiency of data utilization and makes the total scan time
unpredictable.

Therefore, development of free-breathing cardiac CEST imaging using the

Multitasking based steady-state CEST protocol will also be explored in the future.
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