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Abstract

Magnetic Resonance Imaging (MRI) is a valuable tool for medical diagnosis, because of the
excellent soft tissue contrast and the absence of ionizing radiation. However, MRI is a slow
imaging modality. For areas of the body that can be immobilized (e.g., brain), a total examination
time of 30 ~ 60 minutes will be performed, which largely reduces patient comfort and cooperation.
For areas of the body subject to physiological motion (e.g., breathing motion), any involuntary
movements during a scan will degrade the image quality. Thus, a major challenge for MRI is to

reduce the long scan time while obtaining images with clinically acceptable quality.

Rapid MRI involves a rich collection of techniques that improve the speed of MRI data
acquisition (e.g., non-Cartesian trajectories, parallel imaging). Speed improvements are desirable
in many clinical applications. This dissertation will cover two applications: T.-weighted imaging
and imaging of cardiac function. The overall goal of this dissertation is to provide rapid data
acquisition approaches using spiral k-space trajectories with advanced image reconstruction

methods, as well as strategies for compensation of system imperfections (e.g., Bo inhomogeneity).

A new approach to 2D turbo spin-echo imaging using annular spiral rings with a retraced
in/out trajectory, dubbed “SPRING-RIO TSE”, was developed for fast T»-weighted brain imaging
at 3T. A detailed procedure of spiral rings implementation was presented, as well as effective
correction methods for gradient infidelity and Bo inhomogeneity. VVolunteer data showed that the
proposed method achieves high-quality 2D T.-weighted brain imaging with a higher scan
efficiency (0:45 min/14 slices versus 1:31 min/14 slices), improved image contrast, and reduced

specific absorption rate (SAR) (~ 86% reduction) compared to conventional 2D Cartesian TSE.

For scanning at 0.55 T and 1.5 T, strategies of sequence modifications were implemented



in SPRING-RIO TSE for compensation of concomitant gradient terms at the echo time and across
echo spacings, along with reconstruction-based corrections to simultaneously compensate for the
residual concomitant- and Bo-field induced phase accruals along the readout. Volunteer data
showed that after full correction, SPRING-RIO TSE achieves high image quality with improved
SNR efficiency (15% ~ 20% increase) and reduced RF SAR (~ 50% reduction) compared to
standard Cartesian TSE, presenting potential benefits, especially in regaining SNR at low-field.
The compensation principles can be extended to correct for other trajectory types that are time-

varying and asymmetric along the echo train in TSE-based imaging.

A 3D spiral-in/out SPACE pulse sequence that incorporates variable-flip-angle refocusing
RF pulses with an echo-reordering strategy, concomitant gradient compensation, and variable-
density undersampling, was proposed for 1 mm? isotropic whole brain T2-weighted imaging at
0.55 T. Wolunteer data showed increased apparent SNR values when using spiral SPACE over
Cartesian SPACE (17.14+2.3% gain) for similar scan times, providing a potential to mitigate the

intrinsic lower SNR of 0.55 T via the improved SNR efficiency of prolonged spiral sampling.

In cardiac imaging, both spiral-out and -in/out bSSFP pulse sequences were developed for
accelerated ungated, free-breathing real-time cine at 1.5 T. Volunteer data showed that the two
spiral cine techniques showed clinically diagnostic images (score > 3). Compared to standard cine,
there were significant differences in global image quality and edge sharpness for spiral techniques,
while there was significant difference in image contrast for the spiral-out cine but no significant
difference for the spiral-in/out cine. There was good agreement in left ventricular ejection fraction

for both the spiral-out cine (-1.6+3.1%) and spiral-in/out cine (-1.5+2.8%) against standard cine.

We demonstrated all proposed techniques lead to improved sampling efficiency and scan

comfort, and provide promising alternatives to standard Cartesian acquisition counterparts.
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Chapter 1:  Introduction

1.1 Significance

It has been more than forty years since the first human Magnetic Resonance Imaging (MRI)
scanner was created, and now MRI is becoming a powerful and valuable imaging tool for medical
diagnosis, because it offers excellent and multiple soft tissue contrast by changing the imaging
protocols flexibly and does not use ionizing radiation in contrast to other widely used imaging

techniques, such as X-ray or computerized tomography (CT).

According to the official datasets released from the National Health Service, England,
however, the total usage of MRI in clinical practice is still much lower than other imaging
modalities.? Figure 1-1 shows that within the total imaging activities in England from July 2021
to July 2022, X-ray has the highest number of procedures (on average 1.7 million) per month,
followed by ultrasound which has 0.8 million procedures, and MRI has the lowest imaging tests
of 0.3 million. The long total scan time per procedure is one of the major reasons, which ranges
from thirty minutes to two hours for a complete MRI test. The high examination cost per hour is
another concern for the more widespread use of MR, due to its intrinsic expensive machine cost

and the related high maintenance burden.

Furthermore, there are several drawbacks when the imaging speed of a conventional

clinical MRI practice is slow. Two scenarios are described as follows:

1. Scanning parts of the body that are immobilized (e.g., brain, knee) may take several
minutes for a typical Ti-weighted (T1w) or T2-weighted (T2W) examination, resulting

in a total examination time of 30 ~ 60 min for only one part of the body, which makes
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the procedure especially hard for children and patients who experience a claustrophobic
reaction during the scan.

2. Scanning parts of the body that are subject to physiological motion (e.g., breathing
motion, cardiac motion) presents more challenges, since any involuntary movements
during a scan will degrade the image quality, resulting in additional requirements such
as electrocardiogram (ECG) gating and/or several breath-holds, which largely reduce

patient comfort and cooperation.

In conclusion, there is a strong demand to develop rapid MRI techniques that speed up MR
scanning while maintaining clinically acceptable image quality, such as techniques that involve
rapid pulse sequence development (e.g., non-Cartesian imaging®2, simultaneous multi-slice?),
advanced image reconstruction (e.g., parallel imaging®®, compressed sensing’), and deep learning

approaches (e.g., Noise2Noise®?).

1.2 Specific aims

This dissertation work addresses three specific aims, and these aims cover both

methodological analysis and experimental implementations of phantom and in vivo studies. The



main objectives of this dissertation will focus on developing turbo-spin-echo (TSE) sequences for
fast T»-weighted neuroimaging and balanced steady-state free precession (bSSFP) sequences for
real-time cardiac imaging, as well as exploiting strategies for compensation of system

imperfections, such as Bo inhomogeneities and concomitant gradients.

Specific Aim 1 is to design and implement both 2D and 3D TSE imaging using spiral
trajectories with improved SNR/scan efficiency, as alternatives to Cartesian counterparts for rapid
T»-weighted imaging. This aim includes the following: 1a: Introduce the k-space sampling strategy
of annular rings with retraced in/out (R1O) segments into a 2D TSE signal model. 1b: Design 3D

variable-flip-angle TSE with spiral-in/out readouts and echo-reordering.

Specific Aim 2 is to develop correction methods in spiral imaging for system imperfections.
This aim includes the following: 2a: Describe approaches to correct for k-space trajectory infidelity
and Bo inhomogeneity effects. 2b: Introduce strategies of compensation for concomitant gradients
over echo spacings and during the readouts via gradient waveform modifications and image

reconstruction.

Specific Aim 3 is to implement real-time cardiac MRI using accelerated spiral-based
bSSFP sequences under ungated, free-breathing condition. This aim includes the following: 3a:
Design and optimize spiral-out and spiral-in/out bSSFP sequences for real-time imaging. 3b:
Implement reconstruction methods and compare the performance in highly accelerated cardiac

MRI.

1.3 Dissertation outline

The remainder of this dissertation is organized as follows:



Chapter 2 gives a brief introduction to the background knowledge that is relevant to this
dissertation. It first covers T»-weighted imaging and cardiac cine imaging used in routine clinical
practice. Second, an overview of techniques in rapid MRI acquisitions, including spiral k-space
scanning, turbo-spin-echo imaging, and balanced steady-state free precession imaging, will be
given. This is then followed by details regarding system imperfections such as gradient infidelity,
Bo inhomogeneity, and concomitant gradients. Finally, opportunities and challenges in low-field

systems will be described.

Chapter 3 introduces 2D TSE imaging using annular spiral rings with a retraced in/out
trajectory (abbreviated “SPRING-RIO TSE”) for rapid T>-weighted imaging at 3 T, which includes
the k-space sampling strategy of annular rings with retraced in/out (R10) segments, methods for
correcting for k-space trajectory infidelity and Bo inhomogeneity effects, and validation in

simulations, phantom and in vivo scans.

The sequence developed in Chapter 3 suffers from concomitant field effects at lower main
field strengths. Chapter 4 develop strategies for concomitant field compensation for SPRING-RIO
TSE imaging at 0.55 T and 1.5 T, which includes strategies of gradient waveform modifications
for compensating the Maxwell gradient effects at the echo time and over echo spacings, image
reconstruction-based compensation to correct for residual phase errors along the readout, and

validation in simulations, phantom and in vivo scans.

Chapter 5 covers variable-flip-angle 3D spiral-in/out TSE imaging using echo-reordering
and concomitant gradient compensation at 0.55 T, which includes pulse sequence design of
variable-flip-angle generation and concomitant gradient compensation, image reconstruction to

correct for system imperfections, and validation in phantom and in vivo scans.



Chapter 6 is focused on developing high spatiotemporal real-time cardiac MRI using
accelerated spiral bSSFP sequences at 1.5 T, which includes the implementation of two optimized
spiral-based bSSFP sequences along with three reconstruction methods (view-sharing, compressed
sensing, and low-rank plus sparse), and validation in simulations and in vivo scans with whole

heart coverage short-axis views.

Chapter 7 summarizes the contributions of this dissertation and provides an outlook for

future work.
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Chapter 2: Background

2.1 Basic imaging

2.1.1 Tr-weighted imaging

T>W imaging is one of the basic pulse sequences for clinical MRI practice. The sequence weighting
highlights differences in the T2 relaxation time of tissues (also known as “spin-spin” relaxation).t
Each tissue has an inherent T value, yet external factors (e.g., Bo inhomogeneity) can decrease the
T relaxation time which results in T," weighting. Thus, spin-echo based imaging, the standard
method that acquires images with T, weighting instead of T," weighting, uses refocusing pulses to
help mitigate the extraneous influences on the T relaxation time. These types of sequences

normally have protocols with a long TR as well as a long TE.
2.1.2 Cardiac cine imaging

Cardiac magnetic resonance (CMR), which acquires a series of MR images to capture evolving
cardiac phenomena, is becoming more popular in clinical practice for assessment of heart
diseases.? One application of CMR is cardiac cine imaging, which often acquires images during a
breath-hold using ECG-gated bSSFP pulse sequences with segmented Cartesian readouts.® Figure
2-1 shows the routine procedure of how standard Cartesian cine techniques produce images with
high spatiotemporal resolution and good image quality by filling k-space line-by-line. Cardiac
function can then be assessed qualitatively and quantitatively (e.g., left ventricular ejection fraction)
by analyzing the motion of the ventricular walls during systole and diastole. Another promising
cine technique that does not require ECG gating and breath-holding is using real-time snapshot

imaging, but it may suffer from low spatial and/or temporal resolution.
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Figure 2-1. Standard cine imaging with
segmented Cartesian readouts, ECG-

triggering, and retrospective binning.

2.2 Rapid acquisitions

2.2.1 Spiral imaging

MRI signals are not acquired directly in the image domain but in spatial frequency space (also
known as k-space). A conventional Cartesian trajectory fills k-space line by line in each excitation,
providing robustness to system imperfections but with relatively low scan efficiency, because RF
pulses and pre/post-encoding gradients occupy a certain amount of time and thus the ratio of signal
acquisition to the total imaging time is small. Spiral scanning, one type of acquisitions that use
non-Cartesian trajectories, acquires more data points per excitation and has been widely used in
fast imaging due to its high scan efficiency.* Figure 2-2 shows one example of conventional spiral-
out gradient waveforms and its corresponding trajectory, of which the trajectory starts from the

beginning and keeps turning in k-space while sampling areas farther away from the origin (black
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Figure 2-2. One example of spiral-out gradient waveforms and the corresponding trajectory.

line), followed by a rewinder (red line) that brings it back to the origin. In addition to being fast,
spiral imaging offers other desirable properties (e.g., insensitivity to motion-related artifacts), but
it may also present several challenges for compensating system imperfections, such as gradient
infidelity, Bo inhomogeneities, and concomitant fields, resulting in image blurring and signal loss.

The next sections will cover these effects in more detail.
2.2.2 Turbo-spin-echo imaging

The advent of fast sequences based on turbo-spin-echo (TSE)>*® acquisitions enabled T2-weighted
imaging to be performed in a clinically feasible scan time, and these sequences have become the
workhorse for spin-echo-based imaging. The Cartesian TSE sequence is one of the standard
methods for fast T»-weighted imaging, where multiple lines are sampled per excitation, as shown
in Figure 2-3. Compared to the conventional single-echo spin-echo imaging, the total scan time
can be reduced by the number of echoes acquired in one excitation, which is also known as the

echo train length (ETL). Other image contrast can be achieved by adding a magnetization-prepared
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Figure 2-3. The timing diagram for 2D TSE imaging. (Adapted from Ref.6, Fig.1).

module before the TSE acquisition window. For example, an inversion recovery pulse can be
placed at the beginning, and by adjusting the inversion time (TI) between the inversion recovery
pulse and the first excitation pulse of the TSE part, fluid-attenuated T.-weighted images’ can be
generated. Figure 2-4 shows examples of images with different weightings acquired from TSE-

based imaging.®

T2w FLAIR T1lw TSE T2w TSE

Figure 2-4. Examples of T.W FLAIR, T;W and T,W brain images using TSE acquisition. (Adapted from Ref.8, Fig.1).



2.2.3 Balanced steady-state free precession imaging

Steady-state free precession (SSFP) sequences show great potential in fast imaging because of the
short repetition time which allows for very high scan efficiency. In addition, balanced SSFP
imaging, one member of the SSFP family tree, has demonstrated unique capability in cardiac MRI
due to its flow insensitivity and excellent image contrast between the blood pool and myocardium®,
as can be seen in Figure 2-5 showing the comparison of cardiac images from the spoiled gradient-

echo (left) and bSSFP sequences (right).

Figure 2-6 shows a simplified sequence diagram, which involves a dummy cycle to reach
the steady-state, followed by continuous data acquisition. The directions of RF series are
alternating between -x and x, and the flip angle of the first excitation RF pulse equals half of the
following RFs. A major challenge with bSSFP imaging is banding artifacts induced by the spatially
dependent off-resonance effects (e.g., Bo field inhomogeneity). This problem can be alleviated but

may not be completely corrected via good shimming and/or using a short TR.

Figure 2-5. Comparison of cardiac images from the
spoiled gradient-echo (left) and bSSFP sequences
(right). (Adapted from Ref. 9, Figure 12).

20_, 2a, 2a_, 2a, 2a_, 20, 2a_,
Figure 2-6. Timing diagram of the n »
bSSFP sequence. TR 0 time
2
Dummy cycle Data acquisition
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2.3 System imperfections

2.3.1 Gradient infidelity

Non-Cartesian trajectories rely strongly on the gradient fidelity, and any deviation of the actual k-
space trajectory from the nominal trajectory may be detrimental to image quality, in terms of image
blurring, distortion, and edge artifacts. In reality, the gradient response of the gradient systems
may vary, resulting in the anisotropic delay of three main axes (X, y, z). In addition, any time-
varying gradient fields from the encoding gradients will induce inevitable eddy currents that may
distort the trajectory and thus degrade the image. One simple way to resolve this problem is to
measure the actual trajectory given one specific imaging orientation and the current set of sequence
protocols using Duyn’s method®, as can be seen in Figure 2-7, where two symmetric off-center
thin slices are excited for each physical axis that contributes the trajectory. The calibration can be
performed in a phantom, but this method is impractical, because any change in trajectory
generation will need to be recalibrated and is very time-consuming, normally taking 30 ~ 60 mins.
Therefore, researchers have developed several methods to estimate and predict the actual trajectory.

This section will briefly describe the basics of two widely used trajectory correction methods.

The first method, a model-based trajectory estimation named the Tan-Meyer method!!, can

be expressed as:
k() = fOtS(T)®H(T) dr ~ A fot Gy(t)dt + B fot K, (1)dr, (2-1)

where k(t) is the estimated k-space trajectory, s(t) is the slew rate, H(7) is the impulse response
function. G is the gradient waveform, and K is the k-space trajectory on one physical axis with
a gradient delay. A and B are constant values based on the gradient system of the scanner and are

independent of the image orientation and sequence parameters. Thus, any arbitrary trajectory can
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be estimated once we obtain parameters A and B from a separate calibration in a phantom scan.
The calibration involves the actual trajectory (K ) acquisition, followed by the delay model (K ;)
estimation via 2D search for minimum root mean square error (RMSE) between the bench images
from theoretical trajectories with different delays and the goal images from the actual trajectories,
and a final step of the eddy current model K, estimation through least square fit from the residual

error (K, — Ky).

Another trajectory correction method is using the gradient impulse response function
(GIRF), which is under the assumption of a linear and time-invariant gradient system.'? The actual
gradient waveforms considering all the system imperfections can be predicted via the convolution

of the theoretical gradient waveforms with the GIRF, as the equation shown below:
40 FT
o(t) = [__ i(v) h(t — 7)d1 & 0(w) = I(w) - H(w), (2-2)

where i, 0, h are the time domain input, output, and gradient impulse response, and I, H, O are the
corresponding Fourier transforms, respectively. The gradient transfer function H(w) can be

measured via one-time calibration in a phantom experiment. This can be done by generating a
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series of triangular gradients and measuring their actual waveforms, followed by the calculation

shown below:

31 1(@)0;(w)

Zjllj(a))lz-l-O'

H(w) = : (2-3)

where j is the jth triangle, and o is a measure of the noise level.
2.3.2 Bo field inhomogeneities

Bo field inhomogeneity is one main source that contributes to off-resonance effects. Figure 2-8
shows examples of blurred brain images from spiral TSE at 3 T. The signal equation that

incorporates local field inhomogeneities can be expressed as:
s(t) = [ m(r)e /2mkOrg=jboMt gy (2-4)

where Aw(r) is the local off-resonance frequency from Bo field inhomogeneities. Various
methods have been developed to correct for this issue, including but not limited to conjugate phase
reconstruction (CPR)**1°, iterative image reconstruction?®?!, and deep learning-based methods?.
In this section, we will focus on CPR correction, a common approach for image reconstruction in
non-Cartesian MRI which does not require iterations or prior knowledge of training data. The

reconstruction can be expressed as follows:
m(r) = [st)W(t)e/2™kDOreibot gt (2-5)
where W(t) is the density compensation function.

There have been many different techniques proposed based on CPR deblurring methods,
and most of these methods are based on knowledge of an accurate field map, which can be derived
from an additional 2-TE gradient recalled echo scan**'° or can be estimated directly or partially
from the image itself using the techniques termed “automatic®'”” or “semiautomatic

13



Figure 2-8. Blurred images from
spiral TSE at 3 T due to Bg
inhomogeneity effects.

deblurring'®!®” by enforcing the constraint to the objective function. In addition, in order to
accelerate the reconstruction process, fast CPR methods that are based on either time- or
frequency- approximation have been developed. For example, multifrequency interpolation
reconstruction (MF1)*°, one of the frequency approximation methods, reconstructs images at a few
demodulation frequencies and combines them through a linear combination of the component

images with the interpolation coefficients c;(Aw) derived from the following equation below:
e/bwt ~ YL ci(Aw)elBeit, (2-6)
where Aw; is ith quantized demodulation frequency, L is the total number of frequency segments.

However, the main challenge of CPR deblurring is that it may become less effective in
some regions where the local inhomogeneity changes rapidly (e.g., air-tissue boundaries), because
it violates the assumption that the main field off-resonance frequency varies slowly in space. In
this case, other correction methods (e.g., iterative reconstruction) that do not rely on this condition

have demonstrated better performance over CPR methods.
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2.3.3 Concomitant gradient fields

Concomitant fields, also known as Maxwell fields, created simultaneously with spatially varying
gradient fields, are another important source of off-resonance effects.?®?* The presence of
concomitant magnetic fields causes undesired phase accumulation that may contaminate the
measured k-space data, thus resulting in artifacts in MR imaging. The mathematical description of
Maxwell fields B, can be estimated based on the following equation, omitting the third and higher

order terms,

Be(9x 9y» 920 %, Y, 2) = (;4;) (x* +y%) + (%) 72— (222) xz - (%) yz,  (2-7)

2B,

where x, y, and z are the laboratory coordinates, and Bo, gy, g, and g, are the static field and the

readout gradients in the laboratory system, respectively. The first two terms are self-squared terms,
and the last two are quadratic cross-terms. Considering the presence of both Bo field
inhomogeneities and concomitant gradient fields and ignoring relaxation, the received MR signal

from Equation 2-4 can be modified as follows:
S(t) — fm(r) e—ian(t)re—i(A(u(r)t+ d)C(ch(r),t)dr’ (2-8)

where ¢.(Aw,. (1), t) represents the phase accrual due to concomitant fields B,.. If concomitant
fields are not properly accounted for in pulse sequence design and/or image reconstruction, the
induced unwanted phase accrual may lead to severe signal dropouts, image blurring, or ghosting
artifacts in a variety of imaging methods, including but not limited to TSE imaging?, spiral

imaging?®, and echo-planar imaging (EPI1)?%%'.

Several strategies of concomitant gradient compensation have been developed to eliminate

or minimize the associated image degradation. For example, Zhou et al.?* has proposed approaches
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for reducing the phase errors produced by the concomitant field in Cartesian TSE, which includes
gradient waveform symmetrization and reshaping, quadratic nulling, and gradient de-rating. Other
methods, such as adding a linear gradient in the slice-selection direction?® before the readout train
and/or phase correction during image reconstruction, have been well described to correct for EPI

images with ghosting, image distortion, and blurring.
2.4 Low-field systems

It has been several decades that MRI systems have trended toward higher main magnetic field
strengths (e.g., 3T, 7 T, or even 10.5 T) to maximize signal to noise ratio (SNR) and/or achieve
high spatial/temporal resolution while minimizing the total scan time. However, the high cost of
the high-field system itself and its related expenses such as the installation cost and maintenance
cost limit its wide-spread use, especially in low-income countries. Therefore, low-field systems (<
1 T) equipped with modern hardware have recently regained increasing interest?®2°, primarily
because of their low cost and accessibility. In this section, we will briefly describe the opportunities

and challenges in technological development using low-field MRI scanners.
2.4.1 Opportunities

One key benefit of low-field systems is a more homogeneous main magnetic field, when compared
to most clinically used 1.5 T and 3 T scanners. This characteristic favors sampling-efficient pulse
sequences, such as bSSFP, MR fingerprinting, and spiral imaging, to mitigate the need for artifact
reduction from Bo inhomogeneity and improve SNR efficiency. Second, a shorter T1 and a longer
T2/T2", allow for longer readouts and longer echo trains, which may benefit pulse sequence
development for fast acquisition (e.g., TSE). Third, reduced susceptibility gradients alleviate the

concern of air-tissue boundary artifacts, enabling superior image quality in some areas, such as the
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lung and the brain near the cranial sinus. Last but not at least, a reduced RF specific absorption
rate (SAR) provides promise in MRI-guided procedures. For example, Campbell-Washburn et al.?®
successfully performed MRI-guided right heart catheterization on a high-performance 0.55 T
scanner and demonstrated the safety of RF-induced heating in conductive devices (e.g., guidewires,

catheters).
2.4.2 Challenges

In reality, nothing is perfect. Low-field systems still face several limitations. One primary issue is
the inherent low SNR due to a low field strength. The problem will become more severe when
performing SNR-limited application such as diffusion imaging. However, several methods have
been developed to mitigate SNR loss at low-fields, including the use of SNR efficient sampling
strategies and deep learning-based noise reduction®. For instance, bSSFP imaging with prolonged

spiral readouts has demonstrated an SNR increase compared to the Cartesian counterpart.®

Concomitant field induced phase error is another main concern at low-field systems. As
described in the previous section, Equation 2-7 indicates that concomitant fields scale with the
gradient amplitude and off-center distance but inversely with the field strength, which becomes
further exaggerated at low magnetic field strengths (< 1.5 T) and when using readouts with high
gradient amplitudes (> 20 mT/m). In Chapters 4 and 5, we will present strategies in detail for
compensation of concomitant fields in spiral TSE imaging at 0.55 T in order to generate images

with minimal artifacts.
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Chapter 3: SPRING-RIO TSE: 2D T,-weighted turbo
spin-echo brain imaging using SPiral RINGs with Retraced

In/Out trajectories

3.1 Introduction

As described in the background section, T»-weighted pulse sequences are widely used for clinical
neuroimaging because of their high sensitivity for many neurological disorders. Turbo-spin-echo
(TSE) pulse sequences, also known as fast-spin-echo (FSE), are commercial implementations of
the Rapid Acquisition with Relaxation Enhancement (RARE) technique!, and have replaced
conventional spin-echo (SE) technique for T.-weighted imaging, due to their faster acquisition
times. Therefore, 2D and 3D TSE have become the workhorse pulse sequences for T,-weighted

imaging in the routine clinical MR neuro exam.?3

Although 2D Cartesian TSE sequence is one of the standard methods for T2-weighted
imaging, the high specific absorption rate (SAR) induced by a large number of refocusing RF
pulses limits its use at high magnetic fields. The long RF pulse train may produce T.-decay
blurring*® and may also alter the image contrast compared to the conventional SE®. Another
limitation of Cartesian TSE is a relatively long scan time attributed to the low sampling efficiency,
typically taking minutes for images with sub-millimeter spatial resolution, which may induce

motion artifacts from patient motion.

Compared to Cartesian sampling, spiral imaging’ covers k-space more efficiently via a
higher average k-space velocity, thereby reducing total scan time and/or improving SNR. Spiral

imaging also has the advantage of reduced sensitivity to motion artifacts, and flow artifacts are
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often minimal and isotropic. Spiral acquisitions have been incorporated into a 2D TSE signal
generation module via two strategies: an interleaved, rotated spiral-arm segmentation and an
annular ring segmentation. The first strategy, as proposed by Li et al.8, shows that this spiral-based
TSE technique offers advantages over conventional Cartesian TSE in terms of SNR efficiency,
improved image contrast, and reduced SAR. However, this method requires a double-encoding
strategy and a signal-demodulation method to mitigate swirl-like artifacts due to T»-decay induced
signal variation, extending the scan time. The annular ring strategy®*®splits long spiral trajectories
into several annular segments, with the benefit of reduced T.-decay artifacts by converting the T»-
dependent signal modulation into a k-space apodizing filter. This method was first implemented
in abdominal imaging within one breath-hold® and single-shot brain imaging®, showing a

promising potential for fast T.-weighted imaging.

Previously, we described a 2D spiral-ring (abbreviated ‘SPRING”) TSE technique!* which
was adapted from the method proposed by Block et al.® for dual-contrast T.-weighted imaging at
1.5 T using a spiral ring segmentation and a shared-view acquisition. The results demonstrated that
ring segmentation leads to a smoothed T.-dependent weighting of signal amplitudes across k-space
and thus benign artifact behavior. One key advantage of this annular-ring segmentation, compared
to the interleaved, rotated spiral-arm segmentation, is that there is no need for the double-encoding
strategy, thus resulting in a shorter scan time. However, there are still challenges associated with
this technique, such as residual T.-decay blurring and off-resonance induced signal loss. In
addition, early echoes are typically discarded to achieve the desired T2-weighting, resulting in a
reduced scan efficiency. Furthermore, the annular-ring sampling strategy has not been fully

explored for brain imaging via either a single-shot excitation or multi-shot acquisitions.

22



In this chapter, a new approach to 2D TSE imaging using annular spiral rings with a
retraced infout trajectory, dubbed ‘SPRING-RIO TSE!?’, is proposed to address these
aforementioned challenges. First, we introduce the sampling strategy of annular rings with retraced
infout (R10)**4 segments and demonstrate potential advantages of this approach via simulations.
Second, we describe methods for correcting for k-space trajectory infidelity and off-resonance
effects. Finally, we validate the feasibility of the proposed technique and compare its performance

to that of SPRING TSE and Cartesian TSE in phantom and in vivo scans.

3.2 Technique

3.2.1 Pulse sequence

SPRING TSE®! has high acquisition efficiency, but is prone to off-resonance induced artifacts
and signal loss because the center of k-space is not aligned with the spin echo, and the phase
change does not grow linearly with k-space radius due to the interspersed refocusing RF pulses.
Furthermore, although the k-space apodizing filter introduced by annular-ring acquisition can
mitigate the T>-decay artifacts by smoothing the signal modulation along the echo train, this filter

inevitably leads to an apparent spatial resolution loss.

To mitigate image artifacts and blurring, and to further improve the sampling efficiency,
the SPRING-RIO TSE pulse sequence is proposed as follows. The pulse sequence timing diagram
depicted in Figure 3-1 shows the sampling strategy, which includes fat saturation to suppress lipid
signals, field map acquisition, and TSE data acquisition using annular spiral rings. Short spiral-out
arms were placed in the interval between the excitation and the first refocusing RF pulses for field
map acquisition, with a 1 ms interval between the odd and even shots, to allow for a range of £500

Hz off-resonance. The TSE data was then collected by a series of spiral rings, including a self-
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retraced spiral in-out ring for the center of k-space, and spiral-out rings at the end of the echo train
paired with time-reversed, spiral-in rings with opposite gradient polarity at the beginning of the
echo train, to acquire the outer portion of k-space. Examples of retraced spiral trajectories are
shown at the bottom of Figure 3-1. The inner portion of k-space was sampled along the path X —
O - X in a single echo spacing (ESP), while the outer k-space was sampled twice via the path Z —
Y by the earlier spiral-in rings and the path Y — Z by the later spiral-out rings. A given ring of k-
space values was sampled by two trajectories, k;,(t) and k; 4(t), for which the subscripts j, p and
j, q stand for the same j*"* k-space ring coverage but acquired at two different echoes p and g, by
the respective spiral-out rings and the spiral-in rings. T;, and T, refer to the time interval between
the excitation RF pulse and the center of the readout window at pt" and q*" echoes, respectively.

Because of symmetry of the retracing about TE,
T, + T, =2TE, (3-1)
where0 <p<L-1, —L+1<q <0, and L is the total number of spiral-out rings.

Fort € [—g,g], k;,(t) and k; 4(t) can be written as:
kj,p(t) = kj,q(_t) = _kj,q(t)r (3'2)

where T is the readout time, and k;,(t) and k;,(t) are constrained to be antisymmetric and

mirrored at time points symmetric about the spin echo. The central self-retraced spiral in-out

segment can be considered as the special case whenp = q = 0.
3.2.2 Gradient design

In a typical TSE acquisition module, the gradient-induced dephasing within each echo spacing

should be constant, and non-zero, to preserve the Carr-Purcell-Meiboom-Gill (CPMG) condition®®.
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For our design, a constant non-zero zeroth order gradient moment is provided by crusher gradients
surrounding the refocusing RF pulses. The zeroth order gradient moments of the spiral readout
gradients were nulled in each echo spacing by surrounding them with prephaser gradients that
move out from the origin of k-space to the beginning of the segment, and rephaser gradients that
move back to the origin from the end of the segment. The prephaser and rephaser lobes were
designed to be played simultaneously with the crusher gradients. To obtain submillimeter in-plane
spatial resolution, an interleaved multi-shot acquisition was used to interleave the spiral ring
gradients over several repetition times to cover all of k-space. A constant density spiral trajectory
design was used, based on the algorithm of Meyer et al.”®, to obtain minimum-time spiral readouts

constrained by gradient slew rate and amplitude limits.

The spiral gradient waveforms for multi-shot SPRING-RIO TSE were designed using the

following 6-step procedure.

1. asingle, very long spiral-out arm was generated with desired imaging properties, such as
FOV, spatial resolution and number of shots;

2. this spiral arm was split into L segments of equal time duration;

3. the gradient polarity of a copy of the 1% segment was inverted, and this segment was then
time-reversed and placed in front of the original 1% segment to generate a self-retraced
spiral-in-out annular ring, which was played at the effective echo time (TE.f¢);

4. the remaining 2" to L segments were placed consecutively at the subsequent TSE echoes
(following TE,);

5. the gradient polarities of copies of the 2" to L segments were inverted, and these segments
were then time-reversed and placed consecutively, in reverse order, at the TSE echoes

preceding TE ¢ ;

25



150, 150, 150, ¥ ¥
FATSAT o0 y - y 150, 1505, 1505,

S AR AN AN AR AR AR
O e T W Y e W =\ A A

Field map Spiral-in rings Self-retraced in-out rings Spiral-out rings

. AP A\//\\//\V ,\V/\vf\v/\V AVI\U%AVI\VL /\V/\V/\V/\V
Gy NN /\ /\

A SV VR TV YY)
TRVA VAVATAS LKLY TR

z x z
Y Y
O G O
ALY
Figure 3-1. Pulse sequence timing diagram showing that the X point in the inner self-retraced in-out rings is sampled
twice in k-space, and the neighboring Y point is sampled in both the preceding spiral-in ring and the following spiral-
out ring. For each shot, the number of spiral-in rings (including the first half of the central spiral-in/out ring) is equal

to that of spiral-out rings (including the latter half of the central spiral-in/out ring), which was set to 7, with a total of
15 shots per measurement. The refocusing RF pulse angles are set to 150° for reduced SAR.

6. the waveforms generated as described in steps 1-5 were rotated N times to obtain a total of

N * (2 = L — 1) spiral ring waveforms.

For multi-shot SPRING TSE, L gradient segments were generated using steps 1 and 2
above. Then, the L segments were placed sequentially at the TSE echoes, starting with the 1

segment played at TE,¢. Finally, the waveforms were rotated N times to obtain a total of N = L

spiral ring waveforms.

The selection of L depends on the in-plane spatial resolution, FOV, the readout acquisition
time, and the total scan time. For example, for a given FOV, spatial resolution, and the total scan
time, SPRING-RIO TSE with a longer readout window per ring requires a smaller value of L, and
vice versa. Sequences with a larger L will reduce the sensitivity to Bo inhomogeneities but increase
the RF SAR. The TE.;; may also affect the selection of L for SPRING-RIO TSE, because
L x ESP = TE,y, if L fully retraced spiral-in rings are placed in the early echoes. Empirically,

sequences with a longer ESP and a smaller L will produce a shorter TE, s compared to that with
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a shorter ESP and a larger L, since the former one saves certain amounts of time, such as the time
used for the refocusing RF. Here, L = 7 and N = 15 were chosen for both multi-shot SPRING

TSE and SPRING-RIO TSE.
3.2.3 K-space trajectory fidelity

As described in Chapter 2, in non-Cartesian readout sequences such as spiral imaging, eddy
currents and anisotropic delays of the gradient system generally affect the fidelity of the k-space
trajectory and cause image blurring and/or artifacts!’ if not corrected. In this section, we applied a
model-based method'®°, which has been studied for spiral-out and spiral-in/out sequences, to
estimate the actual trajectory for each annular spiral ring. The modified k-space trajectory

estimation model as introduced by Feng et al. % is:
k() = (1 + A)kq(t) + B [, ka(0)dx, (3-3)

where k(t) is the estimated k-space trajectory, k,(t) is the k-space trajectory on one physical axis
with a gradient delay AT, and A and B are assumed to be constant values and independent of the
image orientation and spiral parameters. To determine the values of the optimal delay time AT, A,
and B on each physical axis, a set of trajectory measurements was performed on the scanner using

Duyn’s method?°, followed by a least-squares fit with the model given in Equation 3-3.

To evaluate the effects of the k-space trajectory estimation model, we measured the actual
k-space trajectory in phantom experiments for SPRING TSE and SPRING-RIO TSE sequences.
Both the estimated k-space trajectories themselves and the images reconstructed with these

trajectories were compared to the theoretical trajectories and the corresponding images.
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3.3 Simulations

All simulations were implemented in MATLAB (R2020b software; MathWorks, Natick, MA). To
demonstrate the benefits of the RIO trajectory design of SPRING-RIO TSE, we simulated its
response to system nonidealities, T>-decay effects and By off-resonance effects, and compared the
results to those of SPRING TSE. A few properties of these two k-space trajectories must be defined
(see below) before simulations. Assuming T2 -decay effects during each readout are negligible
when compared to To-decay effects along the echo train, the received MR signal for the j* k-

space ring acquired at the echo time T, can be modeled as below:

. . p
sip() = [ m(r) e Zkip(OIT o=i0@E o T3 gy, (3-4)

where m(r) is the object’s complex-valued magnetization and w(r) is the spatially varying
resonant frequency of the object. Equation 3-4 describes the signal for SPRING TSE during one
ring acquisition. It is shown in Appendix A that, for t € [—g,g], the signal resulting from
averaging the data from a retraced in-out trajectory of SPRING-RIO TSE can be written as:

Tp—TE
T;

s(t) = [ m(r) e_iZ”ki'P(t)re_T_TzE [cos[w(r)t] cosh(

) + isin[w(r)t]sinh (Tp_ZTE

T

)| dr. (3-5)
3.3.1 To-decay effects

Ignoring Bo inhomogeneity and T," relaxation during the acquisition window, but including T
relaxation along the echo train direction, we can simplify Equations 3-4 and 5 for SPRING TSE

and SPRING-RIO TSE as below:

. “Tp
SsprinG () = fm(r) e~ 12mkip(OT 072 gy, and (3-6)
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. —TE -
sspring-rio(t) = [ m(r) e"2™ip(T T2 cosh (%) ar. (3-7)
2

The impact of T relaxation was calculated and compared among each of the described
trajectories. A matrix of ones was inverse-gridded with each trajectory, and T> relaxation on the
order of the k-space radius was simulated by exponentially decreasing the amplitude of the
simulated data. The simulated data was then gridded and displayed as the windowing patterns of
k-space. Point-spread-functions (PSFs) were calculated with zero padding and normalized to [0,1],
and the corresponding full width at half maximum (FWHM) values were compared to determine
the effects of T. decay on these sampling trajectories. Moreover, digital phantom simulations for
SPRING TSE and SPRING-RIO TSE were performed, and the corresponding mean structural
similarity indices (SSIM)?* were calculated and compared based the reference condition without

T, decay. The mean SSIM is defined as below:

(2 uxjuyj+ c(2 ax].yj+ Cy)

2 2 ’
it uyj2+ Cl)(axj + oyj2+ Cy)

mean SSIM(X,Y) = % S (3-8)

where X and Y are two input images, x; and y; are the image contents at the j*" local window, M
is the number of local windows in the image. u is the mean intensity, and o is the standard
deviation over one local window. C; = (0.01 = L)?, and C, = (0.03 * L)? are used here as the
default parameters, where L is the dynamic range of the images. The maximum mean SSIM index
value 1 is achieved only if X and Y are identical. For these simulations, FOV = 230 mm, echo

train length (ETL) = 7 (SPRING TSE) or 13 (SPRING-RIO TSE), ESP =13.5ms, and T2 =70 ms.
3.3.2 Bg off-resonance effects

The k-space phase of an off-resonant point object in SPRING-based TSE acquisitions does not

grow monotonically with increasing k-space radius.® Instead, phase is accrued from off-resonance
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over each echo spacing, with a (refocused) zero phase at the center of each echo spacing and a
phase at the beginning of the next echo spacing that is inverted compared to that at the end of the

preceding echo spacing.

To assess the extent of off-resonance effects, PSFs for SPRING TSE and SPRING-RIO
TSE trajectories with various amounts of off-resonance were simulated by performing nonuniform
FFT (NUFFT) reconstruction on a matrix of ones. Off-resonance was added by linearly increasing
the phase of the simulated data during each echo spacing. The corresponding digital phantom
images with three different amounts of phase accumulated at the end of the readout were further
simulated for visual comparison between these two sequences. SSIM values were calculated and
compared as well. For these simulations, FOV = 230 mm, ETL = 7 (SPRING TSE) or 13
(SPRING-RIO TSE), ESP = 15 ms, ADC = 8 ms, and offset frequency = 31.25 Hz (1/4 cycles),

62.5 Hz (1/2 cycles) or 93.75 Hz (3/4 cycles).

3.4 MRI experiments

3.4.1 Data acquisition

Experiments were performed on a 3T scanner (MAGNETOM Prisma, Siemens Healthcare,

Erlangen, Germany) with a 32-channel head coil.

In a phantom study, axial data from a resolution phantom was acquired with SPRING TSE
and the proposed SPRING-RIO TSE to evaluate the efficacy of the RIO trajectory design. Model-
based trajectory measurements were performed for both sequences, and the estimated trajectories
were then compared to the nominal trajectories, in terms of image quality such as edge artifacts
and blurring to demonstrate the necessity of trajectory infidelity correction. Relevant spiral

imaging parameters include FOV = 180 x 180 mm?, spatial resolution = 0.60 X 0.60 mm?,
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slice thickness = 4 mm, refocusing RF flip angle = 150°, ETL = 7 for SPRING TSE and 13 for
SPRING-RIO TSE, ESP = 14.8 ms with ADC = 7 ms. In k-space trajectory measurements, the
distance between the excited slice and the isocenter was 35 mm, and the slice thickness was 0.6

mm.

Five healthy volunteers with informed consent participated in this study and were scanned
using the two spiral-based TSE sequences and standard Cartesian TSE to evaluate the overall
image quality. For each of these three sequences, data were acquired consecutively at the same
image planes with 14 slices, 4 mm slice thickness, and 2 mm gap. Axial, coronal, and sagittal slices
of the head were collected, with the FOV set to 230 x 230 mm? for the axial plane, increasing to
250 x 250 mm? for coronal and sagittal planes with slightly reduced resolution to avoid aliasing.
The data of each slice was acquired twice for SPRING TSE and SPRING-RIO TSE sequences,
with 45 seconds per measurement, and therefore one signal average (1-NSA) requires 0:45 min
total scan time while two signal averages (2-NSA) require 1:30 min. Spiral k-space trajectories
were estimated based on the system parameters obtained from the model-based trajectory
calibration. For all sequences, a fat saturation pulse was used to null the bright fat signal and avoid
the strong chemical shift effect at 3T, and the refocusing RF flip angle was set to 150°, which was
used to reduce SAR to an acceptable value for Cartesian TSE. Table 3-1 lists additional parameters

of these three pulse sequences.

Sequences TR(ms) TEeff(ms) Readout(ms) Refocusing RF ESP (ms) ETL #Shots #NSA  Total scan time (min) Spatial Res (mm?)

SPRING TSE 3000 93.2 7 150" 13.3 7 15 1/2 0:45/1:30 0.60%0.60=4
SPRING-RIO TSE 3000 93.2 7 150" 13.3 13 15 112 0:45/1:30 0.60%0.60=4
Cartesian TSE 3000 92 2.99 150° 9.9 15 29 1 1:31 0.60<0.60x4

Table 3-1. Sequence parameters for SPRING TSE, SPRING-RIO TSE, and Cartesian TSE.
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The reconstruction was performed offline in MATLAB. The NUFFT code from the Michigan
Image Reconstruction Toolbox (MIRT) package®? was used for direct 2D non-Cartesian image
reconstruction. Coil sensitivity maps were computed from the center k-space data of the field map
using ESPIRITZ. To illustrate the performance of the trajectory correction, phantom images were
reconstructed and compared with the nominal k-space trajectory and the estimated k-space

trajectory.

As described in Chapter 2, for spiral imaging with long readouts, deblurring is an essential
step to correct for off-resonance-induced phase errors.?3! In this section, semiautomatic
deblurring of the component images using an established minimized phase objective function?-%

was applied to SPRING TSE, with the objective function:

rr(})infh(r — 1) [Imag{m(r’; w;(r"))}|*dr’, (3-9)

where « takes on values in the range from 0.5 to 1, Imag is the imaginary part of the image,
m(r; w;(r)) is the image reconstructed at demodulation frequency w;, and h(r) is the

convolution kernel chosen to be a circularly symmetric Gaussian window.

Regarding SPRING-RIO TSE, as noted by Fielden et al.}* and Allen et al.®!, moderate off-
resonance effects can be automatically corrected by the RIO design; however, at large off-
resonance values, this effect quickly degrades, and substantial blurring may remain. We chose the
semiautomatic deblurring method with a maximized energy objective function proposed by Allen
et al.! for a specific RIO trajectory in spiral imaging and extended it to correct for off-resonance

effects in SPRING-RIO TSE, using the objective function:

max Jhr =) @(r; w,(r") M@’ w;(r)) dr, (3-10)
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where i (r; w;(r))* is the complex conjugate of i (r; w; (r)). Appendix B shows that the global
maximum of Equation 3-10 is invariant with T> decay and invariant with image phase, which

eliminates the need to accurately remove the incidental phase before applying this criterion.

A low-resolution field map for the semiautomatic deblurring method was generated from
the first short spiral-out arms by extracting the phase difference between the odd shots and even
shots. Both phantom and in vivo brain images from SPRING TSE and SPRING-RIO TSE were

reconstructed and compared with and without deblurring methods.
3.4.2 Image quality analysis

Quantitative evaluation of the proposed SPRING-RIO TSE sequence and standard Cartesian TSE
sequence was performed using phantom and in vivo brain data. For brain images, regions of
interest (ROIs) were drawn in the gray matter (GM) and white matter (WM) on axial images from
SPRING-RIO TSE and Cartesian TSE acquisitions. Signal intensities were measured on five
subjects, with ten slices per subject, and the relative SNR of ROIs and image contrast between
ROIs were then calculated. The apparent SNR was measured by dividing the mean image intensity
in the specified region by the standard deviation of the image intensity outside the phantom or
skull and multiplying the result by the 0.66 Rayleigh distribution correction factor. Pairwise
comparisons were performed on a total of 50 pairs of SNR measurements using the Tukey-Kramer

method. Similarly, the apparent image contrast between ROIs was also measured using:

(signal 1 — signal 2)

Contrast = (3-11)

0.5 * (signal 1 + signal 2)
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3.5 Results

3.5.1 Simulations

The simulation results illustrated the benefits of the RIO trajectory design of SPRING-RIO TSE
over the original SPRING TSE implementation in terms of T»-decay induced resolution loss and
off-resonance induced artifacts and signal loss. The windowing patterns of k-space due to T»
relaxation during acquisition are shown in the top row of Figure 3-2. For SPRING TSE, T»
relaxation results in a windowing of the data, with higher spatial frequencies losing signal, causing
a broadening of the main lobe of the PSF (FWHM:1.59). The RIO strategy in SPRING-RIO TSE
produces a smoother frequency response, thus maintaining a PSF main lobe (FWHM:1.32) nearly
as sharp as that for the constant signal with no T»-decay effects (FWHM:1.41). The comparison
among the bottom images reconstructed from SPRING TSE, SPRING-RIO TSE, and the reference,
and the corresponding SSIM values, demonstrate the advantage of using RIO sampling for

reducing T»-decay induced blur and subsequent resolution loss.

Figure 3-3 shows the PSFs for 1/4, 1/2, and 3/4 phase cycles of phase accrual from off-resonance
over each of annular spiral ring segments. For both sequences, the effect of the refocusing RF
pulses is to modulate the blurring so that there is not a substantial apparent loss of image resolution,
but there is a signal loss that increases with off-resonance frequency. SPRING-RIO TSE performs
better than SPRING TSE with less energy in the side lobes of the PSF. The reconstructed digital
phantom images along with the SSIM values demonstrate this signal degradation with increasing
off-resonance frequency, and the merit of RIO trajectory design for self-correction of moderate
off-resonance effects ranging up to 1/2 phase cycle. Difference images of simulated digital brain

images from SPRING TSE or SPRING-RIO TSE with T decay or off-resonance effects compared
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Simulation: T, = 70 ms, ESP = 13.5 ms, ETL = 7 (SPRING TSE), 13 (SPRING-RIO TSE)

—— SPRING TSE FWHM (1.59)
SPRING-RIO TSE FWHM (1.32)

)
Constant Signal w/o T2-decay FWHM (1.41)

SPRING TSE

(A)
SSIM: 0.97

-

el LGy | T
SPRING TSE SPRING-RIOTSE Reference

(C) (D) (E)

Figure 3-2. Simulation results of T,-decay effect for SPRING TSE and SPRING-RIO TSE. Windowing patterns of
k-space (A) and center lines of 2D PSFs (B) are shown for each trajectory. Note that the PSF was normalized to [0, 1]
by dividing by its own peak; the peak for SPRING-RIO TSE is higher than that for SPRING TSE because of the
additional data acquired in the early echoes.

to the reference are in Figure 3-4. Another example of an inferior slice with air/susceptibility from
a digital brain phantom with off-resonance effects for SPRING TSE and SPRING-RIO TSE can

be found in Figure 3-5.
3.5.2 Phantom images

Figure 3-6 shows reconstructions of one axial slice from a resolution phantom from SPRING TSE
(Fig. 4a-f) and SPRING-RIO TSE (Fig. 3-6g-i) acquisitions using the theoretical trajectory (Fig.
3-6a,9), isotropic delay corrected trajectory (Fig. 3-6b,h), and model-based trajectory (Fig. 3-6¢,i),

as well as their corresponding absolute difference images relative to the goal images based on
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Simulations: (i) 1/4 cycles offset, (ii) 1/2 cycles offset, (iii) 3/4 cycles offset
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Figure 3-3. Simulation results of off-resonance effects for SPRING TSE and SPRING-RIO TSE. Off-resonance
effects were simulated for three different amounts (1/4, 1/2, and 3/4 cycles) of phase accumulation. Central lines of
the 2D PSF and the side lobe energy of PSFs were calculated for each sequence variation. The PSF results show the
peak amplitudes of the main lobes for these two spiral-ring based TSE sequences decrease with increasing off-
resonance frequency, causing signal loss yet without obvious loss in resolution. The digital brain image with no phase
accumulation was used as the reference, and SSIM values were calculated between the reconstructed images of each
sequence and the reference.

measured k-space trajectories. We observe that images with isotropic delay corrected k-space
trajectories still show noticeable artifacts, mainly around edges, and shading and shape distortions.
A slight distortion remaining in k-space trajectories (e.g., anisotropic delays and different eddy
current terms on different physical gradient axes) would also cause significant artifacts.

Improvements can be easily seen in Figure 3-6¢,i when using a model-based estimated trajectory,
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Difference images
between the SPRING TSE
(left), SPRING-RIO TSE
(right) and the reference.
T2-decay effect with T2 =
70 ms (top) and off-
resonance effect with a
constant frequency offset
of corresponding to 0.25,
0.5, and 0.75 cycles of
phase  (bottom)  were
simulated using a digital
brain phantom.

T2 decay effect

0.25 cycle

Figure  3-5  (Right).
Simulation results of one
inferior slice with
air/susceptibility from a
digital brain phantom with
off-resonance effects for
SPRING TSE and
SPRING-RIO TSE. The
image (bottom) with no
phase accumulation was
used as the reference.

Off-resonance effect
0.5 cycle

0.75 cycle

Reference

which removes most artifacts. Comparing difference images between SPRING TSE (Fig. 3-6d,e)
and SPRING-RIO TSE (Fig. 3-6j,k) sequences, the SPRING-RIO TSE technique seems to be less
sensitive to the gradient delays, most likely due to the time-reversed signal average between spiral-
in and spiral-out rings which averages some shape distortions, although this has not been fully

explored.

Figure 3-7 illustrates the efficacy of trajectory and off-resonance corrections for SPRING
TSE versus SPRING-RIO TSE. The reduction of edge artifacts by using the model-based
estimated trajectories for both of the spiral-ring sequences can be easily seen in Figure 3-7b,e from
the zoomed portions of the images indicated by the boxes, when compared to the corresponding
regions in Figure 3-7a,d. By further performing the aforementioned semiautomatic deblurring
methods, both the artifacts and signal loss are significantly reduced in the fully corrected images
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Figure 3-6. Reconstructed images of an
axial slice in the resolution phantom from
SPRING TSE (a-f) and SPRING-RIO
TSE (g-1), and absolute difference images
relative to the goal images based on
measured  k-space trajectories. The
difference images are windowed to the
same scale. a,g: Theoretical trajectory. b,h:
Isotropic delay corrected trajectory. c,i:
Model-based corrected trajectory. The
second and fourth rows show the
difference images between the trajectory
type immediately above and the goal
image (e.g., (d) shows the difference
between image (a) and the goal image).

shown in Figure 3-7c,f. Comparing images between SPRING TSE (Fig. 3-7a-c) and SPRING-RIO

TSE (Fig. 3-7d-f) sequences, images with higher SNR and improved sharpness can be seen for

SPRING-RIO TSE, primarily due to the additional spiral-in rings acquired before the effective

echo time. Further, in the presence of nonlinear By variation, the uncorrected SPRING-RIO TSE

sequence presents fewer image artifacts than an uncorrected SPRING TSE acquisition (Fig. 3-7b

vs. 3-7e), thus demonstrating that the self-correcting RIO trajectory shows certain robustness to

moderate off-resonance effects.
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Figure 3-7. Performance of trajectory and off-resonance corrections, and of the RIO scheme. The portions of the
phantom highlighted by the blue and red boxes illustrate that, without correction (a and d), noticeable artifacts around
edges, shading, and strong off-resonance artifacts are present in the images. With trajectory correction (b and e), edge
artifacts and shading are reduced (blue arrows). By further performing the off-resonance correction (c and f), artifacts
and signal loss are significantly reduced (red arrows). Comparing images a—c and d—f, higher SNR (ROI 1: 49 versus
69, ROI 2: 73 versus 86), fewer residual artifacts, and improved sharpness can be seen for SPRING-RIO TSE (d—f)
than for SPRING TSE (a-c). The image from Cartesian TSE (g) is shown for reference.

3.5.3 In vivo images

Figure 3-8 displays axial brain images acquired with SPRING TSE and SPRING-RIO TSE
sequences, and reconstructed before and after off-resonance correction. The zoomed portions of
the images on the left, before off-resonance correction, are consistent with simulation results and
phantom studies, showing that artifacts caused by modest Bo inhomogeneities can be reduced by
the RIO design. The images in the right column demonstrate the efficacy of off-resonance
correction. The SPRING-RIO TSE acquisition with semiautomatic off-resonance correction using
a maximized energy objective function achieves overall better image quality than the SPRING
TSE acquisition with semiautomatic off-resonance correction using a minimum phase objective

function, in terms of SNR, residual artifacts, and image blurring.
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Before off-resonance correction After off-resonance correction
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Figure 3-8. Comparison of axial brain images acquired with SPRING TSE (a, b) and SPRING-RIO TSE (c, d), and
reconstructed before (a, c) and after off-resonance correction (b, d). The images in the right column demonstrate the
efficacy of off-resonance correction. The SPRING-RIO TSE acquisition with semiautomatic off-resonance correction
using maximized energy as a focusing criterion achieves overall better image quality than SPRING TSE acquisition
with semiautomatic off-resonance correction using minimum phase as a focusing criterion. The image from Cartesian
TSE (e) is shown for reference.

Axial, coronal, and sagittal brain images from SPRING TSE and SPRING-RIO TSE are
shown in Figure 3-9. All the images are reconstructed using estimated trajectories and Bo off-
resonance corrections, and with two signal averages. Red arrows point to regions in the SPRING
TSE brain images that show residual artifacts (presumably from off-resonance effects) even after
correction, especially near air-tissue boundaries where the susceptibility gradients are relatively
strong. Furthermore, we observe that compared to SPRING TSE, SPRING-RIO TSE produces
sharper images with less T»-decay induced blurring, as presented in some tissues with short T»

values, such as skull and bone.
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Figure 3-9. Comparison of trajectory- and off-resonance-corrected axial, coronal, and sagittal brain images from
SPRING TSE (A) and SPRING-RIO TSE (B). The red arrows point to regions where SPRING-RIO TSE performs
better than SPRING TSE, in terms of residual artifacts and image blurring. Tissues with short T values, such as skull

and bone, present sharper details in SPRING-RIO TSE than those in SPRING TSE. Images from Cartesian TSE (C)
are shown at the bottom for reference.

Figure 3-10 shows a comparison of axial images acquired using the proposed SPRING-
RIO TSE, with one signal average (top row) and with two signal averages (middle row), and

standard Cartesian TSE (bottom row). No obvious artifacts are observed in the SPRING-RIO TSE
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(A) SPRING-RIO TSE

(B) SPRING-RIO TSE (2-NSA)

(C) Cartesian TSE

Figure 3-10. Comparison of in vivo axial images acquired using the proposed SPRING-RIO TSE method and standard
Cartesian TSE. From top to bottom are corrected images from SPRING-RIO TSE with one signal average (A) and
with two signal averages (B), and images from standard Cartesian TSE (C). The red arrows point to structures showing
flow artifacts (left-right direction) from the anterior cerebral arteries in Cartesian TSE, while the blue arrow points to
signal loss in SPRING-RIO TSE. The yellow circles indicate regions where the image contrast is better in SPRING-
RIO TSE than in Cartesian TSE.

images. The results indicate that the image quality of SPRING-RIO TSE with 1-NSAis, in general,
comparable to that of Cartesian TSE, yet with only half of the scan time that is used for Cartesian
TSE. With 2-NSA, SPRING-RIO TSE shows a higher SNR, and that with both 1-NSA and 2-NSA
show similar or slightly better contrast than the Cartesian counterpart in some areas indicated by
the yellow circles, such as the dentate nuclei, substantial nigra, and red nuclei. This is also
demonstrated by the measured SNR in WM and GM with SPRING-RIO TSE versus standard
Cartesian TSE as shown in Figure 3-11, and image contrast between regions of iron deposition

and surrounding tissue, and between GM and WM as shown in Figure 3-12.
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Figure 3-11. Measured SNR of ROIs in white matter (left) and gray matter (right) with SPRING-RIO TSE with one
signal average (1-NSA), with two signal averages (2-NSA), and standard Cartesian TSE. The different bars for each
method represent the values computed for five different volunteers. For each volunteer, ten slices are selected for SNR
calculation, and thus pairwise comparisons among sequences are performed on a total of 50 pairs of SNR
measurements. The asterisks indicate statistically significant differences between the methods (P<0.05). SPRING-
RIO TSE (2-NSA) has the highest SNR in both white matter and gray matter.

Measured Contrast (%) Between regions with iron deposition and surrounding tissue Between gray and white matter
ROIs 1 2 3 4
SPRING-RIO TSE 23.5% 30.4% 29.3% 28.7% 23.2% 37.0% 34.8% 36.9% 35.6%
Cartesian TSE 15.9% 19.7% 17.2% 18.1% 14.2% 29.7% 30.6% 31.3% 30.1%

Figure 3-12. Measured contrast between RIOs. The first five groups (yellow regions 1~5) measure the contrast
between the areas with iron deposition and the surrounding tissue. The next four groups (blue regions 1~4) measure
the contrast between gray and white matter in the frontal lobe.
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For the sagittal and coronal data sets shown in Figure 3-13, residual signal loss and artifacts
can be seen in some areas where there are strong susceptibility gradients, and ghosting artifacts,
potentially induced by concomitant fields, are observed in frontal lobes, as indicated by red arrows.
Nonetheless, the overall image quality of SPRING-RIO TSE is comparable to that of Cartesian

TSE, with improved contrast in areas with iron deposition (yellow circles).

(A) SPRING-RIO TSE (2-NSA) ; (A) SPRING-RIO TSE (2-NSA)

b } i . A:‘ﬂ TY ‘r\
4 ! P

r

2 ’ » e ‘ 'y : ."‘ /"\ r._‘_.f":‘l
IR £

o

a I’,. A
> NS 7
o A
\. * \

(B) Cartesian TSE . (B) Cartesian TSE

Figure 3-13. Comparison of in-vivo sagittal and coronal images acquired using the proposed SPRING-RIO TSE
method and standard Cartesian TSE. The red arrows point to the structures where residual signal loss or artifacts exist,
likely due to susceptibility or concomitant gradients. The yellow circles indicate areas where the image contrast is
visually better in SPRING-RIO TSE than in Cartesian TSE.

3.6 Discussion

TSE echo trains provide a means for maintaining signal pathways over a long acquisition window
(~200ms) using a series of high-flip-angle refocusing RF pulses. However, the specific absorption
rate (SAR) limitations may restrict the protocol by limiting the number and the flip angle of

refocusing RF pulses and the minimum spacing of the spin echoes, especially at high magnetic
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field strengths. In a typical Cartesian TSE protocol, the refocusing flip angle is reduced to ~150°
to mitigate the high SAR. For the SPRING-RIO TSE protocol used in this work, the refocusing

flip angle was set to the same value as that used in Cartesian TSE, while the SAR from the set of

refocusing RF pulses is approximately 86% of that from Cartesian TSE, primarily due to a higher
k-space coverage per spin echo with a smaller number of echoes. Further reduction in SAR can be
realized by optimizing the protocol. Flexibility exists to change the data acquisition time to allow
a tradeoff between the echo train length and off-resonance artifact reduction. For a fixed set of
parameters (e.g., FOV, in-plane spatial resolution, and total scan time), increasing the readout
duration leads to a shorter echo train length, which results in a smaller number of refocusing RF
pulses and thus a decreased SAR. For example, doubling the readout acquisition window from 7
ms to 14 ms results in an echo train length of 7, which would result in a SAR value that is
approximately 47% of that from Cartesian TSE, if the same refocusing flip angle was used. The
influence of reduced refocusing flip angles and ETL on image contrast is beyond the scope of this
preliminary study; future clinical studies are needed to evaluate these impacts on image quality

and contrast.

Imaging speed is an important metric, and fast scanning is one of the advantages that
SPRING-RIO TSE provides. With the protocols used in this study, the minimum scan time of
SPRING-RIO TSE is roughly half of that used in Cartesian TSE (0:45 min/14 slices versus 1:31
min/14 slices). Li et al.® proposed an alternative strategy to Cartesian TSE using an interleaved,
rotated spiral-in/out readout along with a double-encoding method. However, the double-encoding
method requires additional scan time, reducing the imaging speed by half, and it may be more
sensitive to any motion/flow artifacts. An abstract describing an interleaved, split spiral in-out

acquisition that alleviates T»-decay effects without the need of a double-encoding was recently
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reported in Ref 32. Although in this work we did not compare SPRING-RIO TSE to that technique,
a future comparison of these two methods is planned. Our proposed method offers flexibility for
fast scanning in tens of seconds, with a clinically acceptable SNR. Increasing the readout time
(e.g., 10 ~ 15 ms) or using a longer ETL is feasible to improve scan efficiency, though it may
induce stronger off-resonance effects or an increased RF SAR. Incorporating non-Cartesian
parallel imaging techniques®*34 can further accelerate the sampling speed, and it may be attractive

for time-limited applications, such as breath-held single-shot abdominal imaging®®.

Gradient infidelity is one of the major concerns for reliable spiral readout imaging. The k-
space trajectories can be measured and incorporated into reconstruction to improve image quality,
yet it is impractical to do that for every imaging slice and each sequence parameter set. In our
implementation, a model-based method that combines tuning the anisotropic delays on different
gradient axes and eddy current compensation was used to estimate the actual k-space trajectories.
The calculated system parameters can be used for later scans after a one-time gradient waveform
calibration with no time penalty. This approach achieves good performance, as evidenced by the

image quality of the phantom study.

Off-resonance induced phase error is another concern for spiral imaging, especially for a
long acquisition window. As observed from in vivo results, effective deblurring was accomplished
in the majority of the images. The performance is sometimes suboptimal in two scenarios: (1) in
areas with low amplitude or little contrast, such as in nearly uniform regions; and (2) if a local
field fluctuates too rapidly, the objective function surface will produce erroneous extrema, because
the conjugate phase reconstruction assumes a spatially smooth and temporally constant field map.
This typically produces errors in areas around the sinus, nasal cavity, and mouth, where the

anatomical structures in the spiral images are not as clean as those in the Cartesian images.
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Although a modest readout duration was used in this work to avoid large Bo-field induced phase
accruals, and the affected areas are of little clinical significance, future work will optimize the

deblurring method to deal with these challenges.

Concomitant (Maxwell) fields may cause phase errors as well, especially for spiral-based
TSE sequences, since spiral waveforms vary along the echo train, which may disturb the spin echo
train®-3". Although Maxwell terms scale inversely with the field strength, and concomitant
gradient effects decrease as the field strength increases, we still see a potential source of Maxwell
field induced artifacts at 3 T from SPRING-RIO TSE in coronal and sagittal planes and off-center
slices. This work did not include concomitant-gradient compensation; however, there are several
correction methods for spiral TSE via gradient waveform redesign and/or phase correction during
reconstruction.®3¢-3 For example, the gradient waveform modifications presented by Mugler et
al.>® have been incorporated into interleaved, rotated spiral TSE imaging with different trajectory
types, and promising results show a substantial reduction in degradation associated with self-
squared Maxwell gradient effects at a low magnetic field strength (0.55 T). In the next chapter, we
will describe approaches for SPRING-RIO TSE sequence to reduce the phase shifts at echoes and
maintain the CPMG condition over echo spacings by sequence modifications and image

reconstruction.

With a retraced in/out strategy, there is less flexibility to arbitrarily set the number of spiral
rings, ETL, and FOV for a given resolution while targeting the desired TE because of their
interdependencies. However, a target TE can still be approximately achieved by adjusting these
imaging parameters and utilizing early echoes before the effective TE. For example, short-TE
images can be acquired by simply dropping 1-2 spiral-in rings at the beginning with slightly

reduced high frequency information.
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3.7 Conclusion

In this chapter, we demonstrated that using annular spiral rings with a retraced in/out trajectory is
a viable data acquisition method that can be incorporated into 2D TSE echo trains to efficiently
suppress To-decay effects. With trajectory-fidelity and off-resonance corrections, this approach
provides a potential alternative to Cartesian TSE for T»-weighted neuroimaging, with high scan

efficiency, low SAR, and improved image contrast.

3.8 Appendix

3.8.1 Part A

The received MR signal of a spiral-out ring for the j* k-space segment acquired at the p** echo

T T
can be modeled for t € [—5,5] as

. . —(t+Tp)
Sjp(t) = [ m@r)e2mkipDrg-init, /TZdr, (3-12)

where T is the readout time, and m(r) is the object’s complex-valued magnetization. w(r) is

defined as the spatially varying resonant frequency of the object. T, refers to the time interval

between the excitation RF pulse and the center of the readout window at p** echo, where 0 < p <

L, and L is the total number of spiral-out rings.

Using the similar substitution, the received MR signal of a second acquisition from a spiral-

in ring for the same jt" k-space segment but acquired at the g*" echo can be derived as, for t’ €

T T
[=33];
] , _ , —(t'+Ty)
sjq(t) = [ m(r)e2mkiq(t)rg—io®t’ o q/TZdr, (3-13)
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where T, refers to the time interval between the excitation RF pulse and the center of the readout

window at g*" echo, and —L + 1 < q < 0.

For retraced in-out trajectories, a few properties of the k-space trajectory must be defined.
First, each ring segment has duration T, and each pair of the two retraced rings are anti-symmetric

about the echo time such that
T,+T,=2TE. (3-14)
Then, we can constrain the ring trajectories to be time-reversed copies of each other as
kjp(t) = kjq(—t) = —k;4(0). (3-15)

The central self-retraced spiral in-out segment can be considered as a special case whenp = q =

0. We can also define AT in terms of Ty, Ty as
AT = T, — T,. (3-16)

Assuming each readout in the TSE echo train is short relative to the T» relaxation, we can write

that
-T

eTz =~ 1. (3-17)

Before we can combine s; ,, with s; 5, we must time-reverse s; , since the second spiral-in

acquisition is run in the opposite direction through k-space. Let t = —t’, we can get

. . —(—t+Ty)
Sia (—t) = fm(r)e—Lanj,q(—t)re—Lw(r)(—t)e q/Tzdr_ (3-18)

Using all the above assumptions, s; ,(—t;) can be written as
_ _ ~(Tp—AT) /
5jq(—t) & [ m(r)e 2mhip(trgio®ie T dr. (3-19)
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Now, the combination of the two signals can be written as

T
S(t) — M = %f M(r)e_iznki,p(t)re_T_Z [e—iw(r)t + eiw(r)te"'%] dr. (3-20)

To simplify more, we can get

T
_2)

. ) , _AT , AT
s(t) = %f M (r)e 2mkip(Or o™, [e““’(r)te 2T2 + e”"(r)teZTZ] dr. (3-21)

, AT
For the next step, substitute the terms e!*M? = cos[w(1)t] + isin[w(r)t], €Tz = cosh (ZATT) +
2

=AT

sinh (ZATTZ)’ e?Tz = cosh (2A_T7;) — sinh (ZA—TZ), T, -5 =TE, and % = T, — TE. Multiplying out

the terms in the brackets, we can get

s(©) = [ m(r)e~2mkipOr Ty |cos[w(r)t] cosh (T”T;:E) isin[w(r)t]sinh (%)] dr. (3-22)

The equation above describes the magnitude and phase modulation of the combination of
the signals collected from SPRING-RIO TSE due to the off-resonance effect during the readout

window and T»-decay effect along the echo train.
3.8.2 PartB

We extend the original signal equation to conjugate phase reconstruction. Let

Sj_p(t)elwi(r)t+sj,q(—t)e_“"l'(r)t
> .

$(t; wi(r) = (3-23)

In this case, each ring trajectory is demodulated at frequency w;, and the time reversal of s; ,
produces a demodulation term that is the complex conjugate of that applied to s;,,. To evaluate

5(t; w;(r)) for a point object at location r,,
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. -TE _
St w)ly, = e~ 12mkjp(O)T0.07T; [cos{[w(ro) — w;]t} cosh (T’”Ti) + isin{[w(1ry) —
2

w ]t}sinh(E)|. (3-24)

T;

We then multiply 5(t; w;) by its complex conjugate and substitute cosh?(x) = 1 + sinh?(x) to

yield

(65 @)ly, 56 0D, = €7 [cos?{[w(ro) — wyle) + sink® ()], (3-25)

The cos?{[w(ry) — w;]t} term attenuates the distribution of energy across the k-space
trajectory for any w; # w(rg). By invoking Parseval’s theorem, the integrated squared magnitude
of the PSF is maximized at w; = w(rg) for given sequence parameters. This final set shows that
the magnitude modulation of the k-space energy caused by off-resonance is independent of T»-

decay and incidental image phase.
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Chapter 4: Concomitant magnetic-field compensation for

2D spiral-ring turbo-spin-echo imaging at 0.55 Tand 1.5 T

4.1 Introduction

In Chapter 3, we introduced 2D spiral-ring turbo-spin-echo imaging for fast T»-weighted brain
imaging at 3 T and mainly discussed off-resonance correction of Bo inhomogeneities. Another
important source of off-resonance existing in spiral imaging is concomitant magnetic fields'>. In
this chapter, we will focus on the mathematical analysis and correction strategies of concomitant

field effects for 2D spiral-ring TSE.

TSE acquisition is sensitive to any inconsistent phase errors induced by system
imperfections (e.g., eddy currents, concomitant fields) among echo signals, limiting its use for
obtaining high quality T.-weighted images.®’ Since the gradients used for imaging inevitably
generate concomitant fields, which scale quadratically with gradient amplitude, compensation for
them becomes increasingly important for TSE when using readouts with high gradient amplitude
(> 20 mT/m). There has recently been renewed interest in MRI at lower magnetic field strengths
(< 1 T)®°, where these effects are increased because concomitant fields scale inversely with the
field strength, and thus the phase errors induced by concomitant gradients increase. As depicted in
Chapter 2, concomitant gradient effects in Cartesian TSE have been well described, and several
strategies have been developed, for example as described by Zhou et al.?, to eliminate or minimize

the associated image degradation.

Imaging with prolonged readouts such as spiral acquisitions at low fields have recently

shown benefits in regaining SNR using a high-performance MR scanner at 0.55 T8'2, because off-
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resonance effects decrease as field strength decreases. Therefore, a potentially important
application area for spiral TSE is low field imaging. However, spiral TSE imaging***® presents
challenges for compensating concomitant gradient effects, since the spiral readouts vary along the
echo train as compared to Cartesian TSE, where the same readout waveform is used for every echo.
Hence, concomitant field phase errors induced by differences in spiral readouts along the echo
train may disturb the TSE signal pathway and violate the Carr-Purcell-Meiboom-Gill (CPMG)
condition®®, resulting in severe signal loss and image blurring which cannot be fully corrected in
image reconstruction. Researchers have investigated concomitant gradient compensation for
interleaved, time-symmetric spiral-in/out TSE imaging™>’, and recently Mugler et al.!8 redesigned
the pulse sequence to achieve compensation of self-squared Maxwell field terms by modifying
gradient waveforms along the entire echo train for 2D T»-weighted interleaved, rotated spiral-arm
TSE imaging with several trajectory types (spiral-out, -in, or -in/out). Promising results showed
that this approach provided substantial improvement in image quality at 0.55 T by reducing or

eliminating degradation associated with self-squared concomitant gradient effects.

Our previous work proposed an alternative approach to 2D TSE imaging using annular
spiral rings with a retraced in/out trajectory, dubbed “SPRING-RIO TSE®®”, for fast T.-weighted
brain imaging at 3 T. Compared to the interleaved, rotated spiral-arm segmentation which requires
a double-encoding strategy, annular spiral-ring segmentation inserts several annular segments into
TSE echoes, with the benefit of reduced T»-decay artifacts by converting the T»-dependent signal
modulation into a k-space apodizing filter.13!%-21 Since spiral-ring waveforms for each echo along
the echo train vary along the echo train and are temporally asymmetric, the concomitant field
effects on images from SPRING-RIO TSE at relatively low-field strength become non-negligible

and must be corrected.
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Building on the previous work, this chapter proposes a general method that incorporates
both pulse sequence design and image reconstruction methods to compensate for concomitant field
effects in SPRING-RIO TSE.? First, we introduce strategies for gradient waveform modifications
to compensate for the self-squared Maxwell terms at the echo time and between echo spacings.
Second, we describe image reconstruction methods to correct for residual concomitant fields and
Bo inhomogeneity induced phase accruals along the readout. Finally, we validate the feasibility of
the proposed techniques and compare its performance to that of SPRING-RIO TSE with no
concomitant field compensation and Cartesian TSE in phantom and in vivo scans at both 0.55 T

and 1.5T.

4.2 Concomitant field corrections

The mathematical description of Maxwell fields B, and the corresponding accumulated phase
terms in signal equation has been described in Chapter 2. To produce high quality spiral-ring TSE
images at 0.55 T and 1.5 T, the concomitant field induced phase error must be eliminated or
mitigated to a negligible level. In this section, we present several strategies to substantially reduce
the phase errors in SPRING-RIO TSE via both pulse sequence modifications and the image

reconstruction process.
4.2.1 Sequence-based corrections

The goal of gradient waveform modifications is to eliminate the phase shift from self-squared
terms at the k-space center, and to reduce the difference in phase shifts among echoes, targeting a
constant phase shift at the end of every echo. For any arbitrary gradient g'(t), its waveform can

be decomposed into three orthogonal gradient components {g,(t), gy (t),gz(t)}, and the
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concomitant field integral M = {M,,, M,,, M,} of each component from self-squared terms can be

calculated as:
M ={J(gidr’, (g e)2dr, [} (1)

For a single spatial location r, the phase error from the self-squared terms induced by the

concomitant field can be determined by its concomitant field integral M.

In SPRING-RIO TSE, the data were collected by self-retraced spiral in-out rings for the
center of k-space, spiral-out rings at the end of the echo train paired with time-reversed, spiral-in
rings with opposite gradient polarity at the beginning of the echo train for the outer portion of k-

space. Therefore, the implementation of sequence in Figure 4-1 was accomplished as follows:

1. The gradient waveform reshaping strategy, as described in Ref 2, was used to
simultaneously nullify both the linear and the quadratic phase induced by encoding
gradients and their concomitant gradients, respectively. In this work, the left crusher
gradient of the first refocusing RF pulse (green dashed box) was redesigned to correct for
echo-to-echo phase variations from self-squared terms produced by the slice selection
gradients/crushers.

2. For each excitation (shot), the maximum concomitant field integral M,,,, from self-
squared terms for each readout gradient axis was determined from the spiral-ring with the
highest gradient amplitude (see Figure 4-2).

3. Bipolar gradient pairs were added at both the beginning and the end of each remaining echo
spacing (i.e., two pairs for each axis) to increase the concomitant field integrals for each
gradient axis. The gradient amplitudes and durations of the added bipolar pairs for each

echo were determined by subtraction of the concomitant field integral M; for the current j
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spiral ring from M,,,,,, while those of the bipolar pairs placed at the interval between the
excitation RF pulse and the first refocusing RF pulse were determined by %

4. The gradient polarity of one of the four bipolar pairs in each echo spacing was set to be the
opposite of the others (Figure 4-1B) for self-balancing quadratic cross-terms induced by
added bipolar pairs themselves. The benefits of this strategy compared to that without the
gradient polarity reversal (Figure 4-1A) will be discussed in the following sections.

5. Additional time was added to each echo spacing as needed to achieve compensation, and

the final concomitant integral at the end of each echo spacing was designed to be a constant
value of @ In this work, 5 ms of additional time (2.5 ms before and after each readout)

was added for bipolar gradient pairs. This additional time was also added to SPRING-RIO
TSE with no compensation for comparison to that with sequenced-based concomitant field

corrections.
4.2.2 Reconstruction-based corrections

The goal of the image reconstruction method is to further reduce the residual phase errors from
concomitant gradients and Bo off-resonance effects accrued during the readout. As reported in Ref
3, for spiral scanning, the concomitant gradient phase accruals along the acquisition window were
approximated from the lowest order Maxwell gradients for arbitrary scan plane orientation as

follows:

¢C( ch(‘l‘), t) = ch(r) te (4'2)

with

2
Aw.(r) = yf—;'; (F,X? + F,Y2 + F3Z% + F,XZ + FsYZ + F.XY), (4-3)
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Figure 4-1. Pulse sequence timing diagrams including fat saturation, TSE data acquisition using annular spiral rings,
a reshaped gradient waveform for slice-selection (green dashed box), and additional bipolar gradients (blue boxes)
placed at each readout gradient axis #1 and # 2 for concomitant field compensation along the echo train. For each shot,
the data were collected by spiral-in rings, a self-retraced spiral in-out ring, and spiral-out rings, sequentially, with the
number of spiral-in rings equivalent to that of spiral-out rings. Inner rings require larger bipolar gradients than outer
rings for maintaining the constant concomitant self-squared terms at the end of each echo spacing. A: Sequence-based
compensation without bipolar-gradient polarity reversal. B: Sequence-based compensation with bipolar-gradient
polarity reversal. Compared to A, the gradient polarity of one bipolar gradient pair in each echo spacing, the 4th pair
for example (orange boxes), is set to be the opposite of the other pairs for self-balancing the concomitant quadratic
cross-terms induced by these four added bipolar gradients. The first two bipolar pairs placed between the excitation
RF pulse and the first refocusing RF pulse shown in A are split into four pairs, followed by the gradient polarity
reversal of the 4th pair. A total of 5 ms additional time is added for an increased echo spacing to both sequences shown
in A and B.
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-
(&)

Maxwell Phase (radian)

0.5

Time (ms)

60



and a scaled concomitant field time parameter t.(t) was given by
1 t ! l
te(t) = ﬁfo gs(t)adt, (4-4)

where g, is the gradient envelope and g,, is the maximal readout gradient amplitude used in all
spiral rings. X, Y, Z are the logical coordinates which define the readout 1, readout 2, and slice
coordinates, respectively. F; are constants calculated from the rotation matrix, which are given in
the appendix in Ref 3. In TSE imaging, however, each refocusing RF pulse alternates the sign of
the accumulated Maxwell phase, resulting in a negative phase from the self-squared terms at the
beginning and a positive phase at the end of each echo spacing (ESP). Hence, we modified the

time parameter te; (t) specifically for SPRING-RIO TSE, as:

te,(0) = 2 (Jy g} (£ de' =3, (4-5)

where g; is the gradient envelope and M; is the concomitant field integral of the jt* ring trajectory.

The derivation of Equation 4-5 can be found in Appendix A.

Previously, a semiautomatic deblurring method with a maximized energy objective® was
applied to SPRING-RIO TSE for Bo field inhomogeneity correction. The term “semiautomatic”
refers to the method where an automatic method is used to search for a high-resolution field map
using offset frequency constraints calculated from an acquired low-resolution map. In this work,
we chose the fast conjugate phase reconstruction method based on a Chebyshev approximation
proposed by Chen et al. 2 and extended it to correct for nonlinear off-resonance effects induced
by both By field inhomogeneities and concomitant gradients in SPRING-RIO TSE. To perform
simultaneous semiautomatic Bo off-resonance correction and concomitant gradient compensation,

a series of images are reconstructed from the following equation:
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m(r; Awy) = IN23 by (B T) + bwy, Awe (1), DI(r) — Sholo(r), i=1,2.., (4-6)

where A@(r) is the Bo off-resonance frequency constraint calculated from a low-resolution field
map, and Aw; is constant frequency shift from A& (7). hy, is the constant Chebyshev coefficient as
a function of the local Bo inhomogeneity, the concomitant field, and the readout length 7, the
calculation of which is given in the appendix in Ref 24. I,(r) is the k** order Chebyshev

demodulated base image, and for t € [— %%] it can be calculated as follows:
L) = [E W (©)s(t)e?m™Ordt, (4-7)

where W (t) is the density compensation function. The concomitant field effect is first corrected
when reconstructing the demodulated image m(r; Aw;), followed by a semiautomatic deblurring

method for By field inhomogeneity correction, using a maximized energy objective function:

max [par —1")m@'; Aw)) m(r’; Aw;)*dr’, (4-8)
w;

where m(r; Aw;)* is the complex conjugate of m(r; Aw;), and p(r) is the convolution kernel
chosen to be a circularly symmetric Gaussian window. The optimization of Aw; that best deblurs
a local region of m(r; Aw;) is performed by searching for a correct demodulated frequency which
maximizes its local integral of signal energy. A high-resolution field map will then be generated

after Equation 4-8, each pixel of which has its own estimated constant frequency shift.

The total number of base images required depends on the range of Bo inhomogeneity and
concomitant gradient field. Linear Bo off-resonance correction based on an estimated spatially
linear field map was incorporated to reduce the computational cost by narrowing the range of Bo

field inhomogeneity. For a given scan plane orientation with FOV and table shifts, linear
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concomitant gradient correction was also applied to reduce the frequency range of an off-center

slice to that of a slice at isocenter.?*

4.3 Simulations

All simulations were implemented in MATLAB (R2020b software; MathWorks, Natick, MA). To
illustrate the Maxwell field effects from self-squared terms of the SPRING-RIO TSE sequence,
signal pathways along the echo train at several off-center table (z) locations and in the presence of
B1 inhomogeneity (resulting in different refocusing RF flip angles) were simulated by extended
phase graph® (EPG) method with no k-space weighting. Signal intensity loss (SI;) at each echo

was calculated based on the equation:

Sl — Sl

SIl = ST,

, (4-9)

where SI. and SI,. are the normalized signal curves of the current scenario and the standard T»-
decay curve as the reference, respectively. Specifically, axial planes with off-center table locations
ranging from 0 to 60 mm with 20 mm increments, and with the refocusing RF flip angles ranging
from 120° to 180° with 20” increments, were used for simulation. Other simulation parameters
include Bo = 0.55 T, echo train length (ETL) = 9, spiral readout = 16 ms, T1 =800 ms, and T, =

70 ms.

Ignoring Bo inhomogeneity, the simulation of phase evolutions from self-squared terms
during the acquisition window and along the echo train was performed for SPRING-RIO TSE with
and without sequence-based corrections, from z. = 50 mm off-center axial plane at 0.55 T. First,

the net Maxwell-field-induced phase A(pcj at the jt" ring trajectory with a gradient envelope gj

during the readout was calculated based on:
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A, () = ZE ¥ g2 (¢t (4-10)

" 2B,

Second, considering the 180°refocusing RF pulse which alternates the sign of the Maxwell

field induced phase, the accrued phase ¢c]- for jt" ring trajectory is given by:

e, (0) = Th_o(— D A, (1) + A, (1), (4-11)

where A¢,, () is the net phase accrual between the excitation and first refocusing pulses. Finally,

the increased phase accruals induced by the added bipolar gradients were also calculated and added

into Cl)cj for each echo spacing in SPRING-RIO TSE with sequence-based modifications. Further,

to illuminate the quadratic cross-terms and the effect of bipolar-gradient polarity reversal on the
SPRING-RIO TSE sequence, Maxwell phase evolutions during two individual (second and central)
echo spacings were simulated at a specific sagittal location with and without bipolar-gradient

polarity reversal.

4.4 MRI experiments

4.4.1 Data acquisition

Experiments were performed on 1.5 T (MAGNETOM Avanto) and prototype 0.55 T with high-
performance gradients (ramped-down MAGNETOM Aera) MR scanners (Siemens Healthcare,

Erlangen, Germany) using a 12-channel (1.5 T) or 16-channel (0.55 T) receive head coil.

In phantom studies, sagittal data from a resolution phantom was acquired at 0.55 T using
SPRING-RIO TSE with no compensation, with sequence-based compensation (Figure 4-1A), and
with sequence-based compensation including bipolar-gradient reversal (Figure 4-1B). At 1.5 T,

images from an axial plane at isocenter were acquired using SPRING-RIO TSE with no
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compensation and Cartesian TSE as a reference, while images at -10.6 cm off-center location were
acquired via SPRING-RIO TSE with no compensation and with sequence-based compensation as
shown in Figure 4-1B. Relevant spiral imaging parameters included FOV = 180 x 180 mm?,
spatial resolution = 0.65 x 0.65 mm?, slice thickness = 4 mm, refocusing RF flip angle = 180,

ETL =8 (0.55 T) or 9 (1.5 T), ADC = 21 ms (0.55 T) or 12 ms (1.5 T).

Eleven healthy volunteers (six at 0.55 T and five at 1.5 T) gave informed consent and were
scanned using SPRING-RIO TSE sequences with and without sequence-based compensation, and
a standard Cartesian TSE sequence to evaluate the overall image quality. Table 4-1 lists parameters
of pulse sequences used for human studies at 0.55 T and 1.5 T. Data were acquired consecutively
at matched imaging planes using 14 slices with 4-mm slice thickness and 2-mm gap. A saturation
pulse was used for fat suppression, and for reconstruction corrected spiral-ring trajectories were
utilized based on a one-time model-based trajectory calibration.*®?® Axial, coronal, and sagittal
slices of the brain were all scanned, with an increased FOV (250 x 250 mm?) for non-axial
orientations. For signal averaging (NSA), the data of each slice from SPRING-RIO TSE was

acquired once at 1.5 T (1-NSA, 0:33 min) and six times at 0.55 T (6-NSA, 2:24 min).

Sequences. FOV (mm?) TR (ms) TEeff(ms) Readout (ms) RefocusingRF ESP(ms) ETL #Shots #NSA Scantime (min) Spatial Res (mm®)

SPRING-RIO TSE 230%230 3000 127 21 180° 317 8 8 6 2:24 0.70x0.70%4
055T
Cartesian TSE 230%230 3000 126 8 180° 126 16 20 3 3:08 0.72%0.72%4

SPRING-RIO TSE 230%230 3000 114 12 180° 228 9 11 1 0:33 0.71x0.71x4
Hedn
Cartesian TSE 230%230 3000 17 5 180° 10.7 16 20 1 1:08 0.72x0.72x4

Table 4-1. Sequence parameters for SPRING-RIO TSE and Cartesian TSE at 0.55 T and 1.5 T, respectively.

4.4.2 Image reconstruction

All images were reconstructed offline in MATLAB. 2D NUFFT?’ code was used for non-Cartesian

image reconstruction. ESPIRiT? was used for coil sensitivity map estimation. A low-resolution
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Bo field map was generated from single-shot spirals at two TEs (ATE = 1 ms) acquired during two
preparation scans before TSE acquisitions.?® To illustrate the performance of reconstruction-based
compensation, both phantom and in vivo images using SPRING-RIO TSE with sequence-based
compensation were reconstructed and compared with no compensation, with concomitant field

correction only, and with simultaneous concomitant field and Bo field inhomogeneity corrections.

A 3D table of Chebyshev coefficients h;, was precalculated with Bo field inhomogeneity

%) ranging from -150 Hz to 150 Hz (1.5 T) or -80 Hz to 80 Hz (0.55 T), and concomitant field

off-resonance frequency (Azw‘) ranging from 0 Hz to 250 Hz (1.5 T) or 0 Hz to 400 Hz (0.55 T),

A

both with a 1 Hz frequency increment and 15 base images. As discussed in Ref 24, the range of
frequency was sufficient after incorporating linear concomitant field and Bo field inhomogeneity
corrections, and this 3D table was used for data sets acquired with similar sequence parameters.
The searching range of the By field offset frequency shifts from -60 Hz to 60 Hz with a 10 Hz

frequency increment was used for the semiautomatic deblurring.
4.4.3 Image quality analysis

Evaluation of SPRING-RIO TSE with full compensation and conventional Cartesian TSE was
performed quantitatively on in vivo data. SNR with the pseudo-replica method®® was calculated,
and the SNR efficiency map was then derived by multiplying the calculated SNR by the coefficient
1/(voxel size x +/scan time), which equaled 1.17 at 0.55 T and 2.38 at 1.5 T for SPRING-RIO
TSE,and 1.0at 0.55 T and 1.66 at 1.5 T for Cartesian TSE. Regions of interest (ROIs) were drawn
in white matter (WM) and gray matter (GM) on the SNR efficiency maps, and the averaged SNR

was obtained for each subject at both 0.55 T and 1.5 T, with three slices per orientation and a total
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of nine slices per subject. Pairwise comparisons between these two imaging methods were

performed using one-way ANOVA with the Tukey-Kramer post hoc test.

4.5 Results

45.1 Simulations

Simulation results in Figure 4-3A and 4-3B illustrate how echo-to-echo phase variations caused
by Maxwell fields along the echo train affect the signal pathway of SPRING-RIO TSE without
sequence-based compensation. The evolution of signal intensity loss, each with nine echoes,
simulated at four different table (z) positions are shown in Figure 4-3A. A 150° refocusing RF flip
angle was used for the simulation to approximate a slice-selective refocusing RF pulse with a
nominal flip angle of 180°. As table position increases, the signal intensity changes along the echo-
train in a non-intuitive fashion. For example, signal intensities simulated at 60 mm off-center drop
rapidly for the first several echoes, while the magnitude of the 5™ echo (at TE.¢) is higher than
that of its surrounding echoes, due to the signal distribution among spin echo (SE) and stimulated
echo (STE) components. Figure 4-3B shows the dependence of refocusing flip angles on the
magnitude of echoes simulated at 40 mm off-center table location. The signal intensity loss curve
shows more oscillations as the refocusing flip angle decreases. Note that for a given pixel, echoes
from the signal evolution using an ideal 180° refocusing RF pulse (no STE, green line) will have
a phase modulation (not shown) which may result in ghosting and shading artifacts, although the
magnitudes are the same as those from the standard T»-decay curve, which results in no signal

intensity loss.

Figure 4-4 shows the simulation of Maxwell phase pathways from self-squared terms along

the echo train and during the acquisition window for SPRING-RIO TSE without (black lines) and
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with (blue lines) sequence modifications, for an axial plane 50 mm off-center. Red dots indicate
the k-space center, while orange arrows show the effects of refocusing RF pulses, which alternate
the sign of the phase error throughout the echo train. The green dashed boxes indicate examples
of increased Maxwell phase by added bipolar gradients. It can be clearly seen that outer rings
produce more Maxwell phase accruals than inner rings and thus require less additional Maxwell
phase from the added bipolar pairs. After adding the bipolar compensation gradients, the accrued
phase for each echo spacing starts at -¢ and ends at ¢, where ¢ is a constant value, and the phase

at the k-space center, as well as at the other spin echoes, is zero.

Figure 4-5 shows the simulation of Maxwell phase evolutions from quadratic cross-terms
during the second and central echo spacings for SPRING-RIO TSE without (dashed lines) and
with (solid lines) bipolar-gradient polarity reversal, at a pixel location (50, 50) mm in the sagittal
plane. The quadratic cross-terms from spiral rings have minimal effects on phase variations over
echo spacings due to the gradient waveforms with alternating polarities; however, the pair of added
bipolar gradients will not only produce the self-squared phase terms as needed but will also create
undesirable cross-terms that may be large enough to induce additional phase error variations
among echoes (dashed lines). With bipolar-gradient polarity reversal, the net phase accruals from

the bipolars returns to zero at the end of each echo spacing (solid lines).

4.5.2 Phantom studies

Figure 4-6 shows how sequence modification with bipolar-gradient polarity reversal improves
image quality at 0.55 T for a sagittal plane at isocenter. Figure 4-6A is an image from Cartesian
TSE as the reference, while Figure 4-6B is reconstructed from SPRING-RIO TSE with no
compensation, showing severe bands of signal loss and obvious image artifacts. Figure 4-6C is the

result with sequence-based compensation, but without gradient polarity reversal, showing
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Simulation: By = 0.55T, Gy =21 mT/m, ETL = 9, readout duration: 16 ms, T; =800 ms, T, =70 ms

Signal intensity loss vs. table positions

Signal intensity loss vs. refocusing flip angles

20%
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Figure 4-3. A-B: Simulation results showing how Maxwell fields affect the signal pathway of SPRING-RIO TSE
sequence along the echo train, at several off-center axial table locations (A) and with different refocusing RF flip
angles (B). Note that each signal evolution was simulated without k-space weighting. A 150° refocusing RF flip angle
was used for the simulation of A and a 40 mm off-center axial plane for B.

Maxwell self-squared term phase evolution over echo spacings
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Figure 4-4. Results showing the Maxwell phase accruals from a z. = 50 mm off-center axial plane along the echo
train and during the readout, before (black lines) and after (blue lines) sequence-based compensation. eRF and rRF
denote excitation and refocusing RF pulses, respectively. Red circles point out the k-space center, while orange arrows
show the effects of rRF, which alternate the sign of the phase error throughout the echo train. Green dashed boxes
indicate examples of increased Maxwell phase by added bipolar gradients. After compensation, the center of k-space

has zero phase shifts and the phase at the end of each echo spacing has the designed value (@ o« @).
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Maxwell cross-term (y&z) phase evolution during echo spacings
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Figure 4-5. Simulation of cross-term Maxwell phase evolutions at a pixel location (y, z) = (50, 50) mm from a sagittal
plane. The net cross-term phases evolve back to almost zero at the end of each echo spacing where the sequence
modification with gradient polarity reversal is applied (solid line), while there is a huge phase difference between
these two echo spacings when without gradient polarity reversal is not applied (dashed line).

improved image quality compared to Figure 4-6B but still presenting noticeable artifacts and signal
loss along the diagonals (red arrows), primarily because of cross-term phase errors induced by the
added bipolar gradients. Figure 4-6D is the result with sequence-based compensation along with
gradient polarity reversal, indicating much better image quality with reduced artifacts and signal
loss when compared to Figure 4-6B-C (see zoomed portions of images indicated by boxes). By
applying the image reconstruction-based corrections for residual phase errors during the readout,
artifacts are further reduced, as shown in Figure 4-6E. Some vials may show different image
contrast between SPRING-RIO TSE and the reference, mainly due to the different sequence
parameters (e.g., ESP and ETL) used in acquisition, though TE and TR are fixed. The images (Fig.
4-6B-E) show slight geometric distortion induced by gradient nonlinearity, which could be
corrected using standard remapping methods.33? Pre-scan normalization could also be utilized to

remove the shading in Figure 4-6B-E.
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Sequence-based comp.
w/ gradient polarity reversal
+ reconstruction-based comp.
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Figure 4-6. Reconstructed images of a sagittal slice in a resolution phantom demonstrating the performance of the
sequence modification with gradient polarity reversal on image quality at 0.55 T. A: Image from Cartesian TSE as the
reference (scan time: 3:08 min). B-E: Images from SPRING-RIO TSE with different compensation methods (scan
time: 0:24 min). B: Image with no compensation showing severe signal loss and artifacts. C: Image with sequence-
based compensation but without gradient polarity reversal, showing improved image quality when compared to B but
still displaying obvious artifacts especially along the diagonals (red arrows). D: Image with sequence-based
compensation and with gradient polarity reversal, showing much improved image quality with reduced artifacts and
signal loss. E: By also applying image reconstruction corrections for residual phase errors along the readout, the
artifacts are further reduced (zoomed regions). Geometric distortion shown in images (B-E) due to gradient
nonlinearity could be corrected using standard remapping methods.

Figure 4-7 shows 1.5-T axial images acquired at two table (z) positions using SPRING-
RIO TSE with different compensation methods and standard Cartesian TSE. At isocenter (z = 0),
no obvious image artifacts are seen in Figure 4-7A from SPRING-RIO TSE with no compensation,
compared to the reference in Figure 4-7B. For z = -10 cm, however, the result in Figure 4-7C from

SPRING-RIO TSE with no compensation shows severe signal dropouts and blurring. Applying
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the sequence-based compensation, Figure 4-7D shows a substantial reduction in image degradation
associated with concomitant field effects along the echo train, but residual artifacts still exist. The
image quality is further improved by applying reconstruction corrections for residual phase errors
along the readout induced by concomitant field (named “Full Maxwell compensation” in Fig. 4-
7E) and by both concomitant field and Bo off-resonance correction (named “Full Maxwell plus Bo

off-resonance compensation” in Fig. 4-7F).

Figure 4-8 shows a representative example of double-oblique phantom images at 0.55 T.
Improved image quality, in terms of signal loss, blurring, and artifacts, can be seen in the fully
corrected image (Fig. 4-8C) when compared to no compensation (Fig. 4-8A) or partially corrected
(Fig. 4-8B) images (zoomed regions). Minor residual artifacts remain in Figure 4-8C after
corrections compared to the reference (Fig. 4-8D), which can also be seen in Figure 3 (Fig. 4-6A
vs. Fig. 4-6E), potentially due to quadradic cross-terms or higher order terms from spiral rings

during the readout which may need to be further corrected.

4.5.3 In vivo studies

Figure 4-9 shows images of one 1.5-T axial brain slice from a human subject acquired at -10.6 cm
off-center. Figure 4-9A shows the Cartesian TSE image, while Figure 4-9B-E shows images
acquired with the SPRING-RIO TSE sequence with no compensation (Fig. 4-9B), with sequence-
based compensation along the echo train (Fig. 4-9C) and reconstructed using full Maxwell field
compensation (Fig. 4-9D) and full Maxwell field plus Bo off-resonance compensation (Fig. 4-9E).
Comparing images before and after sequence-based compensation (Fig. 4-9B vs. 4-9C), improved
image quality is consistent with simulation results and phantom studies, showing that strong
artifacts and signal dropouts caused by concomitant fields along the echo train can be substantially
reduced by sequence modifications of Figure 4-1B. Further improvements can be achieved after
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B, off-resonance comp.
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Z: isocenter -10 cm off-center

Figure 4-7. Phantom results from an axial plane scanned at 1.5 T showing the performance of concomitant
compensation via different sequence modifications and image reconstruction. A, C-F: Images from SPRING-RIO
TSE scanned at two locations and with different compensation methods (scan time: 0:33 min). B: Image from
Cartesian TSE as the reference (scan time: 1:08 min). For the table location set at iso-center, there is no noticeable
artifact shown in image (A) from uncompensated SPRING-RIO TSE compared to the reference (B). For the table
location set at -10 cm off-center, the uncompensated image (C) from SPRING-RIO TSE shows substantial signal loss
and artifacts. With sequence-based compensation along the echo train (D), no significant signal loss is seen but residual
artifacts still exist (zoomed regions). Performing full Maxwell compensation completely removes Maxwell-field-
induced image degradation (E). Applying Bo inhomogeneity phase correction further improves image quality (F).
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Figure 4-8. Images of a double-oblique slice (sagittal 30° towards coronal, 20° towards transverse) through a
resolution phantom acquired with Gmax = 21 mT/m at 0.55 T. A-C: Image from SPRING-RIO TSE with different
compensation methods (scan time: 2:24 min). D: Cartesian TSE as the reference (scan time: 3:08 min). Improved
image quality, in terms of signal loss, blurring, and artifacts, can be seen in the fully corrected image (C) when
compared to uncorrected (A) or partially corrected (B) images (zoomed regions).

fully correcting for both concomitant and Bo inhomogeneity fields, as seen in Figure 4-9E
compared to Figure 4-9C-D in the zoomed portions of images indicated by the boxes. After all
corrections, SPRING-RIO TSE (0:33 min for 14 slices) has similar image quality compared to the

Cartesian reference (1:08 min for 14 slices) but requires less than half of the total scan time.

Figures 4-10 (1.5 T) and 4-11 (0.55 T) display examples of axial, coronal, and sagittal brain
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Figure 4-9. Comparison of 1.5-T axial brain images acquired at z = -10.6 cm plane via Cartesian TSE as the reference
(A) and SPRING-RIO TSE (B-E). Images are reconstructed with no compensation (B), with sequence-based
compensation (C), with full Maxwell field compensation (D) which includes sequence-based compensation along the
echo train and reconstruction-based compensation along the trajectory, and with full Maxwell field compensation plus
B, off-resonance correction (E). After full corrections, the image E from SPRING-RIO TSE with minimal artifacts
presents similar image quality compared to the reference A (zoomed regions) but with less than half the total scan
time.

images from SPRING-RIO TSE with no compensation (top row) or with full Maxwell plus Bo off-
resonance compensation (middle row), and from standard Cartesian TSE (bottom row). No
obvious artifacts are observed in SPRING-RIO TSE images after full compensation. SNR
measurements in WM and GM with SPRING-RIO TSE versus the standard Cartesian TSE are
shown in Figure 4-12. Significant increases (15 — 20%) of the SNR efficiency (p < 0.05) are shown
in both white and gray matter for SPRING-RIO TSE compared to those for standard Cartesian

TSE at both 0.55 T and 1.5 T. Examples of the SNR efficiency maps can be found in Figure 4-13.
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Figure 4-13. Example of comparisons
of the SNR efficiency maps of SPRING-
RIO TSE and the Cartesian reference at
0.55 T. The SNR values of ROIs (1 - 3
for WM, 4 - 6 for GM) are shown below.
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Figure 4-12. SNR efficiency values of
ROIs in white matter (left) and gray
matter (right) using SPRING-RIO
TSE and standard Cartesian TSE. The
different bars for each scenario
represent the average values computed
for six volunteers at 0.55 T (top) and
five volunteers at 1.5 T (bottom). For
each volunteer, nine slices are selected
for SNR measurements. The asterisks
indicate  statistically  significant
increases of the SNR efficiency using
SPRING-RIO TSE over that using
Cartesian TSE, in both white matter
and gray matter and at both 0.55 T and
15T (p <0.05).
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4.6 Discussion

TSE imaging relies heavily on a stable signal pathway along the echo train, and any signal
cancellation due to echo-to-echo phase variations from non-negligible, time-varying concomitant
fields cannot be corrected by directly applying image-reconstruction-based compensation. Here
we demonstrated a spiral annular ring TSE sequence with both sequence- and reconstruction-based
correction of concomitant field artifacts at 0.55 T and 1.5 T. The first and most important step is
to eliminate the difference in phase shifts among echoes via sequence modifications to maintain
the CPMG condition in SPRING-RIO TSE. Using bipolar waveforms as the quadratic nulling
gradients permits the self-squared concomitant field integrals to be further increased, as needed
for echoes with small concomitant integrals generated from inner spiral ring waveforms, while still
maintaining the original zeroth gradient moment. When imaging in non-axial orientations,
additional considerations need to be taken for quadratic cross-terms from non-zero, time-
overlapped gradient waveforms. In this work, several strategies were used to mitigate cross-term
phase errors. First, the timing of gradient waveforms was adjusted so that there was minimal or no
gradient overlapping between slice crushers and readout gradients. Second, unlike spiral-ring
readouts, for which the induced cross-term phase can be neglected compared to the self-squared
counterparts because of the time-alternation of gradient polarities (see Figure 4-2), the cross-terms
from added bipolar pairs are much closer in amplitude to the self-squared terms, because the same
gradient polarity is played during the time of overlap. The performance of artifact suppression
using sequence-based compensation with bipolar-gradient polarity reversal for one of four bipolar
gradients (Figure 4-1B) over that without bipolar-gradient polarity reversal (Figure 4-1A) was
demonstrated by the phantom study shown in Figure 4-6. Although in this study we did not notice

a strong influence of small, but non-zero, cross-term phase errors from spiral-ring waveforms, a
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future study may be needed to evaluate the potential impact of these phase errors on image quality.
On the other hand, the added bipolar gradients will create unwanted eddy currents and increase
certain sensitivity to flow signals. However, the induced eddy currents will be partially self-
cancelled with minimal effects on the phase variation over echo spacings because of short, multiple
on and off correction gradient transitions. Using a flow-compensated 1-2-1 gradient scheme
instead of 1-1 bipolars would show better flow artifacts suppression, although it might further

increase the minimum ESP.

Imaging plane shift (or off-center distance) is one of the major sources in generating
concomitant fields, and for slices that are far away from isocenter, concomitant gradient correction
becomes increasingly important. Setting the table position at, or close to, isocenter before scanning
is a straightforward way to mitigate concomitant field effects at 1.5 T by decreasing the z>
component, which dominates the amplitude of the concomitant fields Bc. However, lower-field
systems will suffer from image degradation associated with these gradients at positions closer to
isocenter than higher-field systems, as the artifacts at 0.55 T can be easily seen in Figure 4-11
where the table position is set at 4 cm off-center for an axial plane, and even at isocenter for sagittal
and coronal planes. Furthermore, the multi-slice technique used in 2D TSE-based acquisitions may
produce undesirable and unexpected artifacts associated with the slice position at 0.55 T, which
cannot be fixed by a simple table movement to isocenter. Therefore, the proposed compensation
method is necessary to mitigate the concomitant gradient effects for a given scan orientation,

especially when scanning at low fields.

The maximal amplitude of spiral ring gradients is another concern because the concomitant
field phase is proportional to the square of the gradient amplitude. In this work, a moderate

maximal gradient amplitude of 21 mT/m was used to constrain the spiral design®. Reducing the
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maximal gradient amplitude to around 10 mT/m, for example, will decrease the concomitant field
offset frequency by a factor of four and thus may alleviate the requirement for comprehensive
concomitant field compensation. However, this may increase the total scan time by nearly half per
measurement for a given parameter set (FOV, spatial resolution, ETL, etc.). For time-limited
applications where imaging speed is an important metric, such as breath-held single-shot T»-
weighted abdominal® or lung imaging®, decreasing the maximal gradient amplitude for certain
reduction of concomitant field effects but with an increased scan time may be impractical; instead,
a spiral readout with a higher maximal gradient amplitude (30 - 40 mT/m) and a higher slew rate
(150 - 180 T/m/s) is preferable for fast scanning, and this will inevitably increase the concomitant
field offset frequency by several times and must be corrected by the methods proposed in this

study.

As observed from phantom and in vivo results, effective image reconstruction-based
compensation is achieved to correct the residual phase errors induced by both the concomitant
field and Bo field inhomogeneity during the spiral-ring readout for each echo, although the retraced
in-out design will partially self-correct the off-resonance effects. As discussed in Ref 24,
semiautomatic Bo off-resonance correction may offer some compensation for concomitant field
effects, since the time parameter t in off-resonance phase term ¢ (Aw(r), Aw.(r), t) is equivalent
to approximating the scaled concomitant field time parameter t. as at, where a is a constant.
However, in this work we found that directly applying semiautomatic Bo off-resonance correction
to images acquired using SPRING-RIO TSE with sequence-based compensation may still exhibit
obvious image artifacts and cannot completely eliminate the residual concomitant field phase error
(see Figure 4-14). The rationale behind this is that the signal phase evolution during the readout

caused by concomitant gradients may be very different from that caused by Bo inhomogeneity
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fields in SPRING-RIO TSE. For example, t. = t may only fit to outer spiral rings where the
gradient amplitude achieves a constant and almost maximum value g,,,, while t, becomes much
smaller than the value of t for inner rings with small gradient amplitudes. Thus, the approximation
of the scaled time parameter t. as a linear function of ¢ for the same constant parameter a may be
unreasonable for spiral rings designed in our sequences, and compensation of time-varying,
spatially dependent concomitant fields is necessary before applying semiautomatic Bo off-
resonance correction. As a result, reconstruction-based compensation was implemented in this
work for artifact-free images by simultaneously correcting concomitant gradient field and Bo field

inhomogeneity.

Sequence-based Maxwell
& B, off-resonance comp.

Sequence-based Maxwell comp.

Reference

Full Maxwell &
B, off-resonance comp.

Full Maxwell comp.

Figure 4-14. Reconstructed images of an axial brain slice from Cartesian TSE (A) and SPRING-RIO TSE (B-E) and
at 1.5 T. B: Image acquired with sequence-based compensation but without any reconstruction compensation. C:
Image acquired with sequence-based compensation and reconstructed with semiautomatic BO off-resonance
compensation only during the readout. D: Image acquired with sequence-based compensation and reconstructed with
Maxwell field compensation only during the readout. E: Image acquired with sequence-based compensation and
reconstructed with simultaneous Maxwell field and By off-resonance compensation during the readout. Note that
artifacts still exist in image C and D, due to the residual off-resonance effects.
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Compared to imaging at 3 T, a lower magnetic field strength (e.g., 0.55 T, 1.5 T) offers
favorable physical properties, such as increased By field homogeneity and longer T, decay, which
permits SNR-efficient acquisitions such as spiral imaging with a longer readout. Because the

effective SNR scales with the time spent on sampling but inversely with the total scan time (o<

M), a prolonged spiral-ring data acquisition strategy used in this work (e.g., 12 ms at 1.5

Tscan

T, 21 ms at 0.55 T) can be leveraged to mitigate the SNR loss at lower fields compared to the
standard Cartesian TSE for a fixed total scan time, as demonstrated in Figure 4-10. Furthermore,
for SPRING-RIO TSE protocols shown in Table 4-1, the RF SAR from the 180° refocusing RF
pulses is approximately 53% (e.g., at 0.55 T) of that from the corresponding Cartesian TSE,
because of a higher k-space coverage per spin echo with a shorter echo train length (e.g., 8 versus
15) per shot. Increasing the spiral-ring readout duration and/or using a longer ETL is feasible to
further improve scan efficiency, though it may induce stronger off-resonance effects and/or an
increased RF SAR. However, the sequence-based compensation proposed in this work requires
almost 5 ms of additional time added in each echo spacing; future studies are warranted to explore

optimization of sequence parameters to reduce the sacrifice in SNR/scan efficiency.

4.7 Conclusion

In this chapter, we demonstrated a 2D spiral-ring T»-weighted TSE pulse sequence that
incorporates sequence modifications and image reconstruction methods to mitigate the image
degradation associated with concomitant gradient effects at 0.55 T and 1.5 T. This approach
presents a general compensation method that can be extended to compensate concomitant field
induced effects for TSE imaging with other asymmetric non-Cartesian trajectories for low-field

MRI and is applicable to all field strengths.
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4.8 Appendix

The derivation of Equation 4-5 is described below:

1.

After sequence-based corrections, the final concomitant integrals at the beginning and at
the end of each echo spacing are constant values of —M,,,,,./2 and M,,,,. /2, respectively.
Due to the added bipolars, the increased Maxwell integral produced by the added bipolars
for the current j** echo spacing is equal t0 (M4, — M;), with the Maxwell integrals
produced by the bipolars both before and after the readout equal to (M4, — M;) /2.

The Maxwell integral at the beginning of the readout can be expressed as

Mmax Mmax - Mj _ M]'

2 2 2

The Maxwell integral M;(t) during the readout can then be expressed as

M; t
M;(t) = —7+j g; (¢ dt’
0

The final time parameter tcj(t) can then be calculated by dividing M;(t) by g;,, which

becomes:

— 1 ‘ 204! ’ M]
t(0 = - (| gF@rar =3
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Chapter 5:  Variable-flip-angle 3D spiral-in/out
TSE/SPACE using echo-reordering and concomitant

gradient compensation at 0.55 T

5.1 Introduction

Chapter 3 and 4 have discussed the feasibility of 2D TSE with annular spiral-ring trajectories for
fast T>-weighted imaging, providing a promising alternative to the standard Cartesian counterpart.

In this chapter, we will switch our focus to 3D TSE imaging.

3D single-slab turbo-spin-echo imaging®3, also known as its commercial name “SPACE”
(Siemens Healthineers) or “CUBE” (GE Healthcare) or “VISTA” (Philips Healthcare), uses very
long echo trains to increase the scan efficiency by varying the flip-angle of the refocusing RF
pulses for T2-weighted imaging in a variety of applications, such as neuro, spine, and
musculoskeletal imaging. However, 3D Cartesian sampling remains time-consuming because of
its relatively inefficient k-space coverage when prescribing high-isotropic spatial resolution. This
problem becomes worse at low-fields due to the inherently lower SNR, requiring several signal

averages to maintain clinically acceptable image quality.*

Spiral acquisitions cover k-space more efficiently than their conventional Cartesian
counterpart, providing a means to reduce scan time or improve SNR.>® Spiral acquisitions are
attractive at low fields, where improved field homogeneity enables imaging with prolonged
readouts for higher SNR.” However, as described previously, the presence of concomitant

(Maxwell) fields at low fields may affect the signal pathway in TSE-based imaging, especially
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when using high amplitude partition encodings and/or time-varying spiral readouts where the

phase error induced by concomitant gradients varies along the echo train.81°

In this chapter, we developed a 3D TSE method using interleaved, rotated spiral-in/out
readouts, incorporating a variable-flip-angle approach with echo-reordering to shape the signal
evolution, and parallel imaging/compressed sensing to further accelerate the data acquisition at
0.55 T. Additionally, we included sequence modifications and image reconstruction methods to
compensate for the concomitant gradient effects along the echo train and during the acquisition

window.

5.2 Methods

5.2.1 Pulse sequence design

A simplified timing diagram of the sequence for a sagittal slice orientation is shown in Figure 5-
1. Spiral interleaves were rotated in the outer loop, where each excitation acquires a single spiral-
infout arm for every 3D-partition encoding, while the inner loop incremented the partition

encodings along the echo direction.
To improve scan efficiency (RO: 4.48 ms, ESP: 7.2 ms), sequence modifications included:

1. Non-spatially-selective refocusing RF pulses were used for the whole-brain excitation.

2. Spoiler gradients (~ 4n dephasing) were combined with 3D partition encodings.

3. Spiral-in/out prewinder and rewinder lobes were played simultaneously with the preceding
Gx gradient (spoiler plus the current partition encoding) and the following Gx gradient
(spoiler minus the current partition encoding) along the partition direction.

4. Constant-density and variable-density spirals were used for fully-sampled, and 2X-
accelerated undersampled data, respectively.
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Figure 5-1. Pulse sequence timing diagram including spiral-in gradients for Maxwell compensation before the first
refocusing RF pulse, constant-density spiral-in/out readouts for data acquisition, and linearly decreasing partition blips
combined with spoiler gradients for kz encodings. Note that the inner loop is for partition lines while the outer loop is
for rotated spiral arms. Sagittal orientation was used for all imaging methods.

As mentioned before, encoding gradients with variable amplitudes along the echo train will
produce unbalanced concomitant fields that need to be corrected via sequence modifications

first.%1% To reduce the self-squared Maxwell terms:

1. Gradient de-rating was used for partition encodings.
2. Spiral-in gradients (the first half of the following spiral-in/out readout) were added in the
interval between the excitation pulse and the first refocusing pulse, as shown in the orange

box.

The utility of the added spiral-in gradients is to not only compensate the self-squared terms
for the current spiral-in/out interleaf but also self-balance the quadratic cross-terms induced by

using the same overlapping strategy for the spiral-in prewinder lobes and spoiler/partition-



encoding gradients. No additional time was needed for concomitant field compensation, resulting

in no sacrifice in scan efficiency.
5.2.2 Variable-flip-angle generation and the effective TE

In this work, a prescribed signal evolution based on asymptotic target pseudo-steady-state
stabilization, as described in Ref 3, was firstly determined for gray matter specifically at 0.55 T
(T1 =800 ms, T2 = 110 ms). The prospective EPG algorithm was then utilized for the calculation
of the variable-flip-angle RF series that meet this target signal curve and the sequence parameters

(e.g., ESP), as shown in Figure 5-2A.

The effective TE at the kth echo as the k-space center can be determined by the Equation

given below?:

k
TEors(l) = =T In (225 (5-1)

where s and s, are the normalized signal intensity with and without relaxation effects at each
echo, respectively. T- is the transverse relaxation time of the current tissue. Figure 5-2B shows the
effective TE at different echoes, where the central line of 3D partition encodings was sampled. In
this work, the total number of echoes was designed to be 80, and the k-space center was placed at
the middle of the echo train (n = 40), thus resulting in an estimated contrast equivalent to a TE of

111 ms with conventional spin-echo imaging.
5.2.3 Trajectory correction

As described in Chapter 2, a gradient impulse response function (GIRF)! is a means to
characterize the gradient distortions, such as gradient delays, eddy current, and field oscillations,

and has been used to predict the actual k-space trajectories by incorporating the pre-calculated
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Figure 5-2. (A) The variable-flip-angle RF series generated for 80 partition lines following one excitation. (B) The
effective TE for WM and GM varies at different partition number as the k-space center. In this work, the center k-
space is set at the middle of the partition-encodings, resulting in an effective TE of 111 ms for GM, 120 ms for GM.

GIRF files (x, y, z axes) into the theoretical trajectories. The calibration was performed in a
spherical phantom separately and can be used for future scans with arbitrary orientation planes. To
demonstrate the performance of this method on spiral imaging, we compared the phantom images
reconstructed from thermotical trajectories, trajectories with anisotropic delay correction, and

trajectories with GIRF correction.
5.2.4 Image reconstruction

All images were reconstructed offline in MATLAB. The 2D NUFFT code was used for
fully-sampled non-Cartesian image reconstruction, and L1-ESPIRiT*® was utilized for
undersampled datasets. Residual phase errors from concomitant gradients during the readout were

corrected by a fast conjugate phase reconstruction method based on a Chebyshev approximation.

5.2.5 Echo reordering and signal normalization

Images reconstructed directly from the raw data may show certain image blurriness, due to
the lowpass k-space filter induced by the variable-flip-angle scheme with the 3D-partition-

encoding along the echo train. Echo reordering (also called double encoding), which was originally
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proposed for 2D interleaved, rotated spiral TSE, improves the performance on the swirl-like
artifacts reduction induced by the strong signal variation along the echo train.*? In this work, echo-
reordering was applied whereby the echo order was reversed during the second measurement, and
data after signal averaging was further normalized based on a simulated signal decay from EPG

and relaxation parameters of gray matter.
5.2.6 MRI experiments

Experiments were performed on a ramped-down 0.55 T MR scanner (prototype
MAGNETOM Aera, Siemens Healthcare, Erlangen, Germany) using a 16-channel head/neck coil.
For both phantom and healthy volunteer studies (n = 3), images were acquired using spiral SPACE
with and without compensation, with Cartesian SPACE as a reference. Both fully-sampled and 2
X undersampled datasets were collected sequentially, and SNR measurements were performed on
fully-sampled images only by dividing the mean image intensity in ROIs by the SD of the image
intensity outside skull and multiplying the 0.66 Rayleigh distribution correction factor. GRAPPA
was utilized for undersampled Cartesian SPACE. Sagittal orientation was used for all imaging,
with a 250 x 250 mm? FOV and 160 mm slab thickness, which results in 1 mm? isotropic whole

brain T.-weighted images. Other sequence parameters can be found in Table 5-1.

Acceleration  Acceleration  Scan time Spatial Res

Sequences FOV (mm?) TR (ms)  TEeff(ms) Readout(ms) ESP (ms) ETL # Shots method ) (et (frh
Spiral SPACE 250x250x160 2300 111 (GM) 4.48 72 80 64 L1-ESPIRiT 12 4:54/9:48 Ix1x1
Cartesian SPACE ~ 250%250x160 2500 115 (GM) 1.1 31 248 250 GRAPPA 172 4:59/9:53 1x1x1

Table 5-1. Sequence parameters for Spiral SPACE and Cartesian SPACE at 0.55 T.

5.3 Results

Figure 5-3 shows the signal pathways for white matter, gray matter, fat, and cerebral spinal fluid.
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Note that the fat signal is much lower than others, therefore additional fat saturation is not needed.

Figure 5-4 illustrates the performance of the proposed sequence-based Maxwell
compensation and trajectory correction in phantom studies. Signal loss can be seen at the top and
bottom of Figure 5-4A because of strong concomitant fields along the physical Z axis. After
Maxwell compensation, Figure 5-4B shows much improved image quality but still demonstrates
edge artifacts and signal shading due to the trajectory infidelity. Applying trajectory correction
using the GIRF method (Figure 5-4D) yields better image quality than the anisotropic gradient

delay model (Figure 5-4C), as can be easily seen in zoomed regions.

Figure 5-5 shows brain images from spiral SPACE with no concomitant field compensation
(top), with sequence-based concomitant field compensation (middle), or with full concomitant
field compensation (sequence and reconstruction, bottom). Signal loss and blurring artifacts are
substantially reduced when using sequence-based concomitant field compensation (zoomed
regions), and the residual blurring artifacts accrued during the readout can be further mitigated

through image reconstruction.
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Figure 5-4. Reconstructed images of a sagittal slice in a resolution phantom demonstrating the performance of
Maxwell compensation and trajectory correction on image quality (scan time: 2:27 min). (A) Image from spiral
SPACE without any compensation. (B) Image with Maxwell compensation only. (C) Image with Maxwell
compensation and trajectory correction using anisotropic delay model. (D) Image with Maxwell compensation and
trajectory correction using a GIRF model.

Figure 5-6 shows fully-corrected spiral SPACE images without echo-reordering (top) and
with echo-reordering (middle), compared to Cartesian SPACE images (bottom). Data after echo-
reordering and averaging was further normalized based on a simulated signal decay using EPG,
and the corresponding images show improved sharpness compared to those without echo-

reordering.
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No Maxwell compensation

Figure 5-5. Comparison of in vivo images using spiral SPACE with no Maxwell compensation (top), or with
sequence-based Maxwell compensation (middle), or with both sequence- and image reconstruction-based Maxwell
compensation (bottom) (scan time: 9:48 min). It can be clearly seen that there is regional signal loss and artifacts at
the top and bottom of sagittal and coronal slices where Maxwell gradients were strong, while there is global signal
loss and blurring for axial slices when the slices were far away from isocenter (zoomed regions).
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Spiral SPACE w/o echo-reordering

Figure 5-6. Comparison of in vivo fully-corrected images from another healthy volunteer using spiral SPACE without
echo-reordering (top), or with echo-reordering and signal normalization (middle), and Cartesian SPACE as the
reference (bottom) (scan time: 9:53 min). The images at the top look slightly blurred due to the initial signal decay
along the echo train, while those in the middle show improved sharpness with similar image quality compared to the
Cartesian counterpart (zoomed regions).
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Figure 5-7. Comparison of in vivo images from
fully-sampled data (top) and two-fold under-
sampled data (bottom), using spiral SPACE (left)
and Cartesian SPACE as the reference (right).
Total scan time was shown below on each image.
SNR of spiral versus Cartesian SPACE: ROI 1
(13.0vs. 10.9), ROI 2 (7.3 vs. 6.2).

Figure 5-7 displays the images reconstructed with fully-sampled (top, ~10 min scan time)
and 2X-undersampled (bottom, ~5 minute scan time) acquisitions by spiral SPACE (left) and
Cartesian SPACE (right). Apparent SNR measurements showed increased apparent SNR values

when using spiral SPACE over Cartesian SPACE (17.1 + 2.3% gain) for similar scan times.

5.4 Discussion and future work

This work introduces an alternative approach to Cartesian SPACE for 1 mm? isotropic whole brain
T»-weighted imaging on a high performance 0.55 T scanner. In this technique, the Cartesian
readouts are replaced by interleaved, rotated spiral-in-out trajectories, combined with a variable-
flip-angle refocusing train, echo-reordering, and concomitant gradient compensation. Parallel
imaging (PI) and compressed sensing (CS) are utilized for further acceleration. Compared to 3D-
Cartesian SPACE, this method can be leveraged to mitigate the lower SNR of 0.55 T via the

improved SNR efficiency of prolonged spiral trajectory sampling.
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The variable-flip-angle RF series play a significant role in extending the useable duration
of the echo train and maintaining the signal intensity by slowly increasing the refocusing flip
angles to against the signal decay mostly due to the T> relaxation. In this study, we generated two
versions of variable-flip-angle series shown in Figure 5-8A, and the corresponding signal pathways
of gray matter are shown in Figure 5-8B, of which the first has a higher signal amplitude around
the central portion of the echo train while the latter has a flatter shape across the echo train. Figure
5-8C and D shows the in vivo images obtained from these two sets of RF series, respectively. It
can be easily seen that image C has higher SNR over image D, mostly likely due to more signal
energy acquired by echoes from the first variable-flip-angle version. The drawback of the first
version compared to the second is it may induce image blurring because of a shorter signal plateau
followed by a faster signal decay; however, the blurring can be mitigated by using echo-reordering

and signal normalization as described before.

Concomitant gradient compensation is necessary for spiral TSE imaging to obtain high
quality images with minimal artifacts. As shown in this work, at low field systems, using spiral
gradient waveforms with a maximum amplitude of 25 mT/m and even a short (4.48 ms) readout
time will still produce unwanted concomitant gradients that cause severe image degradation.
Chapter 4 has presented several general strategies of concomitant gradient compensation methods
that can be applied to any type of spiral-based TSE acquisition. Based on that, this chapter
describes a special case that uses time-symmetric spiral-in/out readouts in 3D TSE/SPACE.
Because of the sampling scheme where in each echo train the spiral readout is the same, no
additional bipolar gradients are needed to be inserted into each echo, permitting a short ESP with
high scan efficiency. Furthermore, the symmetric property of the spiral-in/out readout enables

effective concomitant compensation for both self-squared and quadratic-cross terms by simply
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placing the spiral-in arms (the first half of spiral-in/fout arms) into the interval between the
excitation pulse and the first refocusing pulse, which in turn allows gradient overlapping to further
increase the scan efficiency regardless of the induced non-zero cross-terms concomitant phase

errors.

In this preliminary implementation, only three healthy volunteers were recruited for in vivo
validation; a larger study will be performed in the future. Parallel imaging and compressed sensing
enable further data acceleration for spiral SPACE. In this work, we used variable density spiral
trajectories and accelerated the data acquisition along the interleave domain. Note that the
acceleration can also be performed along the 3D-partition-encoding direction via parallel imaging
and/or partial Fourier reconstruction as in conventional Cartesian SPACE. Compared to the vendor
provided Cartesian SPACE which uses the GRAPPA acceleration method, the proposed spiral
SPACE shows obvious noise reduction yet with some image blurriness due to the L1-constraint.

Advanced image reconstruction may be applied to this method, such as deep learning based de-
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aliasing and/or de-noising which have shown superior image quality and less computational cost

compared to conventional image reconstruction methods.

5.5 Conclusion

In this chapter, we demonstrated a 3D spiral SPACE pulse sequence that incorporates variable flip-
angles with an echo reordering strategy, concomitant gradient compensation, and variable-density
undersampling for fast T.-weighted brain imaging at 0.55 T. This approach is an attractive

alternative to the conventional Cartesian SPACE for brain images with improved SNR efficiency.
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Chapter 6:  High spatiotemporal real-time cardiac MRI
using accelerated spiral-out and spiral-in/out bSSFP pulse

sequencesat1.5T

6.1 Introduction

Chapters 3 — 5 mainly described techniques of rapid spiral imaging for the application in T»-
weighted brain imaging. In Chapter 6, we will concentrate on another application which is

extremely time-sensitive: real-time cardiac cine imaging.

In clinical practice, cardiac magnetic resonance images are often acquired during a breath-
hold using an electrocardiography-gated (ECG-gated) balanced steady-state free precession
(bSSFP) pulse sequence with segmented Cartesian readouts.> While producing images with high
image quality and spatiotemporal resolution, this conventional method is time-consuming,
typically taking 5-6 minutes to cover the whole left ventricle and may be contaminated by ECG-
gating and breathing artifacts. Thus, real-time imaging that does not rely on cardiac gating or
breath-holding may be advantageous for patients with arrhythmias or who have difficulties in

holding their breath.?

Compressed sensing® (CS) has been widely used to accelerate data acquisition in real-time
imaging. By exploiting extensive spatiotemporal data redundancy, this technique allows highly
undersampled MRI data to be reconstructed without loss of information. Moreover, CS can be
extended to further increase imaging speed, for example, by combining it with parallel imaging®’
(P1) to exploit joint sparsity across images captured by multiple coils (e.g., k-t SPARSE-SENSE®

10), or by combining it with low-rank matrix completion to enable reconstruction of a matrix with

103



missing entries under low-rank and incoherent conditions (e.g., L&S™, L+S*). To date, the L+S
model has been investigated in several applications, including cardiac imaging!?®, speech
imaging®, and temperature imaging®®, for its ability to achieve good image quality with high

acceleration rates.

Since CS-based methods require a sparse representation, incoherent aliasing artifacts are
often generated via random undersampling of Cartesian k-space or the use of non-Cartesian
sampling patterns.® The achievable incoherence from a 2D Cartesian k-space trajectory, however,
is relatively low when compared to that from non-Cartesian trajectories. Therefore, non-Cartesian
bSSFP sequences, such as radial- or spiral-based trajectories, may improve real-time cardiac MRI
by using intrinsic variable density trajectories. Several investigators have demonstrated that
radial®1%-18 and spiral-out'®-?! sampling patterns inherently generate incoherent aliasing artifacts
and can achieve high acceleration capability when combined with advanced acceleration methods,

both due to their advantageous time-efficiency and inherent robustness to flow and motion artifacts.

In this work, two optimized spiral-based (spiral-out and spiral-in/out) bSSFP pulse
sequences were designed and combined with the reconstruction methods to produce highly
accelerated cardiac MRI under ungated free-breathing conditions.?>? A comparison of these
combinations was then conducted in normal volunteers. Finally, the proposed methods were
validated against a standard ECG-gated breath-hold cine sequence under whole heart coverage

short-axis views.

6.2 Methods

6.2.1 Pulse sequence design

Figure 6-1A shows the timing diagram of real-time spiral-based cine sequences within a single
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Figure 6-1. (A) Pulse sequence diagram showing the sampling strategy with the field map acquisition, dummy scan,
and dynamic data acquisition. (B) The field map and sensitivity maps were estimated using the fully sampled center
of k-space data collected from the field map acquisition. (C) Acquisition and reconstruction pipeline used for real-
time spiral cine imaging.

scan. A low spatial resolution field map was acquired before bSSFP module using spectral-
spatial®* RF water excitation pulses and two identical, single-shot fully sampled spiral-out arms
(green boxes) placed at two-TEs. Dummy cycles (yellow boxes) with a total number of 100 TRs
were then used to approach steady state magnetization.?® Immediately after the pre-scan, dynamic
data with a total of 320 spiral arms per slice were collected using a tiny golden angle rotation (blue

boxes). Interleaved, rotated spiral-out and spiral-in/out readouts were both evaluated in this study.

For spiral-out gradients, we generated a spiral-out arm constrained by the gradient
amplitudes and slew rates in a minimum time?8, along with the following rewinder gradients with
zeroth and first-order moments nulling via triangular gradients®°, as shown in Figure 6-2A. The
rewinder gradient was designed to overlap with the next slice-selection prewinder to shorten the
minimum TR. The resulting spiral-out readout was 1.28 ms in length. Figure 6-2B shows the

gradients for a spiral-in/out readout using the algorithm described in Ref. 19. Based on the
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symmetry of the readout (the preceding time-reversed spiral-in arm and the following spiral-out
arm), the spiral-infout prewinder and rewinder waveforms were designed to overlap with the
current slice-selection rewinder and the next slice-selection prewinder gradients, respectively. This
property enables a shorter TR or a longer spiral readout compared to the spiral-out trajectory in
which the overlap is only feasible on one side. Here, we fixed the TR and chose a longer spiral-

infout readout in our experiments. The resulting spiral-in/out readout was 2.04 ms in length.

Both fully sampled spiral-out and spiral-in/out trajectories contained 64 arms, with a
variable sampling density spiral (VDS) using dual-density from 1.5x to 0.3x Nyquist for the
spiral-out readout and from 2.3x to 0.4x Nyquist for the spiral-in/out readout. The radius of the
density transition was set to be one third of the k-space. Eight sequential arms were combined to
reconstruct each cardiac frame with an acceleration ratio of eight. Among interleaves tiny golden-
ratio angle increments were used for both spiral-out and spiral-infout cines to reduce phase
disturbances induced by eddy currents in bSSFP acquisition. Tiny golden angles were defined

using the golden ratio T = (1 + V/5)/2 and the sequence
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T

le_sym = N =1,2,.., (6-1)

T+N-1’

for symmetric center-through trajectories such as spiral-infout.?” For asymmetric trajectories such

as spiral-out, the angle sequence was

27

le_asym = N =1.2,... (6-2)

T+N-1’

Here we used the golden angle of 23.63° and 47.26° for the spiral-in/out readout and the spiral-out
readout, respectively. The number of slices varies from 10 to 15 depending on the size of the heart.
The total acquisition time was 2-3 s per slice in vivo experiments. Other sequence parameters are

given in Table 6-1.
6.2.2 Analysis of point spread functions

Point spread functions (PSFs) of spiral-out and spiral-in/out sampling patterns were both computed
for each time frame with eight spiral arms per frame. The maximum intensity projection (t-MIP)?
over the time domain was computed from each series of a total of 80 PSFs. The sidelobe-to-peak

ratio (SPR)® was then calculated for each trajectory using Equation 6-3 as follows:

_ PSF; j )
SPR = nl.lfjx( PFur )- (6-3)

6.2.3 System imperfections

In spiral imaging, k-space infidelity may cause image blurring or distortion'®2°%,_ In this paper,
both the spiral-out and spiral-infout readouts were calculated by the model-based k-space
trajectory estimation®®3°, Off-resonance effects may also cause severe banding artifacts and image

blurring. In this work, a Siemens cardiac shim package was used to improve field homogeneity,
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Resolution

Sequences FOV (mm?) TR/TE (ms) FA GA Spiral density  # Interleaves ~ Spatial (mm®)  Temporal (ms)

spiral-out cine 330330 4.48/1.05  60°  47.26° 1.5x - 0.3x 8 1.50x1.50% 8 36
spiral-in/out cine 330330  4.44/222 60°  23.63° 2.3x - 0.4x 8 1.51x1.51x8 36
standard breath-hold cine ~ 330x330 2.7/1.2 60° - - 108 1.50x 1.50x 8 40

Table 6-1. Sequence parameters for the real-time spiral-out bSSFP cine, the spiral-infout bSSFP cine, and
the standard ECG-gated, breath-hold Cartesian bSSFP cine.

and time-optimized gradients were designed to achieve a TR of less than 5 ms for both spiral cine

sequences, along with a linear off-resonance correction®.
6.2.4 Image reconstruction

The image reconstruction pipeline is shown in Figure 6-1B-C. Coil sensitivity maps were
calculated from the fully sampled field map data using ESPIRiT32. The L+S reconstruction was
implemented using a temporal total-variation (TTV) operator as the sparsifying transform. The
regularization parameters for the low-rank term (1,) and the sparse term (As) were determined by
comparing the resulting image quality for a series of testing values. For simulated datasets,
regularization parameters were chosen by evaluating the normalized root mean square error
(NRMSE) and structural similarity index3 (SSIM); for in vivo datasets, parameters were chosen
based on the qualitative assessment of the residual aliasing artifacts and visual temporal blurring
(see Figure 6-3). For comparison, the CS method was implemented by a similar methodology for
parameter selection and by directly enforcing the sparsity on the original matrix, A view-sharing

(VS) reconstruction method was also used for reconstruction comparison.

All computations were performed offline in MATLAB (R2020b software; MathWorks,

Natick, MA). The NUFFT operator** was utilized for spiral image reconstruction, and the
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Figure 6-3. Reconstructed images of a given cardiac frame using different values of 4, and Ag. The image
quality of resulting images is sensitive to the parameter selection, especially when selecting the A4, parameter. At 4,
=0.05 and Ag = 0.0005 (red box), the image has the lowest aliasing and temporal blurring artifacts.

proximal optimized gradient method*® (POGM) was used for fast L+S iterative convergence. The
parameters A; of 0.05 and Ag of 0.0005 were determined for the in vivo L+S images, while a Ag of

0.0005 was chosen to reconstruct the in vivo CS images.
6.2.5 Simulations

A simulation experiment was performed using the numerical cardiac phantom MRXCAT?. Fully
sampled Cartesian images were retrospectively undersampled by a factor of eight using two spiral-
based undersampling patterns. Image reconstruction was performed using multi-coil CS, and L+S

with regularization parameters selected by the aforementioned methodology. NRMSE and SSIM
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values were then calculated for both of these two spiral trajectories along with reconstruction

methods, to the fully sampled image as a reference.
6.2.6 In vivo experiments

All in vivo studies were performed ona 1.5T scanner (MAGNETOM Avanto, Siemens Healthcare,
Erlangen, Germany) with a 32-channel anterior-posterior surface coil array. Seven healthy
volunteers (five males and two females) participated in this work with written informed consent
prior to the experiment. Whole-heart coverage short-axis views were imaged by these two real-
time spiral cine sequences under an ungated, free-breathing condition, and by the standard ECG-
gated Cartesian cine sequence during a breath-hold as a reference. For each set of experiments, the
three pulse sequences were run consecutively at the same image plane with the same cardiac

shimming settings. The relevant parameters for this standard technique can be found in Table S1.
6.2.7 Image assessment

A blind rating of the diagnostic quality of cine datasets (n = 7) was performed by two cardiologists,
with a 1 (nondiagnostic) - 5 (excellent) scale. Differences in qualitative image quality ratings for
real-time spiral bSSFP cines along with image reconstruction methods were analyzed, followed
by pairwise comparisons using the Wilcoxon signed rank test. Furthermore, to validate the
proposed two real-time spiral cine sequences with the L+S reconstruction method against the
standard breath-hold Cartesian cine sequence, short-axis movies from all the subjects were then

rated and compared, as well.

A quantitative calculation of image contrast between the blood pool and the myocardium
was performed, and a similar method described in Ref 17 and 21 was used to measure the average

blood pool and myocardial signal intensity in the end-diastolic midventricular image for each
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subject. Edge sharpness (mm™) was also calculated in every cardiac phase of the midventricular
orientation.!’-?! Differences in image contrast and mean edge sharpness for the two real-time spiral
cine techniques with L+S reconstruction and the standard cine sequence were analyzed, and

pairwise comparisons were then implemented via the Wilcoxon signed rank test.
6.2.8 Ejection fraction calculation

The left ventricular end-diastolic volume (LV EDV) and end-systolic volume (LV ESV) were
measured, and the left ventricular ejection fraction (LV EF) was then calculated for the real-time
spiral cines and the standard cine. The agreements in LV EF between the proposed methods and

the reference were calculated using a Bland-Altman analysis.

6.3 Results

6.3.1 Simulations

Figure 6-4 shows that for spiral-in/out cine, its maximum aliasing (SPR: 0.074) is lower within a
circular region near the PSF peak, compared to that from spiral-out cine (SPR: 0.098). For a fixed
TR, a longer spiral-in/out readout shows a higher level of incoherence than the spiral-out readout,

which results in improved characteristics for sparse image reconstruction.

Figure 6-5 shows the numerical phantom images and the x-t profiles reconstructed from
the spiral-out and spiral-in/out readouts using CS and L+S reconstruction methods, and the fully
sampled image as the reference. The results indicate that all methods lead to a high SSIM value (>
0.90) and a low NRMSE value (< 3%). Among these methods, the spiral-infout cine with L+S
method has the lowest-intensity image artifacts (red arrows) and maintains the best temporal

information (green arrows).
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6.3.2 In vivo studies

Figure 6-6 shows end-diastolic and end-systolic frames from one short-axis ungated, free-
breathing experiment using spiral-out (left) and spiral-in/out (right) bSSFP sequences with VS
(top), CS (middle), and L+S (bottom) reconstruction methods. The images use a cropped view
containing mainly the heart. The x-t profiles show the reconstructed images along the profile
denoted by the dashed line. The results from VS show obvious noise-like aliasing artifacts, while
those from CS and L+S both demonstrate clear image quality improvement, and the L+S method
performs best, in terms of artifacts (red arrows) and temporal details (green arrows). The

corresponding image ratings are shown in Figure 6-7.

Figure 6-8 shows images from one healthy volunteer using spiral-out cine (top) and spiral-
infout cine (middle) with L+S reconstruction, and the standard Cartesian cine (bottom). Fine
papillary muscles (red arrows) are clearly visualized in ventricles in images from the real-time

spiral cines. Green arrows pointing to x-t profiles demonstrate the preserved temporal fidelity of
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Figure 6-7. Image quality ratings among all subjects (n = 7). The bar plot shows the scores for images from the spiral-
out cine (A) and from the spiral-in/out cine (B) using VS, CS, and L+S. All scores were graded in a blinded fashion
by two cardiologists, each scored from 1 to 5 (worst to best). Asterisks indicate a significant difference (p < 0.05).

these two real-time spiral cine techniques with a slight difference compared to that of the standard

Cartesian cine, potentially due to the through-plane respiratory movement in real-time techniques.

Figure 6-9 shows representative sets of short-axis cine images from one healthy volunteer,
using real-time spiral-out and spiral-infout bSSFP sequences with L+S reconstruction, and the
breath-hold reference. Both of the spiral-based sequences produce overall good diagnostic image
quality (3.8 + 0.8 for spiral-out cine and 3.9 + 0.7 for spiral-in/out cine), while the spiral-in/out
cine shows a visually better image contrast between the blood pool and the myocardium than the
spiral-out cine (3.8 + 0.6 versus 2.9 + 0.5). Edges were sharper in standard cine images (0.69
+0.14) compared to spiral-out cine images (0.58 + 0.13) and spiral-in/out cine images (0.59 +
0.13). The standard breath-hold images (bottom row) show blurring artifacts, potentially because
of a poor ECG-trigger signal. The comparison of the global image quality, the measured image

contrast, and edge sharpness among techniques can be seen in Figure 6-10.
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end-diastole end-systole x-t profile

spiral-out cine

reference

Figure 6-8. Comparison of reconstructed cardiac frames from a healthy volunteer using free-breathing spiral-out cine
(A-C), free-breathing spiral-in/out cine (D-F), and standard breath-hold Cartesian cine (G-1). The spiral images were
reconstructed using the L+S method. End-diastolic and end-systolic images are shown in the first and second columns,
respectively. The white dashed line represents the location used to derive the x-t profile. Red arrows point to structures
that show fine papillary muscles in ventricles, while green arrows indicate the preserved temporal fidelity. The spiral-
infout bSSFP images show closer image contrast between the blood pool to myocardium to that of standard Cartesian
cine images than the spiral-out bSSFP images.
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Figure 6-9. Comparison of short-axis cardiac images from free-breathing spiral-out (left column), free-breathing
spiral-infout (middle column), and standard breath-hold Cartesian cine (right column) in one healthy volunteer. For
each method, four slices at end diastole (left) and end systole (right), from apex (bottom) to base (top) are shown.

The Bland-Altman plots show the comparison of LV EF between Cartesian cine and the
spiral-out cine (Figure 6-11A), and between Cartesian cine and the spiral-in/out cine (Figure 6-
11B). The mean differences in LV EF were -1.5% and -1.6% for the spiral-out cine and spiral-
infout cine, respectively, compared to the breath-hold reference. There was no statistical
significance among these three methods (p > 0.1), establishing the accuracy of estimating LV EF
using these two real-time spiral cine techniques. There was no significant difference in mean LV
EDV (p > 0.1). However, the mean LV ESV was significantly overestimated (p < 0.05) using both
of the real-time spiral cine techniques compared to those using the conventional breath-hold cine

(see Table 6-2).
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standard deviations. Asterisks indicate a significant difference (p < 0.05).
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Figure 6-11. Bland-Altman plots of LV EF for the subjects with whole-heart coverage. (A) Bland-Altman plot of EF
calculated from the standard Cartesian cine results and the spiral-out cine results. Mean = (Cartesian cine + spiral-out
cine)/2, Difference = Cartesian cine - spiral-out cine. (B) Bland-Altman plot of EF calculated from the standard
Cartesian cine results and the spiral-in/out cine results. Mean = (Cartesian cine + spiral-in/out cine)/2, Difference =
Cartesian cine - spiral-infout cine. Spiral images were reconstructed using the L+S method.
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Table 6-2. Comparison of the averaged
spiral-outcine  spiral-infout cine  standard breath-hold cine LV EDV, LV ESV, and LV EF among
spiral-out cine, spiral-in/out cine, and the

LV EDV (mL + + + -

() 152:£35 15438 15631 standard breath-hold cine. + means
LV ESV (mL) 57T+17 58+ 19" 53+ 14" standard deviation. * and ** mean the
LV EF (%) 60+6 61+7 63+5 matched pairs are statistically significant

(p <0.05).

6.4 Discussion

In this chapter, we developed and validated both spiral-out and spiral-infout bSSFP sequences
combined with a L+S reconstruction method to achieve highly accelerated, ungated, free-breathing
real-time cine with 1.5 mm in-plane isotropic spatial resolution and 36 ms temporal resolution.
The total scan time for whole LV coverage was greatly reduced from approximately 5~6 minutes
with multiple breath-holds to 30~45 seconds with continuous scanning during free-breathing. The
performance of these two sequences for cardiac function was compared to the standard Cartesian
cine using protocols with similar spatiotemporal resolution, demonstrating there was good
agreement for LV EF calculation between real-time spiral techniques and the conventional breath-

hold Cartesian cine.

k-Space misregistration in spiral imaging due to gradient infidelity affects the image
quality of spiral images, especially for cardiac scanning with oblique slice orientations. In our
implementation, anisotropic gradient delays for each axis were calculated, along with eddy current
coefficients for estimating the actual k-space trajectories. These measured system parameters need
to be calibrated once and can then be used for future scans.'®3° By inhomogeneities degrade spiral
images. In this work, short spiral readouts with acquisition windows of less than 2.5 ms resulted
in acceptable blurring artifacts which were further reduced by a simple linear off-resonance

correction.
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Spiral k-space scanning has been previously investigated for accelerating ungated, free-
breathing cardiac imaging, either with spoiled gradient echo (GRE) sequences**2® or with bSSFP
sequences®’. A GRE strategy may have certain advantages over bSSFP acquisition for its
insensitivity to off-resonance effects, allowing a longer spiral readout for a more efficient sampling;
however, image contrast of GRE images between the blood pool and the myocardium is inferior
compared to that of bSSFP images, which may lead to difficulty and inaccuracy in demarcation of
the endocardial surface when calculating LV EF. Steeden et al.?! used a short uniform density
spiral-out (UDS) trajectory with a zeroth order moment rewinder to reduce the off-resonance
effects in bSSFP sequences, yet this approach limits its spatial resolution due to a relatively low
sampling efficiency within each TR. The unbalanced first moment of the readout gradient may
also induce undesirable phase-related in-plane motion and inflow artifacts®. In this work, a VDS
design instead of the UDS design was used for both spiral-out and spiral-in/out trajectories, which
has been demonstrated to suppress udersampling aliasing artifacts*>“° by sampling more at the
center but less at the outer portion of k-space, thus increasing the level of incoherence that is
important for CS-related approaches. Furthermore, the spiral-out trajectory was designed with
time-optimized first-order moment nulling gradients and the spiral-in/out trajectory has intrinsic
first-order compensation via symmetry, with each resulting in better flow artifact suppression than
a spiral trajectory with zeroth order compensation only. Comparing these two spiral-based cine
sequences, the refocusing mechanism of the spiral-in/out readout, similar to that in the Cartesian
readout, may account for a better image contrast compared to the spiral-out readout, because the
signal at the middle of TR has more T»-weighted refocused spins. In this study, the real-time spiral-
infout cine with L+S image reconstruction produced the closest image quality to that of the

standard ECG-gated, breath-hold Cartesian cine, in terms of image contrast and spatiotemporal
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standard ECG-gated, breath-hold Cartesian cine, in terms of image contrast and spatiotemporal

resolution.

This work has several limitations. The main limitation is that no patients were studied, so
a patient study is needed for clinical validation of the proposed real-time spiral cine methods. For
example, patients with arrhythmia, which may produce inferior image quality associated with
irregular ECG signals used in conventional Cartesian cine, can be recruited for clinical evaluation.
Second, the comparison of LV EF values among methods validated that these two real-time spiral
cine sequences achieved good agreement in the accuracy of LV EF quantification, but a larger
study could provide a more reliable analysis of functional parameter quantification. Third, end-
diastolic and end-systolic frames from real-time spiral cine scans without ECG gating may not be
matched to the same time points from the standard ECG-gated cine scans. The frame mismatch
problem becomes more severe when imaging subjects with variable breathing patterns, although
in general, free-breathing induced through-plane motion seems to have an acceptable effect on the
LV EF guantitative measurements. One simple solution to minimize this discrepancy is to perform
real-time cine with 3-4 s short breath-holding, but this study did not explore this. Fourth, the
computational cost for offline image reconstruction in MATLAB is currently around 2~3 minutes.
Optimizing the code and implementing the pipeline in C++ may enable real-time image

reconstruction on commercial scanners.

6.5 Conclusion

In this chapter, two spiral-based (spiral-out, spiral-infout) bSSFP sequences with low-rank plus
sparse image reconstruction were presented for highly accelerated real-time cine to evaluate the

cardiac function. These methods demonstrated cardiac cine imaging without ECG gating during

121



free breathing with diagnostic image quality in normal volunteers, suggesting the potential for

clinical real-time cardiac MR imaging.
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Chapter 7:  Conclusion

7.1 Summary

Rapid MRI is always an active research area as researchers seek to increase the effectiveness of
MRI techniques, including efforts to reduce the scan time and to improve patient comfort. As
stated in the introduction chapter of this dissertation, we aimed to explore techniques in rapid spiral
imaging and applications for fast T.-weighted imaging and real-time cardiac cine imaging. The
work of this dissertation concentrates on novel pulse sequence design, trajectory design, as well as

strategies of system imperfection correction and image reconstruction.
The main contributions of this dissertation are summarized as follows:

1. Design and analysis of 2D TSE with annular spiral-rings and retraced in/out
trajectories. In Chapter 3, a thorough design of 2D TSE with the spiral-ring trajectory
was developed and implemented for fast To-weighted brain imaging. Key properties of
the spiral-rings with retraced in/out trajectories were investigated and compared to the
previous annular spiral-ring technique, including T. decay effects, off-resonance
modulation, trajectory infidelity, and scan/SNR efficiency. Simulation, phantom, and
in vivo experiments were performed for validation.

2. Compensation of Bo inhomogeneity for 2D TSE with annular spiral-rings. The
retraced in/out design enables self-compensation for modest off-resonance effects from
Bo inhomogeneity. A complete correction of Bg inhomogeneity was employed by using
semi-automatic conjugate phase reconstruction with a maximum energy objective
function. Experimental results showed that this approach performed well in most

regions of brain, except some areas near air/tissue boundaries.
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3. Design and implementation of 3D TSE/SPACE with spiral-in/out trajectories. In
Chapter 5, 3D SPACE with prolonged spiral-in/out readouts was realized at 0.55 T for
1 mm?3 isotropic T.-weighted brain images. The implementation includes RF series with
redesigned variable-flip-angles, echo-reordering for a smooth signal pathway along the
echo train direction, and PI/CS for accelerating data acquisition. Phantom and in vivo
experiments were performed for validation.

4. Compensation of concomitant fields for 2D/3D spiral TSE. Chapter 4 proposed
compensation principles which can be extended to correct for trajectories that are time-
varying and asymmetric along the echo train in TSE-based imaging, while Chapter 5
depicted a special case for TSE with time symmetric spiral-in/out trajectories. Both of
these chapters described the thorough analysis of concomitant field effects on 2D/3D
TSE imaging, as well as the approaches of sequence modifications and image
reconstruction to correct for the phase errors induced by concomitant fields along the
echo train and during the readout.

5. Design and optimization of accelerated spiral-out and spiral-in/out bSSFP cine
sequences. In Chapter 6, the feasibility of spiral-out and spiral-in/out bSSFP with high
acceleration ratio was explored for real-time cardiac function MRI, and the comparison
of spiral bSSFP cine against the standard Cartesian cine was performed in in vivo
experiments. The results demonstrated that both spiral bSSFP sequences showed

clinical acceptable images as well as the accuracy of cardiac function.
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7.2 Potential future directions

7.2.1 Rapid and simultaneous acquisition of T>-weighted and fluid-attenuated

inversion recovery (FLAIR) images

To-weighted and FLAIR pulse sequences are standard protocols for neuroimaging because of the
high sensitivity for many brain lesions. The combination of these two techniques further improves
lesion conspicuity, such as for multiple sclerosis! and demyelination. However, producing both
of these image contrasts with high spatial resolution is time-consuming, typically taking 5-7
minutes, and sequential imaging may also be affected by motion artifacts and may require

additional image registration for quantitative analysis.

In Chapter 3, we have demonstrated that SPRING-RIO TSE offers benefits of SNR
efficiency and image contrast over the conventional Cartesian counterpart.® In this section, we seek
to extend this idea to speed up acquisition time for combined T>-weighted/FLAIR imaging by
replacing the Cartesian sampling in FASCINATE* with a more efficient spiral-ring acquisition
strategy. A simplified timing diagram of the pulse sequence is depicted in Figure 7-1. The boxes
with stripes show slices for the T>-weighted acquisition, while the open boxes show slices for the
FLAIR acquisition. The time interval between boxes with the same number is set to TI. A 180°(y)-
90°(x) RF pair is applied only at the end of the echo train for boxes with stripes to achieve driven

inversion.

Preliminary fully-sampled in vivo images in Figure 7-2 show a comparison between
Cartesian TSE and the T»-weighted acquisition of the proposed method, and between Cartesian
FLAIR and the FLAIR acquisition of the proposed method. The T»-weighted images from the

proposed method show good consistency with those from Cartesian TSE, in terms of image quality
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Figure 7-1. Pulse sequence diagram showing the sampling strategy, including the time-multiplexed multi-slice
scheme, SPRING-RIO TSE data acquisition, and driven-inversion RF pulses.

and image contrast. The FLAIR images from both of these methods show good CSF suppression
and similar image quality, although there is a slight difference in the WM/GM contrast, mainly
due to somewhat different imaging parameters used for these two methods, such as the echo time.
The total scan time is 1:10 min for Cartesian TSE, 3:55 min for Cartesian FLAIR, and 1:45 min
for the proposed method. Overall, the results show that this method achieves T,-weighted and
FLAIR images at 0.7 x 0.7 x 4 mm? spatial resolution per slice in a single sequence with a 65%

scan time reduction relative to sequential Cartesian acquisitions. Limitations includes:

1. It may fail to nullify the CSF and suffer from flow artifacts in some imaging regions of fast
CSF flow, due to the use of a thin slice-selective pulses.
2. The effect of stimulated echoes during the acquisition windows is not considered in the

signal model, and increasing the ETL and the use of a reduced refocusing flip angle may
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Figure 7-2. Comparison of in vivo images acquired using standard Cartesian TSE for T,-weighted images, Cartesian
FLAIR for fluid-attenuated images, and the proposed method for both the T2-weighted and fluid-attenuated images.

further increase the contribution of the stimulated echoes. Future work will focus on a more

complex signal model and the optimization of scan parameters.
7.2.2 Distortion- and motion artifact-free single-shot diffusion imaging

Diffusion-weighted pulse sequences are routine MRI protocols for neurological and oncological
imaging, including, but not limited to, acute stroke and tumors.>® The combination of single-shot
spin-echo acquisition and an EPI readout (~100 ms per slice) enables fast diffusion-weighted

imaging with minimal motion artifacts. However, the long EPI readout duration presents
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challenges for imperfections, such as Bo-inhomogenity induced geometric distortions and ghosting
artifacts, thus limiting its use for some clinical applications (e.g., tumor delineation for radiation
therapy). Multi-shot (MS) DW-EPI is a means to improve geometric fidelity®, yet shot-to-shot
phase inconsistency caused by physiological motion (e.g., cardiac pulsation) and system
imperfections can lead to substantial signal dropouts and artifacts, which require additional motion

information to suppress and cannot always be easily corrected by a phase-correction method.’8

TSE acquisition® uses a series of refocusing RF pulses that split long sampling trajectories
(e.g., a spiral readout) into small portions of k-space coverage to suppress effects of Bo-
inhomogenity. However, incorporating diffusion gradients into a TSE acquisition is not
straightforward because of the CPMG condition.® In this section, we seek to utilize a diffusion-
prepared approach'®'! combined with SPRING-RIO TSE imaging for single-shot diffusion
imaging, as well as gradient stabilizers to correct for magnitude inconsistency associated with the

preparation module.

A schematic of the SS-DP-SPRING TSE sequence is depicted in Figure 7-3. The diffusion-
prepared (DP) module consists of Stejskal-Tanner monopolar diffusion gradients and one
magnitude stabilizer (~4m dephasing) along the slice-select direction, followed by a 90 tip-up RF
pulse that flips the diffusion-encoded signal back to the longitudinal axis. Large spoiler gradients
(~2X larger than stabilizers) are added immediately after the diffusion-prepared module and before
the following TSE acquisition. Rephasing and dephasing gradients are inserted before and after
each echo during the spiral-ring readout to form the echo and distribute the magnetization,
respectively. The added stabilizers offer the benefit of converting the magnitude-modulated signal

loss into a phase-modulated problem?®, at the cost of 50% SNR loss. We further adopt a single-shot
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Figure 7-3. Sequence diagram of single-shot diffusion-prepared (DP) spiral-ring (SPRING) TSE with gradient
stabilizers (blue trapezoids: diffusion gradients, orange trapezoids: magnitude stabilizers, striped trapezoids: spoiler
gradients).

acquisition approach, so there is no need of additional phase correction which may not completely

resolve phase inconsistencies among shots.

The central spiral-in-out ring is placed at the first echo of the TSE acquisition to obtain a
short TE (~11 ms). Ten spiral-rings with linearly decreasing sampling density, from 1 to 0.2, are
designed for 1.25 mm? isotropic in-plane resolution, with a total acquisition time of 110 ms. The
duration of diffusion gradients is 12 ms with 71 mT/m amplitude for an estimated b-value of 750
s/mm?, yielding a total duration of 35 ms for the DP module. The slice-thickness of the sinc RF
pulses used in the DP module is 1.5X larger than that of the TSE acquisition to mitigate flow-
related and cross-talk artifacts. To demonstrate the efficiency of stabilizers combined with the
single-shot theme, we test SS-DP-SPRING TSE without stabilizers and with stabilizers and
compared it to 2-shot DP-SPRING TSE with stabilizers. For image reconstruction, NUFFT*? and

L1-ESPIRIT® were performed on the undersampled datasets.

Figure 7-4 demonstrates the performance improvement for the proposed SS-DP-SPRING
TSE with magnitude stabilizers (top) compared to that without stabilizers (middle) and for 2-shot

DP-SPRING TSE with stabilizers (bottom). All images were reconstructed using NUFFT.
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Single-shot DP-SPRING TSE w/ stabilizers

T2w DW along X DW along Y DW along Z

Figure 7-4. In vivo brain images showing the stability of image quality from the proposed single-shot DP-SRPING
TSE sequence with magnitude stabilizers (A-D) over single-shot DP-SRPING TSE without stabilizers (E-H) and a 2-
shot DP-SRPING TSE sequence with stabilizers (I-L). Note that all images were reconstructed via NUFFT, and
images E-H have theoretical 2X SNR higher than other images. (NSA = 1).

Unpredictable severe bands of signal loss can be seen in Figure 7-4F-G from SS-DP-SPRING TSE
without stabilizers when the diffusion gradient is on. When using a 2-shot acquisition, artifacts
and signal cancellation are obvious as shown in Figure 7-4L, because of cardiac pulsation, when
the diffusion gradient is along the head-foot direction. Image degradation attributed to magnitude
or phase modulation is substantially reduced when applying magnitude stabilizers with the single-

shot.

Figure 7-5 shows examples of estimated ADC maps along three main diffusion directions

and the mean ADC values, acquired by SS-DP-SPRING TSE with magnitude stabilizers and L1-
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Figure 7-5. Example of single-shot in vivo results showing images at b-values of 0 (A, 1) and 750 s/mm? (B-D, J-L),
ADC maps for three main directions (F-H, N-P), and mean ADC maps (E, M), acquired from SS-DP-SPRING TSE
with magnitude stabilizers (A-H) and SS-DW-EPI (1-P). The conventional T2w image on the right is considered the
anatomical reference. Red arrow points to distortion and artifacts in SS-DW-EPI. (NSA = 4 for SS-DP-SPRING TSE,
2 for SS-DW-EPI.)

ESPIRIT reconstruction (top) and SS-DW-EPI (bottom). A T>-weighted Cartesian TSE image is
used for anatomical reference. The proposed method shows similar ADC maps compared to the
SS-DW-EPI counterpart, while distortion and signal pile-up artifacts are clearly seen in EPI images

(e.g., red arrow). Limitations include:

1. Some slices from SS-DP-SPRING TSE show residual image artifacts (not shown here),
likely due to the system imperfections such as the slice profile of the slice-select tip-
up/down and the refocusing RF pulses used in the DP module; future work is warranted to

investigate this issue.
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2. Resolution is relatively low; future work may explore approaches for increasing the spatial
resolution in DW images.
3. Diffusion tensor imaging (e.g., fractional anisotropy map) will be performed in the future

study for validation.
7.2.3 Spiral-in-out bSSFP real-time cine at 0.55 T low-field scanner

Chapter 2 has described that bSSFP is the standard sequence for assessing cardiac function because
of its short acquisition time and high blood-myocardium contrast!*. However, off-resonance phase
accrual can produce undesirable banding artifacts in bSSFP, which limits the TRto 3~4 msat 1.5
T and even shorter at 3 T. Cardiac MRI at low field has recently gained increasing interest*>8,
due to its more homogeneous By field, which may extend the TR to 6 ~ 8 ms to improve sampling
efficiency in bSSFP imaging. Therefore, low field offers great advantages for SNR-efficient

acquisitions such as spiral and EPI trajectories with a longer readout in cardiac imaging*’8

As discussed in Chapter 6, we introduced and compared spiral-out and spiral-in/out bSSFP
sequences'®? for accelerated real-time cardiac MRI at 1.5 T. The results demonstrated that a
spiral-in/out bSSFP sequence combined with a L+S reconstruction?! yields ungated cardiac movies
with high image quality and minimal temporal blurring and can be an alternative to gated and
breath-held CINE for the assessment of cardiac function. In this section, we seek to develop a
spiral-in/out sequence with an extended TR to acquire real-time spiral cine at 0.55 T with high

temporal resolution (~ 36 ms) and spatial resolution (~ 1.7 mm) within three seconds.

The sequence diagram shown in Figure 6-1 is used for data sampling. TR is set to 6 ms
with a prolonged readout length of 4 ms. A total of 384 spiral arms per slice are collected using a

tiny golden angle rotation (blue boxes), with six spiral-in/out readouts reconstructed for each
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cardiac frame. All of the experiments were performed on a 0.55 T scanner (prototype
MAGNETOM Area, Siemens Healthcare, Erlangen, Germany) with high gradient performance
(maximum gradient amplitude = 45 mT/m, maximum slew rate = 200 T/m/s). Institutional review
board approval and written informed consent were obtained for human studies. For each healthy
volunteer, a midventricular short-axis view and a horizontal long-axis view were imaged under
breath-held and free-breathing conditions. For each set of experiments, the spiral-in/out bSSFP

cine and Cartesian cine were run consecutively at the same image plane.

Figure 7-6 shows systolic and diastolic frames from the free-breathing spiral-in/out bSSFP
sequence combined with L+S (right), and from the standard breath-held Cartesian bSSFP cine
sequence (left). The result demonstrates that even using longer TR in bSSFP imaging, Bo
inhomogeneity-induced artifacts, such as banding and blurring, are not evident at 0.55 T after good

cardiac shimming. Limitations include:

1. The proposed method yields a relatively smooth transition between the end of systole and
the end of diastole compared to the standard method.

2. Lengthening the TR to 6.5 ms or more may lead to an increase in pulsatile flow artifacts,
especially in slices where the aortic pulsation is strong.

3. Visual assessment and quantitative functional measures such as LV ejection fraction are

not performed, and no patient is recruited for clinical validation.
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