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Abstract

First-pass adenosine stress cardiac magnetic resonance (CMR) perfusion imaging
is a promising modality for evaluating coronary artery disease (CAD) and is capable of
providing comprehensive assessment of ischemia, function, and scarring'-®. Measuring
the extent of ischemic myocardium accurately has important implications in determining
patients that may benefit from revascularization’. The absolute quantification of perfusion
reserve (PR) by CMR with whole heart coverage may more accurately reflect the extent
of ischemia as compared to the relative assessment provided by SPECT?®. However,
current CMR perfusion techniques are limited by spatial coverage and dark-rim artifacts
(DRA) which may be mistaken for true perfusion abnormalities resulting in false positive

studies®12,

Spiral imaging trajectories are robust to motion, have high signal-to-noise ratios
and are superior data acquisition efficiency compared to standard Cartesian trajectories.
These advantages could help to reduce DRA artifacts which are known to be exacerbated
by low spatio-temporal resolution®. Recent studies have demonstrated excellent image
guality and high diagnostic accuracy of first-pass adenosine stress perfusion imaging
using an optimized spiral pulse sequence!3. However, this sequence was only capable of
imaging 3 short-axis slices at heart rates up to 110 BPM without absolute quantification.
Considering that greater than 10 million stress tests are performed in the US alone,
improvements in the accuracy of non-invasive assessments of CAD could significantly

reduce health care costs resulting from incorrect diagnoses. Therefore, we hypothesize



that whole-heart absolute quantification of perfusion using spiral trajectories can provide
high quality images to detect small perfusion abnormalities and accurately assess the

extent of ischemia. This hypothesis will be tested by the following specific aims:

Specific Aim #1 is to develop a 2D multi-slice spiral perfusion pulse sequence
with whole heart coverage. (a) Design a spiral pulse sequence to achieve whole heart
coverage. (b) Characterize the performance of different spiral trajectories and k-t
sampling patterns for parallel imaging and compressed sensing reconstruction. (c)
Perform retrospective reconstructions to validate the spiral trajectories and k-t sampling

patterns. (d) Apply the sequence in clinical subjects.

Specific Aim #2 is to develop a reduced field-of-view (FOV) whole-heart coverage
single-shot excitation spiral perfusion pulse sequence with outer volume suppression
(OVS). (a) Design a 2D OVS pulse and validate its performance in phantom experiments.
(b) Incorporate 2D OVS into the single-shot excitation spiral pulse sequence. (c) Compare
the rFOV single-shot excitation perfusion sequence with normal FOV single-shot

perfusion sequence in clinical patients.

Specific Aim #3 is to develop a quantitative spiral perfusion sequence with
validation in phantoms and clinical patients. (a) Design a quantitative dual-contrast spiral
perfusion sequence to quantify myocardial blood flow. (b) Validate the sequence in
gadolinium phantoms and healthy volunteers. (c) Quantify absolute myocardial perfusion

in patients with suspected CAD at both rest and stress.
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Chapter 1: Introduction

1.1 Coronary Arterial Disease

Coronary artery disease (CAD), also known as ischemic heart disease, is the most
common type of heart disease in the United States. According to the Heart Disease and
Stroke Statistics-2016 update report from the American Heart Association, an estimated
15.5 million Americans greater than 20 years of age have CAD and it is responsible for 1
in every 7 deaths in the United States in 20134, Projections show that by 2030, the

prevalence of CAD will increase an additional 18% from 2013 estimates4.

The estimated direct and indirect cost of heart disease from 2011 to 2012 was
$207.3 billion. CAD was the 2" most expensive hospital primary discharge diagnosis in
2011, accounting for $10.4 billion. This cost is projected to increase by 100% between

2013 and 2030%°,

Catheter-based invasive x-ray angiography, the clinical gold standard for diagnosis
of CAD, is performed more than a million times per year. However, recent retrospective
analysis of the CathPCl Registry of the National Cardiovascular Data Registry
demonstrated that only 38% of 397,954 patients without known heart disease who
underwent elective invasive angiography had obstructive CAD'. This implies that current
strategies which are used to inform decisions regarding invasive angiography need to be
substantially improved to increase the diagnostic yield of cardiac catheterization in routine

clinical practice.



Fractional flow reserve (FFR), an index of the physiological significance of a
coronary stenosis, is defined as the ratio of maximal blood flow in a stenotic artery to
normal maximal flow!’. Typically, a normal coronary artery has an FFR value of 1.0. An
FFR value of less than 0.80 can identify ischemia-causing coronary stenosis with an
accuracy of more than 90%*2. In the FAME study, investigators demonstrated that FFR
guidance in addition to angiographic guidance resulted in significant reduction of the rate
of composite end point of death in patients with multi-vessel CAD undergoing
percutaneous coronary intervention'®. Thus, improving the accuracy of non-invasive
assessment of CAD could significantly reduce health care costs from unnecessary and

expensive invasive procedures.

1.2 Myocardial Blood Flow and Myocardial Perfusion Reserve

The major vessels of coronary circulation are the left main coronary artery that
divides into left anterior descending artery (LAD) and circumflex artery (LCx), and the
right coronary artery (RCA). The left and right coronary arteries and their branches lie on
the outer surface of the heart and are referred to as the epicardial coronary arteries.
These arteries distribute blood flow to different regions of the heart muscle as shown in

Figure 1.1.
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Figure 1.1 lllustration of coronary arteries. (Adapted from Wikipedia®:

https://en.wikipedia.org/wiki/Coronary_circulation#/media/File:Blausen_0256 CoronaryArteries_

02.png)

Myocardial blood flow is tightly coupled to oxygen demand. In non-diseased
coronary vessels, whenever cardiac activity and oxygen consumption increases, there is
an increase in blood flow that is nearly proportionate to the increase in oxygen
consumption?t. The endothelial cells that form the inner surface of coronary arteries dilate
and constrict to modulate blood flow in response to physiologic triggers. In
atherosclerosis??, fatty or calcified plaques form on the endothelial surface of the artery,
resulting in a luminal narrowing and a decrease in blood flow. This process results in
coronary artery disease. Figure 1.2 shows a normal artery and a lipid plaque causing

reduced myocardial blood flow.



Normal Artery Narrowing of Artery

Lipid deposit of
plague

Figure 1.2 Normal artery and narrowing of artery caused by lipid deposit of plaque (Adapted
from Wikipedia?®-23;
https://en.wikipedia.org/wiki/Coronary_artery _disease#/media/File:Blausen_0259 CoronaryArte

ryDisease_02.png)

Progressive ischemic coronary artery disease results in collateral flow through
parallel vasculature and the growth of new vessels. Therefore, resting blood flow is not
reduced until there is at least 85% stenosis of the artery?*. However, under vasodilator
stimulus, maximal coronary flow has been shown to decrease with stenosis of > 50%2*
(Figure 1.3). Because perfusion is affected early in the ischemic cascade, assessments
of coronary perfusion reserve under stress have a higher sensitivity in detecting flow-
limiting stenosis than analysis of stress-induced wall motion abnormalities. Myocardial
perfusion reserve (MPR), which is the ratio of the stress flow and rest flow, inversely
correlates with stenosis severity, and provides an assessment of the functional impact of

increasing stenosis severity.
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Figure 1.3 a) Relationship of the myocardial blood flow at rest and stress with percent lesion of
the artery (stenosis), generated based on equation in the paper of Gould et al?* and b) relationship

of the MPR with stenosis level.



1.3 Non-invasive Assessment of Myocardial Perfusion

Multiple imaging modalities including single-photon emission tomography
(SPECT), positron emission tomography (PET), myocardial contrast echocardiography
(MCE), cardiac MRI (CMR) and cardiac computed tomography (CT) have been used to
non-invasively assess myocardial perfusion in patients with known or suspected CAD.

Each imaging modality has its own advantages and limitations.

SPECT myocardial perfusion imaging (MPI) is the most common stress test
performed in the US, accounting for over 80% of the stress tests performed. Based on
the flow or metabolism dependent selective uptake of a radioactive tracer by functional
myocardial tissue?>. SPECT MPI has been extensively studied and validated. Its
advantages include compatibility with multiple stress modalities, and a relatively high SNR
with longer data collecting time. However, it also has a number of limitations including the
use of ionizing radiation, poor spatial resolution, and sensitivity to motion and attenuation
artifacts. Furthermore, conventional SPECT MPI techniques only detect obstructive CAD
by identifying regional differences in relative myocardial perfusion®. Due to the poor
spatial resolution, SPECT cannot reliably detect the diffuse perfusion abnormalities in

microvascular disease (MVD)?’.

PET MRI utilizes radiolabeled tracers to detect emitted photons to map a particular
physiological process?®. It allows accurate measurement of myocardial perfusion,
absolute myocardial blood flow and function at stress and rest over a period of
approximately 30 minutes. The spatial resolution is improved compared with SPECT and

lower radiation doses are required. However, the use of PET MPI is still limited by the



higher costs and needs for a cyclotron to generate the radiotracers. Multiple studies have

shown similar or superior diagnostic accuracy for PET compared to SPECT?°:20,

MCE utilizes gas-filled microbubbles to assess myocardial perfusion. During a
steady state continuous infusion of microbubbles, a high energy ultrasound beam
destroys the microbubbles and the rate of microbubble replenishment within the
ultrasound beam is measured which represents the mean red blood cell velocity®'. MCE
has advantages of no ionizing radiation and relatively low cost. However, this technique
is limited by poor reproducibility, sensitivity to respiratory motion and acoustic windows.

In addition, there is no FDA-approved contrast agents for clinical MCE perfusion.

CMR MPI is based on the first-pass of a bolus of gadolinium-DTPA contrast agents
to assess myocardial perfusion. CMR has the advantages of non-ionizing radiation,
flexible imaging plane orientation, excellent soft tissue contrast and higher spatial
resolution. The higher spatial resolution can resolve transmural differences in myocardial
perfusion which could potentially help differentiate MVD from obstructive CAD. Of note ,

PET and CMR have higher accuracy for detecting CAD than SPECT?2.

CT MPI is based on the injection of iodinated contrast agent to measure the
absorption of x-ray to match the concentration of iodine®. The CT MPI can achieve very
high spatial resolution in short acquisition time. However, the image quality of CT is
inversely related to the heart rate which limits its use for stress test. In addition, high dose

of ionizing radiation is the main disadvantage of assessing perfusion with CT.



1.4 Quantitative Assessment of Myocardial Perfusion

Quantifying the myocardial ischemic burden (MIB) has important implications
because only patients with greater than 10% ischemic myocardium can benefit from
revascularization’. The rate of death or heart attack with or without revascularization

correlates with the MIB in the COURAGE trial®.

Currently, PET MPI is the only clinically available technique for absolute
guantification of myocardial perfusion. Quantitative PET MPI can assess impaired
microvascular function which has important prognostic utility. In a study of 2783 patients
with known or suspected CAD, an MPR <1.5 was associated with a 5.6-fold risk of cardiac
death at 3 years as compared to the highest tertile of MPR, and provided significant
reclassification of intermediate-risk patients34. Even after accounting for the burden of
atherosclerosis by coronary angiography, a reduced MPR by PET was independently
associated with adverse cardiovascular outcomes, and patients with low MPR had similar
event rates to those with significant obstructive CAD?®. Diabetic patients with impaired
MPR but without obstructive CAD have high cardiac event rates (2.8%/year) comparable
to patients with known CAD, whereas diabetics with preserved MPR had low event rates,
demonstrating the significance of altered microvascular performance among diabetics®*.
Abnormal MPR has also been demonstrated in metabolic syndrome which is associated
with MVD?®6. Even though quantitative PET provides important prognostic utility, the
presence of impaired MPR has significant limitations for differentiating between
obstructive CAD and MVD. A recent study demonstrated that although preserved global
MPR excludes multi-vessel disease, it is only 36% specific for detecting 3-vessel CAD
due to the high prevalence of MVD which can also cause a diffusely reduced MPR?’,
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1.5 Quantitative CMR Myocardial Perfusion Imaging

CMR is the application of MRI to the cardiovascular system to accurately assess
the cardiac morphology, function, perfusion and myocardial viability®® with an overall

capacity unmatched by any other single imaging modality.

While CMR is not currently used clinically for quantitative MPR assessment, it has
a number of potential advantages over PET for this application including, lack of ionizing
radiation, greater availability, lack of need for an on-site cyclotron or generator, and higher
spatial resolution to resolve transmural differences in myocardial perfusion which could

potentially help differentiate MVD from obstructive CAD.

Quantification of myocardial perfusion using CMR has been an active research
area in the past 2 decades. Quantitative CMR is performed both at stress and rest to
calculate absolute MBF (ml/min/g) and MPR. The most common quantitative perfusion
analysis techniques include: two-compartment modeling3®, Fermi function modeling*°,
model-independent analysis*! and Patlak plot analysis*2. Pack et al compared these four
methods in 20 human subjects*® and found that rest perfusion estimates were not
significantly different between all four analysis methods, however, stress flow from Fermi
models were significantly 25% higher than the other three methods. MPR values with the
models were not significantly different, indicating that any of these techniques could be
used for MPR measurements. Our group previously demonstrated a stepwise decrease
in MPR by quantitative CMR perfusion as the severity of coronary stenosis increases,
and that quantitative but not visual analysis detected a larger MIB in patients with 3-vessel

CAD as compared to those with single-vessel disease®.



1.6 Spiral Trajectory

Non-Cartesian trajectories such as spiral or radial trajectories have recently been
applied to first-pass myocardial perfusion imaging*>-%¢. Non-Cartesian pulse sequences
have attractive features such as high efficiency in traversing k-space, isotropic resolution
and point-spread functions, and the lack of discrete ghosting resulting from motion. In this
dissertation, the slew-limited spiral gradient trajectories were created using the optimal

design of Meyer et al*°. The k-space trajectory is defined as follow:

k(t) = At(t)e@™® (1.1)
where 7(t) is designed function of time. An algorithm that maximizes ©(t) , and arbitrary
function of time, for each subsequent k-space step subject to the above constraints is

repeated until a desired number of gradient points are achieved.

The potential drawbacks of spiral trajectories include sensitivity to off-resonance
and concomitant field gradients that can result in blurring and signal loss and to
inconsistent data artifacts when the signal intensity varies between interleaves due to
non-equilibrium magnetization. However, by carefully choosing the spiral trajectory using
shorter readout spiral and performing semi-automatic or automatic off-resonance

correction®05%, the artifacts can be significantly reduced.

1.7 Accelerated Imaging

Parallel imaging technigques, such as SENSE®?, GRAPPA>3, and SPIRiT>*, have
been widely used in MRI applications. Taking advantage of multiple receiver coils, the
data acquisition can be accelerated because data obtained from each coil are acquired

in parallel and each coil image is weighted differently by the spatial sensitivity of its coil.
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These methods differ by the way how the sensitivity information is used®*, either explicitly
(SENSE) or implicitly (GRAPPA and SPIRIT). When the sensitivities are known, SENSE
is the optimal solution®. Among these methods, SPIRIT is based on self-consistency with
the calibration and acquisition data. The general concept of SPIRIT is shown in Figure
1.4. For non-Cartesian SPIRIT, which treats the reconstruction as an optimization
problem. The calibration consistency equation is enforced on Cartesian grids(red). The
acquisition data consistency relationship between the Cartesian missing points and the
non-Cartesian acquired points is shown in blue. These define a large set of linear
equations that is sufficient for reconstruction. The optimization can be written as the

unconstrained Lagrangian form:
argmin  [IDx — ylI* + 2(e)I(G — Dx|I? (1.2)
X

where the operator D selects only acquired k-space locations to compare with the
acquired data y. G is a series of convolution operators that convolve the entire k-space
with the appropriate calibration kernels. A(¢) is the parameter to balance the data fidelity

and calibration consistency.
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Figure 1.4 lllustration of the SPIRIT reconstruction method. (Adapted from Michael Lustig’s

SPIRIT*>* paper)

Recently, the compressed sensing®® (CS) was introduced into the MR field by
Lustig et al and it has dramatically changed the reconstruction and fast imaging field. By
performing a CS reconstruction, much higher acceleration rates can be achieved with
minimal degradation of image quality, unlike other conventional fast imaging techniques.

The basic concept of CS theory is to exploit the sparsity of images to reconstruct images

12



using an optimization technique from a sub-Nyquist number of samples. Three major
components are required for CS reconstruction: (1) the images must have a sparse
representation in a transform domain, (2) the aliasing artifact due to undersampling must
be incoherent and (3) a nonlinear reconstruction method must be used to enforce both
sparsity of the image representation and consistency with the acquired data. The
illustration of CS requirements is shown in Figure 1.4. Similar to SPIRIT reconstruction,

the CS reconstruction can also be formulated as an optimization problem as follows:

argmin 1F,x — yII* + Alpx]ly (13)
X

Where the F, is the undersampled Fourier operator to select the acquired kspace data,

and y is the sparsifying transform.

Both the PI and CS reconstruction can be written as the optimization problem,
providing the opportunity to combine these two techniques together to achieve higher
acceleration for perfusion imaging by exploring the sparsity of dynamic images from
multiple coils. In this dissertation, we will reconstruct images using the L1SPIRIT®’

technique which is a combination of Pl and CS.
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Figure 1.5 lllustration of the compressed sensing reconstruction method. (Adapted from Michael

Lustig’s Sparse MRI paper®®)
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1.8 Challenges

Despite the potential advantages of first-pass perfusion imaging, a number of
significant challenges and limitations still remaini®. In-plane spatial resolution is
typically >2-3mm, and there may only be 2-3 pixels across the myocardial wall particularly
during diastole limiting accurate assessment of transmural perfusion gradients.
Incomplete spatial coverage, consisting of 3-4 short axis slices, is insufficient to
accurately quantify MIB. Motion-induced dark-rim artifacts (DRA) significantly reduce
image quality and may impede the ability to measure endocardial perfusion which is most

sensitive to myocardial ischemia®?12,

Recent techniques such as high-resolution 2D kt-SENSE have high in-plane
resolution but are limited to 3 slices®. 3D kt-PCA can more accurately assess MIB, but
its long data-acquisition time (>225ms) results in sensitivity to cardiac and respiratory
motion%%-61, Non-Cartesian techniques (radial and spiral) have been shown to have
reduced sensitivity to DRA3%2 and may have advantages for motion compensated image
reconstruction. However, 2D radial techniques have limited spatial coverage and are
much less efficient than spirals, and spiral and radial 3D%3%4 techniques still require
shorter temporal foot-prints to be robust for the increased heart rates present during
vasodilator stress. The emerging field of CS has high potential for accelerating CMR
perfusion imaging*>65 but CS techniques are degraded by cardiac and respiratory
motion which is common in clinical practice. We and others have developed motion-
compensated CS techniques for myocardial perfusion imaging®’, but these techniques

have yet to be clinically validated or combined with highly efficient trajectories.
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1.9 Dissertation Goal

The goal of this dissertation is to develop whole-heart spiral perfusion sequences
that allows for absolute quantification of myocardial perfusion. We hypothesize that the
proposed techniques can improve detection of small perfusion abnormalities and
accurately assess the extent of ischemia. This goal and hypothesis are explored in the

following specific aims:

Specific Aim #1 is to develop a 2D multi-slice spiral perfusion pulse sequence
with whole heart coverage. (a) Design a spiral pulse sequence to achieve whole heart
coverage. (b) Characterize the performance of different spiral trajectory and k-t sampling
pattern for parallel imaging and compressed sensing reconstruction. (c) Perform
retrospective reconstructions to validate the spiral trajectory and k-t sampling pattern. (d)

Apply the sequence in clinical subjects.

Specific Aim #2 is to develop a reduced field-of-view (FOV) whole-heart coverage
single-shot spiral perfusion pulse sequence with outer volume suppression (OVS). (a)
Design a 2D OVS pulse and validate its performance in phantom experiments. (b)
Incorporate 2D OVS into the single-shot spiral pulse sequence. (c) Compare the rFOV
single-shot perfusion sequence with normal FOV single-shot perfusion sequence in

clinical patients.

Specific Aim #3 is to develop a quantitative spiral perfusion sequence with
validation in phantom and clinical patients. (a) Design a quantitative dual-contrast spiral

perfusion sequence to quantify myocardial blood flow. (b) Validate the sequence in
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gadolinium phantom and healthy volunteers. (c) Quantify absolute myocardial perfusion

in patients with suspected CAD at both rest and stress.

1.10 Dissertation Overview

This dissertation is organized as follows:

Chapter 1 provides the introduction and background of the dissertation.

Chapter 2 describes the design of a 2D interleaved order multi-slice spiral
perfusion pulse sequence which achieves whole heart coverage for a heart rate of up to
125 beats per minute based on the timing and SNR considerations. The spiral trajectory
and k-t sampling pattern is chosen from the retrospective reconstruction experiments.
The proposed dual-density broad transition spiral trajectory with either angularly uniform
or golden angle in time k-t sampling pattern is further validated in healthy volunteers and

patients with suspected CAD.

Chapter 3 presents the design of a reduced FOV single-shot spiral pulse sequence.
A novel 2D outer volume suppression module is developed and its performance is
evaluated by numerical simulations. A spiral pulse sequence with a single excitation and
spiral readout provides ultra-high temporal resolution without a loss in SNR. The
proposed sequence is compared with the full FOV perfusion sequence and evaluated in

clinical patents.

Chapter 4 details the design of a dual-contrast quantitative perfusion sequence
which incorporates a low-resolution arterial input function (AIF) image to more accurately

measure the signal intensities in the cavity. A signal modeling to convert the image
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intensities to contrast agent concentration which accounts for the repeated acquisition of
the center of k-space is developed and validated through phantom experiments. A full
guantification pipeline is developed and implemented, and quantitative perfusion
measurements are obtained in healthy volunteers and patients with known or suspected

CAD.

Chapter 5 summarizes the work of this dissertation and discusses potential future
directions for spiral perfusion imaging, including the outer-volume suppressed 3D stack-
of-spiral imaging to get better SNR in same cardiac phase; simultaneous multi-slice
acquisition to further improve the SNR for 2D imaging and multi-point AIF and tissue

function techniques which could further improve the quantification accuracy.
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Chapter 2: 2D whole heart coverage spiral

perfusion

2.1 Introduction

First-pass contrast-enhanced myocardial perfusion MRI has proven to be a
promising noninvasive technique for evaluating patients with known or suspected
coronary artery disease (CAD), demonstrating excellent diagnostic and prognostic utility?
468,69 However, the technique has not yet gained widespread clinical adoption. One
challenge that continues to limit its clinical use is achieving whole-heart coverage with
high spatial resolution (2 mm) and with minimal artifacts, such as dark-rim artifact (DRA)°.
Currently, a two-dimensional (2D) multi-slice saturation recovery (SR) prepared
acquisition with parallel imaging (P1)>%°3 has been the most commonly used clinical
method. With this approach, three to four short axis slices with 2-3 mm in-plane spatial
resolution can be obtained per R-R interval'l. Several investigators have used spatial-
temporal acceleration techniques (k-t SENSE™, k-t PCA™) to improve slice coverage and
temporal/spatial resolution. 3D techniques have become available enabling whole-heart
coverage but currently suffer from poor in-plane spatial resolution and a long temporal
footprint resulting in increased sensitivity to cardiac motion-induced artifacts. Recently,
the nonlinear reconstruction framework of Compressed Sensing (CS)%6°8 has garnered
significant interest and has been applied to first-pass perfusion imaging® 7. By exploiting
inherent data redundancy in terms of sparsity, the technique allows for the reconstruction
of MR images from highly under-sampled data and may significantly shorten scan time.
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Several investigators have explored utilizing temporal constraints to achieve high

acceleration factors.72

Spiral or radial trajectories have recently been applied to first-pass myocardial
perfusion imaging*>-4. Non-Cartesian pulse sequences have attractive features such as
high efficiency in traversing k-space, isotropic resolution and point-spread functions, and
the lack of discrete ghosting resulting from motion. Non-Cartesian approaches are also
compatible with Pl and CS techniques, which could further reduce imaging time and
improve temporal resolution. Potential drawbacks include sensitivity to off-resonance and
concomitant field gradients which can result in blurring, signal loss, and sensitivity to
inconsistent data artifacts when the signal intensity varies between spiral arms due to
non-equilibrium magnetization. However, by carefully optimizing the spiral trajectory and
reconstruction, these artifacts can be significantly mitigated. We have previously
demonstrated high image quality and excellent clinical performance of spiral-based

perfusion pulse sequences for the detection of obstructive CADS°.

To design an optimal whole-heart coverage spiral pulse sequence for first-pass
perfusion imaging, specific goals for resolution, timing, and signal-to-noise ratio (SNR)
should be set and an acquisition strategy must be clearly defined. Our prior work has
shown that by careful consideration of the spiral trajectory readout duration, flip angle
(FA), and image reconstruction strategy, variable density (VD) spiral pulse sequences
could produce high-quality first-pass perfusion images with minimal dark-rim and off-
resonance artifacts, along with high signal-to-noise and contrast-to-noise ratios, and good
delineation of resting perfusion abnormalities'362, However, that sequence was still

limited to three slice locations at heart rates up to 110 beats per minute (BPM). Thus, the
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goal of the present study was to accelerate the spiral sequence to allow acquisition of at
least eight slices covering the entire myocardium per R-R interval at heart rates up to 125

BPM using the combination of Pl and CS techniques.

2.2 Methods

2.2.1 Design Consideration

To perform multi-slice 2D spiral perfusion imaging with whole-heart coverage,
timing factors need to be considered including the total time available for imaging all slices
at a given heart rate and the time required to image each slice. In order to determine the
maximum number of first-pass perfusion slice positions that can be imaged during each
heartbeat, the duration of the cardiac cycle (the R-R interval) under both resting and
vasodilator stress conditions must be considered. Typically, heart rates vary between 60-
90 BPM at rest, corresponding to R-R intervals of 667-1000 ms, and increases by
approximately 20% under adenosine or regadenoson stress’3, some patients may have
heart rates as high as 125 BPM, which corresponds to an R-R interval of only 480 ms.
The second important consideration is the amount of time required to collect each spiral
perfusion image. The total imaging time of saturation recovery based spiral sequence is

determined by:

Ttotar = (Tsar + TS + TR * Ngppy) * Mgy (2.1)
= (Tsae + TS) * Ngyc + TR * Ngpps * Ny
where T, IS the saturation pulse duration, TS is the saturation recovery time to the first

readout RF pulse, TR is the time of acquiring one spiral arm, n,,,, is the number of spiral

arms, and ng, is the total number of slices. For example, a pulse sequence using our
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previously developed VD trajectory®3, with the parameters TS =80 ms, TR =9 mMS, Nyqpe=
8, and 2 additional arms for field map estimation, can only support 3 slices up to a heart

rate of 125 BPM. (Figure 2.1)

As seen in Equation 2.1, the total imaging time per heartbeat (T;,:4;), can only be
shortened by reducing the number of arms, the readout duration per arm, or saturation
recovery time. For a slew-limited spiral with a fixed spatial resolution, fixed variable
density sampling pattern, and fixed total readout duration per image, the product of the
number of arms and the readout duration per arm is approximately constant!3. As the
number of spiral arms increases, the SNR is reduced as the optimal FA for a given
saturation time and T, range decreases. Conversely, reducing the number of arms at the
expense of a longer readout per spiral arm does not reduce the time to image each slice.
While the TScan be reduced, this comes at the expense of SNR and reduced T; weighting.
Thus, the most obvious way of shortening the T;,:,; While maintaining the same T;
weighting is to reduce the total number of arms by reducing the total sampling time and
using parallel imaging techniques. For example, if only 2 out of 8 spirals (4x acceleration)
were collected, the total readout time per image would be reduced to 18 ms instead of 72
ms. However, only 5 slices could be acquired at a heart rate of 125 BPM, as the total
imaging time is dominated by the TS. For such a design, data acquisition would only occur

for 18% of the R-R interval, which is very inefficient.

Therefore, the total amount of time waiting for T; preparation needs to be
shortened. This can be achieved by acquiring multiple slices in an interleaved fashion

following each saturation pulse, a concept which has previously been applied for EPI
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perfusion imaging.’*"® The total imaging time collecting multiple slices per SR preparation

is given by

Ngic

Tiotar = (Tsat + TS + TR * gy * n

) * Ngat
Sat (22)

= (Tsqr + TS) * nggqr + TR * Ngpy * gy

where ng,, is the total number of SR pulses and =% determines the number of slices

Nsat

acquired during each SR pulse. The total imaging time can be dramatically reduced by
using this strategy. Typically, just 2 slices per SR would meet these criteria while still
reducing the total time to acquire each image by 50%, further reducing sensitivity to
motion induced dark-rim artifacts as compared to a fully sampled pulse sequence. Figure
2.1 shows the supported slice numbers of the fully sampled sequence (VD-Full), 1 slice
per SR of 4x sequence (VD-4x-1 Slc/SR) and 2 slices per SR of 4x sequence (VD-4x-2
SIc/SR) at heart rate ranges from 60 to 125 BPM. A 4x accelerated VD spiral pulse
sequence with 2 slices per SR pulse would support 8 slices over a total temporal window
of 464 ms, thus supporting whole-heart coverage while maximizing data collection
efficiency. 4x acceleration (2/8 spiral arms) is the lowest possible acceleration factor
which meets criteria for the chosen spatial resolution, number of spiral arms, readout
duration per spiral arm, and saturation recovery time. In order to further reduce the spiral
trajectory off-resonance effects, we chose to shorten the spiral readouts (5 ms) as

compared to our prior design and utilize 3 arms, as described in the following section.
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The above timing considerations still hold in this case.
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Figure 2.1 Relationship between the maximum supported slice numbers for the VD-Full sequence,
VD-4x: 1SIc/SR and VD-4x: 2 Slc/SR at different heart rates. For the VD-Full sequence, only three
slices are supported at the BPM of 125, while the accelerated VD-4x using 1 SIc/SR only acquires
5 slices. When two slices are imaged in one SR block, at least eight slices can be imaged at the

heart rates of 125 BPM.

2.2.2 Sequential Slice Order vs Interleaved Slice Order

When more than one slice is imaged after each SR pulse, the acquisition order
could be either sequential’”® or interleaved’* as described previously. A sequential slice

order has the advantage of shorter temporal window for each slice; however, each slice
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would have a different effective T; weighting time (by 21 ms), while an interleaved
acquisition order would have a longer temporal window for each individual image.
However, with a slice interleaved acquisition, utilizing 3 spiral arms per image, the
effective temporal resolution for each slice would be 5* TR (35 ms) which includes three
spiral arms from slice 1 and two spiral arms from slice 2, which is still short enough to
prevent motion-induced artifacts. Secondly, the TS times would only differ by 1 TR (7 ms),
which would produce a negligible difference in apparent contrast weighting. An additional
benefit of the interleaved slice order is that for a given saturation time, the effective TR

(TR.sf) between arms for a given slice is doubled enabling a larger FA to be utilized to

further improve SNR.

2.2.3 SNR Considerations
To ensure that transverse magnetization evolution is the same for each spiral arm,
we have previously derived an optimal constant FA (6,) that exactly balances the loss in

magnetization from each RF pulse!? to the T; recovery of magnetization during each TR

Ey—Eg

for a given TR, TS, and T;: 6, = cos™1! (m
1\1t—Es

), where E; = exp(—TR/T,) and E; =

exp(—TS/T,). The optimal FA for a 1 mmol/L gadolinium concentration (T; = 175 ms in
1.5T) with the TS = 80 ms is 21° for sequential order (TR = 7 ms) and 31° for interleaved

order (TR = 14 ms).

Compared with the VD-Full sequence, the SNR of the VD-4x sequence was
reduced by half due to shortening of the total readout time by a factor of 4. However, the
larger FA with interleaved acquisition results in 40% greater transverse magnetization

compared to a sequential acquisition. Thus, the SNR of a 4x accelerated technique
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should only result in a 30% loss of SNR as compared to the non-accelerated sequence.
Overall, these considerations indicate that the accelerated interleaved order 4x spiral
sequence should have an acceptable SNR as compared to the fully sampled sequence.
Furthermore, the use of compressed sensing should provide an increase in the visually
apparent SNR of the image over that which is predicted by these theoretical

considerations.

2.2.4 Spiral Trajectory Design

Slew-limited spiral gradient trajectories were created using the optimal spiral
design of Meyer et al’®. Briefly, the k-space trajectory is defined by specifying the desired
number of arms, sampling time, number of points per trajectory, field of view (FOV),
maximum gradient, slew rate parameters, and a function describing the relative sampling
density (compared to Nyquist) as a function of time, and then computing the minimum-
time gradient waveforms corresponding to the desired k-space trajectory. In order to
determine the effect of spiral trajectory on the CS reconstruction, uniform density spiral
(UD), variable linear density spiral (VD), and dual density spiral using a Fermi-function
shape for transition region (DD) were evaluated. The dual density spiral design used the
following parameterization:

kstart - kend
k(n) = kstare — 1+ e 159 (2.3)

where kg4, is the starting density, k.., is the ending density, ng; = round(npts *

radius) is the number of points in the fully sampled center of k-space, and steepness (1)

is the parameter that determines the sharpness of the transition area.
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For a fair comparison between strategies, all trajectories were designed to support
the same spatial resolution. Furthermore, the duration of each arm is kept constant to

achieve similar off-resonance performance for the different spiral trajectories.

Given the nature of VD spirals where the acceleration rate varies during the
trajectory by design, the effective acceleration rate is defined as the corresponding
constant acceleration factor required for a UD spiral trajectory to achieve the same
desired FOV and maximum k-space radius (nominal spatial resolution) with the same
number of arms and readout duration per arm. For instance, with the previously described
design parameters, a UD sequence would have a density of 0.2x Nyquist corresponding

to a 5-fold effective acceleration rate.

The spiral designs were chosen to span a wide range of trajectory parameters
shown in Figure 2.2a. The UD spiral had a constant 5x under sampling factor which was
advantageous from a SNR perspective, but had a coherent point-spread function (PSF),
and did not fully sample low frequency high-energy data. Two VD trajectory patterns were
evaluated. VD-1 had linearly decreasing density from 1x Nyquist to an under sampling
density of 0.008x Nyquist at the edge of k-space. This produced very little ringing in the
spatial PSF, but required a very high acceleration at the k-space edge which was least
advantageous from a SNR perspective. VD-2 had less steep linearly decreasing density
from 0.33x to 0.11x Nyquist and did not fully sample the center of k-space, which resulted
in less non-uniform weighting of noise and a lower maximal under sampling factor as
compared to VD-1. Two DD trajectory patterns were evaluated as well. The fully sampled
radius was chosen to be 20% of the trajectory. In the literature the radius is typically 15-
25% of the trajectory*®, and the overall trajectory is similar over this range of “radius”. To
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evaluate the effects of the transition region between the two k-space densities, we used
either a sharp transition (t =0.08) which required a final ending density of 0.18x Nyquist,
or a broad transition (tr =0.02) which required a slightly lower final ending density of 0.13x
Nyquist. Of note, while specific choices of T and radius were chosen, small variations in
these parameters did not significantly impact the general appearance of the spiral
trajectories. Detailed information regarding the trajectories is shown in Table 2.1 and

Figure 2.2a and 2.2b.

Table 2. 1 Spiral trajectories parameters

ub VD-1 VD-2 DD-1 DD-2

Number of spiral arms 3 3 3 3 3

Readout duration perarm (ms)  5.12 5.12 5.12 5.12 5.12

FOV (mm) 340 340 340 340 340
Starting density 0.2 1 0.33 1 1
Ending density 0.2 0.008 0.11 0.18 0.13
Fully sample k-space center N/A N/A N/A 20% 20%
(radius)*

Trajectory steepness (7)* N/A N/A N/A 0.08 0.02
Resolution (mm) 2.05 2.06 2.05 2.05 2.06

* Fully sampled k-space center and trajectory steepness is only used for dual density trajectories

to determine the transition shape from starting density to ending density.
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Figure 2.2 Combinations of k-space trajectories (a,b) and k-t sampling patterns (c). Five spiral
trajectories include uniform density (UD), variable density from 1x Nyqg to 0.008x Nyq (VD-1),
variable density from 0.33x Nyq to 0.11x Nyq (VD-2), dual density with sharp transition (DD-1)
and dual density with broad transition (DD-2). Four k-t sampling patterns include Angularly
uniform (AU): within a heartbeat, three spirals were uniformly distributed and between heartbeats
the sampling pattern was rotated by 90° with a period of 4; Fixed (FIX): three spirals were fixed
both within and between heartbeats; Golden angle rotation in time (GA-t): three spirals were
uniformly distributed within heartbeat and rotated by a golden angle (111.25° ) between
heartbeats and Golden angle rotation in both k-space and time (GA-kt): each spiral was

continuously rotated by golden angle within and between heartbeats.
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2.2.5 k-t Sampling Pattern

For CS reconstruction the temporal k-t sampling pattern has to be considered. The
small number of spiral arms for our proposed spiral pulse sequence limits the flexibility of
the sampling pattern for each acquisition. A previous study showed that a sampling
pattern employing rotations of angularly-uniformly spaced arms provided better image
guality compared to randomly selected arms when temporal-difference sparsity was
exploited’’. As this pattern violates the concept of incoherent sampling in the temporal
dimension which is advocated for compressed sensing, we evaluated the golden angle
spiral sampling scheme’®. As shown in Figure 2.2c, 4 types of k-t sampling patterns were
evaluated in the retrospective simulation experiments: 1) angularly uniform (AU): within a
heartbeat, 3 spirals were uniformly distributed and between heartbeats the sampling
pattern was rotated by 90° with a period of 4; 2) Fixed (FIX): 3 spirals were fixed both
within and between heartbeats; 3) Golden angle in time (GA-t): 3 spirals were uniformly
distributed within a heartbeat and rotated by a golden angle (111.25°) between heartbeats;
4) Golden angle in k-space and time (GA-kt): each spiral was continuously rotated by

golden angle within and between heartbeats.

2.2.6 Pulse Sequence Design

The pulse sequence is shown schematically in Figure 2.3. A non-selective
saturation with an adiabatic BIR-4 pulse is used for T;-weighting preparation. Before
data acquisition, a spectrally selective fat-saturation pulse is applied. Then, 3 spirals for
each image are obtained in the interleaved order for 2 different slice locations separately
to create the perfusion image. Therefore, 2 slices are acquired in one SR block, and SR
blocks are repeated until all the slices are imaged.
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Figure 2.3 Pulse sequence schematic for the whole-heart coverage SR first-pass spiral perfusion
imaging. At each SR sequence block, following the BIR4 SR pulse, a fat saturation pulse is applied
and then followed by interleaved spiral imaging at two slice locations. Each slice is sampled by
three interleaved spiral readouts (boxes) each with a TR of 7 ms. Due to the slice interleaving,
the effective temporal resolution of each slice is 5*TR (35 ms), and the TS times differ by 1 TR (7

ms).

2.2.7 Image Reconstruction

For a 2x acceleration factor non-Cartesian Pl techniques such as SPIRIT or non-
Cartesian SENSE perform well for spiral perfusion imaging®®8', however their
performance is inadequate at acceleration factors of 4-5x. At higher acceleration,

additional prior information must be exploited to achieve high quality reconstructions. We
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have previously demonstrated that L1-SPIRIT using temporal finite difference as the
sparsifying transform performed well at a 4x acceleration factor for this application®82,
Therefore, images in this study were reconstructed using the combination of Pl and CS

techniques, L1-SPIRiT>48283 The reconstruction problem could be formulated as:

minimize £;(¥x)
(2.4)
s.t. SDFx =y,Gx =x
where F is a Fourier operator which transfers the data from image domain to k-space
domain, D is the inverse gridding operator that transfers the Cartesian grid to spiral
trajectory, S is the subsampling operator that chooses only acquired spiral k-space data
out of the entire k-space trajectory, y is the acquired spiral k-space data, and G is an
image-space SPIRIT operator that represents the k-space self-consistency convolutions
in the image domain. The calibration kernel is estimated from gridding of the fully sampled
k-space center using non-uniform FFT (NUFFT)34. W is the finite time difference transform

that operates on each individual coil separately to achieve sparsity in the temporal domain

of image time series.
The above equation can be reformulated as the unconstrained Lagrangian form:
argmin ISDFx — ylI? + 44 11(G — Dx|I? + 2,|Wxll, (25)
X

where A, and 4, are parameters that balance the data acquisition consistency with

calibration consistency and sparsity.

The SPIRIT calibration kernel G needs to be derived from the fully sampled,

aliasing free data. Either an upfront pre-scan or temporal averaging of the under-sampled
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data could generate alias free images for calibration. In practice, we typically acquire fully
sampled proton density images over the first 4 heart beats of the acquisition to perform
calibration. This strategy results in high SNR and high spatial resolution training data
without variation in signal intensity resulting from imaging during the first pass of the

contrast agent.

The image reconstruction was implemented in Matlab (The MathWorks, Natick,
MA). The image-based non-Cartesian reconstruction used Fessler's NUFFT code®*. The
nonlinear iterative conjugated gradient descent algorithm with backtracking line search
was used to solve the optimization problem. The absolute value function was

approximated by a smooth function as described by Lustig et al®®.

2.2.8 Retrospective Study

L1-SPIRIT reconstruction performance for the 5 spiral trajectories (UD, VD-1, VD-
2, DD-1, DD-2) described above and 4 different k-t sampling patterns (AU, FIX, GA-t and
GA-kt) was quantitatively assessed using data from 25 multi-coil fully-sampled first-pass
spiral perfusion images from previously published clinical study of adenosine stress CMR
including 16 rest and 9 stress data sets®. The acquisition protocol and technical details
of the sequence were described previously and include the following parameters:
saturation recovery time of 80 ms echo time, 1 ms; repetition time, 9 ms; slice thickness,
10 mm; flip angle, 30°, field of view, 320 mm?; 8 spiral interleaves; 6.1 ms readout duration
per spiral arm; and nominal spatial resolution of 2 mm?3. Inverse gridding was performed
by taking the complex image data from each coil at each time point and resampling it onto
the specific non-uniformly sampled spiral k-space trajectory using reverse NUFFT84,

Image reconstructions of the different combinations of trajectories and sampling patterns
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described above were performed using L1-SPIRIT with the goal of quantitatively
evaluating the reconstruction performance compared to the fully-sampled “ground-truth”

datasets.

Image quality was assessed across the whole image and in the heart region using
root mean square error (RMSE) and structural similarity index (SSIM), which is a
comprehensive measurement of the similarity between two images, and includes
measurement of structure, intensity and contrast, representing human perception more

closely®®. The mean SSIM is defined by:

1 = (2 +c )(20 +c )
SSIM(X, y) — Nz .uxl.uyl 1i xXiyi 21 ( 2.6)
i=1

2 2 2 2
- (w2, + Hy; t c1p)(aZ + Oy; + C2i)
where py;, u,; and oy, oy;are the mean and variance of images x and y at time frame i,
OxiyiiS the covariance of x;and y;at time frame i, ¢;;and cy;are variables which stabilize

the division with a weak denominator between x; and y;, and are selected as described

by Wang et al®.

The RMSE and SSIM from the 25 simulation datasets were analyzed using a
blocked two-way ANOVA factorial design to determine the best combination of the
evaluated spiral trajectories and k-t sampling patterns. The model included the 2-way
interactions between trajectory and sampling pattern and a p-value <0.05 was considered

significant.

In addition, signal-intensity time courses were evaluated to compare the temporal

fidelity between the reconstructed images and ground truth images, using 3 different
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manually defined regions of interest (ROI): left ventricular blood pool (LV), right ventricular

blood pool (RV) and myocardium.

2.2.9 Prospective Study

Based on the results from the retrospective study of the spiral trajectories and k-t
sampling pattern analysis, the DD-2 spiral trajectory with AU and GA-t sampling strategies
were evaluated prospectively in a total of 34 subjects. Resting first-pass perfusion was
performed in 24 subjects undergoing clinically ordered CMR studies using the DD-2
trajectory with either GA-t (N=8) or AU (N=16). Additionally, 2 normal subjects were
imaged at rest using the DD-2 sampling pattern with both of the k-t sampling patterns (AU
and GA-t) to allow for direct comparison between these two candidate sampling patterns.
In these studies, the same dose of contrast 0.075mmol/kg Gd-DTPA (Bayer
Pharmaceuticals) was used for each injection, and the two acquisitions were separated
by a 20 minute period to allow for contrast washout. As part of an ongoing clinical
evaluation of the spiral perfusion sequences, 8 subjects were imaged at rest and stress
during a 3 minute infusion of 140 mcg/kg/min of adenosine (Astellas Pharmaceuticals)
using the AU temporal pattern. Written informed consent was obtained from all subjects,
and imaging studies were performed under institutional review board (IRB) approved
protocols. Imaging was performed on a 1.5T MR Scanner (Magnetom Avanto, Siemens
Healthcare). The Siemens body matrix and spine matrix phased-array coils were used in
triple mode yielding between twelve and eighteen effective coil channels depending on
the size and positioning of the patient. The 8 studies performed under stress utilized a
32-channel phased-array receiver coil. Four proton density images were acquired at the

beginning of data acquisition for calibration purpose. Fifty perfusion images covering the
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whole heart were obtained during injection of 0.075 mmol/kg Gd-DTPA via a peripheral
IV at a rate of 4mL/s. Other pulse sequence parameters were as follows: TS 80 ms, TE
1.0 ms, 5 ms spiral, 3 spirals per slice, effective TR 14 ms, FA 30°, 8 to 10 slices to cover
the whole heart, 2 slices per saturation, FOV 340mm?, and in-plane resolution around

2mm.

Perfusion images were reconstructed using the proposed L1-SPIRIT method. The
reconstruction parameters 4, = 0.01 and 1, = 0.05 were chosen based on an analysis of
the SSIM and RMSE metrics as compared to the fully sampled ground truth data and the
parameters were fixed for all datasets. Image quality was graded on a 5-point scale (1-
excellent, 5-poor) independently by two cardiologists. Scores from the two reviewers were
analyzed using the Wilcoxon signed rank test. Image quality of the GA-t and AU k-t

sampling strategies was analyzed using the Mann-Whitney U test.

2.3 Results

2.3.1 Simulation

Figure 2.4 shows the PSF of the five evaluated k-space trajectories with 5 ms RO
per arm. The UD trajectory has several very high side lobes with a peak amplitude of 8%
of the main lobe. This trajectory has the least incoherent sampling pattern and is the worst
case scenario for a CS type reconstruction. The VD-1 trajectory has the most incoherent
side lobe energy distribution, which is good for CS type reconstruction, however the side
lobe peaks are relatively high (around 5% of the main lobe), which would be unfavorable
for a PI type reconstruction. The VD-2 trajectory has a similar PSF with VD-1 with the

exception that there is no fully sampled region in the trajectory for calibration. In contrast
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to the VD trajectories, the DD has fully sampled regions in the k-space center; the broad
transition trajectory DD-2 is a good trade-off solution between incoherency for CS
reconstruction and calibration for Pl reconstruction. Notably, the PSF only describes the
spatial pattern resulting from the given trajectory at a single time point, and may not fully
characterize the incoherence of the sampling pattern. However, the analysis shows that
the different trajectories result in different PSF which could impact the performance of the

reconstruction technique.
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Figure 2.4 Point spread function of the k-space trajectories. The VD-1, DD-1, and DD-2
trajectories have the fully sampled k-space center which could be used for calibration kernel
training. UD trajectory has strong coherent side lobes and DD-1 has a similar coherent side lobe
distribution. a: VD-1 trajectory has the most incoherent PSF but the side lobe energy is around
5% of the main lobe. b: DD-2 trajectory is the trade-off between the fully sampled center calibration

and incoherent side lobe distribution.
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Figure 2.5 summarizes the RMSE and SSIM results from the heart region of the
25 datasets with all combinations of the trajectories and k-t sampling patterns. It is evident
that all the k-t sampling patterns have reasonably small RMSE and high SSIM, except for
the trajectories utilizing a fixed temporal sampling pattern. The main effects of trajectory
type, k-t sampling pattern, and the interaction between trajectory and sampling pattern
were all significant (p<0.001). When controlling for the k-t sampling pattern and
interactions between trajectory and sampling pattern, DD-2 had the highest estimate for
SSIM (p<0.05). When controlling for trajectory and the interaction between trajectory and
sampling pattern, there was no significant difference between AU, GA-t and GA-kt,
however, these patterns were all better than FIX (p<0.05). When considering the
individual combinations of trajectory and k-t sampling pattern, DD-2 with AU, DD-2 with
GA-t, VD-2 with AU, VD-2 with GA-t and DD-1 with GA-kt (stars indicated in Figure 2.5b)
formed the group with the highest SSIM values with no significant difference in SSIM
within the group. The DD-2 trajectory with AU and GA-t temporal sampling pattern had
the smallest point estimates for RMSE, the highest SSIM, and a fully sampled k-space
center for calibration, therefore were chosen for prospective evaluation. Similar results in
RMSE and SSIM analysis were found over the entire image. The UD trajectory
reconstructions frequently had residual coherent aliasing resulting in higher RMSE and

SSIM than the other trajectories.
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Figure 2.5 Quantitative analysis of the performance of combination of spiral trajectories (UD, VD-
1, VD-2, DD-1, and DD-2) and k-t sampling patterns (AU, FIX, GA-t, and GA-kt) using L1- SPIRIT
reconstruction in 25 datasets (standard error is shown as the error bar). Average root mean
square error (RMSE) (a) and structural similarity (SSIM) (b) were compared with the ground truth
reference images. The fixed k-t sampling pattern had the largest RMSE and smallest SSIM while
other sampling patterns had similar performance. Stars indicated in (b) show the combinations of
trajectory and k-t sampling patterns with an SSIM in the highest group of SSIM value as compared
to other strategies (P<0.05). Within this group there was no statistical difference between the
combinations. The DD-2 trajectory with AU and GA in time temporal sampling patterns had the

lowest point estimates of RMSE and the highest point estimates of SSIM.

Figure 2.6 illustrates the representative temporal profile of the LV, RV and
myocardium from a retrospective simulation dataset. All 5 trajectories using AU temporal
sampling pattern were compared against the ground truth (GT). From the temporal profile,
all of the trajectories demonstrate close correspondence with the GT with minimal

temporal blurring in the myocardium. There is a minor loss of temporal fidelity at the arrival
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of contrast to the RV and LV, but the rest of the upslope and peak closely approximate

the fully sampled GT.
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Figure 2.6 Temporal profile of the RV (b), LV (c), and myocardium (d) from one retrospective
simulation dataset (a) with five trajectories and AU temporal sampling pattern compared with
“ground truth” (GT).

2.3.2 Human Studies

Figure 2.7 shows the direct comparison of the rest perfusion images from the

retrospective simulation experiment using DD-2 trajectory with the top two k-t sampling
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patterns, AU temporal sampling pattern (a) and GA-t (b), from the same subject in two
gadolinium injections. Both of the two k-t sampling patterns demonstrated good image

guality and minimal image artifacts.

Figure 2.7 Whole-heart coverage resting perfusion images at a middle time frame from the same
volunteer using the DD-2 trajectory with AU temporal sampling pattern (a) and GA in time (b).
Both of the two k-t sampling patterns showed good image quality and minimal artifacts.
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Figure 2.8(a) illustrates the image quality of whole-heart coverage first-pass
perfusion images at the middle time frame from a healthy volunteer using the DD-2 with
AU temporal sampling pattern. The images demonstrate high SNR and image quality with
minimal residual aliasing outside the heart regions. Figure 2.8(b) shows the time-intensity
curves of the LV cavity from a mid-ventricular slice and the time-intensity curves from

each myocardial segment averaged across slices 3-10.
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Figure 2.8 Example images demonstrate whole-heart coverage (10 slices) rest perfusion imaging

(a) from a clinical study using the DD-2 trajectory and AU temporal sampling pattern. Time
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intensity curves from LV cavity of middle ventricular slice and six averaged segments of the

myocardium across the whole heart from slice 3 to 10 (b).

2.3.3 Clinical Evaluation

Figure 2.9 shows the whole-heart coverage perfusion images during adenosine
stress (a) and at rest (b) from a patient undergoing adenosine stress imaging as part of a
clinical research study. There are inducible perfusion abnormalities in left circumflex
artery (LCx) and right coronary artery (RCA) territories. There was no evidence of
infarction on the late gadolinium enhancement images. At cardiac catheterization, the

patient had a high grade stenosis in the LCx (c) and a total occlusion of the RCA (d).

Figure 2.9 Whole-heart perfusion images obtained during adenosine stress (a) and at rest (b)

from a suspected CAD patient undergoing adenosine stress imaging as part of a clinical research
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study. There are inducible perfusion abnormalities in left circumflex artery (LCx) and right
coronary artery (RCA) territories. At cardiac catheterization, the patient had a high grade stenosis

in the LCx (c) and an occluded RCA (d).

The average image quality scores (1-excellent, 5-poor) from 16 cases using the
AU sampling pattern were 2.18 £ 0.75 and 1.63 + 0.72 from two cardiologists. There was
no statistical difference between the GA-t and AU sampling strategies (p = 0.74 for
cardiologist 1 and p = 0.13 for cardiologist 2) showing that either technique works well for

the given spiral k-space trajectory.

2.4 Discussion

The goal of this study was to determine the best set of parameters for an
interleaved spiral pulse sequence and reconstruction technique for high-resolution whole-
heart perfusion imaging which is a prerequisite to a formal clinical evaluation of the
technique. Fundamentally, this is a practical design study, and not a full optimization study,
given the tremendous flexibility in possible spiral trajectory designs, k-t sampling
strategies and reconstruction methods. We demonstrated that accelerated spiral pulse
sequences with the combination of Pl and CS can achieve high-quality first-pass
perfusion images with whole-heart coverage (8 slices) and high in-plane resolution (2mm)
at heart rates up to 125 BPM. Conventional clinical cardiac pulse sequences for first-pass
perfusion are limited to 3 to 4 noncontiguous slices through the left ventricle. Achieving
whole-heart coverage has a number of potential advantages. Firstly, it enables more
accurate volumetric quantification of myocardial ischemic burden®. This is clinically
relevant as studies have demonstrated that patients with a larger ischemic burden are

more likely to benefit from revascularization either by cardiac stenting or coronary artery
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bypass surgery®. Secondly, it eliminates the need for the imaging physician or
technologist to carefully plan the appropriate slice locations for the perfusion images. This
reduces the time necessary to choose the appropriate slice locations for imaging, and
avoids selecting slices that are too apical or basal. Finally, whole-heart coverage ensures
that there is no under-sampling of ischemic myocardium in the small number of imaged
slices. Recent studies have demonstrated the advantages of 3D coverage®. A rapid-
multi-slice approach enables higher-in plane spatial resolution and reduces the temporal
footprint of the images, reducing cardiac motion-induced artifacts, and represents an

alternative strategy for whole-heart coverage which may be more robust to DRA.

We evaluated the effects of spiral trajectory and k-t sampling patterns through
simulation and prospective evaluation. We demonstrated that for a spiral reconstruction
using L1-SPIRIT with finite-difference in time as the sparsifying transform a dual-density
trajectory with a broad transition region (DD-2) provides a good balance between
adequately sampling the low spatial frequencies and providing a spatially incoherent
aliasing pattern while capturing sufficient energy in k-space to avoid high energy, low-
frequency aliasing artifacts. The simulation used the same image datasets down-sampled
onto the candidate k-space trajectories to directly compare the effects of k-space
trajectory and k-t sampling pattern. Contrary to our original hypothesis, both AU and GA-
t trajectories resulted in similar image quality, at least for the DD-2 trajectory and the L1-

SPIRIT with finite-difference in time reconstruction.

Choosing a spiral trajectory for a combined Pl and CS reconstruction requires
trade-offs between factors which could affect each type of reconstruction differently. For

CS based techniques a relatively incoherent sampling pattern is a necessity and
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adequate sampling of the low spatial frequency reduces high-energy low-frequency
aliasing and generally improves image reconstruction as compared to completely random
under-sampling strategies. We demonstrate through simulation and imaging experiments
that DD-2, which is a dual density spiral with a broad transition, appears to provide a

reasonable trade-off for a reconstruction utilizing both Pl and CS.

Regarding the k-t sampling pattern, a fixed temporal pattern which is adequate for
PI does not work well for an L1-SPIRIT reconstruction as it is completely coherent in the
temporal domain. However, for the evaluated spiral pulse sequences, reconstruction
performance between the AU, GA-t and GA-kt temporal sampling strategies was similar.
The lack of difference between GA-t and GA-kt could be related to the spiral design which
has 3 spiral arms that are spaced 120° apart from each other which is very close to the
golden angle 111.25°. We found that the L1-SPIRIT reconstruction performance is more
dependent on the particular spiral k-space trajectory pattern rather than the k-t sampling
pattern. The prospective study which directly compared AU and GA-t strategies for the
DD-2 trajectory in the same subjects confirmed this assertion, resulting in similar image

reconstruction performance for both k-t sampling strategies.

Strictly speaking, the conclusions regarding the choice of trajectory and temporal
sampling pattern apply to the L1-SPIRIT reconstruction using temporal finite difference
as the sparsifying transform. We chose to use temporal finite difference as it is generally
robust and errors from respiratory motion typically only affect a small temporal extent of
the data series. To assess generalizability of the results we have also performed a
preliminary analysis using kt-SLR®®¢ with only a temporal TV term (i.e. no spatial TV). The
results with respect to the choice of k-space trajectory were similar to what we reported
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for L1-SPIRIT in this manuscript and images were of similar quality. With respect to
temporal sampling strategy, the results for golden-angle-in-time were superior to those

using the angularly uniform temporal strategy as expected.

Preservation of the temporal dynamics of the perfusion image data is essential for
guantification of myocardial perfusion. Reconstruction techniques that rely on the k-t
correlation of the data have the potential for affecting the fidelity of the temporal
information. We show in simulation and retrospective down-sampling studies that
although we are using a finite-difference in time as sparsifying transform, the temporal
dynamics are preserved in the myocardium for the L1-SPIRIT based reconstruction.
There is a minor loss of temporal fidelity at the time of contrast arrival at the RV and LV
cavity which is due to the very high temporal-frequency content when the contrast first

appears in the cavities.

This study has a few limitations. In the retrospective analysis, we utilized SSIM and
RMSE as quantitative metrics for assessing image reconstruction performance. However,
these parameters may not be sensitive to subtle changes in temporal dynamics and do
not directly address performance for clinical detection of CAD. We chose the minimal
regularization parameter for the L1 term which adequately removed aliasing to minimize
losses in temporal fidelity. For 2D spiral perfusion imaging, where the SNR is limited due
to heart rate constraints, non-Cartesian Pl techniques work well at 2-3x acceleration
factors, but perform poorly at higher acceleration factors®. For perfusion studies which
only acquire 3-4 slices per heart-beat, non-Cartesian Pl alone at 2x acceleration may be
preferable since each image is reconstructed separately and is thus robust to respiratory

motion and the reconstruction does not suffer from any temporal blurring®!. For more
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highly accelerated techniques required to achieve 2D whole heart coverage, we have
found that reconstruction techniques which exploit prior knowledge are necessary. We
did not perform a formal comparison between different reconstruction techniques which
is a limitation of this paper. As most of the prospective studies were acquired during a
routine clinical examination, we were only able to obtain resting perfusion images with a
single pulse sequence precluding the direct comparison of spiral and Cartesian pulse
sequences in the same subject. However, it does provide a real-world evaluation of the
performance of the accelerated-spiral approach in patients with CAD. Resting perfusion
images demonstrate both feasibility of the technique and high image quality. The example
case from our ongoing study of whole-heart spiral perfusion provides preliminary
evidence of the utility of the proposed pulse sequence for detecting obstructive CAD with
an inducible perfusion defect matching the location of obstructive CAD by cardiac
catheterization. An additional limitation is that similar to other techniques that rely on
correlations in k-t space, the L1-SPIRIT reconstruction is affected by respiratory motion,
and severe respiratory motion degrades image quality. We chose finite-difference in time
for the L1 term, as respiratory motion artifacts which usually occur near the end of the
breath-hold, tend to be localized to only this portion of the data acquisition. We have
recently demonstrated a technique based on rigid-registration of the heart region8’ which
improved robustness to motion. Ongoing efforts by our group and others have developed
reconstruction techniques which utilize registration techniques to overcome this limitation
with promising initial results.67:28 Further clinical studies and direct comparison to existing
techniques will be necessary to demonstrate the potential utility of whole-heart coverage

spiral pulse sequences for this challenging application.

49



2.5 Conclusion

We demonstrate the successful application of whole-heart coverage first-pass
myocardial perfusion imaging using accelerated spirals with optimized trajectories and k-
t sampling patterns. With this technique we can acquire 8 short axis slices using a spiral
trajectory designed with a nominal in-plane resolution of 2 mm at heart rates up to 125
BPM. Future clinical validation studies in patients with known CAD at rest and adenosine

stress will be essential to further assess and optimize performance of these sequences.
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Chapter 3: Reduced FOV single-shot spiral

perfusion

3.1 Introduction

The Nyquist sampling theorem requires a k-space sampling finer than Ak = 1/FOV
to support the desired FOV without spatial aliasing artifacts. For CMR imaging this
typically means that a FOV larger than the patient’s chest must be imaged to avoid
aliasing artifacts. However, if the region of interest (ROI) only occupies a small region of
the FOV, this strategy is inefficient. Conventional contrast-enhanced first-pass perfusion
studies typically use a FOV of 300-400 mm depending on the patient’'s body size.
However, the heart is easily encompassed by a FOV of 80-120 mm in the short-axis view.
By using a reduced or restricted FOV (rFOV) imaging technique, k-space can be sampled
more coarsely resulting in improved sampling efficiency. The rFOV can be achieved using
outer volume suppression (OVS) techniques®. Usually OVS technigues employ a spatial
preparation sequence to saturate the signal outside the. Modern MRI scanners
oversample k-space and employ anti-aliasing filter in the readout direction, therefore OVS
only needs to be applied in the phase-encoding direction. Multiple studies®®-°3 have shown
the successful applications by utilizing OVS to achieve high efficiency and rapid imaging.
For spiral imaging, where the readout direction is continually changing, a traditional anti-
aliasing filter cannot be utilized and the full extent of the object must be supported in all
directions. Multiple regional saturations would need to be applied in multiple directions to
support the circular FOV. This strategy would be challenging for myocardial perfusion
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imaging where only a short period of time is available for the application of such saturation
pulses. Furthermore it would require placement of the different saturation pulses which
would be time consuming for the MRI technician. Thus, for spiral imaging, a circular rFOV

design would be advantageous.

Myocardial perfusion imaging requires rapid data acquisition. Typically this is
achieved using rapid FLASH®4, EPI%, or SSFP®® readouts following a saturation recovery
preparation. These readout strategies, when combined with Cartesian or radial sampling,
require multiple RF excitations to acquire the data needed for each perfusion image. In
the case of FLASH acquisition, this requires a short TR, which necessitates the use of
relatively low flip angles. Spiral trajectories have the potential to acquire a complete image
with a single RF excitation. This single excitation approach provides very high temporal
resolution and sampling efficiency, but also requires highly accelerated spiral trajectories
with an associated SNR penalty. We propose that incorporating OVS pre-saturation with
single-shot excitation spiral imaging can reduce the acceleration rates necessary, thus
balancing the SNR loss and providing robust perfusion imaging. The goal of this study is
to develop an OVS design suitable for a single-shot rFOV spiral perfusion sequence. The
resulting sequence will be used to achieve whole heart coverage with high spatiotemporal
resolution with comparison with standard full FOV spiral perfusion images in clinical

patients.
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3.2 Methods

3.2.1 Designed Consideration

We have previously shown that first-pass myocardial perfusion imaging using
accelerated spirals with an optimized trajectory and k-t sampling pattern can produce high
quality 2D perfusion images with whole-heart coverage at the heart rates up to 125 BPM®”.
This technigue uses multiple spiral interleaves with effective acceleration factor of 5 to
achieve whole heart coverage with 8 slices and in-plane resolution of 2 mm by supporting
340 mm? FOV. The temporal resolution of each perfusion image is 35 ms. We propose
that the delay time between saturation and imaging can be used to add OVS preparation
to increase the k-space sampling efficiency. The reduction in the required FOV can be
used to support the same in-plane resolution as a full FOV sequence with a single-shot

excitation spiral readout, greatly improving the temporal resolution.

3.2.2 Single-shot Excitation and SNR Consideration

The balance between spatial resolution, temporal resolution, and SNR can be

expressed as follows:

SNR o 1 % 8z % \[Trotar * £ (0, T1, T2) (3.1)
where 7 is the SNR efficiency of variable-density spiral trajectory, §,,, is the spatial
resolution, T;,:+q; IS the total readout time for specific slice and f(p,T;,T,) is the pulse
sequence dependent function to determine the signal amplitude at readout. If the spatial
resolution is maintained the same for both multi-shot spirals and single-shot spiral, the

single-shot will have lower SNR due to the shorter readout time. However, a higher 90°
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flip angle (FA) could be used to compensate for the loss of SNR because longitudinal
magnetization does not need to be preserved for additional RF excitations and readouts.
For example, in the optimized multi-shot spirals technique, 3 spirals with each with a 5
ms readout duration (15ms total readout duration)and 31° FA is used to exactly balances

the loss in magnetization from each RF pulse®3. The reduction in SNR from a single-shot

excitation spiral with an 8 ms readout V8/+v15) is offset by the larger 90° FA
(sin(90°)/sin(319°)), resulting in a relative SNR increase of 42% increase as compared to
the multi-shot spirals. The use of variable-density trajectories results in lower SNR in
images given the same spatial resolution and scan time®’. Highly accelerated single-shot
spiral (12x Nyq) is required to achieve 2 mm in-plane resolution for FOV of 340 mm?,
which will result in 20% SNR loss and unstable for the reconstruction pipeline using
combination of compressed sensing and parallel imaging technique. In addition, the

temporal resolution is shortened by 77.2% (8 ms versus 35 ms).

3.2.3 rFOV Design

A rapid, B1-robust 2D OVS technique® is implemented to enable imaging of a
reduced FOV that only includes the heart. The OVS preparation (Fig. 3.1a) consists of a
non-selective tip-down, followed by spatially selective tip-back and a spoiler. A 4 ms
adiabatic BIR-4% tip-down pulse is used for non-selective excitation, and a 2.2 ms jinc-
shaped 2D spiral spatial selective® pulse with a time-bandwidth product of 4 is used to
tip back spins within a 100 mm cylindrical rFOV. A 2 ms spoiler gradient is used to
dephase residual transverse magnetization. The spatial profile of the 2D spiral tip-back

pulse is shown in Figure 3.1b and 3.1c. For the rFOV = 100 mm design, the stopband is
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around +400 mm, which is large enough to suppress the signals outside of the heart to
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Figure 3.1 a: Diagram of the 2D OVS pulse sequence, which is consisted of a non-selective
adiabatic BIR-4 tip-down pulse, 2D spiral spatial selective tip-back pulse and the spoiler to crush
the residual signal. b: 2D spatial profile of the rFOV = 100 mm design. c¢: 1D spatial profile cross

the 2D profile center to show the stopband is around 400 mm.

Figure 3.2 shows the simulated performance of the OVS module across the Bl
scale factors (a) and resonance frequency offsets (b). The OVS pulse is insensitive to the
off-resonance effect due to adiabatic excitation and short tip-back spiral pulse. However,
the OVS performance is poorer with lower B1 scale factors, reaching 75% efficiency at a

B1 scale factor of 0.6.
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Figure 3.2 Simulated performance of the OVS by varying the B1 scale (a) and off resonance (b)

3.2.4 Pulse Sequence Design

The pulse sequence is shown schematically in Figure 3.3a. Non-selective
saturation with an adiabatic BIR-4 pulse is applied for T; -weighted preparation. A
spectrally selective fat-saturation (SPAIR) pulse is used to achieve fat suppression,
followed by the OVS module to suppress signals from outside the heart. Single-shot
excitation spiral readouts are acquired in an interleaved order for 2 different slice locations
separately to produce T, -weighted images for perfusion. Therefore, 2 slices are acquired
in one SR block, and SR blocks are repeated until all the slices are imaged. The single-
shot spiral trajectory is presented in Figure 3.3b. It is an 8 ms spiral using a Fermi-shape
dual density design, with 20% center fully sampled and a broad transition to reach the

ending density of 0.15x Nyquist, achieve 2mm resolution at a reduced FOV of 170 mm.
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The corresponding point spread function (PSF) is shown in Figure 3.3c, and this spiral
trajectory has relative incoherent and a noise-like side lobe distribution well suited to CS
reconstruction. The spiral is rotated by a golden angle (111.25°) in time to further provide

incoherence in the temporal domain.
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Figure 3.3 (a) Schematic of the single-shot spiral perfusion with 2D OVS pulse sequence. (b) k-
space trajectory of the single-shot spiral with Fermi-shape dual density design and (c)

corresponding point spread function to show the incoherent sampling pattern.
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3.2.5 Image Reconstruction

Block low-rank sparsity with motion-guidance (BLOSM)®’ combined with SENSE®>?
was implemented to reconstruct the under-sampled perfusion images through

optimization of:

minimizey, || ®Pzxm||,.

s.t. [|F,Sm—d|,<é& (3.2)
where m represents the estimated perfusion images, d is the acquired undersampled k-
space data, and F, is the undersampled non-uniform Fourier transform, which only takes
values at the k-space positions where d are acquired. S is coil sensitivity map. &4
represents the operator for block tracking and creation of rearranged clusters, after m is
divided into blocks which are tracked using displacement maps R. ||*[,. is a joint
Schatten p-norm that exploits the regional low rank property. An iterative soft-thresholding
(IST) algorithm'® was adopted to solve this optimization problem. The image

reconstruction was implemented in MATLAB (R2013b, the MathWorks, Natick, MA).

3.2.6 Human Studies

To compare the performance of the full FOV and rFOV perfusion sequence, resting
first-pass perfusion was performed in 16 subjects (8 for each sequence) undergoing
clinically ordered CMR studies. Written informed consent was obtained from all subjects,
and imaging studies were performed under institutional review board (IRB) approved
protocols. Imaging was performed on a 1.5T MRI scanner (MAGNETOM Avanto,

Siemens Medical Solutions, Erlangen, Germany). Perfusion imaging was performed
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using 0.075mmol/kg Gd-DTPA (Bayer AG, Leverkusen, Germany) injected intravenously
at a rate of 4mL/s followed by 25 mL of saline flush at 4mL/s. A 32-channel cardiac
phased-array receiver coil (Invivo Corporation, Best, The Netherlands) was used for
signal reception. Imaging protocols for the full FOV and rFOV sequence were shown in
Table 3.1. Common sequence parameters included: echo time (TE) 1.0 ms, repetition
time (TR) 9 ms, saturation recovery time (SRT) 80 ms, FA 90°, temporal resolution 8ms

each slice, 2 slices per saturation, and 8 slices covering the whole left ventricle.

Table 3. 1 Sequence parameters for full FOV and rFOV sequence.

Full FOV rFOV
FOV (mm) 340 170
Resolution (mm) 2.01 2.01
Starting density 1.2 1.2
Ending density 0.08 0.15
Fully sample k-space center 20% 20%
Sample size 8 8

3.2.7 Image Analysis

Perfusion images were reconstructed by proposed BLOSM algorithm. Image
quality was graded on a 5-point scale (1l-excellent, 5-poor) independently by two
experienced cardiologists blinded to acquisition method. Statistical analysis on image
scores from the two reviewers were analyzed using the Wilcoxon signed rank tests. Image

quality of the full FOV and rFOV sequence was analyzed using the Mann-Whitney U test.
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3.3 Results

Figure 3.4 shows a phantom experiment of OVS performance. A full FOV image
is shown in Fig. 3.4a, and the rFOV used for b and c is indicated with a yellow box.
Direct reduction of the FOV (Fig. 3.4b) results in spatial aliasing, which is suppressed

with application of OVS preparation (Fig. 3.4c).

Figure 3.4 A phantom experiment setup is shown with a full FOV with a reduced FOV indicated

with a yellow box. Reduced FOV images are shown without (b) and with (¢) OVS preparation

Figure 3.5 shows direct reconstruction with zero padding (dc/zp) (a) and BLOSM
(c) images from 12x accelerated spiral with FOV 340 mm without OVS and dc/zp (b) and
BLOSM (d) from 6x accelerated spiral with rFOV 170 mm. The images in (b) and (d) were
shown in the FOV 340 to present the OVS performance. The OVS performed well by
limiting signal to the heart region. Without OVS, the aliasing was not completely removed

due to the very high accelerated factor needed to support a full FOV.
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Figure 3.5 Full FOV of 340mm without OVS (a,c) and rFOV of 170mm with OVS (b,d) shown in
340 mm FOV perfusion images. Top row shows the directly gridding images with zero padding

from the under-sampled data. Bottom row shows the BLOSM reconstructed images.

Figure 3.6 illustrates the image quality of whole-heart coverage first-pass perfusion

images at the middle time frame from a subject using rFOV of 170 mm. The images
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demonstrate high SNR and image quality with minimal residual aliasing outside the heart

regions.

Figure 3.6 Example images demonstrate whole-heart coverage rest perfusion imaging from a

clinical subject using rFOV of 170 mm.

Figure 3.7 shows rFOV single-shot spiral perfusion images covering the whole
heart from a patient with known CAD. A subendocardial perfusion defect in the anterior
and lateral walls corresponded to a region of focal scarring on LGE images. Given the
temporal footprint of 8 ms, fine details of the cardiac trabeculations and papillary muscles
are evident which are typically not well visualized due to temporal blurring with other

perfusion techniques.
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Figure 3.7 rFOV(170mm) single-shot perfusion and positive LGE images of a CAD patient

Average image quality scores (1-excellent, 5-poor) from full FOV cases (N =8) and
rFOV cases (N = 8) were 3.1 + 0.64 and 2.3 + 0.46 (p = 0.02) from cardiologist 1, and 2.5
+ 0.54 and 1.8 = 0.47 (p = 0.04) from cardiologist 2. Both of the two cardiologists favor

the rFOV image quality compared to the full FOV images.

Table 3. 2 Image quality graded by two cardiologists (1-excellent; 5-poor)

Full FOV (N=8) rFOV (N=8)
Cardiologist 1 3.1+0.64 2.3 £0.46*
Cardiologist 2 251054 1.8+£0.47*

*p < 0.05

3.4 Discussion

In this study, reduced FOV spiral perfusion imaging is achieved by fast 2D OVS

preparation. Instead of supporting the full FOV, the rFOV covering the ROI can either
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greatly shorten the scan time or increase the spatial-temporal resolution using the same
amount of scan time. It provides more flexible image planning for technicians compared
to utilizing conventional multiple saturation bands. The rFOV performance is dominated
by the OVS module. In our design, the adiabatic BIR4 pulse was used to tip-down all
spins first and the 2D spiral pulse was applied to tip-back the spins within the ROI. Based
on the B, and B; inhomogeneity simulation, the OVS module was not sensitive to the B,
due to the short duration of the pulse. However, it was sensitive to the B; inhomogeneity.
This design will result in good OVS performance outside the ROI, but within the ROI, the
tip-back performance is B; dependent and it will cause signal loss if the B, is extremely
low. Potential solution is using the hard pulse to tip-down the spins instead of using
adiabatic pulse, but it cannot guarantee good OVS performance outside the ROI. The
application is not limited to perfusion imaging, the rFOV can be transferred to other
applications when the imaging ROI is much smaller than the object size such as liver or

kidney imaging.

The single-shot excitation leverages the perfusion imaging into a new stage where
the imaging speed is ultra-fast, even less than 10 ms per slice. Among the most three
popular trajectories, Cartesian, radial and spiral, the single-shot excitation is the unique
only for spiral trajectory. It provides the possibility to do the whole heart coverage systolic
perfusion imaging or continuous acquisition imaging with whole heart coverage. Systolic
data acquisition is likely to be more robust in patients with atrial fibrillation, the most
common cardiac arrhythmia, with a prevalence of 9% in elderly people (>65 years) with
cardiovascular disease!®. In addition, the myocardium is much thicker at the systole than

at diastole. Meanwhile, with the ultrafast acquisition, it also becomes feasible to perform
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the exercise stress test imaging with high spatial resolution and whole heart coverage.
Usually during the exercise stress, maximum predicted heart rate is estimated to be 220
minus age®? BPM, which means the corresponding R-R interval is at the range of 300 to
400 ms. It will be great challenge for conventional whole heart coverage first-pass
perfusion sequence. However, in our design, if 4 slices with rFOV using single-shot
excitation are acquired in one SR preparation, to achieve the whole heart coverage of 8
slices, it only takes total time of 240 ms, which can support any heart rate in the exercise

stress imaging.

The SNR loss of the single-shot excitation due to the shorter readout time is
balanced back by utilizing larger flip angle. This allows us to achieve the ultra-high
temporal resolution without scarifying the original image SNR, resulting similar image
guality with multi-shots spirals. However, the relative longer spiral per arm (8 ms single-
shot vs 5 ms multiple-shots) will potentially suffer from the off-resonance artifact.
Therefore, automatic off-resonance correction methods®® are extremely helpful for the

single-shot excitation pulses.

Two slices perfusion images were acquired after the OVS module within one SR
preparation in this study. The first slice was sampled immediately after the OVS which
would get signal totally nulled outside the ROI. However, the second slice was acquired

10 ms after the OVS module and the magnetization outside the ROI would recover by

10

M,(1 —e T1), for that fat or small T; value tissue, the recovery could be over 5% of the
total magnetization. Example images of the different OVS performance is shown in Figure

3.8. The basal slices were sampled immediately after the OVS which resulted in perfect
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nulling. However, the apical slices were acquired later where the signal outside the heart
were recovering. Potential solution of this problem is to tune the tip-down and tip-back
pulse to be greater than 90°. By doing this, there is no effect of the spin within the ROI,
however, for the spins outside the ROI, the initial magnetization after the OVS is a little
bit negative, the FA of the tip-down and tip-back pulse can be chosen as the zero-across

point in the recovery curve to achieve similar OVS performance for both of the slices.

Figure 3.8 Example perfusion images of rFOV to show the different OVS performance of two
slices acquired in one SR preparation. Top row images are sampled immediately after the OVS,

and bottom row images are acquired after 10 ms of OVS.

This study has some limitations. As most of the prospective studies were acquired
during a routine clinical examination, we were only able to obtain resting perfusion images
with a single pulse sequence precluding the direct comparison of full FOV and rFOV pulse
sequences in the same subject. However, it does provide a real-world evaluation of the
performance of the accelerated-spiral approach in patients with suspect CAD. Resting
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perfusion images demonstrate both feasibility of the technique and high image quality.
We did not compare different CS reconstruction methods, but BLSOM has already
gualitatively proved to be a robust motion compensated CS method. The OVS design can

be further optimized to achieve similar rFOV performance for different slice locations.

3.5 Conclusion

In this chapter, we proposed and validated a 2D OVS sequence module and
incorporate it into a single-shot excitation spiral perfusion sequence with reduced FOV.
This enabled less aggressive acceleration with very high temporal resolution (8 ms per
slice) that supported the high heart rates found during in exercise stress cases. Future
clinical validation studies in patients with known CAD at rest and adenosine stress will be

essential to further assess and optimize performance of these sequences.
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Chapter 4: Quantitative spiral perfusion

4.1 Introduction

Qualitative stress myocardial perfusion imaging using CMR has been
demonstrated robust diagnostic and prognostic performance in multiple studies03194,
High resolution quantification of myocardial blood flow (MBF) with whole heart coverage
has the potential to provide unigue information to improve the diagnosis of 3 vessel
disease and microvascular disease in comparison to simple qualitative evaluation05-197,
A direct comparison of quantitative versus qualitative CMR perfusion was conducted by
Patel et al in patients with suspected myocardial ischemia using QCA as the comparative
standard**. Although overall there was no significant difference in accuracy for the
diagnosis of CAD, the quantitative method differentiated single vessel disease from multi-
vessel disease which has important implications for assessment of prognosis and

therapeutic decision making.

To perform quantification of myocardial perfusion, an accurate measurement of
the arterial input function (AIF) is needed. The AIF can be derived from the signal
intensity-time curve in the left ventricular (LV) cavity. However, specific measures need
to be taken to accurately derive the contrast agent concentration from the signal intensity
data. Possible solutions to avoid arterial signal saturation include: 1) use lower contrast
agent dosage; 2) dual-bolus approach, which involves determining the AIF from a low
concentration pre- bolus®® and 3) dual-contrast sequence, which involves determining

the AIF from a low-T1 weighted image during the single-high contrast bolus°%119, Usually,
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utilizing lower contrast dosage method resulted in lower SNR and CNR perfusion images.
Dual-bolus and dual-contrast sequences are the most widely used methods to

characterize the MBF.

The dual-bolus method allows the use of high concentrations of contrast for
myocardial tissue analysis, but a lower concentration bolus to maintain the linearity of the
LV signal intensity’®. This method has been validated in an animal model against
microsphere blood flow, and has shown good correlations across a range of low, normal,
and hyperemic MBF%, In order to scale the data from the low-dose AIF acquisition to the
high-dose myocardial acquisition, the AIF time intensity curves is multiplied by the ratio

of the contrast agent concentrations of the two boluses.

The dual-contrast method usually involves low-resolution dynamic imaging of the
enhancement in the LV with short saturation recovery time, in addition to high-resolution
imaging of myocardial enhancement with long saturation recovery time!!l, The AIF is
acquired with a short saturation recovery time resulting in “low” T1 weighting which
improves the linearity of the signal-intensity versus R1 relationship at higher contrast
concentrations. The dual-contrast quantitative myocardial perfusion is sensitive to
systematic errors due to the non-linear relationship between contrast agent concentration
and MR signal. However, it is more clinically feasible, as the dual-bolus technique is more

complicated to perform in routine practice.

The demand of avoiding arterial signal saturation requires imaging AlF with lower
T1 weighting as fast as possible. Spiral trajectories have high efficiency in traversing k-

space, which enables rapid acquisition of the AIF to avoid signal saturation. However,
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spiral trajectories have not been applied to quantitative perfusion imaging.. Based on high
quality and high spatio-temporal resolution perfusion imaging with whole heart coverage
produced by the spiral trajectory as demonstrated in previous chapters, the goal of this
aim is to develop a quantitative dual-contrast spiral perfusion sequence and validate the

technique in healthy volunteers and patients with known or suspected CAD.

4.2 Methods

4.2.1 Dual Contrast Pulse Sequence Design

Our previously optimized spiral pulse sequence was modified to acquire proton
density (PD) and AIF images for quantification as shown in Figure 4.1. The high resolution
PD images were collected in the first 4 heart beats without a saturation pulse. The low
resolution AIF was acquired during the saturation recovery time (SRT) of the first

myocardial perfusion image, thus adding no additional imaging time to the sequence.
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Figure 4.1 Schematic of the spiral absolute quantification sequence with whole heart coverage.
Proton density images are collected in first 4 heart beats without saturation pulse (a). T1 weight

perfusion images are acquired with BIR4 saturation pulse(b).

4.2.2 Signal Modeling

Quantitative assessment of myocardial perfusion is based on modeling of the
contrast agent kinetics in the myocardium. Three major steps are needed to accurately
convert the image pixel intensities to myocardial blood flow: 1) Conversion of the image
intensity S(t) to T1 values T(t); 2) Conversion of the T1 values T(t) to contrast agent
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concentration C(t); 3) Determination of absolute myocardial bold flow via Fermi function

deconvolution of the contrast agent concentration curves in the myocardium and cavity.

A supplementary PD weighted image was used to correct the receive coll
inhomogeneity profile and normalize signal observations directly via a PD weighted image

using following equation:

S(x,y.1) = 1(x,y,t) ' sin(epp )

lop (X, y) sin(ay,) (4.1)

where «,, and «;, represent the imaging flip angles for PD and T1 weighted images,
respectively.

Contrast agent concentration can be estimated from the normalized signal using
the Bloch equation signal model''l. Considering that the spiral sequence samples the
center of k-space on each interleave, and samples each k-space radius at a similar time

on each interleaf, at the same time for each trajectory, we modeled the Bloch equation

as follows:
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where N is the number of imaging RF pulses of flip angle «,, TR is repetition time, TD

is the delay between saturation and readout. 1 — f denotes the saturation efficiency of
the pulse.

Then contrast agent concentration C(t) is related to the T1 values T(t) through:

1 1

——=—+¢-C(t

O T, +¢-C(t) (4.3)
where T, is the baseline T1 value before any contrast agent has entered the region of

interest, and ¢ is the relaxivity of the contrast agent at the system field intensity which is

3.8 L/mmol/sec for Magnevist Gd at 1.5T.
Based on the central volume principle, the relationship between the AlIF and TF is
defined as follow:
TF(t) = AIF (1) ®R(t) (4.4)
Myocardial flow will be determined using standard Fermi function model*° for

constrained deconvolution of the tissue function with the AlF as follow:

_ F
L+ep(k- (t—ty, - 7))

R(t) (4.5)

where t;, is the tissue contrast agent arrival time, F is the rate of flow, k is the decay
rate due to contrast agent washout, and 7 characterizes the Fermi function shoulder width.

We are interested in R(t =t;,) which represents the blood flow.

4.2.3 Processing Pipeline

Figure 4.2 summarizes the general signal processing pipeline from the acquisition
of raw data to the determination of pixel-wise maps of MBF. The acquired undersampled

raw k-space data were reconstructed using the L1-SPIRIT method described in Chapter
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2 to obtain alias free perfusion images. Then, perfusion images were aligned to the middle
time frame template image using the Advanced Normalization Tools (ANTS) registration
toolbox*'? if there was any motion in the image series. Short axis ROIs were drawn on
the registered perfusion images to divide the myocardium into 6 segments (anterior,
anteroseptal, inferoseptal, inferior, inferlateral and anterolateral) for each slice position.
The signal intensities were converted into gadolinium concentration-time curves as

described above. Lastly, MBF values were determined using pixel-wise and segmental

analysis..
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Figure 4.2 Spiral perfusion quantification processing pipeline. The undersampled raw k-space
data was first reconstructed by CS methods and then image registration was performed to align
all the perfusion images together. Short axis ROIs were drawn in the registered images to further
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perform signal modeling to convert the image intensities to concentration curve. Segment or pixel

map of MBF was calculated through Fermi deconvolution.

4.2.4 Phantom Validation

As the accurate determination of gadolinium concentration from T1 is essential for
guantification of perfusion, T1 measurement were validated in a phantom with 10 tubes
of differing gadolinium concentrations in the expected range for the LV cavity and the
myocardium (0.10 mmol/L to 10 mmol/L). The dual-contrast sequence was used to
estimate the T1 values. We assessed the linearity of the relationship between derived
and actual gadolinium concentrations by plotting the measured R1 for each phantom
versus the actual gadolinium concentration. The standard inversion recovery spin echo
(IR-SE) sequence was used as the ground truth for the T1 values of each phantom. .
Parameters of IR-SE sequence included: FOV 320 mm, matrix size 96x128, slice
thickness 20 mm, TR 10000 ms, TE 8.4 ms, bandwidth 19.3 kHz, 30 inversion times from
25 ms to 5000 ms. Saturation efficiency was calculated using single-shot spiral gradient
echo sequence with 1 ms TE, 3000 ms TR, 90° flip angle without a saturation pulse and

with 2 saturation recovery times 10 and 20 ms.

4.2.5 Human Studies

The spiral dual-contrast sequence with whole heart coverage was evaluated in
both healthy volunteers (N = 7) and patients with known or suspect CAD who were
scheduled to undergo invasive angiography for evaluation of angina chest pain (N =7).
All subjects were first imaged at stress during a 3 minutes infusion of 140 mcg/kg/min of

adenosine (Astellas Pharmaceuticals). The rest perfusion imaging was separated by 10
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minutes and the dose of contrast 0.075 mmol/kg Gd-DTPA (Bayer Pharmaceuticals) via
a peripheral 1V at a rate of 4ml/s was utilized for perfusion measurement. Late gadolinium
enhancement images were obtained to detect myocardial infarction. Imaging was
performed on a 1.5T MR Scanner (Magnetom Avanto, Siemens Healthcare) using 32
channel phased array coil. Written informed consent was obtained from all subjects, and
imaging studies were performed under institutional review board (IRB) approved
protocols. All patients with known or suspected CAD underwent coronary angiography.
The perfusion imaging protocol consisted of the acquisition of PD images during the first
4 heart-beats followed by saturation-recovery prepared perfusion images over the next
50-70 heart beats depending on the patient’s heart rate.. Other pulse sequence
parameters were as follows: TS 80 ms, TE 1.0 ms, 5 ms spiral and 3 spirals per slice,
effective TR 14 ms, FA 30°, 8 slices to cover the whole heart, 2 slices per saturation, FOV
340mm?, in-plane resolution around 2 mm. AIF images were acquired with a single-shot
spiral acquisition using a 45° FA with the following parameters: in-plane resolution 6.95

mm, TS 10 ms.

4.2.6 Image Analysis

The perfusion images from the healthy volunteers and CAD patients with known
or suspected CAD were processed using the pipeline described above to quantify stress
and resting MBF. Myocardial perfusion reserve (MPR), the ratio of stress flow to rest flow,
was obtained for each myocardial segment for each slice. Segments with an MPR < 1.5
were classified as ischemic. MPR was determined on a per-territory basis to compare
with coronary angiography. For qualitative analysis, 2 cardiologists with experience in

CMR perfusion imaging and blinded to patient data reviewed the perfusion images and
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reported perfusion defects in each myocardial segment. Analysis of accuracy was done

on a per patient and per vessel basis.

4.3 Results

4.3.1 Phantom

Figure 4.3 shows the gadolinium phantom with concentration range from 0 to 10
mmol/L. The T1 values were calculated within the drawn ROI for each tube. Table 4.1

showed the T1 values of gadolinium phantom from the IR-SE sequence.

Figure 4.3 Gadolinium phantom with concentration range from 0 to 10 mmol/L. The 10 tubes have

concentrations of O (saline), 0.1, 0.25, 0.5, 0.75, 1.0, 1.5, 2, 5, 10 mmol/L Gd respectively.
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Table 4. 1 Gadolinium phantom concentration and T1 values from IR-SE sequence

Tube # Conc. (mmol/L) T1 (ms)

1 Saline 2579.14 £ 9.74
2 0.10 1184.60 + 3.43
3 0.25 637.21+£1.77
4 0.50 359.79 £1.23
5 0.75 251.86 £0.75
6 1.00 189.70 £ 0.89
7 1.50 135.91 +0.51
8 2.00 103.94 £ 0.70
9 5.00 41.62 £ 0.17
10 10.00 22.07+£0.21

Figure 4.4 shows the relationship between the gadolinium concentration and the

R1 values estimated from the AIF, TF and IR-SE images using the measured saturation

efficiency 96.5%. The R1 estimation of TF and AIF is overestimated by about 3% as

compared to the ground truth.
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Figure 4.4 Relationship between the Gd concentration and R1 values estimated from AlF, TF

and ground truth.

4.3.2 Healthy Volunteers

Figure 4.5 (a) showed the tissue function (TF) and AIF tracer concentration curves.
AIF and TF images at different time points indicated on the time-concentration curves
were presented in Figure 4.5 (b). The first time point showed the PD images. Both the PD

and perfusion images from AIF and TF resulted in high SNR and quality.
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Figure 4.5 Example tissue function and AlF tracer concentration curves (a) and the perfusion

images at multiple time points(b) from a healthy volunteer.

Example first-pass perfusion images from a healthy volunteer at stress and rest
with whole heart coverage are shown in Figure 4.6, demonstrating excellent image
guality with minimum artifacts. These images are calculated through modeling to get the

stress MBF, rest MBF and MPR for further analysis. Pixelwise and bull-eye segment
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guantification is show in Figure 4.7.

Figure 4.6 Example perfusion images from one healthy volunteer at stress (a) and at rest (b).
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Figure 4.7 Pixelwise MBF map at stress (a) and rest (b) as well as the bull-eye segment plot at

stress (c) and rest (d).

Figure 4.8 presents the distribution of the stress MBF, rest MBF and MPR from the
healthy volunteer group. The mean resting MBF was 0.88 + 0.16 mL/min/g across the 7
subjects. of the mean stress MBF was 2.71 + 0.43 mL/min/g with larger variation, which
is caused by the subject dependent response to vasodilator. The mean MPR is around
3.1 + 0.56 for healthy volunteer group. The greater variation in stress perfusion values is

likely caused by differences in the subject’s response to adenosine.
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Figure 4.8 Distribution of the stress flow, rest flow and MPR from the healthy volunteer group.
The mean rest flow across all healthy volunteer is 0.88 = 0.16 mL/min/g, mean stress flow is 2.71+

0.43 mL/min/g and mean MPR is 3.1 = 0.56.

4.3.3 CAD Patients

Figure 4.9 shows an example case of a suspected CAD patient undergoing
guantitative spiral perfusion imaging. Stress perfusion images in (a) show a perfusion
defect in anteroseptal regions of middle and apical slices with normal resting flow in
(b).Quantitative stress MBF in (c) is less than 1 mL/min/g in the anteroseptal region and

the mean MBF in remote regions is 3.5 £ 0.42 mL/min/g. The rest MBF in (d) is
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homogeneous across all the segments and the mean MBF is around 0.92 = 0.21 mL/min/g.
The severely reduced perfusion in the anteroseptum was consistent with occlusion of the

mid LAD seen on coronary angiography.

~ Distal LAD

|

Figure 4.9 Example case of quantitative perfusion from a CAD patient. a: Stress perfusion images

show the perfusion defects in anteroseptal regions in middle and apical slices. b: Rest perfusion
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images show normal flow. c: Stress MBF map from the middle 4 slices. d: Rest MBF map from
the middle 4 slices. e: Coronary angiography shows the stenosis in the distal LAD territory

matched with the quantitative perfusion analysis.

Figure 4.10 shows another example case from a patient with CAD. The stress
perfusion images demonstrate large area of perfusion defect in inferior myocardial across
the whole myocardium in (a). The MBF map at stress in (b) shows the greatly reduced
flow in inferior regions with the stress flow as low as 0.8 mL/min/g compared with the
remote region’s flow of 2 mL/min/g. At rest in (c), this patient had a mean MBF of 0.89 +
0.18 mL/min/g. The detailed bull-eye segmental flow at stress and rest as well as the
MPR is shown in (d). In addition, the reduced endo/epi ratios in the inferior and lateral
walls is observed at stress. This patient’s catheterization results show high grade stenosis
in the LCx and a total occlusion of the RCA which is well matched with the quantitative

perfusion analysis.
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Figure 4.10 Example case of quantitative perfusion from another CAD patient. a: Stress
perfusion images show the perfusion defect in the inferior myocardial across all the slices. b:

Stress MBF map. ¢: Rest MBF map. d: Bull-eye plot to summarize the stress MBF, rest MBF
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and MPR on a segmental analysis. e: Coronary angiography shows high grade stenosis in the

LCx and a total occlusion of the RCA matched with the quantitative perfusion analysis.

On a per patient basis, quantitative perfusion was correct in 6/7 patients and visual
analysis was correct in 7/7 patients. On a per vessel analysis, quantification was correct
for 18/21 arteries while visual analysis was correct in 16/21 coronary territories. The one
subject who was missed by quantitative analysis had abnormal perfusion in all 3 territories,
and the patient was found to have diffuse non-obstructive CAD at coronary angiography.
In this case, the reduced perfusion likely indicated microvascular dysfunction, which can

cause diffuse perfusion abnormalities seen by quantitative analysis.

4.4 Discussion

In this study, a dual-contrast spiral trajectory quantitative sequence was developed
by acquiring proton density images for normalization and low-resolution AlF images to
accurately measure the AIF contrast concentrations in addition to the standard whole-
heart perfusion images. The sequence was validated in a gadolinium phantom, healthy
volunteer and patients with known or suspected CAD, resulting in high quality, accurate

perfusion flow measurements.

The signal modeling using spiral trajectory is based on single point T1
measurement theory. From the phantom experiment, the estimation of R1 values using
spiral sequence maintained good linearity with the gadolinium concentration which is
essential for blood flow quantification. However, the single point measurement relied on

strong assumptions regarding the fidelity of the pulse sequence and system.
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Healthy volunteer perfusion experiments at stress and rest demonstrates the
robust assessment of MBF using dual-contrast sequence technique. Generally, a MPR
of 3.1 can be observed in healthy volunteer group. The variation in the stress MBF might
account for the subject dependent response to vasodilators. The quantitative perfusion
imaging technique provides user independent assessment of myocardium compared with

visual analysis of perfusion images.

The study has several limitations. Single-point T1 measurement (based on the
Bloch simulation of the PD and saturation weighted signal intensities) does not accurately
measure T1 over the large range of possible T1 values in the myocardium. Multi-point T1
measurements could potentially improve accuracy and requires further study.. The
sample size of human study for both healthy volunteers and CAD patients is small. We
cannot draw firm conclusions regarding the MBF or MPR cut-off values to diagnose CAD.
This study is also limited by the lack of in-vivo validation of MBF, either comparing with
the PET imaging or using animal model with microsphere is essential to validate the
accuracy of MBF measurement in vivo. We are currently evaluating spiral perfusion pulse

sequences in animal models of myocardial perfusion with microsphere validation.

4.5 Conclusion

We have demonstrated the application of spiral quantitative dual-contrast
sequence in phantoms, healthy volunteers and patients with known or suspected CAD.
This technique can produce high quality perfusion images for clinical use. Quantitative
assessment of myocardial perfusion detected abnormal segments in better agreement

with coronary angiography on a segmental basis, consistent with the concept that
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guantitative assessment more accurately reflects ischemic burden in multi-vessel disease.
In the setting of microvascular disease, quantitative analysis may show reduced perfusion
in the absence of obstructive coronary artery disease as was seen in one of our subjects.
Further analysis will be needed to see if features such as the endocardial to epicardial
perfusion gradient could better differentiate obstructive CAD from microvascular disease.
Additional studies, including more subjects and appropriate age matching, are clearly

warranted to fully assess the potential of this technique.
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Chapter 5: Conclusion and future work

5.1 Overview of Findings

Most of the work presented in this dissertation is related to the pulse sequence
development. We first designed and evaluated two-dimensional (2D) L1-SPIRIT
accelerated spiral pulse sequences for first-pass myocardial perfusion imaging with whole
heart coverage capable of measuring eight slices at 2 mm in-plane resolution at heart
rates up to 125 beats per minute. Combinations of five different spiral trajectories and four
k-t sampling patterns were retrospectively simulated in 25 fully sampled datasets and
reconstructed with L1-SPIRIT to determine the best combination of parameters. Two
candidate sequences were prospectively evaluated in 34 human subjects to assess in
vivo performance. We found that a dual density spiral trajectory with a broad transition
region with either angularly uniform or golden angle in time k-t sampling pattern had the
largest structural similarity and smallest root mean square error from the retrospective
simulation, and the L1-SPIRIT reconstruction preserved the temporal dynamics. In vivo
data demonstrated that both of the sampling patterns could produce high quality perfusion

images with whole heart coverage.

Considering the fact that imaging efficiency is always low when the true ROI is
smaller than the supporting FOV, we designed the 2D OVS pulse to only prepare an ROI
around the heart to improve the imaging efficiency. The OVS module was incorporated
into the single-shot excitation perfusion sequence to achieve ultra-high temporal

resolution. The OVS module was simulated across a range of BO and B1 values to assess
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the effects of field inhomogeneity on the saturation performance. The rFOV single-shot
excitation perfusion technique was validated in human studies to compare with normal
full FOV imaging technique. rFOV technique generated higher quality perfusion images

than full FOV imaging methods.

Furthermore, we designed a quantitative dual-contrast spiral sequence by
additionally acquiring AlIF and PD images. We proposed a signal model to convert the
images intensities to myocardial blood flow values and we introduced a generalized
processing pipeline to obtain the quantitative perfusion measurement from the raw k-
space data. The sequence was further validated in phantoms, healthy volunteers and
patients with known or suspected CAD and demonstrated that high quality and accurate
blood flow measurements could be obtained. The quantitative method was compared with
gualitative assessment and the quantitative technique provided user-independent and

more accurate assessment among the CAD patients group.

5.2 Future Directions

5.2.1 3D rFOV perfusion

3D CMR perfusion imaging enables whole ventricular coverage at the same
cardiac cycle permitting quantification of ischemic burden of patients being evaluated for
coronary artery disease. Current 3D techniques have limited spatial-temporal resolution.
Taking the advantage of the reduced FOV technique in this dissertation, we can develop
an efficient outer-volume suppressed 3D Stack-of-Spiral perfusion sequence with motion-
guided compressed sensing reconstruction which can acquire 20 partitions with 2mm in-

plane, and 4 mm through-plane resolution with a temporal foot print of 180ms. Figure 5.1
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shows a preliminary result of perfusion images at a single time frame during first-pass of
contrast from one healthy volunteer using 3D rFOV technique. 2x sinc-interpolation of the
2x2x4 mm dataset, 40 slices with isotropic 2 mm resolution can be displayed (Figure 5.1
a) enabling isotropic visualization of perfusion in short and long axis image orientations

(Figure 5.1 b).

Figure 5.1 a) 40 slices of 2x2x2mm resolution with 180 ms temporal footprint. b) Long axis view

perfusion images from isotropic resolution images of a).

5.2.2 Simultaneous multi-slice (SMS) acquisition

There has been recent interest in SMS as a way to increase coverage for 2D multi-
slice imaging and promising preliminary results have been demonstrated for Cartesian!!3
and radial imaging*!4. Multiple slices can be excited simultaneously (SMS), however the
images from the slices are superimposed on each other, but can be separated using
parallel imaging techniques. To improve image reconstruction by reducing overlap of
image data from multiple slices, the CAIPHIRINHA technique can be used to linearly
phase shift data enabling higher Pl acceleration!!®. Spiral trajectories permit flexible

kspace sampling density, and undersampling artifacts result in an incoherent aliasing
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pattern, however the conventional CAIPHIRINHA approach is not applicable. We propose
an approach where the phase of one slice is modulated by angles that sum to 21 across
n excitations, and the excitation phase is incremented by the golden-angle between heart-
beats. To test this idea, we retrospectively performed a reconstruction of data using the
proposed scheme. Using spirals that densely sample the center of k-space, there is nearly
complete destructive interference of the data from the interfering slice (Figure 5.2 c,h),
and the residual aliasing pattern varies in time. By using an L1-SPIRIT reconstruction
each image can separately be reconstructed with nearly perfect recovery of data from
each slice (Figure 5.2 e,)). SMS will increase the number of slices by 2-4x without any

significant SNR penalty or loss in image quality.

Slice 1
0

Figure 5.2 SMS reconstruction experiment: (a,f) show phase of trajectories for each of the excited
slices, (b,g) are the independent images from each slice. (c,h) show the interference of each slice,
on the other slice which only consists of an incoherent aliasing artifact. Thus (d,i) direct
reconstruction of the data show minimal interference of the data from each slice on the other slice.
L1-SPIRIT easily recovers images each slice with no SNR loss in (e,j). Aliasing in (c,h) will be

improved with OVS.
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5.2.3 Multiple-point AIF estimation

Current first-pass quantitative perfusion techniques are based on a theory-based
signal calibration with single-point T1 measurement. Considering the fact that first-pass
perfusion imaging is a relative low SNR technique and is estimating T1 over a large range
especially in the LV cavity, the single-point T1 measurement has limited accuracy and
precision.. Furthermore, this technique is dependent on the assumption that confounding
factors such as the saturation efficiency, slice profile etc. do not have a significant impact
on T1 measurement. One possible solution for this problem is instead of doing single-
point T1 measurement, multiple-point measurement can be implemented to acquire low
resolution AIF images with different TS values to improve the measurement accuracy of
AIF, therefore, to improve the accuracy of MBF estimation. Furthermore, multiple echo
time of AIF images can also be acquired to compensate the T2* effect especially for the

peak of concentration in cavity during first-pass.

5.3 Collaborations and Contributions

The work in this dissertation includes many contributions from collaborators. |

would like to thank them for their efforts here.

The basic spiral trajectory gradient generation code, and system calibration is
based on work over a number of years from Dr. Meyer’s lab. Dr. Salerno had implemented
the original spiral perfusion pulse sequence based Dr. Meyer’'s gradient design that
provided the starting point for this dissertation. | further extended the spiral pulse
sequence to support a variety of spiral trajectory designs and k-t sampling patterns. |

implemented the modifications to support the acquisition of the AIF and PD images for
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guantitative perfusion imaging. | further modified this code to support reduced FOV and
single-shot spiral perfusion image acquisition. The online reconstruction pipeline in the
scanner called “IlceGrid” was also developed by Dr. Meyer’s lab, and | modified that to
meet our needs to perform quantitative perfusion imaging. | developed the off-line
reconstruction pipeline including implementation of L1-SPIRIT and registration
techniques based on ANTs. The application of the BLOSM technique used in Chapter 3
was implemented in collaboration with Dr. Xiao Chen and the Dr. Epstein’s lab. | had
important discussions and exchange of ideas with Dr. Li Zhao in developing the rFOV

pulse, and he gave me a lot of helpful feedback to improve the pulse.

The whole dissertation was supervised by my advisor Dr. Michael Salerno, but |
independently implemented the techniques used in this dissertation. Multiple paper and
conference abstracts have published during my Ph.D., and detailed information can be

found in Appendix.
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