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Abstract

Atherosclerotic vascular disease (AVD) — characterized by narrowing and stiffening of
the arteries due to plaque — is one of the most common causes of morbidity and
mortality in the United States and throughout the world. Currently, medical imaging plays
an important role in both the diagnosis of the disease and in the planning of treatment. In
particular, magnetic resonance angiography (MRA) has been widely used as a tool for
non-invasive and safe vascular imaging despite spatial and temporal resolutions that are
generally poorer than other imaging modalities deemed less safe or more invasive like
computed tomography angiography (CTA) or x-ray digital subtraction angiography

(DSA). For MRA to truly supersede these imaging modalities as the optimal technique



from both a safety and image quality perspective, new and advanced data acquisition

and reconstruction techniques are necessary.

The purpose of this work is to develop a robust protocol for MRA — particular focus being
placed on of the peripheral vessels — with imaging parameters that exceed those
currently attainable with MRA in the clinical setting. This is achieved by utilizing radial k-
space sampling in conjunction with an advanced, constrained reconstruction technique
(HYPR). In the first phase of this work, experiments were designed to characterize the
accuracy and fidelity of the reconstruction technique. In the second phase, protocols
were developed based on two distinct radial k-space acquisition techniques: stack-of-
stars (SOS) and vastly undersampled isotropic projection reconstruction (VIPR). The
specific benefits and deficits of each protocol were evaluated. In the final phase, data
were acquired from patients with peripheral artery disease (PAD) using the current
clinical reference standard for MRA and a robust imaging protocol based on radial
sampling and HYPR reconstruction. Statistical analysis was performed to compare the

agreement in diagnoses made from each protocol.
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Chapter 1: Introduction

1.1 Motivation

There is a significant need for safe, efficient and accurate vascular imaging methods to
aid in both disease diagnosis and interventional treatment planning. Magnetic resonance
angiography (MRA) has been widely used as a tool for non-invasive vascular imaging.
However, to approach the superior spatial and temporal resolutions of more invasive
imaging techniques, new, highly advanced methods are required. The purpose of this
research is to create a robust protocol for time resolved, contrast-enhanced imaging of
the vascular system of the body. Particular attention has been paid to the vessels in the
lower extremities and protocols were tailored to this application; however, both the
protocols created and the knowledge gained during the fulfillment of this research are

useful and applicable to many other MR angiography applications.

1.2 General Hypothesis
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The general hypothesis of this dissertation is in multiple parts. First, the highly
constrained backprojection (HYPR) reconstruction method can be used to provide highly
undersampled time frames that demonstrate a high signal-to-noise ratio (SNR) and low
undersampling artifacts that sustain limited penalty in either spatial or temporal fidelity.
Second, a robust imaging protocol can be developed using a combination of radial k-
space sampling and HYPR reconstruction to produce time-resolved, contrast-enhanced
exams of the peripheral vasculature with higher spatial and temporal resolutions than
methods currently used in the clinic today. Third, the improvements in imaging
parameters using such a protocol are attainable without a decrease in diagnostic

accuracy.

1.3 Chapter Summary

Chapter 2 provides a review of previously published work and the background
information necessary to appreciate the need and novelty of the work that follows. This
includes: the clinical background of peripheral artery disease (PAD); current diagnostic
tools for PAD; the role that MRA currently plays in the diagnosis; radial k-space

sampling; and highly constrained backprojection reconstruction.

Chapter 3 is an account of a study designed to test the temporal fidelity of HYPR
processing in relation to the temporal fidelity of MRA reconstruction techniques currently
available on the commercial market. This study utilized a numerical phantom that was
designed to simulate extreme temporal characteristics rather than likely in vivo contrast

dynamics.



In Chapter 4, a study is described that was designed to test the temporal and spatial
fidelity of HYPR reconstruction using real, acquired data from a physical, computer-
controlled phantom that mimics the contrast dynamics confronted in MRA of the
peripheral arteries. The consequences of and potential artifacts caused by using the
image processing technique with sub-optimal parameters is also investigated and

discussed.

Chapter 5 contains a description of a project in which a hybrid three-dimensional radial
k-space acquisition was developed with coil-by-coil data-driven parallel imaging and

HYPR processing and used to acquire MRA exams from healthy volunteers.

Chapter 6 is an account of the development of a robust imaging protocol for a truly three
dimensionally radial k-space acquisition and HYPR reconstruction. This protocol was
used to acquire time-resolved, contrast-enhanced MR angiography datasets from
healthy volunteers. Furthermore, this chapter discusses the application of the technique
to imaging of patients with PAD using a fractional dose of gadobenate dimeglumine

contrast agent.

Chapter 7 is a description of a study designed to test the clinical benefit of the radial k-
space acquisition and HYPR reconstruction protocol in a cohort of patients with PAD.
Magnetic resonance angiography exams using a commercially available Cartesian view-

sharing technique were also conducted on these patients. Additionally, these patients
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underwent x-ray digital subtraction angiography exams by surgeons in the University of
Wisconsin Vascular Surgery Department. The ability to see and diagnosis stenoses in
vessel segments from images produced by each MRA technique was tested and the
agreements on the presence of significant disease and the assigned stenosis grades

were calculated.

Chapter 8 is a summary that addresses the scope and impact of this work. Thoughts on

future work are also expressed.



Chapter 2: Background

2.1 Clinical Background

Atherosclerotic vascular disease (AVD) is one of the most common causes of morbidity
and mortality in the United States and throughout the world. AVD is characterized by
hardening, stiffening and narrowing of the arteries due to the buildup of fatty deposits
called plaque. Peripheral artery disease (PAD) is one of the many specific
manifestations of AVD and most commonly affects the arteries of the lower extremities.
As of 2006, 12 million people in the United States were living with a diagnosis of the
disease(1). PAD primarily affects the elderly and consequently patients on Medicare, see
Figure 2.1(2). Alarmingly, the annual total Medicare cost of PAD treatment is reported to
be as high as $3.87 billion. While only 6.4% of patients with PAD require and receive in-
patient care, 88% of the total Medicare PAD cost is associated with PAD-related

hospitalizations due to surgical interventions or amputations(3). If this grossly under-
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diagnosed and under-treated disease could be identified and intervened upon earlier,
before severe disease has manifested to a point that renders less invasive treatments
insufficient, PAD would become a significantly smaller financial burden on the Medicare
system. Furthermore, as the average age of the general population increases and the

obesity and diabetes epidemic continue, the disease is expected to become even more

prevalent.

Prevalence of PAD vs. Age
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Figure 2.1: Prevalence (%) of PAD vs. age (years) for men and women in the United States. Data
are from Allison, et al.

One common symptom of PAD is intermittent claudication, which includes pain,
numbness and aching in the legs. This may occur during exertion or rest. Other
symptoms include: decreased pulse is the legs or feet, pale or bluish skin color in the
legs or feet, low limb temperature, tissue loss and ulceration. However, the disease can
also be asymptomatic; of patients with PAD, only 10% to 30% experience classic
intermittent claudication(4). The diagnosis of even asymptomatic disease is meaningful,
however, since AVD in one vascular territory is associated with an increased risk of the

disease in other territories; patients with PAD have a 4-fold increased risk of myocardial
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infarction and a 2 to 3-fold greater risk of stroke than patients without PAD(4).

Unfortunately, PAD remains both under-diagnosed and under-treated.

Treatment for PAD can include lifestyle changes like improvement of diet and increased
exercise. However, if the disease has reached the stage where pain is present with
exertion, exercise may be difficult. Modification of risk factors like hyptertension, smoking
and diabetes can also be effective. Systemic treatment - anti-platelet drugs, for example
- have been shown to reduce adverse cardiovascular outcomes like myocardial infarction
or stroke. Endovascular treatments are often utilized in patients with a relatively small
number of stenosis that are short in length. Surgical revascularization is also an option in
cases that involve long stenotic lesions, numerous short stenotic lesions or critical limb

ischemia(5,6).

Besides a thorough medical history and complete physical examination focusing on the
cardiovascular system, an ankle-brachial index (ABI) test is a common, non-invasive
diagnostic tool for PAD(7). The ABI is the ratio of blood pressure measured in the leg to
the blood pressure measured in the arm. For the ABI diagnostic test, these parameters
are most often measured by Doppler ultrasound(8). In healthy patients, this ratio should
be slightly greater than or equal to 1.0. However, due to artery blockages that are

characteristic of PAD, an ABI less than 1.0 can be a predictor of disease(9).

In some cases, to confirm a PAD diagnosis, to visualize the severity of the disease, or to

determine the location of blockages for surgical revascularization planning, anatomical
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imaging of the vessels may be necessary. Imaging modalities must have high spatial
resolution in order to confidently visualize and diagnose stenotic vessel segments. Also,
adequate artery vein separation must be demonstrated. The anatomy in the lower legs is
such that the veins run directly posterior to the main arteries. The enhancement of both
arties and veins in a coronally oriented image can lead to overestimation of the arterial
lumen and misdiagnosis of stenosis severity. Sufficient artery-vein separation is usually
achieved by a high temporal resolution of the imaging modality so that an angiogram can

be acquired such that contrast material or image signal is present in the arteries only.

X-ray digital subtraction angiography (DSA) has been the reference standard for imaging
of the peripheral arteries due to both high spatial and temporal resolutions(10). However,
an intra-arterial injection of iodinated contrast agent is required, which can necessitate
post-procedure observation and/or hospitalization. At many institutions, DSA is no longer
being used as a diagnostic tool, but rather a tool to aid in interventions such as
endovascular treatment or revascularization. Computed tomography angiography (CTA),
which requires iodinated contrast agent via an intravenous injection, has been used as
an imaging modality for the assessment of PAD(11). Specifically, multi-row CTA
provides high volumetric spatial resolution and total longitudinal coverage of the legs.
However, the accuracy of CTA is significantly hampered in the presence of severely
calcified arteries(12-14). Also, in both DSA and CTA the patient is subject to potentially

harmful amounts of ionizing radiation.

2.2 Magnetic Resonance Angiography
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Magnetic resonance angiography (MRA) has been an increasingly important tool for
vascular imaging of the peripheral arteries. Techniques that rely upon Gadolinium-based
contrast agents (GBCA) to shorten the spin-lattice relaxation time of blood (i.e. contrast-

enhanced methods) are currently the most robust.

Due to concerns over the correlation between administration of GBCA and the
development of nephrogenic systemic fibrosis (NSF)(15-18), a significant amount of
effort has been applied to designing robust, non-contrast-enhanced methods for
peripheral angiography(19-25). The slow, variable and sometimes retrograde blood flow
in the lower extremities — especially with disease present — can significantly complicate
non-contrast methods that rely on flow to obtain endogenous contrast. To date, few of
these methods have proven to be as robust as the contrast-enhanced methods that

continue to be the gold standard for peripheral MRA.

It should be noted that the incidence of NSF has been shown to be contrast agent dose
dependent. In a large, retrospective study of the occurrence of NSF within two major
medical centers over ten years, 0.17% of patients who received a high dose of
gadolinium-based contrast agent (0.2 — 0.4 mmol/kg) developed NSF. There were no
cases in patients who received the standard dose (0.1 mmol/kg)(15). The feasibility of
performing time-resolved contrast-enhanced peripheral MRA exams with less than a

standard dose of contrast agent (< 0.1 mmol/kg) is discussed in Chapter 6.
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Several of the time-resolved, contrast-enhanced methods that are currently available
commercially rely upon a view-sharing data acquisition and reconstruction scheme to
increase the frame update rate of the time series(26-28). Three-dimensional time-
resolved imaging of contrast kinetics (TRICKS)(26) is the commercially-available
contrast-enhanced MRA technique currently utilized by University of Wisconsin Hospital

and Clinics for peripheral angiography, and is discussed in more detail below.

2.2.1 Time-Resolved Imaging of Contrast Kinetics

Three-dimensional TRICKS, like many other time-resolved, contrast-enhanced
angiography techniques(27,29), uses a view-sharing acquisition and reconstruction
algorithm. During acquisition, certain segments of k-space data in each time interval are
systematically left un-acquired to improve the frame rate. During reconstruction, the

missing k-space data are either borrowed or interpolated from neighboring time frames.

Figure 2.2 (from Korosec, et al.) shows the TRICKS k-space acquisition pattern and the
reconstruction routine. The A region of k-space represents the low spatial frequencies
and is updated during every other time interval. Therefore, a high percentage of the
contrast information is updated at a relatively high rate. K-space sections B, C and D
represent increasing spatial frequencies and are sampled at lower rates. The success of
the TRICKS technique relies on the assumption that high spatial frequency information in
a contrast-enhanced angiography exam is 1) generally of less importance than low

spatial frequency data and 2) less likely to change significantly at a high temporal rate.
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Therefore, to save acquisition time, high spatial frequency information is not sampled

with the same update rate as low spatial frequencies.

The fundamental idea behind view-sharing techniques like TRICKS — that high spatial
frequencies are less influential in a contrast-enhanced angiography image — is typically
valid. However, a view-sharing technique like TRICKS dramatically increases the total
amount of un-weighted temporal information included in a single time frame. The total
amount of time represented by the un-weighted data used to reconstruct a single time
frame is much longer than the frame update rate. This can lead to artifacts and errors in

the temporal accuracy of the exam.
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Figure 2.2: Schematic diagram of the acquisition and reconstruction algorithm for Time-Resolved
Imaging of Contrast Kinetics (TRICKS). Figure is from Korosec, et al.
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2.3 Radial k-Space Sampling

2.3.1 Introduction

Radial k-space acquisition and projection reconstruction was one of the first data
acquisition techniques used in MR imaging(30). However, due to initial hardware and
computation challenges, acquisition methods evolved to Cartesian-based techniques
where parallel lines of k-space are acquired to fill a Cartesian grid. Radial sampling has
many well-understood benefits compared to Cartesian sampling. Due to the acquisition
of the center of k-space during every repetition time and the subsequent low spatial
frequency signal averaging, radial sampling is less susceptible to motion artifacts(31).
The penalties resulting from not meeting the Nyquist criterion are more benign than the
coherent aliasing artifacts that arise from undersampling in Cartesian space(32). Also,
since there is no phase encoding in plane, spatial resolution in radial sampling is most
dependent upon readout length, which is not a significant contributor to imaging time.
This characteristic allows for the ability to image rapidly while maintaining relatively high
spatial resolution and acceptable levels of artifact. These benefits, along with MR
hardware improvements and computational advances(33-36), are responsible for
renewed interest in the radial sampling technique among researchers within the last
decade. Specific details and benefits of two radial acquisition techniques used in this

work are described below.
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3.3.2 Hybrid 3D Radial Acquisition
The hybrid 3D radial acquisition — also called stack-of-stars (SOS) — is a k-space
sampling method in which data are sampled along radial trajectories in the k«-k, plane

and phase encoding is employed in the k, direction. Figure 2.3 shows this pattern.

Slice encode

Projection readout

NX
I =~
= <
x

Figure 2.3: Diagram of the stack-of-stars (SOS) k-space acquisition trajectory. Radial sampling is
employed in the k,-k, plane, while Cartesian phase encoding is employed in the slice
direction.

A fully-sampled SOS dataset necessitates the acquisition of%times more data than a

corresponding Cartesian acquisition, due to the divergent nature of the radial projections
at high spatial frequencies. However, as noted above, radial aliasing artifacts due to the
acquisition of too few projections are relatively benign compared to the deterministic and
coherent aliasing that occurs in Cartesian undersampling. When radial undersampling is
employed, high intensity streak artifacts radiate from areas of signal. While these streak
artifacts may interfere with other structures in the image, they will not obstruct the object
from which they originate; around every point object in the image, there is an artifact free

FOV (rFOV), the extent of which is determined by the amount of undersampling:

Equation 2.1

rFov = Fov - (:2)- (2).

Ny
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Along with the high acceleration factors possible with radial undersampling, the SOS
trajectory is also compatible with Cartesian parallel imaging in the phase-encoding
direction. Parallel imaging strategies for non-Cartesian trajectories are currently a focus
of many investigators(37,38). While many algorithms exist, few have proven as robust as

Cartesian, data-driven techniques and will not be considered in this work.

2.3.3 True 3D Radial Acquisition

Vastly undersampled isotropic projection reconstruction (VIPR) is a true 3D radial k-
space trajectory; radial sampling occurs over the whole ky-k,-k, volume as shown in
Figure 2.4(39). Endpoints of each projection are distributed over the surface of a
sphere. The equation for the artifact free FOV (rFOV) for a VIPR acquisition is:

Equation 2.2

rFOV = FOV - (%) : (3)

r [
Again, VIPR acquisition requires%times more data than a similarly sized Cartesian

T:;,f = 1). However, the penalties for

volume to be considered fully-sampled (i.e. when

not meeting the Nyquist criterion are even more benign than the undersampling artifacts
in an SOS image. Streak artifacts are present in an undersampled VIPR image;
however, the artifacts are spread into three dimensions, making them less structured
and more noise-like. This property can facilitate higher undersampling factors and,

consequently, increased temporal resolution. Because of the consistent radial sample
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spacing (Akyand Akg) throughout k-space, VIPR trajectories are considered to be more
naturally suited for imaging of isotropic volumes.

Akz
Ak

Ako

kx

Figure 2.4: Diagram of the vastly undersampled isotropic projection reconstruction (VIPR) k-
space acquisition trajectory. Figure is from Barger, et al.

2.4 Highly Constrained Backprojection Reconstruction Techniques

2.4.1 Introduction

Highly constrained backprojection (HYPR)(40) is an image reconstruction algorithm that
exploits image sparsity and spatio-temporal correlation to obtain high quality time-
resolved images from significantly undersampled data. Time-resolved contrast-enhanced
MR angiography is a well-matched application for the HYPR algorithm because the
subtraction of a pre-contrast mask results in a dataset that meets the sparsity
recommendations. Many authors have applied HYPR reconstruction to MRA(41-43) and
have demonstrated that HYPR processed images exhibit a decrease in undersampling
artifact and high signal-to-noise (SNR) ratios compared to corresponding, non-HYPR-

processed time frames.
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The HYPR reconstruction process involves the creation and manipulation of two
fundamental images: the composite image and the weighting image. Since the initial
introduction of the technique, modified HYPR algorithms have been proposed, which
differ from the original algorithm in the manner in which the weighting image is created.
In this section, the original HYPR algorithm and two such modifications are examined
and considered. It should be noted that while the HYPR technique is adaptable to
interleaved variable density Cartesian acquisitions(44), this work focuses on the original,

intended application of the algorithm — interleaved, radially undersampled data.

2.4.2 Original HYPR Reconstruction

A schematic diagram of the original HYPR reconstruction algorithm is shown in Figure
2.5. A composite image is formed by one-dimensional Fourier transform and filtered
backprojection (FBP) of either all or a significant subset of the acquired k-space
projections. The result is a well-sampled anatomical image with high SNR due to the
long data acquisition time, high spatial resolution and few undersampling artifacts. The
composite image has little or no temporal information, but contains detailed structural

information pertaining to the anatomy.

The weighting image is unique for each desired HYPR time frame and in the original
HYPR algorithm is calculated by normalizing each image space projection — obtained by
a one-dimensional Fourier transform of the k-space projection — in a given time frame

interleave by the corresponding projection angle that is re-sampled from the time
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averaged composite image. The desired number of normalized projections is then
backprojected with no filtering. Note that the unfiltered backprojection (UFBP) process
will result in a significant loss of spatial resolution. Also, the weighting image is highly
undersampled at high spatial frequencies, and therefore suffers from streaking artifacts.

However, the temporal resolution of the weighting image is very fine and the SNR is

high.
_______ “\\ .. /-ﬂ’/ K-space
» ’ projections
1 2 3 N
o Image-space
\ // projections
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Figure 2.5: Schematic diagram of the Original HYPR algorithm.
Multiplication of the composite image and the weighting image is the final step of the

HYPR algorithm. Signal arising from either undersampling artifacts or the unfiltered
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backprojection of data that enhances areas of the weighting image beyond the borders
of the vascular system will be suppressed by the near zero signal values in the
corresponding pixels of the composite image. Dynamic information describing the true
temporal kinetics of the image series will be bright in the weighting image and will be
enhanced when multiplied with the composite image. The original HYPR process can be

written mathematically as:

Equation 2.3

Npr ,
1 P
. B|—
Npr i=1 Pe

where I; is the well-sampled composite image; Iw(t) is the unique weighting image for

Iy(t) = Ic - Iy (t) = I¢

time frame t; P, denotes the set of image space profiles for time frame ¢, P¢ is the
corresponding set of projections sub-sampled from the composite image, N,-is the
number of projections per time frame, and B() denotes the unfiltered backprojection
process. Note that in the original HYPR technique, projections are normalized prior to

backprojection.

2.4.3 Image-Based HYPR Reconstruction
Huang, et al.(41) published a modified version of the HYPR algorithm referred to in this

work as Image-Based HYPR. The modified algorithm can be expressed as:

Equation 2.4

TP B(p ))

PT B (pL)

Iy(t) =1Ic - Iy () =I¢ - (
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A schematic diagram of Image-Based HYPR is shown in Figure 2.6. In this case, the
entire interleave of k-space projections for a given time frame is one-dimensionally
Fourier transformed and backprojected with no filter prior to the normalization step. The
image created by the time frame projections is normalized by a similar image formed by
the summation of corresponding unfiltered, backprojected projections re-sampled from
the composite image. Note the difference between the original HYPR algorithm and
Image-Based HYPR is the order in which normalization and backprojection steps are

performed to create the weighting image.

I \ i A\ !
\\ 1 ’/ \ 4 \
ol e s a8 “w0le"  K-space
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I 4 \

Image-Based
A\ HYPR
| "
UFBP UEBP

L A

Weighting image

Figure 2.6: Schematic diagram of the Image-based HYPR algorithm.

The motivation behind Image-Based HYPR stems from the concept that, as the number

of projections in a time frame interleave increases towards the total number of
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projections in the dataset, the HYPR image should become equal to the composite
image; the weighting image should be of unit value. In Equation 2.4, as the image
formed by B(P:.) approaches B(P;), it is clear that Iy will approach 1. This is not
necessarily the case in the original HYPR algorithm. Assume N,.is equal to the total
number of projections and there is only one time frame. In the original HYPR algorithm,

k
for a given projection, k, the value (%) # 1 is backprojected. P;* will contain the data

[

collected only during the acquisition of the k™ projection. P, however, is a projection
from the re-sampled composite image and will contain temporal information that has
been time-averaged from the entire scan. In this theoretical limit, the normalization step
in the original HYPR algorithm will not result in a weighting image of unit value, but in the

Image-Based HYPR it will.

2.4.4 HYPR Local Reconstruction
Mathematically, the HYPR LR reconstruction algorithm can be written as:

Equation 2.5

D (k)
D(kce)’

@ =1I¢c - Iy() = I¢ -
HYPR LR is similar to Image-Based HYPR in that the normalization step of weighting
image formation is performed on images, rather than projections (see Figure 2.7 for a
schematic diagram). The difference between HYPR LR and Image-Based HYPR lies in
how the normalization images are created. In the HYPR LR equation, ® represents a

reconstruction technique for k-space data from the time frame t (k) and the re-sampled

composite (k¢i). The reconstruction technique (®) may vary for different data acquisition
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trajectories, but should be chosen based on its ability to reduce aliasing artifacts and
improve SNR relative to the corresponding non-HYPR processed image. In many cases,

that corresponds to a low spatial resolution reconstruction of the data.
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Figure 2.7: Schematic diagram of the HYPR LR algorithm.

2.4.5 HYPR Reconstruction: Other Considerations
An early criticism of the original HYPR technique is the possibility of inadvertent

enhancement of structures that should not be enhanced in instances where the dataset
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is not sufficiently sparse or the spatio-temporal correlation is weak. This error is
commonly referred to as signal cross-talk. The unfiltered backprojection performed in the
creation of the weighting image can result in bright signal in areas of the anatomy that
have yet to truly receive contrast material. If these areas are outside of the border of the
vascular system, multiplication by the corresponding low signal in the composite image
will significantly suppress the erroneous signal. However, if the backprojected signal in
the weighting image overlaps vascular anatomy in the composite image, premature

enhancement of the vessels in the reconstructed time frame can result.

The use of a sliding window composite image can mitigate this error(42). A sliding
window composite is created with only a subset of the data collected throughout the
exam — not the entirety of it. Usually, the data from the time frame being reconstructed
are temporally in the center of the sliding window; an equal amount of data are used
from before the time frame of interest as after. By time averaging less data, the image
sparsity is greater in a sliding window composite than in a full composite. Also, the
vessels that are bright are more temporally relevant to the time frame being
reconstructed. Therefore, there are more pixels of low signal intensity in the composite
image that will dampen erroneously bright signal in the weighting image. When creating
a sliding window composite, the amount of data included from low and high spatial
frequencies need not be the same; more high spatial frequency information can be
averaged than low spatial frequency data(45). A tradeoff exists, however, between a

temporally smaller composite image and an increasingly undersampled one. Increased
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undersampling will result in more and higher intensity streaking artifacts in the composite

image, which can nullify the benefit of the sliding window composite.

Local HYPR reconstruction (HYPR LR)(46) mitigates the cross-talk issue by creating the
weighting image in an alternative fashion, effectively localizing the weighting image blur.
In the HYPR LR reconstruction, the weighting image projections are filtered prior to
backprojection. The filter is chosen to reduce the weighting image undersampling
artifacts and increase image SNR. In most cases, this corresponds to a low-pass filter
that reduces the weighting image spatial resolution. Filtering the weighting image
projections minimizes the potential for signal cross-talk when using a fully sampled

composite image.
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Chapter 3: Simulation of Relative Temporal Response of Time-
Resolved MRA Sequences

3.1 Introduction

As elaborated upon in the two previous chapters, there is a significant need for safe,
efficient and accurate peripheral vascular imaging methods to aid in both disease
diagnosis and interventional treatment planning. Magnetic resonance angiography
(MRA) has been widely used as a tool for non-invasive vascular imaging. However, due
to the long duration needed to acquire sufficient high spatial frequency data, many
conventional MRA methods suffer from poor temporal resolution. Several techniques —
termed view-sharing techniques — have been commercially implemented that decrease

the scan time necessary for a given time interval by reducing the amount of k-space data
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acquired during that time interval. To reconstruct a full, high spatial resolution time

frame, data are shared between multiple time intervals.

This work investigates the temporal resolution of three time-resolved MRA methods:
Keyhole(47), Time-Resolved Imaging of Contrast Kinetics (TRICKS)(26), both of which
are Cartesian view-sharing techniques, and Highly-Constrained Back Projection Local
Reconstruction (HYPR LR)(40,46). Temporal resolution in this study is examined by
simulating the temporal impulse response of a given image reconstruction process. The
temporal impulse response function (IRF) describes how a system responds to an
impulse signal present for only a short time constrained to a small area of impulse (AOI);
it is analogous to the point-spread function in the spatial domain. The temporal
frequency response (TFR) is the temporal Fourier transform of the IRF and describes the
system’s response to the impulse signal in the temporal frequency domain; it is
analogous to the modulation transfer function in the spatial domain. Although a given
MRA reconstruction method may have excellent temporal resolution, as described by the
IRF and TFR, it may nonetheless suffer from poor spatial resolution. Often times, an
increase of resolution in one domain results in a decrease in the other. Therefore, when
investigating the temporal resolution of different methods, spatial representation of the

AOl is also considered.

3.2 Background

The Keyhole method takes advantage of the characteristics of different regions within k-

space and the contributions of those regions to the contrast and edge sharpness of an
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image; low spatial frequency data found in the center of k-space contributes to the image
contrast, while the high spatial frequency data near the edges of k-space contribute to
image sharpness. Acquiring low spatial frequency phase encoded data and zero filling
missing high spatial frequency data results in a decreased acquisition time, however, the
image is blurred in the phase encoding direction. Keyhole attempts to remedy this by
supplementing the low spatial frequency data acquired rapidly during a time interval with
high spatial frequency data from a fully sampled reference frame. Although this can
produce acceptable images, the degree of acceptability depends on the consistency of
the information in the reference frame with the information contained in the time interval
being reconstructed. For example, if the reference frame contains high frequency phase
encoded data that are not consistent with the data in the rapidly acquired time intervals,
the Keyhole method will incorrectly spread the reference frame data to all other frames,

resulting in reduced temporal and spatial fidelity.

TRICKS also takes advantage of the contributions of different k-space regions.
However, instead of imposing a single high spatial frequency k-space region onto the
entire image series, TRICKS systematically acquires high spatial frequency data
throughout the acquisition albeit at a slower rate than low spatial frequency acquisition.
The advantage of such an approach is that k-space data missing from a given time
interval can be estimated by linear interpolation of neighboring k-space data points. In

that way, each reconstructed time frame has unique high and low spatial frequency data.
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Unlike Keyhole and TRICKS, which are both Cartesian, view-shared techniques, HYPR
LR is most commonly applied to a set of undersampled, interleaved radial projections.
For the HYPR LR reconstruction, all or a significant subset of the acquired data are
combined to reconstruct a composite image via filtered backprojection or gridding and an
inverse Fourier transform. The composite image has high SNR and contains little, if any,
undersampling artifacts. A series of weighting images are formed using data from each
time frame; the final HYPR LR image is a multiplication of the weighting image by the
composite image. The HYPR LR process can be represented mathematically as:

Equation 3.6

F®I,
FQIc,

Iy(t) =1Ic - Iy (t) = I¢ -
where Ic is the well-sampled composite image; F is a convolution kernel chosen to
minimize undersampling artifacts; /;is a gridded, density compensated and Fourier

transformed reconstruction of the time frame image; and I-;is a re-sampled composite

image.

3.3 Methods

The impulse response functions of each method were simulated using a set of identical
512 x 512 pixel x-ray DSA images of the intracranial vasculature. The DSA frame
provides a relatively artifact free image and serves to simulate a contrast-enhanced
magnetic resonance angiography study of the head. A small 4 x 4 pixel area of impulse
(AOI) was prescribed in a non-sparse region; it was surrounded by vessels on all four

sides, see Figure 3.1. The value within the AOI for a single time frame of the input series
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was set to approximately 1.5 times the maximum signal intensity. The intensity within the
AOIl was set to zero for all other time frames. Impulse response functions were
calculated by measuring the mean signal within the AOI for each frame in the

reconstructed time series.

Figure 3.1: A 512 x 512 pixel x-ray DSA image of the head used as input for the simulation. This
frame also shows the area of impulse (AOI) (arrow).

As noted above, TFR curves are the Fourier transform of the IRFs. In this investigation,
the TFR of each method was normalized to one at zero frequency, since each
reconstruction technique would perfectly reconstruct static, non-temporally changing
objects. Since the temporal frequency response may depend on AOI size, various size

AOIs were examined for certain cases described below.

For the Keyhole simulation, the inner 15% of phase encoded lines were sampled in each
frame (labeled L in Figure 3.2a). This is consistent with the parameters reported in the
literature(27,47) and results in an acceleration factor of 6.6 relative to a fully-sampled
Cartesian acquisition. To simulate the temporal frequency response of Keyhole

reconstructions, two possible scenarios were addressed. First is the scenario around
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which the technique was developed: the impulse signal occurs during the rapid
acquisition of low spatial frequency time frame data (referred to as Case L for Low
spatial frequency). In Case L, high spatial frequency reference data will generally be
consistent with the time series and the impulse signal will be represented with high
temporal fidelity, but low spatial resolution. Second is a scenario that demonstrates the
potential for temporally inaccurate reconstructions if high spatial frequency reference
data are inconsistent with time frame data: the impulse signal occurs during the
acquisition of high spatial frequency reference frame data (referred to as Case H for
High spatial frequency). In Case H, high spatial frequency data from the impulse signal

will be imposed on all time frames in the series.

To simulate TRICKS, k-space was divided into three equal regions: A, B and C (see
Figure 3.2b). The low spatial frequency region was sampled twice as often as the middle
and high spatial frequency regions. The k-space region sampling pattern followed: A, B,
A, C, A, B, etc. Linear interpolation was used to estimate missing data for a given time
frame in the series. This resulted in an acceleration factor of 3 relative to a fully-sampled
Cartesian acquisition. For a TRICKS method with three k-space regions, three unique
simulations are necessary, depending on whether the signal impulse occurs during the

acquisition of low, middle, or high spatial frequency data.
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Phase encode

<€

Figure 3.2: a) In the Keyhole simulation the inner 15% of k-space — labeled L — is sampled at a
high rate, while high spatial frequencies — labeled H — are acquired only during a
single reference frame. b) In the TRICKS simulation, k-space is divided into three
equal regions: A, Band C.

To simulate HYPR LR, 2D k-space data were sampled along radial lines for each time
frame. Interleaves consisted of 41 angles, corresponding to an undersampling factor of
10 relative to the Nyquist criteria or 13 compared to a fully-sampled Cartesian
acquisition. To form the weighting image, all filtering was done in k-space by a radially-
symmetric Gaussian filter that reduced the spatial resolution of the weighting image by a

factor of 5. A composite image reconstructed with of all the k-space lines was used.

Since the impulse response function has units of [time frames] on the abscissa, a scaling
factor of (seconds / time frame) is needed to convert to the customary unit of seconds
prior to applying the Fourier transform. In Fourier space, the scaling for the temporal
frequency response function is then the reciprocal of the scaling parameter used for the
impulse response function. In this investigation, Keyhole, TRICKS and HYPR LR have

update rates of 76, 170 and 41 TRs. Therefore, to account for the different sampling
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rates used to measure the IRF, the frequency response functions of Keyhole and

TRICKS were compressed by a factor of 1.85 and 4.14 relative to that of HYPR LR.

3.4 Results

Figure 3.3 shows the impulse response functions for both Case L and Case H Keyhole
scenarios. In Case L, when the impulse occurred during the acquisition of low spatial
frequency data, the impulse response function is nearly ideal. No signal is spread to
other time frames, however only 54% of the original signal intensity is reconstructed in
the impulse frame. The impulse response function for Case H is very poor; 100% of the
signal is reconstructed in the impulse frame, however 45% of the signal intensity is

spread to all time frames in the series.
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Figure 3.3: Impulse Response Functions (IRF) for Keyhole under scenarios in which the 4 x 4
pixel impulse occurred during the rapid acquisition of low spatial frequency time
intervals (Case L) and during the acquisition of the high spatial frequency reference
frame (Case H).
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The frequency response curves for both scenarios are plotted in Figure 3.4; the results
vary drastically depending on whether the signal impulse occurs during the acquisition of
reference or time frame data. Figure 3.5 shows cropped and enlarged images of the
resulting time frames immediately preceding and including the impulse signal (T;.y and T;,
respectively) for both cases when a 4 x 4 pixel AOl is used in the simulation. Figure 3.6
plots the impulse response functions for both Case L and Case H when the side length
of the square AOI is varied. Notice that the depth axes for each three-dimensional plot
are opposite. In both cases, Keyhole exhibits the best impulse response when the AOl is
large, in other words, when the AOI consists of more low spatial frequency components

that are rapidly acquired and updated.

Keyhole: Frequency Response

ERE! R e
©
§075
§_ ' \ = %= Case L
O =& Case H
e 05
a \
c
S 0.25
5 0.
£ \v -~ -~ - - -~ - -

0 T T T T T T

0 0.05 0.1 0.15 0.2 0.25 0.3
Frequency (cycles/sec)

Figure 3.4: Temporal Frequency Response curves for Case L and Case H of the Keyhole
simulation. The constant response for Case L indicates that in that scenario, Keyhole
exhibits no spreading of the impulse signal in the temporal dimension.
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Keyhole
Ti-l Ti

Figure 3.5: Cropped and enlarged images of the time frame preceding the 4 x 4 pixel impulse (T
1) and containing the impulse (T;). Note that while Case L exhibits perfect temporal
response in Figures 3.3 and 3.4, there is a significant loss of spatial resolution in the
phase encode direction (top to bottom in image) in T;. Conversely, while in Case H
the AOI is represented well spatially in T;, a high-pass filtered representation of the
AOl is present in all other time frames.
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Figure 3.6: Impulse Response Functions for Case L and Case H of the Keyhole simulation with
square AOI side lengths of 1 through 8 pixels. Note that the depth axes for each plot
are reversed. In both scenarios, impulse response is significantly improved with
larger AOI sizes.

Figure 3.7 shows the TRICKS impulse response functions for Cases A, B and C. In Case

A, 88% of the impulse signal is reconstructed in the correct time frame, while 44% of the
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impulse signal is erroneously spread to either side of the impulse time frame. Impulse
response is poor in Cases B and C; note the difference in y-axis scale for the Case B
plot. Only 2.8% and 13.6% of the impulse signal is reconstructed in the correct time
frame in Case B and Case C, respectively. Low intensity signal is erroneously spread to
three frames before and after the impulse frame in both cases. The frequency response
curves for all cases are plotted in Figure 3.8 and cropped and enlarged images of
TRICKS time frames immediately preceding (Ti.1) and including (T;) the signal impulse
are shown in Figure 3.9 for each case when a 4 x 4 pixel AOI is used. Note that the
shape of each impulse response function is indicative of the sampling scheme for each
region in k-space and the linear interpolation performed to approximate the missing k-
space data. Therefore, the shape of the impulse response curve will not change for
different size AOIs. However, the impulse reconstructed signal intensity will vary. Figure
3.10 plots the AOI signal intensity in the impulse frame for Cases A, B and C when
square AOls of various side lengths are used in the simulation.

TRICKS: Impulse Response

0.25 1
Case A Case B Case C

0.1875 0.75

05 I 0125 05
0.25 | | | 0.0625 I 0.25
- | IS Sy | I I § TR

0 T T T T — d
7 6 -5-4-3-2-1012 34567 6 -5-4-3-2-10123 4586 7 8 7 6 -5-4-3-2-1012 3456 7
Frames from Impulse Frames from Impulse Frames from Impulse

% Impulse Reconstructed

Figure 3.7: Impulse Response Functions for scenarios in which the impulse occurred during the
acquisition of the center, middle and outer k-space regions (Cases A, B and C,
respectively). Note the different y-axis scale in the plot for Case B; only 2.8 % of the
input impulse intensity is reconstructed in the impulse frame.



35

TRICKS: Frequency Response
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Figure 3.8: Temporal Frequency Response curves for each case in the TRICKS simulation. In
each scenario, TRICKS exhibits a spread of impulse signal in the time dimension, the
severity of which depends on when the impulse occurs.

TRICKS
T, T

Figure 3.9: Cropped and enlarged images of the time frame preceding the impulse (Ti.4) and
containing the impulse (T;). In Case A, the AOI is well represented in the impulse
frame, however a low spatial resolution representation of the AOI is spread to the
preceding time frame. The AOI cannot be easily distinguished in either frame Ti.y or T,
in Case B and Case C. Small amounts of ringing artifact can be seen in these cases.
This is due to information that is inconsistent between k-space regions.
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TRICKS: AOI Signal Intensity in Impulse Frame
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Figure 3.10: Plots of the signal intensity (reported as the percent of the input impulse intensity) of
the reconstructed impulse in the impulse frame for Cases A, B and C when different
size AOIs were used in the simulation. Note the different y-axis scale for Case C.
When the impulse occurs during the acquisition of B or C k-space region, impulse
response is poor for all AOI sizes simulated. For Case A, impulse response
significantly deteriorates for AOI sizes smaller than 4 x 4 pixels.

The HYPR LR impulse response function is plotted in Figure 3.11. Seventy percent of
the impulse signal is reconstructed in the correct time frame and the remaining frames
contain comparatively little signal within the AOI. Since little signal was spread to
neighboring frames, the frequency response curve (Figure 3.12) is nearly constant for all
frequencies. Figure 3.13 shows cropped and enlarged images of HYPR LR time frames
before and during the signal impulse (Ti.y and T;). Impulse response results for the

simulation with varying side lengths of a square AOI are shown in Figure 3.14.
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HYPR LR: Impulse Response
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Figure 3.11: Impulse Response Function for the HYPR LR simulation with a 4 x 4 pixel AOL.

Seventy percent of the input impulse intensity is reconstructed in the impulse frame
with minimal spreading of signal in the time dimension.
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Figure 3.12: Temporal Frequency Response for the HYPR LR simulation.



38

HYPR LR
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Figure 3.13: Cropped and enlarged images of the time frame preceding the impulse (T;.1) and the
frame containing the impulse (T;). The AQOI is represented well in the impulse frame
with no detectable spreading of the signal in the temporal domain.
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Figure 3.14: Impulse Response Functions for the HYPR LR simulation when different sized AOIs
were used. The HYPR LR IRF is consistent for all AOI sizes above 2 x 2 pixels.
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3.5 Discussion

Case L is the ideal scenario for the Keyhole method. The temporal impulse response is
nearly perfect. In the simulation with a 4 x 4 pixel AOIl, however, only 54% of the original
impulse intensity is reconstructed. It has been shown in Figure 3.6 that this response
improves with increasing AOI size (and conversely deteriorates with decreasing AOI
size). With an 8 x 8 pixel AOI, 84% of the impulse signal intensity is reconstructed. With
a 1 x 1 pixel AOI, only 15% of the original impulse intensity is reconstructed. While the
temporal behavior of the impulse signal is well represented in this case, the spatial
representation of the AOI is significantly degraded (see frame T, for Case L in Figure
3.5). This is expected since only low spatial frequency data were acquired during the
impulse. Even in the ideal scenario for the Keyhole reconstruction technique, there is a

trade-off between spatial and temporal resolution.

The impulse response function for Case H of the Keyhole simulation can be modeled as:

Equation 3.7
IRFcasen(t) = (Cu8t, + Cu)
where Cy is a constant term imposed onto every frame the value of which originates
from the high spatial frequency contribution of the reference frame; C, is the result of
contributions of low spatial frequency data from the time frame, and J;; is the Kronecker
delta. The value of the two constants Cyand C, depend on the spatial frequency content
of the AQI; smaller objects have larger Cy, whereas larger objects have larger C;. In the

simulation with a 4x4 pixel AOI, 45% of the signal intensity is erroneously spread to all
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time frames in the series. However, in the limit of large objects, for which the high spatial
frequency component is minimal (corresponding to a small Cy in Equation 3.2), the
impulse response function — and the frequency response curve — will improve. In the
simulation with an 8 x 8 pixel AOI, 16% of the impulse intensity is spread to all time
frames. While the impulse response of Keyhole in Case H is poor, response functions

improve with increasing AOI size.

In Case H, Keyhole reconstructed the AOI with high spatial resolution for the impulse
frame. In all other frames, spatial representation of the AOI in the phase encoding
direction was severely degraded due to high spatial frequency reference data that were

inconsistent with the low frequency time frame data.

The impulse response function for TRICKS can be modeled as a discrete representation
of:

Equation 3.8

t
IRFTRICKS(t) o« tri (_>
T

S

where ‘tri’ is a triangle function of width 2r; and rs is the sampling rate for the region
being sampled when the impulse occurred; r=1 for the Case A and 3 for Cases B and C.
The proportionality constant depends on both the case being considered as well as the
spatial frequency content of the AOI being simulated. For example, in Case A, the
proportionality constant is larger for objects with large low spatial frequency components;
the AOI signal intensity in the impulse frame is higher (92% of the input signal) for larger

AOQIs. The shape of the IRF remains constant, however, regardless of the AOI size.
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If the impulse response function is a triangle function, the temporal frequency response
function is the discrete representation of:
Equation 3.9
TFR(f) = sinc?(rf),
with the limiting temporal frequency is defined as 1/r.. It is now clear that the best
temporal frequency response curve will occur during Case A, since rs is the smallest for

this scenario.

The spatial representation of the AOI associated with TRICKS varies drastically
depending on when the impulse occurred. If the impulse occurred during the acquisition
of middle or high spatial frequency data, only very low signal intensity is reconstructed in
the correct frame. This signal is virtually non-existent in the images (Figure 3.9). If the
impulse occurred during the acquisition of the A k-space region, a low spatial resolution

representation of the AOI can be seen in the image.

In this study, HYPR LR performs with temporal resolution and spatial fidelity that is
superior to and more consistent than similar parameters of other MRA methods tested.
Although the composite image used to create the HYPR LR image contained signal that
was temporally mismatched to a given time frame, the HYPR LR weighting image
successfully suppressed the erroneous signal to values comparable to the background
signal. The temporal resolution of HYPR LR is limited by the number of projections

needed to construct a single time frame /;in Equation 3.1 and thus, can be characterized
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by the display frame rate. Furthermore, HYPR LR exhibits little spreading of the signal to
neighboring pixels, maintaining the temporal resolution of the non-HYPR-processed

images.

Now, let us consider an idealization where the only contributing signal in all time frames
is that of an impulse signal within an AOI in a single frame. The weighting functions for
frames that do not contain the impulse are then zero everywhere. The impulse response
function is then

Equation 3.10

IRF(t) =h- Ot.t;

where the only nonzero contribution is from the frame that contains the impulse signal,
denoted by the Kronecker delta. The constant h<1 is a reminder that HYPR LR does not
always reconstruct the impulse signal intensity fully. The temporal frequency response
function is then

Equation 3.11

TFR(f) =1
a constant value normalized to 1. The value of h is determined by many factors
including, but not limited to: AOI size, undersampling factor in the weighting image and
the size of the convolution kernel F. As locations outside the AOI become nonzero, we
expect the impulse response function to change only minimally as long as the
convolution kernel used in the weighting functions is not so large as to blur other signal
producing regions into the AOI. When this occurs, signal from outside the AOI is spread

into the AOI, reducing waveform fidelity. If this cross-talk does not occur, signal outside
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the AOI can still influence the impulse response function by producing undersampling
artifact within the AOI. We can then estimate the impulse response function to be:

Equation 3.12

i
IRF(t) = h . St,ti + Z Sndt,n

n=0
where the constants s,<h such that i is the number of frames, represent small
contributions from streak artifacts arising from signal outside the AOI. Since these
contributions are typically small, we expect the temporal frequency response function to
remain approximately constant. The ideal convolution kernel used in HYPR LR
processing would be large enough to remove a significant amount of undersampling
artifacts thereby minimizing the constant s,. However, a compromise in filter size must
be made to prevent overlap between the AOI and other signal producing regions during
the convolution process. Unlike TRICKS and Keyhole, the simulation for HYPR LR
exhibits no explicit AOI size dependencies. Instead, the dependency is hidden within the
variable h, which is expected to decrease if the AOI becomes prohibitively small. This
can be seen in Figure 3.14; impulse response deteriorates with AOI sizes of 2 x 2 pixels
and smaller. However, across the majority of simulations, the impulse response and
AOI spatial representation are good and more consistent for HYPR LR than the other

MRA methods.

It requires mention that this simulation serves only to demonstrate the effect of an
impulse signal on the different MRA techniques and to characterize the extent to which

they are in fact time-resolved. In a standard clinical situation involving an MRA
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examination using the Keyhole method, for example, the reference frame would be taken
at the very end of the scan when only residual amounts of a contrast agent is contained
within the vessels. The likelihood of capturing a large impulse signal of diagnostic value
during the reference frame acquisition is small. Similarly, while impulse response is poor
for TRICKS in Case B and Case C, the acquisition scheme is designed to decrease the
likelihood of such a scenario occurring. Therefore, the results of this paper provide
evidence that Keyhole and TRICKS do not perform well as time-resolved methods under
all circumstances; though, the circumstances under which they degrade to the extent

shown in this work are extreme and unlikely.

Also, this simulation does not take into account parallel imaging techniques that can be
used to increase the speed of Cartesian k-space acquisitions. While the frame rate of
Keyhole and TRICKS would improve with the addition of parallel imaging, the scenarios
shown here are still valid since they are intrinsic to the view-sharing scheme of the

reconstruction methods.

3.6 Conclusions

In this work, the temporal resolution of commercially used magnetic resonance
angiography techniques were investigated and compared with the temporal resolution of
HYPR LR using a numerical simulation and an analysis analogous to the use of point-
spread functions and modulation-transfer functions to describe the spatial resolution of
an imaging system. Both Keyhole and TRICKS temporal responses vary drastically

depending on the size and timing of the impulse signal. In most cases, the temporal
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resolution of the two techniques is not best described as their respective frame update
rates. The exception being Case L for Keyhole; when the impulse occurred during the
acquisition of low spatial frequency data, the impulse response function was near
perfect, however there was severe loss of spatial resolution in the phase encode

direction.

The HYPR LR method showed a more consistent impulse response. The AOI was
clearly visible in the correct frame with minimal spreading of the signal in either space or
time dimensions. In this study, the weighting image was reconstructed using a radially
symmetric Gaussian convolution kernel that reduced the spatial resolution of the
weighting image by a factor of 5. The relative success of the HYPR LR method is
dependent upon many user-chosen parameters including the convolution kernel (F), and
the weighting image undersampling factor. Temporal and spatial resolution could
deteriorate if a large kernel is used, causing cross-talk to occur between the AOI and
neighboring signal producing regions. Poor results could also be simulated if
undersampling factors were too high, resulting in numerous, high intensity
undersampling artifacts in the weighting image. With prudent and conservative choices
for the convolution kernel and undersampling factor, HYPR LR exhibits high temporal

resolution that is best described by the weighting image update rate.
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Chapter 4: Use of a Computer-Controlled Motion Phantom to
Investigate the Temporal and Spatial Fidelity of HYPR
Processing

4.1 Introduction

Time-resolved contrast-enhanced MR Angiography (CE-MRA) remains a highly utilized
clinical technique for evaluation of vascular diseases. Despite significant advantages,
including providing three-dimensional information, MR based methods have been unable
to provide sufficiently comparable in-plane spatial resolution and temporal resolution to
x-ray digital subtraction angiography (DSA). Considerable research has been performed
with the goal of improving CE-MRA through accelerated data acquisition and

reconstruction methods(26,29,32,40,48,49).

Phantom experiments and in vivo comparisons of advanced time-resolved CE-MRA

methods are necessary and instructive to validate a technique. However, in certain
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phantom experiments and in vivo, the exact temporal dynamics of the object being
imaged are unknown. Therefore, comparisons and precise judgments of the temporal
and spatial fidelity of reconstruction techniques based solely on such experiments can
result in a vague interpretation. Previously, an experimental set-up similar to the one
used in this work was used to facilitate a thorough investigation of the temporal behavior
of Cartesian view-shared time-resolved MRA techniques(50). In the work reported here,
a computer-controlled motion phantom was used to translate an object through the
image field-of-view (FOV) in a way that mimics contrast traveling through the vasculature
of the lower extremities in order to validate the accuracy of a constrained reconstruction

technique used in time-resolved CE-MRA of the peripheral vessels.

Highly constrained backPRojection (HYPR)(40) is a constrained image reconstruction
technique that aims to produce time-resolved images with high spatial and temporal
resolution while providing high signal-to-noise ratios (SNR). The method utilizes
anatomical or structural constraints from a well-sampled, time-averaged composite
image in combination with temporal information from highly undersampled weighting
images to reconstruct a time series. Both the composite and temporal weighting images
are required to have high SNR. Since the composite image is formed using a large
amount of data collected over a long temporal duration, high SNR occurs naturally. This
is not the case for the temporal weighting image, which is highly undersampled;
additional steps are taken to ensure sufficient SNR. These steps vary depending on the
specific HYPR algorithm being utilized, but typically spatial filtering is performed to

increase the SNR of the weighting image.
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When the HYPR algorithm is used, it is assumed that sufficient levels of signal sparsity
and spatio-temporal correlation are present in the data and the method has typically
shown the best performance in these settings. Therefore, time-resolved CE-MRA is likely
to be well-suited for the technique. Several authors have shown that when applied to CE-
MRA, reconstructions based on the HYPR concept exhibit a decrease in undersampling
artifacts and an increase in SNR compared to corresponding, non-HYPR-processed

undersampled images(41-43,51-54).

The spatial and temporal fidelity of images produced with HYPR-based algorithms has
been evaluated using both numerical simulations(41,42,51-53) and phantom
experiments(54,55) as well as in vivo experiments(41-43,55). As a result of these works,
the spatial resolution of HYPR images has been theorized to be equal to the composite
image spatial resolution, regardless of the amount of spatial filtering applied to the
weighting image. The temporal resolution of HYPR images has been theorized to be
equal to the weighting image temporal resolution, regardless of the amount of temporal
averaging represented in the composite image. In HYPR images, spatial and temporal
domains have a complicated relationship due to the multiplication of the low spatial
resolution, high temporal resolution weighting image with the high spatial resolution, low
temporal resolution composite image. Therefore, measurements of pure spatial
resolution or temporal resolution are difficult and potentially misleading. However, certain

measurements and observations can be made of characteristics that are indicative of



49
images with high spatial and temporal resolution. The terms spatial fidelity and temporal

fidelity refer to such measurements and observations and will be discussed below.

In this chapter, the spatial and temporal fidelity of HYPR processed images is
investigated using a computer-controlled phantom experiment designed to model the
spatio-temporal characteristics of peripheral MRA. The phantom and the acquisition and
reconstruction methods were designed based on our in vivo research studies(56-59).
The goal of this experimental set-up was to provide not only well-defined temporal
dynamics and spatial characteristics of the motion phantom, but also circumstances that

imitate in vivo scenarios.

4.2 Methods

4.2.1 Experimental Set-Up

A custom built computer-controlled motion stage (Hardware: Velmex linear stage, Parker
Hannifin controller, drive and motor. Software: Motion Planner, Parker Hannifin) was
used to translate an object through the imaging FOV during data acquisition in order to
mimic a bolus of contrast material traveling through vasculature. As shown in Figure 4.1,
this dynamic object was composed of a single, dilute-gadolinium-filled tube with two
distinct, concentric sections: an artery component (6.35 mm inner diameter), which was
chosen to represent the initial passage of a contrast bolus through an artery of interest,
and a wider section (15.8 mm inner diameter) that was chosen to represent a
combination of the artery in addition to veins running parallel to and on opposite sides of

the artery.
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Figure 4.1: Coronal MIP of imaging FOV. This image was acquired while the dynamic object
(between black arrows) was held stationary at the point of maximum displacement.
Solid yellow arrows indicate stationary objects. The dashed white arrow indicates the
direction of motion of the dynamic object. The dynamic object is shaded red and blue
to point out the artery and vein components, respectively. The different colors should
not be interpreted as representing a physical barrier defining the artery and vein; the
entire dynamic object is confluent.

In this design, the artery and vein components are confluent — there is no distance
separating the two sections. While this represents an unlikely in vivo scenario, it
provides a useful test to illustrate the characteristics of the reconstruction technique
when arteries and veins with minimal wall thicknesses are touching, corresponding to
relatively low sparsity and spatio-temporal correlation — the most challenging scenario
for the HYPR reconstruction process. Figure 4.1 shows a coronal maximum intensity
projection (MIP) of the imaging FOV (32 cm) while the dynamic object is stationary at its
point of maximum displacement — i.e. with no motion present. The spherical and long

cylindrical phantoms highlighted with solid yellow arrows are stationary aspects of the
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phantom set-up (the signal void in the long cylindrical phantom is an air bubble that will
not affect the outcome of the experiment). The dynamic object (between the black
arrows) is shaded red and blue to indicate the artery and vein components, respectively.
The computer-controlled motion stage and sharp edges of the phantom were chosen to
provide well-defined inputs to properly characterize the behavior of the reconstruction

technique.

The motion stage was programmed to have a maximum displacement of 24.0 cm. Data
acquisitions were performed during phantom translation with velocities of 5.0 and 10.0
mm/s. These velocities were chosen to allow for an accurate characterization of the
temporal fidelity of HYPR processing. The motion stage was programmed to traverse 1.0
cm after pre-scanning was complete and prior to triggering the scanner to begin data
acquisition. This was to ensure that the motion stage had completely ramped up to its
programmed velocity so that the velocity during data acquisition was constant. Also, for
each acquisition, the total time allowed for playing of discarded acquisitions was held
constant, ensuring that the motion stage was in the same position for the start of data

acquisition for all experiments for a given programmed velocity.

4.2.2 Data Acquisition

Data were acquired on a 3.0T scanner (Discovery MR750, GE Healthcare) using a 32-
channel phased array torso coil (GE Healthcare). The 3D radial vastly undersampled
projection reconstruction (VIPR)(39) method was used for data acquisition. The

acquisition parameters were chosen to mimic the parameters used in our in vivo
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research studies for obtaining data for HYPR-processed images of the peripheral
vasculature and included: image FOV: 32.0 x 32.0 x 32.0 cm; imaging matrix: 320 x 320
x 320; 1.0 mm isotropic spatial resolution; fractional echo 80% with 256 acquired points
per radial projection; TE/TR: 1.1/4.1ms; flip angle: 20°; receiver BW: +125kHz; radial
projections per frame: 640; undersampling factor (compared to fully sampled Cartesian
matrix of the same size): 250; total scan time: 50 seconds. Individual time frames were
acquired in 2.59 seconds/frame representing the time to collect a single undersampled

subset of angular projections spanning all of k-space.

4.2.3 Data Reconstruction

Data from the VIPR acquisition were reconstructed into two distinct image series, which
were analyzed independently. Images from these series are referred to as: Time-Frame
and HYPR. The Time-Frame images for a given exam were reconstructed from
undersampled time frame data (k) using a gridding algorithm(35) (including weighting
terms to compensate for sampling density) and a 3D Fourier transform. No extraneous
processing (i.e. view-sharing or HYPR) was applied to the data during reconstruction. In
other words, there is no source of temporal inaccuracy in the reconstruction of any
image in the Time-Frame series beyond the motion of the object itself during the

acquisition of that time frame.

HYPR time frames were processed using the HYPR LR algorithm(46). The generalized

HYPR LR image reconstruction formula can be expressed as:
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Equation 4.13

o (ky)
Dk

Iy(t) =1I¢c - Iy (t) = I¢

where I is a well-sampled composite image with high SNR, high spatial resolution, and
limited or no temporal information; I, (t) is the unique weighting image for time frame t
(note that both the HYPR weighting image and Time-Frame image for a given time frame
originate from the same k-space dataset, (ki)); @ represents a weighting image
reconstruction technique for k-space data (k) that reduces aliasing artifacts and
improves SNR relative to the corresponding Time-Frame image. This reconstruction
technique (®) may vary for different data acquisition trajectories. For the VIPR
acquisition described above, ® represents a low-spatial-resolution reconstruction of the
given k-space data. SNR improvement (and subsequent spatial resolution loss) was
achieved by not applying sampling density compensation terms to spatial frequencies
outside the Nyquist radius, computed based on the level of undersampling in the time

frame.

Figure 4.2 shows the magnitude of a one-dimensional profile through the isotropic, three-
dimensional point-spread-functions (PSFs) corresponding to the reconstruction
techniques used for Time-Frame images (gridding with full density compensation and 3D
Fourier transform) and HYPR weighting images (gridding with some density
compensation and 3D Fourier transform). Full width at half maximum and full width at
tenth maximum (FWHM/FWTM) values for the Time-Frame image and HYPR weighting
image PSFs are: 1.0/1.8 pixels and 2.84/5.87 pixels, respectively (estimated using linear

interpolation to find locations of half and tenth maximum).
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Figure 4.2: Point-spread-functions corresponding to the reconstruction techniques used for Time-
Frame and standard HYPR weighting images. FWHM/FWTM values for standard
HYPR weighting image and Time-Frame image: 2.84/5.87 pixels and 1.0/1.8 pixels,
respectively (estimated using linear interpolation).

To study the effect that the weighting image reconstruction technique has on the
resulting HYPR image, two other weighting image reconstruction techniques were
investigated: ®H.Res and ®L.Res. The former results in less dampening of high spatial
frequency information and a weighting image with higher spatial resolution, but lower
SNR than the standard HYPR weighting image described above. The latter dampens
signal from more high spatial frequencies and results in a lower spatial resolution
weighting image with higher SNR than the standard HYPR weighting image.
FWHM/FWTM values for ®H.Res and ®L.Res point-spread-functions are: 1.16/2.91 and

4.08/9.12 pixels, respectively.
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Unless specifically noted, the HYPR weighting image reconstruction technique (@)
analyzed in Figure 4.2 is the technique used in this work and the composite image is
reconstructed using a time average of all the acquired data (acquired during 50
seconds), unless otherwise noted. The well-sampled composite image is formed using
20,480 radial projections (undersampling factor of 7.5) and the same density
compensation technique that is used for the Time-Frame images. These are the

strategies typically used for our in vivo research studies(56-59).

4.2.4 Data Analysis

Spatial Fidelity

The HYPR process as described above involves the multiplication of two images with
different spatial resolutions. The resulting HYPR image spatial resolution has been
reported theoretically as being equal to that of the HYPR composite image regardless of
the spatial resolution of the weighting image after the reconstruction technique (®, ®:H.
Res or ®:L.Res) is applied. In this study, the accuracy of this assumption is investigated
by measuring signal profiles in the final HYPR images through the artery component in

the direction orthogonal to motion.

Profiles from HYPR images were compared with profiles from corresponding images of
interest: Time-Frame and HYPR composite images. Profiles were obtained by averaging

the signal intensity along six neighboring line profiles placed in a single, central coronal
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slice. Averaging across coronal slices was not feasible since the tube width varied in the

anterior/posterior direction due to the curvature of the tube.

It is important to note that there are two distinct scenarios that require separate
consideration since the profiles measured from a HYPR image may vary depending on
the structures present in each HYPR component image (weighting and composite). First,
a profile was taken at a point (in frame 13 of the series) where the artery component was
the only structure enhanced in both the weighting image and the composite image. This
profile is referred to as Paa, standing for Artery (in the weighting image), Artery (in the
composite image). This is anticipated to represent the best-case scenario for the HYPR
technique. Second, a profile Paav, standing for Artery (in the weighting image), Artery +
Vein (in the composite image) was taken (in frame 4 of the series) at a point along the
dynamic object where only the artery component was enhanced in the weighting image,
but the artery and vein components were enhanced in the composite image. This is
expected to represent a challenging scenario for HYPR — especially since the artery and

vein components are confluent in this experimental set-up, as noted above.

Temporal Fidelity

A clinical benefit provided by a temporally-resolved sequence is its ability to
demonstrate, in each time frame, a temporally-finite amount of information from a
temporally-changing object. The temporal resolution of a series of HYPR images has
often been theoretically reported as the temporal resolution of the corresponding Time-

Frame image. This is done even though information acquired outside the given temporal
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resolution window is included in the HYPR composite image and therefore used in the
HYPR image reconstruction process. In this study, the accuracy of this assumption is
investigated by i) plotting profiles from Time-Frame and HYPR images of the leading
edge of the dynamic component of the phantom; ii) measuring the location of the leading
edge of the dynamic component of the phantom as a function of time in both Time-
Frame and HYPR image series; and iii) plotting the different enhancement patterns of

the artery and vein components in both Time-Frame and HYPR image series.

Due to the continuous motion of the phantom during data acquisition and the inherent
time averaging of low spatial frequency data collected within a given time frame with the
VIPR acquisition, a certain amount of edge blur in the direction of motion is expected.
Therefore, the leading edge is defined as the time averaged position of the most distal
edge of the artery component during the interval of data acquisition for a given time
frame. In this work it is assumed that all additional blurring of the leading edge is due to

losses in temporal fidelity imposed by the image reconstruction technique.

To investigate and assess the temporal fidelity associated with HYPR processing, a
profile through the dynamic object in the direction of motion was measured by averaging
profiles from three neighboring lines placed in a central coronal slice of the 3D image.
Profiles were considered for comparison only if the leading edge was in the central 50%
of the image FOV. This restriction was imposed to minimize the effects of receiver coil
sensitivity and possible errors in the gradient non-linearity correction, which are worse

with increasing distance from isocenter. Along a profile, the absolute location of the
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phantom edge was defined as the spatial location where the signal was equal to 50% of

the difference in mean signals within and outside of the artery component.

Additionally, the ability of HYPR processing to accurately maintain and represent
different temporal patterns within the same time series was examined. Three-
dimensional ROls of size (4 x 3 x 5 pixels) were placed in the path of the artery and vein
components of the dynamic object in Time-Frame and HYPR time series. Mean signals

within these ROIs were measured in consecutive time frames.

As noted above, the composite image in HYPR processing is generated using data
extending beyond the specific time frame of interest. To investigate how this affects the
ability to discern temporal changes in a HYPR image, an analysis was performed by
reconstructing HYPR time series using a sliding window composite of shorter temporal

length.

4.3 Results

4.3.1 Spatial Fidelity

Figure 4.3 shows Paa and Paay profiles for Time-Frame and HYPR series and for the
HYPR composite image. Single slices of Time-Frame, HYPR and HYPR composite
images are also shown. The red horizontal lines on the images illustrate the
measurement locations of the two profiles taken along the dynamic object. Note that in

both frames (Figures 4.3a and 4.3b), the SNR of the HYPR image is significantly higher
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than the SNR of the Time-Frame image, though there is almost no evidence of spatial

fidelity loss in the HYPR images or profiles.
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Figure 4.3: The spatial locations of Paa (a) and Paav (b) are shown in the Time-Frame, HYPR
and HYPR composite single slice images. Note that in (a), the artery component is
the only structure present in both the Time-Frame and HYPR composite images,
while in (b) both the artery and vein components are enhanced in the HYPR
composite image. Paa (a) and Paay (b) profiles are plotted. The legend in (a) is valid
for (b).

Figures 4.4a and 4.4b show Paa and Paay profiles for Time-Frame, standard HYPR,
HYPR:®H.Res and HYPR:®L.Res series. Single slice images from the corresponding
time frames are also shown. Figures 4.4c and 4.4d show MIP images that have been
cropped and enlarged to show the section of the artery component from which P, and

Paav profiles were measured.
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Frame HYPR ®H.Res. OL.Res.

Figure 4.4: Paa (a) and Paav (b) profiles from a Time-Frame image and from a standard HYPR
image (reconstructed with the standard weighting image), as well as from HYPR
images reconstructed with higher spatial resolution weighting images
(HYPR:®H.Res) and lower spatial resolution weighting images (HYPR:®L.Res). The
legend from (a) applies to (b). (c-d) MIPs of Time-Frame (TF), standard HYPR,
HYPR:®H.Res and HYPR:®L.Res images cropped and enlarged to show the region
from which Pa A (c) and Pa av (d) profiles were measured.

) Pan

d) Ppav

To quantify the spatial fidelity of each analyzed image, FWHM and FWTM values of the
Paa and Paav profiles for each reconstruction technique were calculated and are
reported as mean + standard deviation in Table 4.1. FWHM and FWTM values were
calculated for each of the six neighboring line profiles by linearly interpolating between
locations along the profile with values closest to half and tenth the maximum profile
value, respectively. FWTM values were unattainable for Time-Frame profiles, since
profile values never decreased to one tenth of the maximum signal intensity. Note that
these FWHM/FWTM values cannot be directly compared to values from Figure 4.2,

which measure the FWHM/FWTM of point-spread-functions.
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PA,A
. HYPR: HYPR:
Truth Time-Frame HYPR OH.Res. OL.Res.
FWHM 4.18 £ 0.02 6.56 £ 0.15 5.99 £ 0.07 5.89+0.12 6.24 £ 0.05
FWTM 7.25+0.05 -- 8.67+0.10 9.46 £ 0.58 9.20+0.18
PA,Av
. HYPR: HYPR:
Truth Time-Frame HYPR OH.Res. OL.Res.
FWHM 4,18 £+ 0.02 6.80 £ 0.07 6.25+0.01 6.56 £ 0.05 10.0+0.03
FWTM 7.25+0.05 -- 10.60 + 0.05 16.48 £ 0.40 14.08 £0.20

Table 4.1: Full width at half maximum (FWHM) and full width at tenth maximum (FWTM) values of
Paa and Paay profiles for Time-Frame, standard HYPR and HYPR images

reconstructed with alternative  weighting

image

reconstruction techniques

(HYPR:®H.Res and HYPR:®L.Res). Truth was obtained by measuring FWHM/FWTM
values on a fully-sampled image acquired when the phantom was stationary, which
characterizes the best possible representation of the width of the artery component.

4.3.2 Temporal Fidelity

Figure 4.5 shows leading edge plots of Time-Frame, HYPR and HYPR composite

images for two consecutive time frames. The shaded grey box represents the calculated

data acquisition window (CDW), defined as the distance the phantom moved during the

data acquisition of a given time frame; phantom edge blur is expected and acceptable

within the calculated data acquisition window due to motion during the acquisition. To the

right of each plot are cropped and enlarged MIP images associated with each of the two

time frames.
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Figure 4.5: Plots of the leading edge from two consecutive HYPR (H) and Time-Frame (TF)
frames are shown with a corresponding plot from the composite (C) image. The grey
box indicates the Calculated Data acquisition Window (CDW) — or the known
positions of the phantom edge during data acquisition for the given time frame.

Figure 4.6 shows absolute locations of the phantom edge as measured from consecutive
frames in the HYPR time series plotted as a function of time for programmed phantom
velocities of 5.0 and 10.0 mm/s. In both studies, phantom velocity (represented by the
trend-line slope) corresponds well with the velocities programmed into the motion
phantom. Further, it is highly linear; R? values (0.9991 for 10.0 mm/s velocity and 0.9997
for 5.0 mm/s velocity) suggest that HYPR reconstruction accurately depicted the

constant velocity programmed for the motion stage.
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Figure 4.6: Phantom leading edge locations measured in consecutive time frames from HYPR
image series acquired with different phantom velocities.

Figure 4.7 shows mean artery and vein component ROI signals from consecutive frames

measured from Time-Frame and HYPR time series.
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Figure 4.7: Mean artery and vein component ROI signals from consecutive frames of Time-Frame
and HYPR time series. The signals measured in the HYPR series for arterial and
venous components remain consistent with those measured in the Time-Frame
series.
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Figure 4.8 shows comparisons of leading edge blur in HYPR images reconstructed with
composite image temporal lengths of 50 and 21 seconds (full and sliding window
composites, respectively); two consecutive time frames for each technique are shown.
The times reported in each legend entry in Figure 4.8 represent the longest temporal
duration used in the given reconstruction process for each entry. HYPR: 50 sec is the
HYPR image, reconstructed using a 50 second, full composite. Composite: 50 sec is the
composite image used in HYPR: 50 sec. Note that the profile for Composite: 50 sec
shows no temporal change (it is identical for both time frames); this is because it refers
to a composite image containing all the temporal data in the series (i.e. full composite).
Composite: 21 sec corresponds to the composite image used in HYPR: 21 sec and is a
sliding window composite image.
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¢) HYPR: 50 seconds d) HYPR: 21 seconds

Figure 4.8: Leading edge profiles measured in the direction of motion from HYPR images
reconstructed with composite image temporal lengths of 50 and 21 seconds. The
times reported in the legend entry represent the longest temporal duration used in the
given reconstruction process for each entry. Composite: 50 sec corresponds to a full
composite, while Composite: 21 sec corresponds to a sliding window composite. Un-
cropped, single slice images from HYPR datasets reconstructed using a full
composite (¢) and a sliding window composite (d) are shown. Note the increased
amount of undersampling artifacts present in (d).

4.3.3 In vivo

Figure 4.9 shows images acquired from a patient with peripheral artery disease. Coronal
MIP images of an arterial time frame are shown for Time-Frame and HYPR
reconstructions. The HYPR composite image is also shown. In Figure 4.9d, profiles
orthogonal to the vasculature obtained from a single coronal slice exhibiting an artery
flanked by veins to the right and left are shown. Only the artery is enhanced in the time
frame shown, whereas both artery and vein are enhanced in the composite image (an

arrangement analogous to that of the P ay profile in the phantom scan).
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Figure 4.9: Coronal MIP images of Time-frame, HYPR and HYPR composite datasets from a
patient with peripheral arterial disease (a-c) and profiles (d) orthogonal to the
vasculature obtained from a single coronal slice exhibiting an artery flanked by veins
to the right and left are shown. Only the artery is enhanced in the time frame shown,
whereas both artery and vein are enhanced in the composite image (an arrangement
analogous to that of P av in the phantom scan).

4.4 Discussion

4.4.1 Spatial Fidelity
Figure 4.3a shows that, in the ideal case of similar structures represented in both the

weighting and composite images, HYPR processing — and specifically a well-chosen
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weighting image reconstruction technique, ® — does not result in a loss of spatial fidelity.
FWHM and FWTM values for P in Table 4.1 support this assessment. In this case,
and with these reconstruction parameters, the use of a low spatial resolution HYPR
weighting image does not result in a HYPR image with decreased spatial fidelity. In this
case, despite the weighting image being blurred, there are no venous components (or
any other structures) near the arteries in the weighting image, so nothing (except noise)
can be inadvertently weighted to cause misrepresentation of the arterial structures in the
final HYPR image. The noise in the composite images used in HYPR processing is

intentionally kept low.

Of more interest are the Paav results shown in Figure 4.3b where the artery and vein
components are enhanced in the composite image and the vein component requires
adequate suppression by the weighting image in order to accurately reflect the state of
the phantom in the given time frame. At high signal values (i.e. above the background
signal intensity of the Time-Frame profile), the profiles of the Time-Frame and HYPR
images are comparable. The FWHM values reported in Table 4.1 for these images
support this observation. However, FWTM values for HYPR Paay profiles reflect an
incorrectly wide profile. Examination of the plot in Figure 4.3b shows this loss of spatial
fidelity is due to the composite image signal (from the venous component) not being fully

suppressed. This is due to non-zero values in the weighting image at those locations.

Non-zero values in inappropriate locations in the HYPR image can be due either to i) the

intentional blurring of the weighting image, which has a local impact on structures in the
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composite image that are close to the arterial component or ii) non-zero noise in the
weighting image, which has a global impact on all structures in the composite image. In
either case, the result is that a very low signal intensity imprint of the composite profile
still remains in the HYPR profile. This phenomenon is not indicative of a loss of spatial
resolution but rather is caused by inaccurate temporal weighting of the content in the
composite image. This is a potential artifact due to HYPR processing. Note however,

that the artifactual signal is of extremely low intensity.

In the case where a vein is touching an artery (as in the experimental set-up), the
inappropriate weighting of the vein may make the artery appear blurred, as is manifest
by the widening of the FWTM in this example. However, the FWHM is unaffected by this
phenomenon. Also, if there were any gap between the artery and vein, the profile would
decrease at the edge of the artery, and the inappropriate weighting of the vein would
cause a side-lobe in the profile, which would not manifest as blur to the artery in the

HYPR image.

For HYPR:®H.Res, the Paa profile (Figure 4.4a) and FWHM value (Table 4.1) shows
high spatial fidelity. However, there is a deficiency observed in the Paay profile (Figure
4.4b) at low signal intensities that is confirmed in the measurement of FWTM. This
deficiency is due to inadequate SNR in the weighting image. This occurs because
HYPR:®H.Res images are reconstructed with a weighting image of higher spatial
resolution, but lower SNR than the standard HYPR weighting image. The deficiency of

the HYPR:®H.Res reconstruction is a result of increased background signal (noise and
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streak artifacts) in the entire weighting image causing inappropriate structures in the
composite image to be weighted by non-zero values. In other words, signal from the vein
component in the composite image is not adequately suppressed due to the higher noise
floor in the weighting image. The resulting artifact manifests as a global, low signal

imprint of the composite image in the final HYPR image.

For HYPR:®L.Res, Paa profiles (Figure 4.4a) and FWHM and FWTM values (Table 4.1)
also demonstrate high spatial fidelity. However, there is a deficiency in the Paay profile
(Figure 4.4b) and corresponding Paay FWHM and FWTM values. In this case, the
deficiency is not a result of inadequate weighting image SNR — SNR of the
HYPR:®L.Res weighting image is higher than that of the standard HYPR weighting
image — but rather inadequate high spatial frequency information in the weighting image.
The PSF of ®L.Res is broad and creates a weighting image that is very blurred. Upon
multiplication with the composite image, this blurred weighting image inappropriately
weights the vein component in close proximity to the artery component. This deficiency
is distinct from the composite image imprint artifact seen in HYPR:®H.Res as it is not
global, and negatively impacts both the FWHM and FWTM values when other structures

are nearby.

4.4.2 Temporal Fidelity
Figure 4.4 shows that HYPR images exhibit very high temporal fidelity. In each plot it is
apparent that high signal intensity from the composite image is being sufficiently

suppressed by the HYPR weighting image in each time frame. There is no significant
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increase in temporal blur after HYPR processing; leading edge blur in images from both
Time-Frame and HYPR reconstructions remains within the calculated data acquisition
window. The benefits of HYPR processing can be appreciated by observing the images
shown in Figure 4.4; the HYPR image exhibits a significant decrease in undersampling
artifacts and background noise (due to the contribution from the composite image), while
maintaining temporal information similar to that represented in the Time-Frame image

(despite the contribution from the composite image).

The measured leading edge locations plotted for consecutive HYPR time frames in
Figure 4.5 accurately depict the linear velocity programmed for the two separate
experiments with velocities of 5.0 mm/s and 10 mm/s. Note that the velocities measured
from the HYPR time frames are represented by the slope of the trend lines. The high
degree of linearity might not be attainable in techniques that rely on view-sharing, since
the center of k-space could be shared from either previous or future time frames,
resulting in a non-linear relationship between edge locations measured in consecutive

time frames.

Figure 4.6 shows that different temporal patterns within the time series are well
maintained and represented after HYPR processing. The signal enhancement curves
measured from ROls in both artery and vein components remain consistent between
Time-Frame and HYPR series. In other words, HYPR processing does not result in

significant early venous enhancement.
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Figure 4.7 illustrates how composite images formed using data acquired over long
collection intervals affect the temporal fidelity of the resulting HYPR image. Figure 4.7a
demonstrates the low signal imprint artifact mentioned above: signal from structures in
the composite image appear as low intensity signal in the final HYPR image. The vertical
black arrow in Figure 4.7a points to the location where the artery component terminates
in the composite image (end of the phantom trajectory). In the profile from the HYPR
image, a low signal intensity can be seen that extends from the leading edge of the
phantom in each time frame to the end of the phantom trajectory in the composite image

(the vertical black arrow), demonstrating the imprint artifact.

Figure 4.7b demonstrates that — if necessary — this imprint phenomenon can be
mitigated with the use of a sliding window composite image of shorter temporal duration.
The artifact is still present, but extends over a shorter distance due to decreased amount
of data used to form the composite (shorter acquisition length). The vertical black arrow
is not shown in Figure 4.7b, but the imprint can be seen to disappear at about 174 mm
(horizontal axis) for the frame shown on the lower section of the plot. The imprint artifact
and the mitigation thereof can be seen in the images shown in Figures 4.7c and 4.7d,
respectively (which have been windowed and leveled in a dramatic fashion in order to
show the artifact). However, Figures 4.7c and 4.7d demonstrate the penalty for
implementing HYPR reconstruction with a more undersampled composite image:
undersampling artifacts are more pronounced in the HYPR result when a sliding
composite is used. lterative HYPR methods(51,60,61) have been shown to mitigate the

imprint artifact while avoiding the penalty associated with using an undersampled
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composite image. However, it should be noted that the signal intensity of this imprint is

very low and is not discernible in in vivo images.

4.4.3 In vivo

As noted above, since the exact temporal kinetics of a contrast-enhanced bolus are not
known, conclusions regarding the exact position of the contrast bolus are difficult to
support with in vivo data. However, the plot in Figure 4.8d confirms the results of the
motion phantom experiment for analysis of the spatial fidelity of HYPR images and
possible unintentional enhancement of nearby vessels due to the spatial blur in the
weighting image. Given an appropriate weighting image reconstruction technique,
enhanced structures in the composite image that are not enhanced in the weighting

image can be adequately suppressed in the HYPR images in in vivo studies.

4.4.4 Study Limitations

As noted above, this study was designed to mimic a contrast bolus traversing peripheral
vasculature, however there are some limitations to the study. First, although the arterial
and venous signals of the phantom were confluent, the filling pattern occurred in a
parallel direction. Filling of peripheral vasculature in vivo is anti-parallel. For the
purposes of this study the filling direction of venous signal relative to arterial signal was

assumed to have no effect on the study outcome.
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Second, the sharp edges of the phantom over-express high spatial frequencies and
result in streak artifacts of higher intensity than typically found in vivo with projection
reconstruction. This was an intentional design choice of the motion phantom to provide

well-defined sharp edges to improve measurements of temporal and spatial fidelity.

Third, the motion phantom velocities used in this experiment were significantly lower
than blood velocities found in vivo. This decision was made to ensure that multiple time
frames of phantom motion would be acquired given our FOV and undersampling
parameters. Although we believe that the findings of this study may be extended to more
complex, in vivo-like dynamics, including faster and non-constant blood velocities, further

studies would be needed to confirm this belief.

4.5 Conclusions

In HYPR processing, a highly undersampled temporal weighting image is intentionally
blurred and multiplied by a high SNR, nearly fully sampled composite image that
contains temporally averaged information. In theory, the HYPR image spatial resolution
is related to the composite image spatial resolution, while the HYPR image temporal
resolution is related to the weighting image temporal resolution. The purpose of this work
was to investigate the spatial and temporal fidelity of HYPR processing using a
computer-controlled motion phantom designed to simulate the imaging environment

encountered in peripheral MRA.
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One potential limitation of the HYPR algorithm is that the spatial blur imposed on the
weighting image may result in unintentional temporal weighting of nearby vessels. In this
work, it was demonstrated that these effects were small, and could be controlled by
ensuring that the weighting image reconstruction technique is strategically chosen to
yield a narrow point spread function while providing a sufficient increase in weighting
image SNR and decrease in undersampling artifacts. The penalties for using a sub-
optimal weighting image reconstruction technique were discussed. It was shown that in
general, with the use of an optimized weighting image reconstruction technique, the
spatial fidelity of the HYPR image is not reduced. Signal intensity profiles measured in
the HYPR processed images yielded FWHM values very similar to those measured in
Time-Frame images. These results were confirmed by observing the same phenomenon

in profiles obtained from in vivo images.

Measurements of the position and blur of the leading edge of the motion phantom
demonstrated that HYPR processing effectively preserved the temporal fidelity inherent
in the weighting image, despite being multiplied by the composite image. There was a
small amount of signal from the composite image that was imprinted on the HYPR
image, but the amplitude of this signal is small, and is not seen in in vivo images,
presumably because this signal is lost in the noise. HYPR processing also preserved the
different temporal behaviors of the artery and vein components within a single time
series. Furthermore, the measured locations of the leading edge in consecutive time
frames accurately portrayed the constant phantom velocity that was programmed for the

experiment.
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Finally, while this experiment was specifically designed to mimic a peripheral MRA
examination, we believe these findings to be applicable to a broad range of anatomical
regions with similar temporal-spatial correlation and sparsity where HYPR may be used

as a post-processing technique.
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Chapter 5: Hybrid 3D Radial Acquisition with Parallel Imaging and
HYPR Reconstruction

5.1 Introduction

It has been shown that the hybrid 3D radial (stack-of-stars/SOS) k-space trajectory is
well-suited for dynamic contrast-enhanced MR angiography of the peripheral vasculature
(32,62,63). This is due in large part to the high compatibility of the trajectory with the
anatomical geometry. HYPR reconstruction has also been used with SOS to increase
either temporal or spatial resolution of peripheral angiography exams while maintaining

high SNR and limiting the effects of angular undersampling(43).
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Conventionally, to conform to the geometry of the lower legs, radially sampled planes
were acquired in the coronal orientation, with the slice direction along the
anterior/posterior (A/P) direction of the subject. Spins within a thick A/P slab were
excited; the thickness of the slab was determined by the desired coverage in the slice
direction. The major vasculature resided within the excitation slab, however the entire
anatomy in the A/P direction was not necessarily excited. Conversely, while only the
prescribed extent of spins was excited in the A/P direction, there was no limitation on the
superior/inferior (S/1) extent of spin excitation (Figure 5.1a). Unfortunately, excited spins
outside of the imaging FOV can cause strong undersampling artifact due to increased
undersampling factors of these spins and the increasing gradient non-linearity at the

edge of the By field.

To avoid the increased undersampling artifact originating from excited spins outside the
field of view, Du et al. (64) proposed a scheme for dynamic contrast-enhanced MR
angiography of the peripheral vasculature wherein radially sampled planes were
acquired in the coronal orientation, but the excitation was performed in the S/l direction.
With this approach, only the spins within the imaging FOV in the S/l direction were
excited (Figure 5.1b). To avoid wrap-around artifact from excited but un-encoded spins,
this approach necessitates increased slice coverage to ensure the inclusion of the entire
extent of the excited spins in the A/P direction. In order to maintain high temporal
resolution, a degradation of the through-plane spatial resolution was required when the

S/l excitation scheme was utilized.
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Figure 5.1: a) Coronal excitation of spins for a conventional peripheral MR angiography exam.
Note that only a prescribed extent of spins in the anterior/posterior direction are
excited (denoted by the red box), however there is no limitation to spin excitation in
the superior/inferior direction. b) In the axial excitation, the superior/inferior extent of
spin excitation is limited, but spins from the entire anatomy in the anterior/posterior
direction are excited.

However, one feature of the SOS k-space trajectory is its compatibility with robust,
Cartesian parallel imaging techniques in the slice direction. In this work, a coil-by-coil
data-driven parallel imaging algorithm was applied to the slice-encoding direction of a
SOS acquisition to achieve high through-plane spatial resolution while maintaining high

temporal resolution.

5.2 Methods

All examinations were performed on a 3.0T scanner (Discovery MR750, GE Healthcare)
using a 32-channel phased array abdominal coil (GE Healthcare). A resolution phantom
was imaged using the following protocol to verify the prescribed increase in through-

plane spatial resolution after the implementation of auto-calibrated reconstruction with
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Cartesian-sampling (ARC) parallel imaging: 0.9375 x 0.9375 mm in-plane spatial
resolution; 1.5 mm (SOS) or 1.0 mm (SOS + ARC) slice thickness; 512 x 512 in-plane
imaging matrix; 512 projections/slice; TE/TR: 1.4/5.0 ms; flip angle/bandwidth:

15°/+125.0 kHz.

For in vivo studies, data were acquired from four healthy volunteers using the imaging
protocol described below. Gadobenate dimeglumine contrast agent (MultiHance, Bracco
Diagnostics) was administered via an MR compatible power injector at a rate of 3.0 ml/s
and dose of 0.1 mmol/kg of body weight after the acquisition of a pre-contrast mask that
was also accelerated with parallel imaging. A saline flush of 20.0 ml at 3.0 ml/s followed
the contrast material injection. Informed, written consent was obtained from all

volunteers, in accordance with the Institutional Review Board-approved protocol.

Other in vivo imaging parameters included: either 0.9375 x 0.9375 mm or 1.0 x 1.0 mm
in-plane spatial resolution over a 480 mm field of view (FOV); 1.0 mm slice thickness
covering the entire A/P extent of the anatomy; 75 — 85% fractional echo; 6.2 — 6.6
seconds/frame; 20 projections/slice/frame; angular undersampling factor of 37.6 - 40
(compared to Cartesian acquisition of the same matrix size); TE/TR: 1.4/5.0 ms; flip

angle/bandwidth: 15°/+125.0 kHz.

5.2.1 SOS Acquisition with Parallel Imaging
Figure 5.2a diagrams the classic SOS k-space trajectory, wherein Cartesian phase

encoding is employed in the slice — or k, — direction and data are sampled radially in the
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k«-ky plane. In this implementation, ZIPR(32) encoding was utilized; all slices of a given
projection angle were acquired before advancing to the next projection, filing up a
projection readout by slice-encoding plane for each projection angle. Projection angle

acquisition order was determined by the Golden Angle scheme(65).

a) SOS b) SOS + ARC
= acquired slice

Slice encode

kz kY
Projection readout K
X

Figure 5.2: a) The classic Stack-of-stars (SOS) trajectory. K-space is radially sampled in plane,
while Cartesian phase encoding is employed in the slice direction. b) The SOS
trajectory with parallel imaging employed in the slice encoding direction.
Improvements in spatial resolution due to the addition of parallel imaging will manifest
in the slice encoding direction.

Figure 5.2b shows how the classic SOS trajectory was altered by the inclusion of parallel
imaging. The spatial resolution improvements resulting from the addition of parallel
imaging manifest in the A/P — or k, — direction. Note that in Figure 5.2b, every other slice
is left un-acquired, except for central slices (16 slices in this work), which are fully
sampled. This leads to an acceleration factor of R=2. The fully sampled, central region
serves as the auto-calibration lines necessary to determine the reconstruction weights in

the parallel imaging reconstruction algorithm.
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5.2.2 Parallel Imaging Reconstruction

Parallel imaging reconstruction was performed using a coil-by-coil data-driven calibration
technique similar to the GRAPPA method(66) - Auto-calibrated Reconstruction with
Cartesian sampling (ARC)(67). Mask subtraction of k-space data was performed prior to
parallel imaging calibration and reconstruction. A kernel size of 5 points along the
readout direction x 7 points along the slice-encoding direction was used for the ARC
algorithm, which was performed for every accelerated projection readout by slice-

encoding plane.

5.2.3 HYPR Reconstruction

For the in vivo, dynamic studies, time frames were processed using the HYPR LR(46)
algorithm. The generalized HYPR LR image reconstruction formula can be expressed
as:

Equation 5.1

o (ky)
Dk

Iy(t) =1I¢c - Iy (t) = I¢

where I is a well-sampled composite image with high SNR, high spatial resolution, and
limited or no temporal information; I, (t) is the unique weighting image for time frame t;
@ represents a low spatial resolution weighting image reconstruction technique for k-
space data (ki) that is applied in an effort to reduce aliasing artifacts and improve SNR
relative to the corresponding non-HYPR-processed image. In the implementation used
here, HYPR processing is performed on each two-dimensional coronal slice individually,

and the spatial resolution loss in the weighting image manifests in-plane only.
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5.3 Results

Figure 5.3 confirms the increase in spatial resolution attainable when the SOS + ARC
protocol is used. The figure shows axially reformatted images of a spatial resolution
phantom from datasets acquired in the coronal orientation; the slice encoding direction of
the SOS (a) and SOS + ARC acquisition (b) is labeled. Both images are fully-sampled in
the angular dimension; there is no angular undersampling. The improvement in spatial
resolution — from 1.5 mm to 1.0 mm — can easily be appreciated. It should be noted that
not only was spatial resolution in the slice direction improved with the implementation of
parallel imaging, but the temporal resolution of the SOS + ARC protocol is superior to the
lower spatial-resolution SOS protocol. This is represented by the data acquisition time

reported in Figure 5.3.

a) SOS Protocol b) SOS + ARC Protocol
Slice thickness: 1.5 mm Slice thickness: 1.0 mm
Data acquisition: 307.2 seconds Data Acquisition: 250.88 seconds

Slice encode

Figure 5.3: Results from a resolution phantom scanned with the classic SOS protocol (a) and the
SOS + ARC protocol (b). The improved spatial resolution can easily be appreciated by
inspection of the highlighted segment of the images. The improvement in scan time is
indicative of the improved temporal resolution possible with the SOS + ARC protocol.
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Figure 5.4 demonstrates the aliasing artifact present in the SOS + ARC acquisition
protocol if ARC reconstruction is not used (Figure 5.4a) and successful un-aliasing of
accelerated data after ARC reconstruction (Figure 5.4b). Data shown are in the form of a
fully sampled, non-time-resolved MR angiogram. Restricted axial maximum intensity
projections (MIPs) and sagittally reformatted MIPs of a single leg are shown on the left
and right columns, respectively. Red arrows highlight easily distinguished aliased

vessels in 5.4a and the corresponding lack of aliasing in 5.4b.

Axial Restricted MIP Sagittal MIP

a) Pre- ARC

b) Post - ARC

Figure 5.4: a) Data acquired with the SOS + ARC protocol prior to ARC reconstruction. Aliasing
artifact is clearly present (red arrows) in both the axial limited MIP (left) and the
sagittal MIP (right) of a single leg. b) Data acquired with the SOS + ARC protocol
after ARC reconstruction was performed to unwrap phase aliasing. Locations of
aliasing artifact in (a) are now free of such artifact after ARC reconstruction (red
arrows).

Figures 5.5 and 5.6 compare results from SOS and SOS + ARC protocols with HYPR LR
reconstruction for the same healthy volunteer. In Figure 5.5, four consecutive coronal
MIP time frames are shown for each protocol (5.5a: SOS and 5.5b: SOS + ARC). In-

plane resolution for both exams is 0.9375 x 0.9375 mm. The SOS series shown in Figure
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5.5a was the last of three contrast agent material injections administered to this
volunteer. There is residual contrast agent material that was not sufficiently removed by
the mask subtraction (red arrows). This venous signal is apparent in the non-HYPR-
processed images, therefore it is not a result of HYPR processing. Note that the benefits
resulting from the implementation of parallel imaging manifest as an improvement in both
spatial and temporal resolution: 1.5 mm slice thickness versus 1.0 mm slice thickness
and 7.0 seconds/frame versus 6.3 seconds/frame. The MIP images in Figure 5.6 are
from a single arterial time frame and have been reformatted into the sagittal direction to
illustrate the improved slice thickness. The right and left legs of the volunteer are shown

in individual MIP images for each protocol (labeled R and L, respectively).

a) SOS : Coronal MIPs

ty+ 7.0 sec t,+ 14.0 sec t,+21.0 sec
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b) SOS + ARC: Coronal MIPs

ty+12.6 sec t,+ 18.9 sec

Figure 5.5: Four consecutive arterial MIP images obtained and reconstructed with HYPR LR from
a healthy volunteer with a) an SOS protocol and b) an SOS + ARC protocol. The red
arrows in Figure 5.5a point to an area of erroneous, early venous enhancement.
Other imaging parameters include: 10.9 ml gadobenate dimeglumine; 0.9375 x
0.9375 mm in-plane spatial resolution; 106 and 61 slices acquired for a) and b)
respectively. The SOS series in a) was the third of three injections in the examination,
while the SOS + ARC series in b) was the second of three injections.
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b) SOS+ARC

Figure 5.6: Sagitally reformatted MIP images reconstructed with HYPR LR of the right and left (R
and L) legs of the healthy volunteer from Figure 5.5. Image series were obtained with
a) an SOS protocol and b) an SOS + ARC protocol.

Figures 5.7 and 5.8 show results from the SOS + ARC acquisition protocol and HYPR
LR reconstruction for two healthy volunteers. Results are presented as coronal MIP
images of consecutive time frames and a sagitally reformatted, arterial frame MIP of the
volunteer’s right leg. The addition of parallel imaging to the protocol resulted in an
improvement in both temporal and spatial resolutions for the datasets shown in Figures
5.7 and 5.8. For comparison, with no parallel imaging, imaging parameters for the

healthy volunteers shown would be: 1.5 mm slice thickness and 7.84 seconds/frame
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(Figure 5.7); 1.5 mm slice thickness and 7.2 seconds/frame (Figure 5.8). Imaging
parameters for the SOS + ARC results shown are 1.0 mm slice thickness for both
datasets and 6.6 seconds/frame and 6.2 seconds/frame, respectively. Other imaging

parameters can be found in the figure caption.

SOS + ARC: Coronal and Sagittal MIPs

R

to+ 6.6 sec ty+13.2 sec to+13.2 sec

Figure 5.7: Three consecutive MIP time frame images and a sagitally reformatted MIP image of a
single leg from a healthy volunteer. Data were acquired with the SOS + ARC protocol
and reconstructed with HYPR LR. Other imaging parameters include: 18.3 ml
gadobenate dimeglumine; 1.0 x 1.0 mm in-plane spatial resolution; 68 acquired
slices. The series shown was acquired during the first of three injections administered
during the examination.
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SOS + ARC: Coronal MIPs
: o

ty+6.2 sec to+12.4 sec

Figure 5.8: Three consecutive MIP time frame images and a sagitally reformatted MIP image of a
single leg from a healthy volunteer. Data were acquired with the SOS + ARC protocol
and reconstructed with HYPR LR. Other imaging parameters include: 12.6 ml
gadobenate dimeglumine; 0.9375 x 0.9375 mm in-plane spatial resolution; 62
acquired slices. The series shown was acquired during the first of three injections
administered during the examination.

5.4 Discussion

This study is not without limitations, one of which is the relatively small sample size; four
healthy volunteers were scanned using the SOS + ARC protocol. While the combination
of ARC parallel imaging and SOS k-space trajectory was generally successful and
provided improvements in both spatial and temporal resolution compared to a SOS
protocol with A/P excitation and no parallel imaging, it was found that other acquisition

techniques described in forthcoming chapters could offer even further improvements.

Another limitation is the use of the Golden Angle projection-ordering scheme. In radial

sampling, it is important to evenly space the projection angles to ensure uniform angular
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sampling. The most effective way to enforce evenly spaced projections requires a priori
knowledge of the number of projections/slice/frame to be used during the reconstruction.
However, the optimal number of projections is not always known during the early,
developmental stages of a protocol. The Golden Angle scheme allows more freedom to
retrospectively adjust the number of projections included in a single frame while

minimizing angular clumping.

5.5 Conclusion

In this work, a coil-by-coil data-driven parallel imaging technique was successfully
applied to the slice encoding direction of a hybrid 3D radial trajectory. Aliasing artifacts
due to the parallel imaging acquisition were successfully un-wrapped; no residual
aliasing artifacts were seen. The implementation was achieved with no significant g-

factor related loss of SNR(68).

The utilization of the anterior/posterior excitation slab reduced the number and intensity
of undersampling artifacts from signal outside the imaging field of view. The combination
of SOS + ARC acquisition protocol and HYPR LR reconstruction allowed for high quality
time-resolved images with spatial and temporal resolution superior to previous
techniques. While the implementation of parallel imaging allowed for a significant
improvement in slice thickness, this improvement might be difficult to recognize by visual
inspection of data acquired from healthy volunteers. It is hypothesized that the
improvement in slice thickness would be more highly appreciated in a patient with PAD;

a more accurate and confident assessment of stenosis severity would be possible with
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the spatial resolution offered by the SOS + ARC protocol. This hypothesis was not tested

in the work presented here.

The technique described in this chapter is readily applicable to the imaging of other
anatomy. For example, the hybrid 3D radial k-space trajectory has been implemented for
imaging intra-cranial aneurysms or fast imaging of the coronary arteries. Both of these
applications could benefit from the improved spatial and temporal resolution possible

with the SOS + ARC protocol.
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Chapter 6: True 3D Radial Acquisition with HYPR Reconstruction for
Peripheral MR Angiography

6.1 Introduction

Unlike the hybrid 3D radial (SOS) acquisition strategy, which samples k-space radially in
two dimensions and employs Cartesian phase encoding in the slice direction(32), the
vastly undersampled isotropic projection reconstruction (VIPR) acquisition strategy
samples lines in k-space that are truly radial in three dimensions(39). The potential
benefits and challenges of applying the VIPR sampling strategy to peripheral MRA
exams were discussed in Chapter 2. In summary, though the large, isotropic field of view
provided by VIPR is not well tailored to the anatomy, the VIPR trajectory offers higher

undersampling factors combined with more benign undersampling artifacts compared to
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the SOS acquisition. These benefits make VIPR well-suited to dynamic, contrast-

enhanced MR angiography applications, regardless of anatomic geometry.

Studies have previously been performed to investigate the application of VIPR to
peripheral MR angiography exams. These studies typically achieved 1.25 — 1.5 mm
spatial resolution utilizing tornado filtering(69) to reconstruct a time-resolved series. Also,
a single dose (0.1 mmol/kg) of gadolinium-based contrast agent was employed for each
station of these studies, which corresponded to a triple dose of contrast per examination.
Also, exams in these studies were performed on a 1.5 T scanner with an 8-channel
peripheral vascular coil. In this work, the VIPR k-space acquisition is combined with
HYPR LR(46) reconstruction to achieve time-resolved, contrast-enhanced images of the
peripheral vasculature with 1.0 mm isotropic spatial resolution and 4.5 — 6.5 second
temporal resolution. Furthermore, the feasibility of acquiring a time-resolved dataset

using fractional doses (<0.1 mmol/kg) of contrast agent was investigated.

6.2 Methods

A robust VIPR acquisition and HYPR LR reconstruction protocol was developed based
on the results of exams performed on 15 healthy volunteers using a 3.0T scanner
(Discovery MR750, GE Healthcare) and a 32-channel phased array abdominal coil (GE
Healthcare). For each time series, a full, 0.1 mmol/kg dose of gadobenate dimeglumine
(MultiHance, Bracco Diagnostics) was injected at a rate of 3.0 ml/s by an MR-compatible
power injector after the acquisition of a non-contrast-enhanced mask dataset. The

contrast injection was immediately followed by 20.0 ml flush of saline delivered at 3.0
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mi/s. Axial excitation was used for VIPR acquisitions to yield the benefits described in
the previous chapter. For each volunteer in this stage of the project, between 40,000 and
45,000 unique projection angles were acquired during the course of data acquisition.
Note that the 480 x 480 x 480 imaging matrix was undersampled by a factor of 8 to 9.
This is important because, though the composite image in HYPR LR reconstruction may
utilize all the data acquired and therefore be called a “full composite”, the three-
dimensional matrix corresponding to the composite image was not fully-sampled. The
projections were prospectively sorted into subsets of 1,000 — 1,500 equally spaced
projection angles that uniformly sampled the surface of the k-space sphere. These
subsets, or interleaves, contained the information for a single time frame. The projection
angle order of acquisition within each interleave was sequential, while the order of the
interleaves themselves was bitreversed. Other typical scan parameters for this stage of
the project include: 480 x 480 x 480 mm field of view; 1.0 x 1.0 x 1.0 mm spatial

resolution; fractional echo of 75-85%; TR/TE/FA/BW of 4.8ms/1.1ms/20°/+125kHz.

HYPR LR reconstruction was performed on the data from each healthy volunteer exam.
The composite image was reconstructed using all the data acquired, between 40,000
and 45,000 projections. The weighting image was created using the projections from a
single subset of data, typically 1,000 to 1,500 projections. Weighting image SNR was
improved by utilizing a low spatial resolution reconstruction technique; k-space data
outside a radius of 100 pixels were dampened prior to performing the Fourier transform.

This strategy is discussed in more detail below.
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After the initial 15 healthy volunteer exams were performed and the robust
acquisition/reconstruction protocol described above was established, the feasibility of
utilizing said protocol to obtain high quality time-resolved, contrast-enhanced MRA
exams of the peripheral vasculature using contrast doses less than 0.1 mmol/kg was
explored. Seventeen healthy volunteers were recruited for this stage. On each volunteer,
three separate injections and imaging series were acquired using 0.025, 0.05 and 0.1
mmol/kg of gadoenate dimeglumine (quarter and half and full doses, respectively). The
order of the assorted contrast dose injections varied, but is noted alongside the results
presented below. Multiple injection protocols were tested during this time with the intent
of creating a robust protocol to apply to a cohort of patients. Injection protocols under
investigation included: adjusting the contrast injection rate so that the total time of the
injection remained constant and diluting the contrast with saline so that the total volume

injected for each contrast dose remained constant.

In the third stage of this project, ten patients diagnosed with peripheral artery disease
were recruited and examinations were performed using the VIPR/HYPR LR protocol with
the injection of fractional doses of gadobenate dimeglumine. The injection protocol for
patient examinations is summarized in Figure 6.1. For fractional doses, the contrast
bolus was diluted with saline so the total volume of the bolus remained constant among
the three injections: 0.2 ml/kg. A 20 ml saline flush was administered immediately
following the contrast media injection. All volumes were injected at a rate of 3.0 ml/s. A
waiting period of 20 minutes was maintained between contrast-enhanced acquisitions to

limit the negative effects of having contrast agent on-board in later acquisitions. The
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contrast doses administered in the first and second injections were randomized between

quarter and half doses. The full contrast dose was always the third injection.
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Figure 6.1: The injection protocol for the patient examinations. Note that the dose administered
first was randomized between quarter and half doses.
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The data acquisition parameters for patient examinations included: 400 x 400 x 400 mm
field of view; 1.0 x 1.0 x 1.0 mm spatial resolution; 36,000 unique projection angles
acquired (undersampled by a factor of 7); 1,200 projections/frame (undersampled by a
factor of 209 compared to a Cartesian matrix of the same size); 5.28 seconds/frame;

fractional echo of 80%; TR/TE/FA/BW of 4.4ms/1.2ms/20°/+125kHz.

Typically during the reconstruction of a VIPR dataset, weighting factors are applied to
normalize the effective sampling density across k-space, see the difference between
‘VIPR’ and ‘Fully Compensated VIPR’ in Figure 6.2a, which plots a one-dimensional

profile through isotropic, three-dimensional effective sampling density functions of VIPR
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trajectories with and without density compensation terms. During the formation of the
HYPR LR weighting image, SNR and undersampling artifact level were improved by
utilizing a low resolution reconstruction of the time frame data; density compensation

weights were not applied to k-space data outside a radius of 100 pixels, which had the

result of effectively rolling off the signal from high spatial frequencies like k_lg’ see Figure
6.2a. A one-dimensional profile of the isotropic, three-dimensional weighting image
reconstruction technique point-spread-function (PSF) is plotted in Figure 6.2b, along with
the PSF of a fully compensated VIPR image. The weighting image reconstruction
technique introduces a very small amount of image blur into the weighting image. HYPR

LR reconstruction was performed on the patient datasets using a full composite image

(36,000 projections).

a)
15

125

1)
N\
i

Effective Sampling Density
5
N
-

025 +~ ~

-200 -150 -100 -50 0 50 100 150 200
K-space Radius (pixels)
VIPR © ¢ Fully Compensated VIPR == <=HYPR LR Weighting Image



99

b)
1.25
1 -
P
*
-
o
= ®
£ 075 %
g
o °
¥ ] i
Q
s 05 l-
%]
: |
‘c
a i !
0.25
5
oo\
P S . LI S

-25 -15 -5 5 15 25
Image Radius (pixels)
¢ ¢ ¢ Fully Compensated VIPR == =HYPR LR Weighting Image

Figure 6.2: One-dimensional profiles through the three-dimensional, isotropic effective sampling
density (a) and point-spread-functions (b) for VIPR, Fully Compensated VIPR and
HYPR LR Weighting Images.

6.3 Results and Discussion

Figure 6.3 shows maximum intensity projections (MIP) images of three consecutive
arterial time frames from an examination of a healthy volunteer with 0.1 mmol/kg of
contrast agent (13.6 ml for this volunteer). In Figure 6.3a, undersampled non-HYPR-
processed time frames are shown. Undersampling artifacts can easily be seen and are
highlighted by the red arrows in Figure 6.3a. However, SNR is still relatively high,
especially considering the aggressive level of undersampling by a factor of 346

compared to a fully sampled VIPR dataset.

The HYPR LR result (Figure 6.3b) shows improvements with regard to both the level of

artifact and SNR. The small artery (yellow arrow) branching from the volunteer’s right
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posterior tibial artery is clearly visible in the HYPR LR time frame due to the increased
SNR. Furthermore, the undersampling artifacts visible in Figure 6.3a are removed by
HYPR LR processing (red arrows). These improvements are achieved with no visible

penalty to temporal fidelity.

a)

to+ 4.8 sec

t,+4.8 sec

Figure 6.3: MIP images of three consecutive arterial time frames from a healthy volunteer. Non-
HYPR-processed (a) and HYPR LR (b) images are shown. Undersampling artifacts
(red arrows) are removed by HYPR LR processing and SNR improvement can be

appreciated by the visualization of the small branching artery in the HYPR LR images
(yellow arrow).
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Figure 6.4 shows coronal MIP images of HYPR LR arterial time frames from a healthy
volunteer (weight: 58 kg) after a quarter (6.4a: 2.9 ml), half (6.4b: 5.8 ml) and full (6.4c:
12.0 ml) dose of contrast agent was administered. The order of injection during the
examination matches the order of display in Figure 6.4. In this exam, the rate of injection
was adjusted for each contrast dose so that the total time of contrast injection remained
constant; the contrast agent was not diluted. Imaging parameters specific to this
volunteer include: 1.0 mm isotropic spatial resolution; 1,500 projections/frame
(undersampling factor of 240 compared to a fully sampled VIPR dataset); 6.75 second
temporal resolution. Note that the three images shown are from separate injections;
direct comparison of the temporal information contained in each image is not meaningful.
There is slightly lower SNR in the quarter dose exam, however all three contrast doses

result in high quality peripheral MR angiograms.

a) 0.025 mmol/kg b) 0.05 mmol/kg c) 0.1 mmol/kg

Figure 6.4: MIP images of HYPR LR arterial time frames from a healthy volunteer obtained after a
quarter (a), half (b) and full (c) dose of gadobenate dimeglumine was administered.
The order of injection matches the order of display. The doses were injected
intravenously at a rate of 0.75 ml/s (a), 1.5 ml/s (b) and 3.0 ml/s (c).

Figure 6.5 shows arterial MIP images of HYPR LR time frames from a healthy volunteer

(weight: 108 kg) after quarter (6.5a: 5.0 ml), half (6.5b: 10.0 ml) and full (6.5¢: 20.0 ml)
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doses of contrast agent were administered. In this case, the volunteer’s full dose based
on weight (21.6 ml) exceeded the maximum volume per injection allowed by the IRB-
approved protocol, so dosages were calculated using 20.0 ml as the full dose. In this
examination, contrast boluses were diluted with saline so the contrast bolus volume was
constant for all injections. This injection protocol is superior to the one used for the
volunteer in Figure 6.4 as it allows for more variables to be held constant across the
three injections. Imaging parameters specific to this volunteer include: 1.0 mm isotropic
spatial resolution; 1,000 projections/frame (undersampling factor of 360 compared to a
fully sampled VIPR dataset); 4.7 second temporal resolution. Similar to the results
shown in Figure 6.4, high quality angiograms were obtained with only a quarter dose of

contrast agent.

a) 0.025 mmol/kg

b) 0.05 mmol/kg c) 0.1 mmol/kg

Figure 6.5: MIP images of HYPR LR arterial time frames from a healthy volunteer obtained after a
quarter (a), half (b) and full (c) dose of gadobenate dimeglumine was administered.
The order of injection matches the order of display. The injection protocol displayed in
Figure 6.1 was utilized here.
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Figure 6.6 shows arterial MIP images of HYPR LR time frames from a patient with
peripheral artery disease (weight: 74 kg) after the administration of a quarter (6.6a: 3.7
ml), half (6.6b: 7.4 ml) and full (6.6c: 14.8 ml) dose of contrast agent. The injection order
matches the order of images displayed in Figure 6.6. Imaging parameters specific to this
patient include: 1.0 mm isotropic spatial resolution; 1,200 projections/frame
(undersampling factor of 209 compared to a fully sampled VIPR dataset); 5.28 second
temporal resolution. Similar to the healthy volunteer examinations, the combination of
VIPR acquisition and HYPR LR reconstruction allows for the creation of high quality
angiograms in this patient with the use of only 0.025 mmol/kg of contrast agent. The
disease is clearly visible in all three dose images: the severe stenoses in the patient’s
left anterior tibial (solid yellow arrow) and peroneal (dashed yellow arrow) arteries and

the occlusion of the patient’s right peroneal artery (dashed red arrow).
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a) 0.025 mmol/kg b) 0.05 mmol/kg c) 0.1 mmol/kg

Figure 6.6: MIP images of HYPR LR arterial time frames from a patient with PAD obtained after a
quarter (a), half (b) and full (c) dose of gadobenate dimeglumine was administered.
The order of injection matches the order of display. The injection protocol displayed in
Figure 6.1 was utilized.

6.4 Conclusions

The combination of VIPR k-space acquisition and HYPR LR reconstruction resulted in
high quality, time-resolved MRA series of the peripheral vasculature in both healthy
volunteers and patients. The feasibility of applying this imaging protocol to achieve
similar high quality results with the administration of fractional doses of contrast agent
was also investigated. In healthy volunteers, image quality endured only minimal
penalties in the form of slight SNR decrease in series obtained with 0.025 mmol/kg of
gadobenate dimeglumine. Diagnostic quality images were produced with isotropic spatial
resolution of 1.0 mm and temporal resolutions between 4.8 and 6.75 seconds after the

administration of 2.9 — 5.0 ml of contrast agent (depending on subject weight).
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The presence of pathology will typically cause a reduction in image quality, due to lack of
vascularization and consequent decrease in signal from contrast-enhanced blood.
Promising results in healthy volunteers do not necessitate similarly positive results in
patients. Therefore, this work extended to test the feasibility of low-dose exams in a
cohort of patients with peripheral vascular disease. Results for the initial feasibility study
in patients were encouraging. A large-scale, statistic-based study investigating the
potential effects of a low-dose exam on diagnostic ability and confidence is needed to
further promote the use of this protocol. Such a project and its inherent difficulties are

discussed in Chapter 8.
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Chapter 7: Comparison of Image Quality and Diagnostic Agreement
of VIPR/HYPR and TRICKS Protocols for Peripheral MRA

7.1 Introduction

HighlY constrained backPRojection (HYPR)(40) is a post-processing technique that
improves upon the signal-to-noise ratio (SNR) and occurrence of undersampling artifacts
in a set of time-resolved images while maintaining high temporal and spatial resolution.
HYPR processing is most successful in instances of high image sparsity and/or high
spatio-temporal correlation. Magnetic resonance angiography (MRA), therefore, is a
well-suited application of the technique. Many authors have exploited the characteristics
of HYPR to provide an improvement in SNR, temporal resolution and/or spatial
resolution compared to currently utiized MRA methods(41-43,70-72). While these
improvements are impressive, it has not yet been shown whether the superior image

parameters translate into improved diagnostic capability.
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In this study, a cohort of patients being treated for peripheral arterial disease (PAD) by
our institution’s Vascular Surgery department underwent research MRA examinations of
the lower extremities prior to x-ray digital subtraction angiography (DSA) procedures and
possible intervention. The MRA examination consisted of two imaging protocols: 1)
comparable to a clinical MRA study of the lower extremities using a Cartesian view-
sharing technique and 2) the proposed research protocol for the calf station consisting of
a 3D radial k-space trajectory (VIPR)(39) and HYPR LR(46) post-processing. Two
experienced cardiovascular radiologists interpreted the MRA images from both
protocols. Grades were assigned to eleven vessel segments per leg by each reader to

describe the severity of disease in each segment.

7.2 Methods

Nine patients were recruited from the University of Wisconsin Hospital and Clinic’s
Vascular Surgery department. The eligibility requirements for this study included having
a diagnosis of PAD and a scheduled appointment for a procedure that would include x-
ray DSA. Furthermore, per the Institutional Review Board-approved protocol, patients
had to have a documented eGFR > 30.0 ml/min/1.72m?. Informed written consent was

obtained from each subject.

MRA exams were performed on a 3.0T MR scanner (Discovery MR 750, GE Healthcare)
with a 32-channel phased-array abdominal coil (GE Healthcare, Waukesha, Wisconsin).

After the acquisition of a pre-contrast mask dataset, each MRA series was obtained with
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the administration of gadobenate dimeglumine contrast agent (MultiHance, Bracco
Diagnostics, USA) followed by a saline flush (20.0 ml) injected in the antecubital fossa
(except for Patient 1, injection in the hand) at a rate of 2.5 — 3.0 ml/s using an MR-
compatible power injector. The contrast dose for each injection was 0.05 mmol/kg,
unless the subject’s contrast volume for a full dose (0.2 mi/kg) exceeded 20 ml. In these
cases, 10 ml of contrast agent was administered per injection. Table 7.1 summarizes the
injection protocol for each patient. The acquisition order of the two MRA protocols was

randomized with a delay of 20 minutes between the contrast injections.

Patient Weight (kg) Contrast Volume Contra_st Volume o Injection Rate (ml/s)
Number for Full Dose (ml) Administered per Injection (ml)

1 114.76 22.95 10 2.5
2 104.78 20.95 10 3.0
3 85.7 17.14 8.5 2.5
4 102.7 20.48 10 2.5
5 89.1 17.82 9 2.5
6 55 11 5.5 2.5
7 96.8 19.36 9.68 2.5
8 78.2 15.64 7.8 2.5
9 77.6 15.52 8 2.5

Table 7.1: Contrast injection information for each patient.

The clinically comparable MRA protocol was performed using the time-resolved imaging
of contrast kinetics (TRICKS)(26) technique, which is a Cartesian view-sharing method.
At our institution, parallel imaging is not typically utilized in the clinical setting. However,
in order to represent the state-of-the-art of the technique, an R=2 parallel imaging

acceleration factor in the left/right direction was prescribed using a sensitivity-encoding
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method(73) (ASSET, GE Healthcare). Typical image parameters for the TRICKS time
series include: 1.25 x 1.25 x 2.0 mm spatial resolution over a 400 x 320 x 124 mm field
of view with a temporal update rate of 6.1 seconds. The imaging prescription deviated
slightly from the typical protocol in three patients due to the size of the anatomy. (Patient
1: 1.25 x 1.312 x 2.0 mm spatial resolution over 480 x 336 x 124 mm FOV; Patient 2:
1.25 x 1.22 x 2.0 mm spatial resolution over 480 x 312 x 124 mm FQOV; Patient 7: 1.25 x
1.32 x 2.0 mm spatial resolution over 400 x 340 x 124 mm FOV). Other acquisition
parameters included; flip angle: 25°; TE/TR: 1.2ms/3.6ms; receiver bandwidth: +83.33

kHz.

The proposed research protocol utilized a 3D radial trajectory (VIPR), with 1,000 — 1,200
projections per time frame and 36,000 — 40,000 unique projections acquired over the
course of the scan. Typical image parameters for the proposed research protocol
included: 1.0 x 1.0 x 1.0 mm spatial resolution over 400 x 400 x 400 mm FQV. The
imaging prescription deviated from this typical protocol in two patients. (Patient 1 and
Patient 2: 1.0 x 1.0 x 1.0 mm spatial resolution over 480 x 480 x 480 mm FOQOV). Other
imaging parameters included; flip angle: 20°; TE/TR: 1.2-1.4ms/4.2-4.5ms; receiver
bandwidth: +125.0 kHz. The typical parameters corresponded to a temporal resolution
of 5.2 seconds and an undersampling factor of 210 compared to a fully sampled
Cartesian matrix of the same size. Table 7.2 offers a summary of the imaging

parameters for the two protocols.
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TRICKS VIPR/HYPR
Spatial Resolution  1.25x1.25x2.0 mm 1.0x1.0x 1.0 mm
Update Rate 6.1 seconds 5.2 seconds
TR/TE/FA/BW 3.6ms/1.2ms/25°/+83.33 kHz ~ 4.2-4.5ms/1.2-1.4ms/20°/+125.0 kHz

Table 7.2: Description of the imaging parameters for the TRICKS and VIPR/HYPR protocols.

The HYPR LR reconstruction method was used in this study. The general equation for a
single HYPR time frame with this technique is:

Equation 7.1

o (ky)
Dk

Iy(t) =1Ic - Iy(t) = I¢

where Ic is a well sampled composite image with high spatial resolution, few
undersampling artifacts and low temporal resolution and ly(t) is a unique weighting
image for time frame t. The function ®() represents a reconstruction technique for the
gridded k-space data for time frame t (k) that improves SNR and reduces undersampling
artifacts compared to a corresponding undersampled, non-HYPR-processed image. In
this work, SNR improvement is achieved at the cost of weighting image spatial
resolution; ®() represents a blurring function that is described in detail in Chapter 6 and

Figure 6.2.

Image evaluation was performed in two rounds; TRICKS, VIPR/HYPR images were read
in distinct, independent sessions by two experienced cardiovascular radiologists. For

MRA evaluations, the readers were provided with three-dimensional image volumes of
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multiple time phases for each imaging method. Arterial phases were chosen and read
independently by each reader; a consensus method was not used. Each reader
assigned grades to eleven vessel segments per leg to describe the severity of stenosis.
The scale was based on the grading system of the American College of Radiology multi-
institutional trial of peripheral MR angiography(74) (0 = normal/no disease, 1 =
abnormal/<50% stenosis, 2 = moderate/50-74% stenosis, 3 = severe/75-99% stenosis, 4
= occluded, 9 = diagnosis not possible). Significant disease in a vessel segment was
characterized by a stenosis grade of 3 or 4. For each vessel segment, readers also rated
their diagnostic confidence (0 = no confidence, 1= low confidence, 2 = confident, 3 =
very confident). Vessels segments were manually assigned by the individual readers as
follows: (1) Popliteal artery, (2) Tibial peroneal trunk, (3) anterior tibial - proximal, (4)
anterior tibial - mid, (5) anterior tibial - distal, (6) peroneal - proximal, (7) peroneal - mid,
(8) peroneal - distal, (9) posterior tibial - proximal, (10) posterior tibial - mid, (11)

posterior tibial - distal, see Figure 7.1.

Patient’s Patient’s
Right Leg 1 L Left Leg
3 2 2 3
6 6
4 9 9 4
7 7
10 10
8 8
> 11 11 >

Figure 7.1: Diagram showing the vessel segments that were assigned and graded by each
radiologist.
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A dedicated statistician performed the statistical design and analysis for this study.
Cohen’s kappa (k) was computed to assess 1) the inter-reader agreement on the
presence of significant disease and stenosis grade for each method and 2) the inter-
method agreement on the presence of significant disease and stenosis grade for each
reader. To identify the agreement on stenosis grade, linear weights were used to
calculate kappa. The magnitude of kappa was used as the basis for describing
agreement as non-existent (k < 0), slight (0 <k 0.2), fair (0.2 < k 0.4), moderate (0.4 <k
0.6), substantial (0.6 =< k 0.8), and almost perfect (k = 0.8), in accordance with previously
published guidelines(75). Statistical computations were obtained using R 2.12.2 (76) with

the irr(77), lattice(78), and plyr(79) packages.

7.3 Results and Discussion

Figures 7.2a and 7.3a show coronal maximum intensity projection (MIP) images of
arterial time frames for TRICKS and VIPR/HYPR imaging series, obtained from Patient 9
and Patient 6, respectively. Figures 7.2b and 7.3b show sagitally reformatted MIP
images of each patient’s right leg from the TRICKS and VIPR/HYPR imaging series. The
improvement in coronal plane spatial resolution — from 1.25 x 1.25 mm with TRICKS to
1.0 x 1.0 mm with VIPR/HYPR - is difficult to appreciate by visual inspection alone.
However, the improvement in spatial resolution in the anterior/posterior (A/P) direction —
from 2.0 mm in TRICKS to 1.0 mm in VIPR/HYPR — is easily appreciated in Figures 7.2b
and 7.3b. Also, Figure 7.3b demonstrates the ringing artifact that can occur in TRICKS

imaging due to the view-sharing of time-varying intravascular signal intensity(80).
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a) TRICKS — Coronal MIP VIPR/HYPR — Coronal MIP b) TRICKS VIPR/HYPR

Sagittal Reformat: Right Leg

Figure 7.2: Coronal MIP images (a) and sagital reformatted MIP images (b) of arterial time frames
from TRICKS and VIPR/HYPR protocols, as labeled, from Patient 9.

a) TRICKS — Coronal MIP VIPR/HYPR — Coronal MIP b) TRICKS VIPR/HYPR

Sagittal Reformat: Right Leg

Figure 7.3: Coronal MIP images (a) and sagittal reformatted MIP images (b) of arterial time
frames from TRICKS and VIPR/HYPR protocols, as labeled, from Patient 6. The
yellow arrows highlight a common ringing artifact of TRICKS imaging.

Figure 7.4 demonstrates the superior temporal resolution of the VIPR/HYPR protocol.

Figures 7.4a and 7.4b show four consecutive MIP images of arterial time frames from
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TRICKS and VIPR/HYPR protocols, respectively. Note that not only is the frame update
rate longer for the TRICKS time series (6.5 seconds versus 5.28 seconds), but the bolus
edge is difficult to identify; distal arteries appear enhanced early and enhancement
gradually become more intense. Figure 7.4c plots the average signal in a region of
interest (ROI) placed on a distal artery in the TRICKS (dashed blue line) and
VIPR/HYPR (solid red line) time series. The slope of the uptake curve is much more
sharper in the VIPR/HYPR time series. This is indicative of the improved temporal

resolution and temporal fidelity of the VIPR/HYPR protocol.

a) TRICKS Series

t,+ 13.0 sec

b) HYPR/VIPR Series

ty+5.28 sec ty+ 10.56 sec to+ 15.84 sec
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c) Distal Artery ROI Signal vs. Time Frame
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Figure 7.4: Four consecutive coronal MIP images of arterial time frames from TRICKS (a) and
VIPR/HYPR (b) protocols. An ROI was placed in a distal artery and average signal in
the ROI is plotted over several time frames in (c). The steep uptake curve in the
VIPR/HYPR plot is indicative of superior temporal fidelity.

Table 7.3 displays the Cohen’s kappa values for inter-reader and inter-method
agreement on the presence of significant disease and stenosis grade. The inter-reader
agreement values are similar for both methods. Both methods show substantial inter-
reader agreement on the presence of significant disease. TRICKS would be categorized
as having substantial agreement on the stenosis grades, while VIPR/HYPR would be
categorized as having moderate agreement. The inter-method agreement within a
reader on the presence of significant disease was almost perfect for Reader 1 and
moderate for Reader 2. Those classifications are maintained for the level of agreement

on stenosis grades.

While Cohen’s kappa is meant to measure inter-reader agreement, it is only a

conservative estimate for agreement between methods for a given reader; kappa is the
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percent agreement penalized for chance agreement and it is not necessarily legitimate to
penalize the grades of a single reader for agreeing between methods. Furthermore,
though the inter-method agreement estimates may signify only moderate agreement, the
current analysis does not take into account which method has the highest agreement

with the true level of stenosis. An inquiry of this kind is discussed in Chapter 8.

Inter-Reader Agreement

Sigr\iﬁcant Stenosis Grade
Disease
TRICKS su2;305r1?1‘al Sugs.gisﬁal
VIPR/HYPR sug;Zasn?ial mgfe?‘?te
Inter-Method Agreement
Sigpiﬁca nt Stenosis Grade
Disease
Reader 1 sugfasn(tsial Sugfacyﬁa/
Reader 2 m?;ithe m?,';e?zte

Table 7.3: Cohen’s kappa values for inter-reader and inter-method agreement on the presence of
significant disease and the stenosis grades.

7.4 Conclusion

In conclusion, a protocol based on the combination of VIPR k-space acquisition and
HYPR LR image reconstruction was used to acquire time-resolved, contrast-enhanced
examinations of the peripheral vessels in patients with PAD. Data were also acquired
using the TRICKS method with imaging parameters that are comparable to those

attained in the clinical setting. Two cardiovascular radiologists read each dataset and
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eleven vessel segments in each leg were graded for the severity of stenosis. A grade of
moderate stenosis or occlusion warranted the designation of significant disease.
Statistical analysis was performed to calculate the inter-reader and inter-method
agreement on the presence of significant disease and the stenosis grade. Both inter-
method and inter-reader agreements were substantial for the presence of significant
disease. Levels of agreement were not as high on the stenosis grades. However, further
analysis is required to elucidate which protocol better represents the true level of

stenosis.
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Chapter 8: Summary and Future Work

8.1 Summary

The work presented in this dissertation is best summarized as 1) a thorough
investigation of the characteristics of HYPR reconstruction, specifically with regard to
magnetic resonance angiography (MRA) and 2) the development of a robust data
acquisition and reconstruction strategy utilizing radial k-space sampling and HYPR

reconstruction for in vivo MRA of the peripheral vasculature.

A numerical phantom was designed to characterize the temporal impulse response and
temporal frequency response functions of the HYPR LR(46) reconstruction technique
relative to two techniques commonly used for dynamic, contrast-enhanced MRA:
Keyhole(47) and TRICKS(26). Since both Keyhole and TRICKS methods are based on

view-sharing, the results of the numerical phantom experiment varied drastically
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depending on 1) which region of k-space what was acquired during the signal impulse
and 2) the frequency with which that region was updated. HYPR LR showed more
consistent results in this regard. Furthermore, while the best scenarios for both Keyhole
and TRICKS vyielded very good temporal impulse responses, there were significant
deficiencies in the spatial representation of the impulse signal in both reconstructed time
series. The HYPR LR technique not only exhibited minimal temporal spreading of the
impulse signal, but also superior spatial representation of the signal in the correct time

frame.

A physical phantom was designed and built to further characterize the spatial and
temporal fidelity of HYPR processing using real, acquired, three-dimensional data. The
phantom used a computer-controlled motion stage to traverse a dilute-gadolinium filled
tube through the imaging field of view in a way that mimicked a contrast bolus traveling
through an artery and a nearby vein. The purpose of this work was to confirm the
theoretical limits that the spatial resolution of a HYPR image is best characterized as that
of the composite image, while the temporal resolution of a HYPR image is best
characterized as that of the corresponding non-HYPR-processed image. Given judicious
choices for the weighting image reconstruction technique, this theory was shown to be
well-founded. The potential penalties and artifacts due to un-optimized reconstruction
parameters were shown and discussed. The results were also reproduced in an in vivo

model.
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In later chapters, the validated reconstruction technique was used for in vivo imaging of
both healthy volunteers and patients with peripheral artery disease (PAD). Two imaging
protocols with different radial acquisition strategies were initially developed in parallel:

stack-of-stars (SOS) and vastly undersampled isotropic projection reconstruction (VIPR).

To fully optimize the SOS trajectory, a data-driven parallel imaging technique was
incorporated into the pulse sequence and reconstruction pipeline. This provided the
ability to excite only a prescribed extent of spins in the superior/inferior direction and
acquire exams with both higher temporal resolution and improved slice thickness over
previously-published efforts. While the SOS + ARC technique was not pursued further in
this work, it remains a tool that is widely applicable to other work at the University of

Wisconsin and elsewhere.

The VIPR k-space acquisition provided more optimal characteristics and was pursued
more vigorously than the SOS + ARC technique. High spatial and temporal resolutions
were attainable with VIPR acquisition and HYPR LR reconstruction. Furthermore, it was
shown that high quality MRA examinations of patients with PAD are feasible with the
administration of fractional doses of contrast agent with the VIPR/HYPR LR imaging
protocol. While further testing is necessary, this ability could prove to have significant

impact in patients with mildly impaired renal function.

The VIPR/HYPR protocol was also tested for agreement with a protocol currently used in

clinical practice: TRICKS. A significant improvement in both spatial and temporal
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resolution was attainable using VIPR and HYPR LR. This improvement was realized
while maintaining significant agreement with the TRICKS method on the presence of
significant disease. Further work is needed to more completely characterize the possible

benefits of the VIPR/HYPR technique.

8.2 Future Work

8.2.1 Peripheral MRA Examinations with Fractional Doses of Gadolinium-Based
Contrast Agents

In Chapter 6, work was described that demonstrated the feasibility of obtaining high-
quality peripheral MRA examinations with the administration of fractional doses of
gadobenate dimeglumine contrast agent. In order to promote such a protocol for clinical
practice, a large-scale, statistics-based study should be performed to investigate the

potential effects of a low-dose exam on diagnostic ability and confidence.

Imaging series obtained after the administration of various doses of contrast agent would
be graded by two radiologists for the stenosis severity and diagnostic confidence in each
of 11 vessels segments per leg. The grading scale would be similar to that described in
Chapter 7. Additionally, each image series would be graded for relative SNR and image
quality. Cohen’s kappa would be calculated for the level of agreement between stenosis

grades that originate from full and low dose imaging series.
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Such a study would require a large number of subjects with peripheral arterial disease to
account for confounding factors such as amount of contrast agent on-board and the
amount of time the subject has been at rest in the scanner prior to the administration of a
given dose. Since rest pain is a typical symptom of PAD, subjects will be more likely to
move during later scans. Subject motion can lead to errors in mask subtraction and poor
image quality. This is further complicated by the relatively long exam time required to
perform three imaging series with at least 15 minutes between each injection. If three
distinct contrast agent doses were administered to each subject, the acquisition of an
adequate number of subjects using each of the six possible permutations of dose order

would be necessary.

8.2.2 Comparison of Image Quality and Diagnostic Accuracy of VIPR/HYPR and
TRICKS for Peripheral MRA Using X-ray DSA as the Reference Standard

One criterion for patient recruitment into the study described in Chapter 7 was a
scheduled appointment for a procedure that involved x-ray digital subtraction
angiography (DSA) of a lower extremity. For each patient, after the research MRA
examination, x-ray DSA exams were performed on a Phillips INTEGRIS V system by
experienced vascular surgeons using the typical clinical protocol. Note that while MRA

images were collected bi-laterally, DSA images of only a single leg were obtained.

Since both the temporal and spatial resolutions of x-ray DSA are substantially superior to
any method currently available for MRA (see Figure 8.1), x-ray DSA images would be

assumed to represent the true level of disease and stenosis severity in each vessel
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segment. There are a few limitations of this assumption. For example, x-ray DSA
provides only two-dimensional information and adjustments to the image analysis may

be necessary if this limitation significantly affects or skews the outcome of the study.

TRICKS

VIPR/HYPR x-Ray DSA

Figure 8.1: Coronal MIP TRICKS and VIPR/HYPR images cropped to show a single leg that
corresponds to the x-ray DSA image shown on the right.

While, as described in Chapter 7, vessel segments in MRA images were graded for
stenosis severity and confidence in diagnosis, x-ray DSA images would be read for
stenosis severity only by two experienced cardiovascular radiologists. Confidence
measurements would not be taken. Cohen’s kappa coefficients and/or percent
agreement values would be calculated for each MRA method with respect to the x-ray

DSA stenosis grades.
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The study described in Chapter 7 characterizes the level of agreement between stenosis
severity grades based on VIPR/HYPR and TRICKS datasets. When disagreement does
exist, there is currently no method to discern which imaging protocol best represents the
true level of disease. By taking advantage of the x-ray DSA images available for these
patients, and assuming that these images represent the truth, this future work will better
characterize any improvement in diagnostic accuracy attainable with the VIPR/HYPR

imaging protocol.
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