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Abstract

Gadolinium-enhanced T1 mapping MRI is becoming increasingly important for the
diagnosis of left ventricular (LV) myocardial fibrosis. Modified Look-Locker inversion
recovery (MOLLI) and shortened MOLLI (ShMOLLI) are the current widely-used T1
mapping techniques for the heart but have limited spatial resolution due to physiological
motion during image acquisition. These techniques typically have in-plane spatial
resolutions in the range of 2.0-2.4 mm?, and they are well-suited for T1 mapping of
thick structures such as LV wall. Because of this, the application of T1 mapping has
generally been confined to the LV. However, T1 mapping might also be valuable in
thinner structures such as the right ventricle (RV) and left atrial wall to assess fibrosis in
disorders such as pulmonary arterial hypertension, arrhythmogenic right ventricular
cardiomyopathy, congenital heart disease, and atrial fibrillation. For imaging structures
with complex geometry such as the RV wall, both high in-plane resolution and high
through-plane resolution are crucial. Furthermore, several applications such as the
guantitative assessment of the peri-infarct region require continuous 3D coverage of the
myocardial structure. Therefore, the overall goal of this dissertation is to develop and
apply noninvasive high-resolution T1 mapping MRI to assess myocardial fibrosis in thin

structures such as the RV wall.

For this dissertation, Specific Aim 1 is to develop a novel high spatial resolution
2D cardiac T1 mapping technigue to image the thin wall of the RV. Specific Aim 2 is to

assess right ventricular fibrosis in patients with pulmonary arterial hypertension using



Abstract

the T1 mapping technique developed in Aim 1. Specific Aim 3 is to extend the T1
mapping method developed in Aim #1 to perform high-resolution, three-dimensional T1

mapping of the heart within a clinically acceptable scan time.
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Chapter 1

Introduction

1.1 MAGNETIC RESONANCE IMAGING (MRI)

Nuclear magnetic resonance (NMR) is a well-known phenomenon whose principles
have been employed for decades to determine the structure and chemical composition
of a variety of molecules and systems. Magnetic resonance imaging (MRI) is a powerful
imaging modality invented in the 1970s based on the principles of NMR. Clinically, it is
widely used for applications including cardiovascular, neurological and musculoskeletal

imaging.

Compared to other clinical imaging modalities such as X-ray, computed
tomography (CT), positron emission tomography (PET) and single photon emission
computed tomography (SPECT), MRI has the advantages of utilizing non-ionizing
radiation, flexible imaging plane orientation, and excellent soft tissue contrast. It can
provide detailed images of the anatomical structures within the body as well as
functional information about those structures. To measure structure, function, and
various physiological processes, MRI often employs a wide range of exogenous and
endogenous contrast mechanisms. Furthermore, MRI can selectively probe or sensitize
various physical or physiological properties. For example, arterial spin labeling (ASL)

uses the magnetic moment of the inflowing blood as an endogenous contrast agent to
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compute the tissue perfusion, while diffusion weighted imaging sensitizes the received
signal to the amount of diffusion occurring within a voxel. The ability to probe various
structural and functional facets of physiology by changing the timing and/or amplitude of
the set of hardware events — termed a pulse sequence — makes MRI a versatile imaging

modality.

Since its inception in the 1970s, the field of MRI research has expanded
significantly, and new imaging techniques continue to be developed at an astonishing
rate. With the emergence of personalized medicine and patient-specific management,
the application of medical imaging has grown beyond the realm of simple diagnosis. In
particular, the field of MRI research has generally undergone a paradigm shift towards
guantitative imaging, in which a particular tissue magnetic property or biomarker is

calculated.
1.1.1 Principles of MRI

An atom is made up of protons, electrons, and neutrons which all exhibit independent
guantum mechanical behavior from each other. Each possesses a spin angular
momentum, also known simply as “spin”. The nuclear spin angular momentum, I, is the
combined effect of the spins of the constituent nucleons. Atoms that possess an even
number of protons and neutrons have no overall spin. However, atoms that have an odd
number of protons and/or an odd number of neutrons possess a net nuclear spin, and
they are detectable using the magnetic resonance phenomenon, which will be detailed

in the following section.
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The nuclear spin results in a magnetic dipole moment,u, which can be
conceptualized as a tiny bar magnet. In the absence of external magnetic field, the
magnetic dipole moments of nuclei are typically randomly oriented due to thermal
energy. When these nuclei are exposed to a strong external magnetic field, the random
orientation disappears. Based on quantum mechanical principles, the nuclear magnetic
moment of a nucleus with spin I can align with an externally-applied magnetic field of
strength By in only 2I +1 possible orientations, or energy states. The potential energy of

these orientation states is given by

Due to quantum mechanical restrictions, the nuclear magnetic moments are not

completely aligned with the B, magnetic field, causing the nuclear magnetic moment to
precess around the axis of the B, field. The frequency with which the nuclear magnetic
moment precesses around the B, magnetic field is known as the Larmor frequency, wy,

and is given by
wy, = YBy [1.2]

where vy is the gyromagnetic ratio for the nucleus of interest. For example, hydrogen
protons (*H) have a y of approximately 42.58 MHz / Tesla, corresponding to a w,, of

63.86 MHz at 1.5 Tesla, a common clinical Byfield strength.

For a nucleus with spin I =1/2, such as H, there are two possible orientation
states: a low energy state aligned parallel to the external magnetic field (called spin up)

and a higher energy state aligned antiparallel to the external magnetic field (called spin
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down). Based on the energy difference between the two states and thermal energy,
there are slightly more nuclei in the spin up state than the spin down state. The small
mismatch between the two energy states along with the precession of the nuclear
magnetic moment gives rise to a net magnetization, M, which is a vector aligned parallel
to the direction of the B, magnetic field. The direction of aligment is called the
longitudinal direction and is considered the z-direction in the Cartesian frame of
reference often used in MRI. This net magnetization, representing the combined sum of

all the nuclear magnetic moments, contributes to the MRI signal.

The strength of external magnetic field is much higher than the strength of the
net magnetization of the imaging object, such that the net magnetization cannot be
measured without additional manipulation. An oscillating radio frequency (RF) magnetic
field B4, applied perpendicularly to B, at the Larmor frequency, is used to perturb the

net magnetization away from the longitudinal direction. The B4field is defined as
B1(t) = B1e_i“’0t [13]

where w, is generally the Larmor frequency. Conventionally, the real term represents
the component of the B, field along the X-direction, and the imaginary term represents
the component of the B, field along the Y-direction. The equation of motion for the net

magnetization due to the external magnetic field is given by
dM(t)/dt = M(t) X yB(t) [1.4]

where B(t) represents the effective (vector sum) magnetic field from the B, and B,

fields. This equation of motion neglects the effects due to relaxation of the



High Kcsolution CMRT1 MaPPing ]:or ]maging Right Ventricular Myocarclial Fibrosis

magnetization, which will be discussed in section 1.1.3. The application of an RF pulse
at the resonant frequency (wo = w;) causes the net magnetization to move in two
separate, simultaneous ways. First, the net magnetization rotates about the longitudinal
axis at the Larmor frequency due to the Byfield. Second, the net magnetization tips from
the longitudinal (M) direction to the transverse (M,,) direction at a rate dependent on
the instantaneous magnitude of the B, field, rotating the magnetization through a flip

angle « determined by the waveform of the applied B,field as follows:
x=vy [ By(t)dt [1.5]

After application of a B4 field with a flip angle «, the resultant components of the
magnetization vector after the RF pulse with the initial conditions at the equilibrium state

of M,(0) = My, M,,,(0) = 0 are:
M,, = Mysin(x) e7'oLt [1.6]
M, = Mycos(x) [1.7]

The net magnetization has both longitudinal and transverse components. From a
guantum mechanical perspective, the application of the RF pulse provides the energy
required for spins to switch from the low energy state to the high energy state. Also,
note the difference in the energy between two consecutive nuclear magnetic moment
states is equal to the energy of a photon of an RF pulse exactly at the Larmor

frequency.

The ability of a weaker RF field -- even in the presence of a much stronger B,

field -- applied exactly at the Larmor frequency to tip the magnetization away from the

5
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longitudinal direction is referred as the magnetic resonance phenomenon. The stored
energy is released and the magnetization returns to its equilibrium state after the RF
pulse is removed. The net magnetization, having been excited into the transverse plane,
recovers back to its equilibrium state, creating a decaying signal that is known as a Free
Induction Decay (FID) (Figure 1.1) that can be detected by the scanner hardware

through the principles of electromagnetic induction.
1.1.2 Image formation

Of the many atoms which possess nuclear spin and may be imaged using MR,
hydrogen remains by far the most commonly-imaged due to its abundance in the human
body and its high gyromagnetic ratio, which provides high sensitivity. In general, the
overall process of magnetic resonance image formation can be separated into four

Mx.'!"

Figure 1.1: Free Induction Decay (FID). An oscillating and decaying transverse
component of the net magnetization detected by a receiver RF coil using principles of

electromagnetic induction. Image reprinted with permission from Antkowiak et al(4).
6
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major steps:
1) signal generation using static B, field,

2) manipulation of the signal to a detectable form using the B4 field to excite the

nuclei,

3) the application of magnetic field gradients to encode spatial position

information into the received magnetic resonance signal, and

4) signal detection using a receiver RF coil, which is also known as data

acquisition or readout.

Importantly, the signal detected by the receiver coil measures the net magnetization of
all the hydrogen nuclei, mostly water protons but also fat protons, present in the region
sensed by the receiver coil. The first two steps of magnetic resonance image formation
were discussed in the above sections; in the following section, the magnetic field

gradients will be discussed.

Magnetic field gradient coils cause the magnetic field strength to vary linearly in
space, and they are used to spatially distinguish the received signal by exploiting the
dependence of the Larmor frequency upon the magnetic field strength. Typically, a slice
is selected by applying a magnetic field gradient Gz perpendicular to the imaging plane
simultaneously with an RF pulse. The application of the Gz gradient causes protons to
have a linearly-varying Larmor frequency along the z-direction. The RF pulse excites
protons solely from a specific slice of tissue because only those protons precessing at

the frequencies within the applied RF pulse’s bandwidth satisfy the resonance condition.
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The gradient G strength and the bandwidth of the RF pulse determine the slice

thickness, while the center frequency of the RF pulse determines the slice position.

To further distinguish the signal from different locations within the imaging plane,
a gradient Gx is played along the in-plane x-direction while the signal is recorded. The
application of Gx causes the frequency of the received signal to vary as a function of x-
position, thereby encoding the x-position information in the frequency of the signal. This
step is termed as frequency encoding and the x-direction is described as the frequency
encoding direction. The final spatial dimension, the y-direction, is distinguished using a
so-called phase encoding gradient Gy, which is played prior to the readout but after the
excitation RF pulse. The linear variation in spin frequency for a regulated amount of
time leads to the encoding of y-position information in the phase of the spins. For an
image whose pixels form an M x N (X by Y) matrix, the phase encoding step is repeated
N times in order to uniquely distinguish the phase pattern of every pixel in the y-
direction. Each row corresponds to a repetition of the sequence for a different phase
encoding gradient. The recorded magnetic resonance signal corresponds to data in 2D
spatial frequency space, also known as k-space. Since the measured signal represents
the object’s spatial frequency content, a 2D Fourier transform can be applied to the k-

space data to reconstruct the object in image space.
1.1.3 T1 mapping

After application of an RF pulse, the net magnetization gradually recovers to its
thermodynamic equilibrium state and aligns with the external field B,. Two processes

are involved in this return of magnetization to the equilibrium state. One is the gradual
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M, . M,

0.63 M,

™ Time
Figure 1.2: Recovery of the longitudinal component of magnetization from zero

illustrating the T1 or spin-lattice relaxation process. Image reprinted with permission

from Antkowiak et al(4).

re-growth of the longitudinal magnetization; the other is the gradual reduction of the
transverse magnetization. The former, termed “T1 relaxation” or “spin-lattice relaxation”,
is a process in which the longitudinal component of the magnetization vector recovers
towards its thermodynamic equilibrium. T1 relaxation is the process in which stored
energy in excited spins is transferred back to the surrounding lattice or tissue, causing
the excited spins to lose energy and move to the lower-energy, equilibrium state aligned
with the main magnetic field. T1 relaxation is modeled as an exponential recovery
process, and the time constant governing this exponential recovery process is called the

T1 relaxation time or just “T1".

The T1 value, typically reported in seconds or milliseconds, is the amount of time
that it takes for the longitudinal component of magnetization to recover from 0 to 63% of

9
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its equilibrium value (Figure 1.2). The T1 value is tissue-dependent and can be altered
using exogenous contrast agents. To accurately measure the T1 value within an object,
an image acquisition method called T1 mapping is used. In T1 mapping, T1 values are

calculated for each spatial position, pixel-by-pixel, within the entire field of view (FOV).

1.2 MYOCARDIAL FIBROSIS

Myocardial tissue is primarily comprised of myocytes, fibroblasts, endothelial cells and
an interstitium which is formed by a unique and adaptable extracellular matrix (ECM).
The ECM provides a surrounding in which the myocytes, fibroblasts, and endothelial
cells communicate and function(5). The ECM of the heart is primarily comprised of
fibrillar collagen and matricellular proteins that modulate the interactions between
myocytes and ECM(5). The fibrillar collagen network plays a critical role in the
maintenance of the ventricular shape, size, and function under physiological
conditions(1). Myocardial fibrosis, defined by a significant increase in the collagen
volume fraction of the myocardial tissue, is one of the most common histological
features of the failing heart(1). It is ubiquitously present in diseases affecting the
cardiovascular system. Recent studies have also shown that myocardial fibrosis is a
major independent predictor of adverse cardiovascular outcome(6-8). It is associated
with the worsening of ventricular systolic function, abnormal cardiac remodeling, and

increased ventricular stiffness(9-11).

Various pathophysiological mechanisms lead to myocardial fibrosis. Some are

acute, while others are progressive and potentially reversible. Based on the underlying

10
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Figure 1.3: Myocardial fibrosis. A cartoon Iillustrating different components of
myocardial tissue under healthy and different types of fibrotic conditions. Image

reprinted with permission from Mewton et al(1).

11



Chaptcr 1: |ntroduction

cardiomyopathic process, three different types of myocardial fibrosis have been

reported (Figure 1.3).
1.2.1 Reactive interstitial fibrosis

Reactive interstitial fibrosis has been described in the heart in hypertension, diabetes
mellitus, idiopathic dilated cardiomyopathy, left ventricular pressure-overload and
volume-overload states induced by valvular disease, in remote myocardium after
infarction, and in the ageing heart(12-17). Its onset is progressive and follows the
increase in collagen synthesis due to different stimuli to myofibroblasts, such as the
activation of the rennin-angiotensin aldosterone system and the beta-adrenergic system
and metabolic disturbances induced by hyperglycemia(12,15-17). Reactive interstitial
fibrosis has a diffuse distribution within the interstitium, although it can also be
specifically perivascular(17). Importantly, reactive interstitial fibrosis is reversible with

therapy(1,18-20).
1.2.2 Infiltrative interstitial fibrosis

Infiltrative interstitial myocardial fibrosis has been described in patients with infiltrative
diseases such as cardiac amyloidosis and Anderson-Fabry disease(21,22). For optimal
therapeutic management, the early detection of cardiac involvement in these infiltrative
diseases is extremely important(1). This subtype of interstitial cardiac fibrosis is induced
by progressive deposition of insoluble proteins such as amyloid or glycosphingolipids,

and its pathophysiological patterns are similar to reactive interstitial fibrosis(1).

12
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1.2.3 Replacement fibrosis

Replacement, or scarring, fibrosis has been shown to develop in patients with ischemic
cardiomyopathy, myocarditis, hypertrophic cardiomyopathy, sarcoidosis, chronic renal
insufficiency, toxic cardiomyopathies and miscellaneous inflammatory disease(23-25).
Replacement fibrosis is irreversible(16,26). Reactive fibrosis and infiltrative fibrosis
ultimately progress to replacement fibrosis in later stages of the disease, often
indicating the terminal stages of the heart failure(1). Replacement fibrosis occurs when
myocyte integrity is affected by cell damage or necrosis, leading to the replacement of
myocytes by plexiform fibrosis. Replacement fibrosis can have a localized distribution or

a diffuse distribution depending on the underlying etiology(1).
1.2.4 Assessment of fibrosis using T1 mapping

1.2.4.a Estimation of the extracellular volume fraction using an exogenous,

extracellular contrast agent

As mentioned earlier, myocardial fibrosis causes a substantial increase in the collagen
volume fraction of the myocardial tissue. Since the ECM is primarily comprised of
fibrillar collagen, an increase in collagen volume fraction leads to a proportional
increase in the extracellular volume fraction (ECV) of the myocardial tissue. Thus,
expansion of the myocardial ECV may be used as a surrogate marker of myocardial

fibrosis.

Suppose that an exogenous contrast agent ‘A,” with an extracellular distribution
volume (which importantly includes the collagen volume fraction), is introduced into the

myocardium. The myocardial partition coefficient for this extracellular agent, A,, is

13
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defined as the ratio of the concentration of the agent in tissue (C;) to the concentration
of the agent in blood (Cp).

C
/‘IA__t

=z [1.8]

At an equilibrium state, the concentration of the contrast agent in the extravascular and
extracellular space (C,) is equal to the plasma concentration (Cp):

C
C b

P = A—Her) ‘e [1.9]

where Hct represents the blood hematocrit: the blood pool volume that is accessible to
the contrast agent. Let V, and 1, denote the volume fraction of the extravascular and
extracellular and plasma spaces, respectively. The tissue concentration of the agent
can be expressed as the weighted average of the concentrations in the component
spaces, with the respective volume fractions as the weighting factors:

Ce = VoCo + VoG, [1.10]

Combining the above equations and considering the equilibrium state assumption (C, =

C.), the equation for ECV can be expressed in terms of blood hematocrit and

concentrations of agent A in blood and myocardial tissue(27):

C
ECV =V, + V, = (1— Hct) -4, = (1 — Het) - (c_t> [1.11]
b

From these equations, it can be seen that the myocardial ECV, which may be a

surrogate biomarker of fibrosis in pathology, can be estimated if the hematocrit, blood

14
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concentration, and myocardial concentration of the extracellular contrast agent are

knownA.

1.2.4.b Measuring the concentration of a contrast agent using T1 mapping

As mentioned earlier, T1 relaxation is a process in which the stored energy in the
excited spins (and in particular for our purposes, protons) is transferred back to the
surrounding lattice or tissue, causing the longitudinal component of the magnetization to
return to its equilibrium state. The T1 value of the protons is dependent on their local

chemical environment.

All elements with unpaired electrons possess nuclear spin and a corresponding
magnetic moment. However, this magnetic field is not static: it oscillates due to the
motion of the unpaired electrons. If this oscillation is at or near the Larmor frequency of
protons, then the exchange of the stored energy from protons in the higher energy state
to the surrounding tissue occurs more rapidly due to dipole-diploe interactions between
the protons and the oscillating local magnetic field. The local interaction with an element
having unpaired electrons -- such as an exogenous contrast agent -- shortens the T1
value of the protons. Furthermore, the degree of T1 shortening that occurs is

proportional to the contrast agent’s concentration.

One element with unpaired electrons is gadolinium (Gd), which possesses seven
unpaired electrons. It is the most commonly-used clinical MRI T1-shortening contrast

agent. Since the fluctuating magnetic field due to unpaired electrons does not extend

A Derivation from Jerosch-Herold et al(27).
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very far in space, the T1-shortening effect depends only on the local concentration of

gadolinium(28) as follows:

1

leith Gd leithout Gd

+ (Gd relaxivity) X (Gd concentration) [1.12]

where Gd relaxivity is a constant that depends on the chemical specifics of the
particular gadolinium-based agent being used. Since the elemental form of gadolinium
is toxic, a metabolically-inert, chelated version of gadolinium that is completely excreted
from the body is used in humans. By non-invasively measuring T1 with and without the
gadolinium-based contrast agent, one can estimate the in vivo Gd concentration within
the tissue if the Gd relaxivity, either provided by the manufacturer or calculated using
other techniques, is known. The relationship between Gd concentration and those

parameters is as follows:

1 1 1
Gd concentration = ( — ) . ( — ) [1.13]
leith Gd leithout Gd Gd relaxlvlty

Gadolinium-based contrast agents have extracellular distribution. Therefore, the
estimation of the myocardial ECV can be made by measuring the hematocrit and the
concentrations of the Gd-based contrast agent in the blood and myocardium. The
concentrations of Gd-based contrast agent in the blood and myocardial tissue can be

estimated using the relation in equation 1.13.

1 1
C T1 ; T T1 i
ECmeO — (1 _ HCt) . ( Zzyo) — (1 . HCt) . my(iwu“h Gd myo w:llthout Gd [1.14]
b

T1pi00awithéa  Tlbiood without Ga
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Figure 1.4: Assessment of myocardial fibrosis using T1 mapping MRI. Flow chart
explaining the calculation of myocardial extracellular volume fraction using T1 mapping

MRI.

In other words, the myocardial partition coefficient for gadolinium (Agq) is the slope of

the linear fit of 1/(myocardial T1) vs 1/ (LV blood pool T1), which are each measured at

17
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various time points before and after injection of the contrast agent. Thus, the myocardial
ECV, a surrogate marker of myocardial fibrosis, can be non-invasively estimated by
performing T1 mapping MRI of the heart before and serially after injection of a

gadolinium-based contrast agent (Figure 1.4).

1.3 PULMONARY ARTERIAL HYPERTENSION (PAH)

1.3.1 Background of PAH

(In the following section, text in quotation marks is taken directly from the cited source)

Pulmonary hypertension is a hemodynamic and pathophysiological state characterized
by an elevated pressure in the pulmonary artery(2,29,30). Increased pulmonary
pressure can be caused by many different mechanisms(29). For example, in patients
with pulmonary hypertension due to lung diseases, elevated pulmonary pressure is
secondary to increased left atrial pressure; while in patients with chronic
thromboembolic pulmonary hypertension, the pulmonary pressure’s elevation is caused
by mechanical obstruction of the pulmonary vascular (29). The classification (Table 1.1)
of pulmonary hypertension is based on clinical and pathophysiological

characteristics(2,29):

Group 1: Pulmonary arterial hypertension (PAH), which can be idiopathic or

associated with other conditions.
Group 2: Pulmonary hypertension due to left heart diseases.
Group 3: Pulmonary hypertension due to lung diseases and/or hypoxia

18
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Table 1.1: Classification of Pulmonary Hypertension. Table reprinted with permission
from Simonneau et al(2)

1.

1!
111

Pulmonary arterial hypertension
1.1. Idiopathic PAH
1.2. Heritable PAH
1.2.1. Bone morphogenic protein receptor type Il
1.2.2. Activin-like receptor kinase-1, endoglin, mothers against
decapentaplegic 9, caveolin-1, and KCNK3
1.2.3. Unknown
1.3. Drug and toxin induced
1.4. Associated with:
1.4.1. Connective tissue disease
1.4.2. HIV infection
1.4.3. Portal hypertension
1.4.4. Congenital heart diseases
1.4.5. Schistosomiasis
Pulmonary veno-occlusive disease and/or pulmonary capillary hemangiomatosis
Persistent pulmonary hypertension of the newborn (PPHN)

. Pulmonary hypertension due to left heart disease

2.1. Left ventricular systolic dysfunction

2.2. Left ventricular diastolic dysfunction

2.3. Valvular disease

2.4. Congenital/acquired left heart inflow/outflow tract obstruction and congenital
cardiomyopathies

Pulmonary hypertension due to lung diseases and/or hypoxia

3.1. Chronic obstructive pulmonary disease

3.2. Interstitial lung disease

3.3. Other pulmonary disease with mixed restrictive and obstructive pattern

3.4. Sleep-disordered breathing

3.5. Alveolar hypoventilation disorders

3.6. Chronic exposure to high altitude

3.7. Developmental lung diseases

Chronic thromboembolic pulmonary hypertension (CTEPH)

Pulmonary hypertension with unclear multifactorial mechanisms

5.1. Hematologic disorders: chronic hemolytic anemia, myeloproliferative
disorders, splenectomy

5.2. Systemic disorders: sarcoidosis, pulmonary histiocytosis,
lymphangioleiomyomatosis

5.3. Metabolic disorders: glycogen storage disease, Gaucher disease, thyroid
disorders

5.4. Others: tomoral obstruction, fibrosing mediastinitis, chronic renal failure,
segmental PH
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Group 4: Chronic thromboembolic pulmonary hypertension.
Group 5: Pulmonary hypertension with unclear multifactorial mechanisms.

“Pulmonary arterial hypertension (PAH) is caused by restricted flow through the
pulmonary arterial circulation, leading to an increase in pulmonary vascular resistance
and ultimately resulting in right heart failure”(3). The prevalence of PAH is about 15 per
million, based on evidence from a French registry(31). It is a progressive and
debilitating disease with high morbidity and mortality(29,31,32): “specifically, PAH

presents a 15% mortality within 1 year on modern therapy”(3).

The loss of vascular luminal cross section is the predominant cause of the
increase in the pulmonary vascular resistance in PAH(3). The mechanism causing the
loss of vascular luminal cross section in PAH includes an imbalance of cellular
proliferation and apoptosis. PAH is characterized by various arterial abnormalities such
as intimal hyperplasia, medial hypertrophy, adventitial proliferation, thrombosis in situ,
varying degrees of inflammation, and plexiform arteriopathy(3). In another 20% of

patients, excessive vasoconstriction plays a significant role(3).

“The current hemodynamic definition of PAH is a mean pulmonary artery
pressure (MPAP) greater than 25 mm Hg; a pulmonary capillary wedge pressure, left
atrial pressure, or left ventricular end-diastolic pressure less than or equal to 15 mm Hg;
and a pulmonary vascular resistance greater than 3 Wood units”(3). Echocardiography
is the most appropriate study for preliminary evaluation of patients suspected with
PAH(3). However, a complete right heart catheterization (RHC) is required to confirm

the diagnosis of PAH(3). “The following general steps are employed in the diagnosis of

20



High Kcsolution CMRT1 MaPPing ]:or ]maging Kight Vcntricular Myocardial Fibrosis

Pivotal Tests Contingent Tests
)
History
Exam :i
CXR ]
ECG
/ i
\ 4 / TEE h
Echocardiogram —> Exercise Echo :
T Pulmonary Angiography .
VQ Scan é Chest CT Angiogram —r;
Coagulopathy Profile
Y
PFTs > ABGs —
7 L
Overnight N g
Oximetry »|  Polysomnography I_"'.
HIV =
ANA »| Other CTD Serologies [————>
L
LFTs >
Functional Test > !
(6MWT, CPET)
y Vasodilator Test '
RH Cath Exercise RH Cath E
Volume Loading i
Left Heart Cath

Contribute to
Assessment of:

« RVE, RAE, TRVSP, RV
Function
+ Left Heart Disease

*Ventilatory Function
*Gas Exchange

*Establish Baseline
*Prognosis

*Confirmation of PH
*Hemodynamic Profile

] *Vasodilator Response

Figure 1.5: Diagnostic approach to PAH. Image reprinted with permission from

McLaughlin et al(3).

PAH: 1) detection of a substrate in which the likelihood of a pulmonary vasculopathy

may be increased; 2) discovery of the presence of pulmonary hypertension; 3)

classification of the type of pulmonary hypertension; 4) confirmation of the presence of

suspected pulmonary hypertension; and 5) determination of an appropriate treatment
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category’(3). The detailed diagnostic strategy for assessment of PAH is shown in figure
1.5(3). “Poor exercise capacity based on a 6-minute walk (6MW) test or
cardiopulmonary exercise test, high right atrial pressure, significant right ventricular
dysfunction, evidence of RV failure, low cardiac index, elevated brain natriuretic peptide
(BNP), and underlying diagnosis of scleroderma spectrum diseases are predictors of

poor prognosis of PAH"(3).
1.3.2 Right ventricle in PAH

As mentioned earlier, PAH is characterized by an increase in pulmonary vascular
resistance due to the presence of pulmonary vasculopathy(33-35). This elevation in
pulmonary vascular resistance leads to an increase in right ventricular afterload. The
right ventricle (RV) attempts to compensate for the increased afterload by increasing its
contractility(36). The RV can to some degree overcome acute increases in RV
afterload(36); however, the increased afterload in PAH is above the limit for a healthy
RV to overcome(36). Following this increased RV afterload, “the RV begins to undergo
concentric remodeling, with the right atrial pressure remaining normal despite a steep
increase in MPAP, and cardiac index is maintained”(37). The first response is adaptive
RV myocardial hypertrophy(36,37), which cannot compete with sustained increase in
the pressure overload(37). Here, the RV adaptation stops despite a further increase in
the afterload(37). The specific mechanisms that underlie the halt of the RV adaptation
remain unclear(37). Eventually, to provide compensatory preload and to maintain stroke
volume despite reduced fractional shortening, the RV chamber pools more blood
resulting in RV dilation(36). “As contractile weakening progresses, decompensated RV

failure occurs, characterized by increased filling pressures, diastolic dysfunction,
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diminished cardiac output, and worsened tricuspid regurgitation”(36). Patient survival is
primarily determined by the ability of the RV to adapt to the afterload, and ultimately the
main cause of death in patients with PAH is RV failure(38). Therefore, therapies
improving or normalizing pulmonary pressure in patients with PAH, if unaccompanied by
parallel improvement in RV hemodynamics and function, do not necessarily lead to

clinical improvement and prolonged survival(36).

1.4 MOTIVATION

Gadolinium-enhanced T1 mapping MRI is becoming increasingly important in the
evaluation of various cardiovascular diseases, and it has been applied to quantify both
diffuse fibrosis(10,27,39-41) and focal fibrosis(40,42-44) in the left ventricle (LV). It has
also shown potential for the diagnosis of several diseases affecting the LV myocardial
ECV(40,45,46). Modified Look-Locker inversion recovery (MOLLI)(47) and shortened
MOLLI (ShMOLLI)(48) are the current widely-used T1 mapping techniques for the heart.
However, their spatial resolution is limited due to cardiac and respiratory motion during
image acquisition. These techniques employ readout acquisition windows of
approximately 200 ms to avoid artifacts due to cardiac motion and breath-holding to
reduce respiratory artifacts. They typically yield in-plane spatial resolutions in the range
of 2.0 — 2.4 mm?, making them well-suited for imaging structures such as the LV wall
that are on the order of 1 cm?. Due to the spatial resolution constraints, T1 mapping of

the heart has generally been confined to the LV.

Assessment of myocardial fibrosis would be valuable in PAH(49,50),

arrhythmogenic right ventricular cardiomyopathy(51), congenital heart disease, and
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atrial fibrillation(52), conditions where assessment of the thinner RV and left atrial walls
is necessary. For imaging structures with complex geometries such as the RV wall, not
only is high in-plane resolution an important factor, but high through-plane resolution is
also crucial. Since high-resolution 2D acquisitions are limited by SNR considerations
and cannot provide a continuous 3D coverage, there is a need for a high resolution
cardiac 3D T1 mapping methods. Furthermore, continuous 3D T1 mapping coverage is

necessary for quantitative assessment of other structures, such as peri-infarct region.

As described earlier, PAH is a devastating disease with high mortality, and right
heart failure is the main cause of mortality in these patients (29,31,32,37,53). The
ultimate goal of the therapy for PAH is to protect the RV(37). Pressure overload in PAH
leads to progressive RV hypertrophy, systolic dysfunction, and dilatation, resulting in a
series of complex changes in cardiomyocytes and their extracellular matrix(35,37). The
extent of focal fibrosis at the septal RV insertion sites, measured using late gadolinium
enhancement (LGE) MRI, has been shown to positively correlate with increased
afterload and inversely correlate with RV performance in PAH patients(49,50).
Quantitative assessment of RV myocardial fibrosis might then be a valuable tool for
improving patient management. Specifically, noninvasive quantification of RV fibrosis,
using T1 mapping to calculate the ECV, may potentially improve patient management

by providing a tool to assess, design and establish an optimal therapeutic approach.
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1.5 SPECIFIC AIMS
The overall goal of this dissertation is to develop and apply noninvasive high-resolution

T1 mapping methods for assessment of myocardial fibrosis in thin structures such as

the RV wall.

Specific Aim #1 is to develop a high resolution 2D cardiac T1 mapping technique

to image the thin wall of the RV. This aim includes the following sub-aims: (a) to develop

a free breathing 2D MRI technique capable of acquiring high resolution T1 mapping
data (b) to accelerate image acquisition by implementing compressed sensing- and
parallel imaging- based image reconstruction algorithms, additionally employing an
adaptive data acquisition algorithm (c) to validate the proposed method in phantoms

and to compare its ability to image the RV wall with MOLLI in healthy volunteers.

Current cardiac T1 mapping techniques provide limited spatial resolution due to
the constraints imposed by breath-holding requirements and a limited data acquisition
window due to cardiac motion. In this aim, we developed a novel high resolution free-
breathing cardiac T1 mapping method which uses navigator-gating and compressed
sensing to overcome these constraints. We also developed a novel adaptive data
acquisition algorithm, which in real-time accounts for the interplay between navigator-
gating and undersampling patterns well-suited for compressed sensing, to reduce the
acquisition time. The material for this aim is covered in Chapter 2 and this has been

previously published in Mehta et al(54).

Specific Aim #2 is to measure right ventricular myocardial fibrosis in patients with

PAH using the novel T1 mapping technique developed in Aim #1. Specifically, we aim to
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test the hypotheses that (a) RV ECV is elevated in patients with PAH compared to
reference subjects, and (b) RV ECV correlates with the increase in RV systolic
pressure, RV end diastolic volume index, and decreased in RV ejection fraction in these

patients.

In this aim, we applied the method developed in Aim #1 to non-invasively
measure the RV myocardial ECV in the patients with PAH. To the best of our
knowledge, this is the first study to non-invasively assess the changes in the RV
myocardial ECV and evaluate the correlation of the RV myocardial ECV with RV
pressure overload, RV systolic function, and RV dilation in the patients with PAH. The

material for this Specific Aim is covered in Chapter 3, and it is not yet published.

Specific Aim #3 is to extend the T1 mapping method developed in Aim #1 to

perform high-resolution 3D T1 mapping of the heart within a clinically-acceptable scan

time. This aim includes the following sub-aims: (a) to develop a free-breathing 3D
cardiac T1 mapping technique (b) to further accelerate data acquisition by
undersampling along two data dimensions (the phase and partition encoding
dimensions) and adopt a regional sparsity-based 4D image reconstruction algorithm (c)
to validate this proposed 3D T1 mapping method by comparing it to 2D MOLLI and the

2D T1 mapping method developed in Aim #1 in healthy subjects.

In general, 3D acquisitions provide higher SNR than 2D acquisitions at the
expense of longer imaging times. The additional spatial dimension and increased SNR
in 3D acquisitions allow higher acceleration rates than in 2D acquisitions. In this Aim,

we developed an image reconstruction algorithm that employs 3D region-based
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sparsity, a partial Fourier acquisition, and parallel imaging to improve the reconstruction
quality and increase the acceleration rate. Additionally, an adaptive sampling strategy,
which combines probability density function-based and Poisson-disc-based sampling
criteria, was developed to improve the reconstruction quality. The material for this

Specific Aim is covered in Chapter 4, and it is not yet published.
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Chapter 2

Development of high resolution two-

dimensional T1 mapping technique

2.1 INTRODUCTION:

Gadolinium-enhanced T1 mapping is becoming increasingly important in the evaluation
of various cardiovascular diseases. Modified Look-Locker inversion recovery imaging
(MOLLI)(47) and shortened MOLLI (ShMOLLI)(48) are the most widely used cardiac T1
mapping methods. Employing single-shot imaging, acquisition windows of
approximately 200 ms, and breath-holding to reduce respiratory artifact, these
techniques typically yield in-plane spatial resolution in the range of 1.8 — 2.4 mm? and
are well-suited for T1 mapping of structures on the order of 1 cm?, such as the wall of

the LV.

While breath-hold techniques such as MOLLI and ShMOLLI are successfully
applied for many applications, others could benefit from higher spatial resolution. For
example, to assess fibrosis in the peri-infarct zone or the walls of the right ventricle and
the atria, higher spatial resolution would be needed. In the present study, we sought to
develop a cardiac T1 mapping sequence capable of acquiring higher resolution images

within a clinically acceptable scan time.
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We performed three modifications to a standard MOLLI sequence(47). First,
instead of using a breath-hold acquisition we used navigator gating to accept or reject
the acquired data. With this modification the image acquisition time can exceed that of
breath-hold methods, which provides more flexibility in sequence design. To increase
spatial resolution, the second modification was to implement a segmented readout,
instead of a single-shot readout, thereby acquiring the k-space data for a single image
over multiple heartbeats. With a segmented readout, the limited acquisition window
imposed by cardiac motion does not limit spatial resolution. However, segmenting the
readout increases the total scan time. Therefore, to reduce the total scan time, the third
modification was to accelerate the scan using k-t undersampling and to use
compressed sensing(55-57) (CS) with parallel imaging(58) for reconstruction. CS has
previously been shown to be well-suited for T1 mapping, and CS theory(55-57)
recommends randomly acquiring the k-space data. As we propose using both navigator
gating, which rejects data based on the diaphragm position, and CS, where random
sampling is preferred, our study included an investigation of the interaction between
navigator-based data rejection and undersampling patterns that are well-suited for CS.
Specifically, we developed and implemented an adaptive data acquisition method that,
in real time and based on the current k-t sampling pattern, recomputes an updated k-t
sampling pattern that is well-suited for CS reconstruction and T1 estimation and which

reduces the total scan time.

The proposed sequence was named Accelerated and Navigator-Gated look-
locker Imaging for cardiac T1 Estimation (ANGIE). Computer simulations were

performed to evaluate and compare the image quality that was achieved using two
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different k-t undersampling strategies. ANGIE, using the better undersampling strategy,
was compared to MOLLI for T1 mapping of the LV in healthy volunteers. Also, to
demonstrate new capabilities of high-resolution T1 mapping with ANGIE, we compared

MOLLI and ANGIE for T1 mapping of the wall of the right ventricle (RV).

2.2 THEORY:

Data sampling patterns suitable for CS often utilize a fully-sampled or nearly-fully-
sampled central k-space region and a randomly-undersampled outer k-space region.
For most current CS applications, a fixed, predetermined sampling pattern is used.
However, for navigator-gated methods such as ANGIE, decisions regarding acceptance
and rejection of the data occur during the scan, and completing sampling patterns with
associated acceleration factors determined a priori may lead to very long acquisition
times. An adaptive acquisition strategy(59), which makes real-time adjustments to the k-
t sampling pattern based on which data have and have not been acquired may be used
to reduce the total scan time while also collecting k-t data that are well-suited to image

reconstruction using CS.

In addition to an adaptive acquisition, we also investigated the use of criteria to
stop the acquisition. Since ANGIE uses CS to accelerate a T1 mapping acquisition,
accurate CS reconstruction and precise T1 estimation are the two crucial factors that
should determine the ANGIE data sampling method. To minimize the scan time for
ANGIE, a stopping criterion to halt the acquisition should also be based on the
capability to perform an accurate CS reconstruction and a precise T1 estimation. The

point spread function (PSF) characterizes interference in the image due to data
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undersampling, and the transform point spread function (TPSF) similarly characterizes
interference in the transform domain. The transform side lobe-to-peak ratio (TSPR) is

the normalized maximum possible interference occurring in the TPSF, defined by TSPR

TPSF(i,j)
TPSF(i,i)

= MaXisj | | (57), and is a simplified measure of the incoherence and the severity

of artifacts due to undersampling(57,60,61). Thus, we used the TSPR as a metric of CS

reconstruction accu racy.

Another measure, the Cramer Rao lower bound (CRLB), provides the lowest
achievable variance of an estimate for a particular parameter in a specific fitting model.
In the case of T1 mapping, the parameter of interest is T1, and the CRLB indicates the
precision in the T1 measurement given the sampled inversion time (TI) points. The
CRLB has been used for the design of optimal Tl sampling for T1 estimation
previously(62,63). In cardiac applications, Tl values are often governed by heart rate;
thus, in ANGIE the Tl values are determined by the timing of the ECG, and the CRLB is
used to assess the precision of the T1 estimate. Hence, the CRLB is used to measure
the sufficiency of the sampled Tl values. For the CRLB calculation we used a three
parameter exponential model with an independent and identically distributed Gaussian

noise model.
M,(t;)) = A+ Be /T + N (0,0?) [2.1]

where t; is the j"" inversion time, T is the apparent T1, and ¢ is the noise standard

deviation. Based on these models, the elements of the Fisher information matrix (F) and

the CLRB are given as
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where N is the number of inversion times. The CRLB was calculated using equation 2.2,
the sampled Tl values, and the nominal values of the parameters to be estimated (T1

and B)(62,63).

2.3 METHODS:

2.3.1 Pulse sequence

The ANGIE pulse sequence is illustrated in figure 2.1. The basic acquisition is
comprised of an inversion recovery Look-Locker experiment(64) with an inversion pulse
followed by four consecutive ECG-triggered data acquisitions and a recovery period of
two R-R intervals. To ensure that images are acquired at a consistent cardiac phase,

the data acquisition is performed at a fixed delay time, TD, after R-wave detection. Each
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data acquisition block includes a navigator echo, an optional fat saturation module, a set
of catalyzing radio frequency (RF) pulses and a segmented readout module. The basic
acquisition block is repeated to acquire all of the required readout segments and to
acquire images at various inversion times. The navigator echo, formed using orthogonal
slice-selective 90° and 180° RF pulses, is typically placed on the right hemi-
diaphragm(65). The navigator acceptance window was set such that data not acquired
during end expiration were discarded. The readout module consisted of a segmented
balanced SSFP acquisition. Each readout was preceded by a train of 10 catalyzing RF
pulses with Kaiser-Bessel window ramped flip angles to dampen the transient signal

oscillations(66).

Update Tl and loop until sampling criteria are satisfied
T ) D ) 2 pause heartheats :

“

H Inv| | Daq H Daq H Daq H Daq H H

Navigator Gating:Fat-Saturation iCatalyzationiSegmented bSSFP

Module i Module | Module | ReadoutModule

Figure 2.1: A diagram showing the ANGIE pulse sequence scheme. This instance of
ANGIE utilizes an inversion-recovery Look-Locker experiment with four ECG-triggered
data acquisition modules and a waiting period of two R-R intervals. The sequence is
repeated, after updating TI, until the stopping criteria are satisfied. The data acquisition
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module is comprised of a navigator-gating module, fat suppression, a set of catalyzing

RF pulses, and a segmented balanced SSFP readout.
2.3.2 Adaptive acquisition algorithm

Figure 2.2A illustrates the flow of the adaptive acquisition algorithm. The various panels
in Figure 2.2 assume that the ANGIE scan is in progress. Based on the current ky-t
sampling pattern (Figure 2.2B), which has been influenced by navigator acceptance and
rejection of data, the algorithm computes the phase-encode lines that should be
acquired next (Figure 2.2C), in order to achieve CS-suitable sampling and
reconstruction. Next, the navigator is played to record the position of the diaphragm and
the data are acquired. Based on the position of diaphragm, the acquired data are either

accepted or rejected, and the current ky-t sampling pattern is updated.

Suppose, for illustration, that the diaphragm was within the acceptance window
and the acquired data were accepted. Then the updated ky-t sampling pattern would
appear as shown in Figure 2.2D. Next, the algorithm calculates the TSPR and the
CRLB to measure the suitability of the entire ky-t dataset to perform accurate CS
reconstruction and precise T1 estimation, respectively. The acquisition is stopped only if
both the TSPR and the CRLB values are below the corresponding threshold values, to
ensure that both the conditions are satisfied. Otherwise the acquisition continues. In the
present implementation, the initial 12.5% of the phase encode lines for each time-point
correspond to the central fully sampled region and the remaining 87.5% are selected
from the higher-frequency undersampled region based on a selection strategy. The

adaptive selection strategy considers the entire ky-t space, and computes the next
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Figure 2.2: The adaptive data acquisition algorithm. A: Flow chart of the algorithm. B:

Example sampled ky-t space. A white line represents an acquired ky line and a black line

represents a ky line which has not been acquired. C: Example set of ky lines adaptively

computed for the next acquisition. D: Example updated ky-t data space, which is a
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combination of ky-t space in B and C. Each iteration of the acquisition algorithm begins
by computing optimal phase encode lines suitable for CS reconstruction (example in C),
based on the previously sampled data in ky -t space (example in B). Data are acquired
at the computed phase encode indices, and the diaphragm position is recorded. The
acquisition is stopped if the sampled data in ky -t space are navigator-accepted and
sufficient to perform accurate CS reconstruction and to precisely estimate T1.

Otherwise, the iteration is continued.

segment of phase encoding lines to acquire by determining which lines have been
acquired least often over all of the inversion times (i.e., using a probability density
function, or PDF). Using computer simulations, the adaptive selection strategy was
compared to a nonadaptive strategy. For the nonadaptive scheme, phase encode lines
were chosen based on a pre-determined acquisition order, where the lines were
independently selected for each time-point. Specifically, for each time-point the center
fully sampled phase encode lines were acquired initially while the outer phase encode
lines were acquired later in a uniform random fashion, independent of other inversion

times.

For selection of the TSPR threshold value, fully sampled datasets were
retrospectively undersampled at various acceleration rates, and the corresponding
reconstructed images were qualitatively evaluated. TSPR was computed for all these
undersampled datasets, and a TSPR threshold value that distinguished images without
artifact from those with artifact was selected. For selection of the CRLB threshold, we
determined that the CRLB was 665ms? when all 12 inversion times are used, which
provides a T1 precision of 25.8ms. A 20% reduction in precision provides a CRLB value
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of 957ms?. Additionally, simulations of the adaptive acquisition were performed using
physiological information (ECG and respiratory data) from volunteer scans. In these
simulations, acquisition times were computed for different CRLB threshold values while
keeping the TSPR threshold constant. We observed that the scan time increased
substantially when the CRLB threshold value was reduced to lower than 950ms?. Based

on these two results we chose the CRLB threshold to be 950ms?2.
2.3.3 Image Reconstruction and post processing

The proposed ANGIE method acquires a sequence of images of tissue undergoing T1
relaxation. Also, in general terms, the MR images are spatially smooth. Therefore,
ANGIE images possess spatiotemporal sparsity. Accordingly, we used CS with matrix
rank as the sparse domain(67). Furthermore, we used CS in conjunction with
SENSE(58) parallel imaging to reconstruct ANGIE images. The reconstruction problem

was formulated as the following optimization equation:

m" = arg min||F,C;m — d||, + 1 ||m]|, [2.3]
m

where m is the image after coil combination, C; is the individual coil sensitivity profile, d
is the measured k-space data, and || ||, is the nuclear norm operator. Unaliased low
resolution images were obtained using the central fully-sampled region of k-space, and
sensitivity maps were calculated from the low resolution images based on an
eigenvector filter approach(68). The regularization parameter, A, was empirically
determined to minimize the mean squared error (MSE) using retrospective
undersampling of fully sampled datasets and an acceleration of rate 4. The optimal
values of A ranged from 2*10° to 5*10°° (leading to similar MSE values). More
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regularization was needed when SNR was lower. Thus, datasets with in-plane
resolution higher than or equal to 1.2x1.2mm? were reconstructed using A = 5*10°°,
while datasets with in-plane resolution lower than 1.2x1.2mm? were reconstructed using

A =2*10°.

The raw time-stamped k-space data were exported from the scanner to perform
reconstruction offline. Each readout segment was binned to the nearest Tl based on it's
timestamp. The inversion time of the segment with the fully-sampled central k-space
region was used as the inversion time of the entire bin. After binning, the data were
reconstructed using a variable splitting algorithm with continuation(67) modified to
incorporate parallel imaging. The reconstruction algorithm provided the complex coil-
combined images. These individual images were phase corrected using the phase of
the image with the longest TI(69), and the phase-corrected images were used to
generate the T1 maps. A three parameter exponential model was used for T1

estimation using a Levenberg-Marquardt algorithm.
2.3.4 Computer simulations for sampling scheme

To compare the performance of the adaptive and nonadaptive sampling schemes, we
used computer simulations based on retrospective undersampling of a fully-sampled
ANGIE dataset. The simulations were performed using ECG and respiratory signals
acquired from different volunteers. Undersampling was performed by assuming the
same navigator acceptance pattern for both the schemes (nonadaptive and adaptive) so
that the same total number of phase encodes were acquired for each scheme. The

simulated acquisition was stopped for both schemes when the CRLB and the TSPR
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values, calculated from the ky-t sampling pattern of the adaptive scheme, were below
the threshold values. This ensured that the simulated acquisition time was equivalent for
both sampling schemes. Since the same physiological signals as well as the same
acquisition time were used to simulate both data sampling methods, the same number
of phase encode lines were accepted for each time frame for both sampling schemes.
Therefore, only the phase encode indices varied from one scheme to the other. To
consider variations in physiological signals, 9 simulations were performed, each with a
different set of physiological signals. Images were reconstructed and quantitatively
evaluated using the mean squared error (MSE) and structure similarity (SSIM). MSE
measures the direct difference between the two images, while SSIM is a more
comprehensive measurement of the similarity between two images which includes
measurement of the structure, intensity and contrast, and it represents human

perception more closely(70).
2.3.5 Phantom study

Twelve agarose gel phantoms containing millimolar concentrations of copper
sulphate(71,72), with T1 values ranging from 200ms to 1500ms and T2 values near
50ms or 200ms, were used to validate T1 estimates made using ANGIE. The phantoms
were scanned at heart rates ranging from 40 bpm to 100 bpm. Additionally, phantoms
were scanned with an arrhythmic ECG signal generated using an ECG simulator
(750100 Rev B Simulator, SA Instruments, Stony Brook, NY). The simulated arrhythmic
ECG signal had heart rate ranging from 40 to 110 bpm with a mean and standard
deviation of 74.5 bpm and 20.4 bpm, respectively. ANGIE acquisition parameters

included: matrix size = 208x144, pixel size = 1.4x1.4 mm?, slice thickness = 8mm, initial
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Tl =190ms, Tl increment = 80ms, TSPR threshold = 0.5, and CRLB threshold =
950ms?. The navigator was placed in a background region to randomly accept/reject the
data. T1 estimates were computed from CS-reconstructed images. A single point
inversion-recovery spin-echo sequence with twenty Tl values ranging from 50-5500ms

was used to measure reference T1 values of the phantoms.
2.3.6 Volunteer studies for T1 mapping of the left ventricle

All studies were performed using a 1.5T MR scanner (Avanto, Siemens, Erlangen,
Germany) in accordance with protocols approved by our institutional review board. To
compare ANGIE to MOLLI, we performed acquisitions using standard MOLLI(47),
ANGIE with resolution similar to MOLLI, and high resolution ANGIE in 6 healthy
volunteers (age 28 + 3 yrs). For each subject a mid-ventricular short-axis slice was
imaged during late diastole. Relevant imaging parameters for MOLLI were repetition
time (TR) = 2.4ms, echo time (TE) =1.0 ms, field of view (FOV) read = 285-430mm,
FOV phase = 69.8%, matrix size = 192x108, pixel size = 1.5-2.2x1.8-2.8 mm?, flip angle
= 359, slice thickness = 8mm, acquisition window = 155ms, initial TI = 100ms, and Tl
increment = 80ms. Relevant parameters for high-resolution ANGIE were TR = 3.2ms,
TE = 1.6ms, FOV read = 285-430mm, FOV phase = 69.2%, matrix size = 304x2186,
pixel size = 0.9-1.4x0.9-1.4 mm?, flip angle = 35°, slice thickness = 8mm, acquisition
window = 115ms, initial TI = 200ms, Tl increment = 80ms, phase encodes per readout =
36, navigator acceptance window = £ 3 mm, TSPR threshold = 0.5, and CRLB threshold
= 950ms?. The initial Tl for ANGIE was higher than for MOLLI because ANGIE
contained a navigator module and a fat saturation module prior to the readout module,

which were not present in MOLLI. Furthermore, MOLLI uses partial Fourier along the
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phase encode and readout directions. Partial Fourier along the phase encode direction
allows fewer repetitions before the center of k-space is acquired, while partial Fourier
along the readout direction allows a lower TR value, thus reducing the initial TI. For low-
resolution ANGIE the matrix size was changed to 208x144, which yielded a pixel size of
1.4-2.1x1.4-2.1mm?. Since MOLLI is a breath-held technique while ANGIE is a free-
breathing technique, there will often be a mismatch of anatomical slice location. For this
reason, MOLLI was acquired at several different slice locations and the closest
anatomical slice was used for comparison. T1 maps were generated and contours were

drawn to compute LV myocardial T1 and blood-pool T1.
2.3.7 Volunteer studies for T1 mapping of the right ventricle

To evaluate ANGIE for assessment of the T1 of the RV wall, which is 3-5mm thick in
healthy adults(73), we utilized a high-resolution protocol. For comparison, we also
performed acquisitions using standard MOLLI(47). Nine healthy volunteers (age 28 £ 5
yrs) underwent MRI of a short-axis slice. The image acquisition was timed to occur at
end systole to take advantage of the thicker RV wall and greater separation of the RV
wall from the liver and the chest wall(74). Relevant imaging parameters for MOLLI were
TR =2.6ms, TE =1.16 ms, FOV read = 390-440mm, FOV phase = 68.8%, matrix size =
192x106, pixel size = 2.0-2.3x2.5-2.9 mm?, flip angle = 359, slice thickness = 4mm,
acquisition window = 164ms, initial TI = 100ms, and Tl increment = 80ms. Relevant
parameters for high-resolution ANGIE were TR = 3.2ms, TE = 1.6ms, FOV read = 270-
315mm, FOV phase = 100%, matrix size = 224x224, pixel size = 1.2-1.3x1.2-1.3 mm?,
flip angle = 359, slice thickness = 4mm, acquisition window = 76ms, initial TI = 160ms,

Tl increment = 80ms, phase encodes per readout = 24, navigator acceptance window =
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+ 3 mm, TSPR threshold = 0.25, and CRLB threshold = 950ms?. A slice thickness of 4
mm was used to reduce through-plane partial volume effects, which also reduces the
SNR. Hence, a lower TSPR threshold value was used as compared to the TSPR
threshold value used for the LV acquisition.T1 maps were generated from the
reconstructed images and RV contours were drawn using magnitude images (not T1
maps) to compute RV myocardial T1. The contours were drawn in a conservative
manner to exclude trabeculations and were forced to have continuous coverage from
the anterior RV insertion point to the inferior RV insertion point. A quantitative
comparison of image sharpness between ANGIE and MOLLI was performed using the
average edge width sharpness metric(75). This sharpness metric computes the mean of
the edge width over all the edges in the image detected after applying a Sobel filter(75).
The metric measurement was confined to a rectangular region covering only the heart

to avoid biases from other regions.
2.3.8 Inter-observer and intra-observer variability

For the assessment of the inter-observer variability, two observers independently
analyzed the data for estimation of the myocardial T1 values. Specifically, both the
observers manually drew contours delineating the LV wall and the RV wall as described
in section 2.3.7. Additionally, both observers repeated the analysis for evaluation of
intra-observer variability. The intraclass correlation coefficient(76) (ICC) and the
coefficient of repeatability(77) (CR) were computed to compare the T1 repeatability
between and within observers. The ICC is a statistical metric to assess the consistency
or homogeneity between the techniques(76). Its value ranges from 0 to 1, with 0 being

completely inconsistent and 1 being completely consistent measurements. The CR
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represents the 95% confidence interval of the difference between the two techniques

and is calculated using following equation(77).

CR =198 x |2t} [2.4]

n-1

where t; and t, represent measurements made using each technique.

Full Nonadaptive Adaptive

1364 ms

TI=

TI=1897 ms

Figure 2.3: Comparison of ANGIE images acquired using two different undersampling
schemes, adaptive and nonadaptive. (A,D): Fully sampled images. (B,E): Images
reconstructed from data using a nonadaptive scheme, and (C,F): Images reconstructed
from data using an adaptive scheme. Images C and F have reduced aliasing artifacts
compared to B and E (arrows), demonstrating that adaptive sampling performs better

than nonadaptive sampling.
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2.4 RESULTS:

2.4.1 Computer simulations to compare sampling schemes

Figure 2.3 shows example results from simulations comparing the adaptive and the
nonadaptive acquisition schemes. Specifically, example CS-reconstructed images at
two inversion times, generated from identical fully-sampled raw datasets retrospectively
undersampled using the nonadaptive and the adaptive schemes are shown in Figure
2.3B, E and Figure 2.3C, F, respectively. Fully-sampled reference images are shown in

the first column (Figure 2.3A, D). Visual inspection shows that the results generated

(101%)
A Mean Squared Error B Structural Similarity

1.1 0.78 *
Ll 1 * I E } I
Z I 7

I o 0.76 l
0.9
0.8 0.74
Adaptive Nonadaptive Adaptive Nonadaptive

Figure 2.4: Quantitative analysis of two sampling schemes, adaptive and
nonadaptive. Mean squared error (mean * standard error) (A) and structural similarity
(mean + standard error) (B), averaged over time, of the CS-reconstructed images
compared to the fully-sampled reference images. Results show that the adaptive
method achieved a lower MSE and higher SSIM compared to the nonadaptive method.

(* p<0.05 v.s. nonadaptive).
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using the adaptive scheme most closely resemble the fully-sampled images. Results
using the nonadaptive scheme showed residual aliasing artifacts. A quantitative
comparison of the sampling schemes from nine sets of simulations, each using different
physiological signals, evaluated MSE and SSIM, and the results are shown in Figure
2.4. SSIM and MSE from the adaptive scheme were significantly better than the

nonadaptive scheme (p<0.05).
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Figure 2.5: Phantom results. A: Using a simulated arrhythmic ECG, a good
correlation of T1 estimates is achieved comparing ANGIE to the reference inversion-
recovery spin echo method. B: Percentage error in T1 estimates using ANGIE, as
compared to the IR spin echo reference method, for twelve phantoms at five different

simulated ECG patterns.

2.4.2 Phantom study

The T1 estimates obtained using ANGIE imaging of phantoms were related to reference

T1 values with a slope of 0.92 + 0.03 and a bias of 22 + 16ms over all the simulated
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ECG patterns, using a linear model (T1ancie = slope*Tlrertbias). Figure 2.5A displays
the correlation between ANGIE T1 estimates using a simulated ECG signal with an
irregular heart rate and reference T1 estimates. Figure 2.5B displays the percentage
error in measuring T1 using ANGIE for all twelve phantoms at five different ECG
patterns, including a simulated irregular heart rate. The maximum error under these

conditions was less than 10%.
2.4.3 Volunteer studies for T1 mapping of the left ventricle

Example T1 maps acquired from a healthy volunteer are shown in Figure 2.6. Figure

2.6A, 2.6B and 2.6C are T1 maps generated from high-resolution ANGIE, low-resolution

Figure 2.6: Example T1 maps acquired from a healthy volunteer for left ventricular
wall imaging. A: T1 map using high-resolution ANGIE (1.2x1.2x8 mm3), B: T1 map
using lower-resolution ANGIE (1.7x1.7x8 mm?), and C: T1 map using MOLLI (1.8x2.3x8
mm3). The ANGIE T1 maps are in good agreement with the MOLLI T1 map in this

healthy volunteer.
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Figure 2.7: Example T1 maps acquired from a healthy volunteer for right-ventricular

wall imaging. A: High-resolution ANGIE (1.3x1.3x4 mm3), and B: lower-resolution
MOLLI (2.2x2.7x4 mm3). The T1 maps illustrate the ability of ANGIE to achieve high

resolution and resolve (arrows) the right-ventricular wall compared to MOLLI.

ANGIE, and MOLLI, respectively. All three T1 maps appear similar and contain T1
estimates which are in good agreement with the literature(78-80). Because the slice
thickness is 8 mm for all of these T1 maps, through-plane partial volume effects obscure
the ability of ANGIE to demonstrate sharper edges using this protocol. Its benefits are
readily appreciated below where a 4 mm slice thickness was used for the RV protocol.
Nonetheless, Table 2.1 summarizes the T1 values of the LV myocardium and the blood,
the scan time, the acceleration rate and the navigator efficiency. The variations in blood

T1 values among the three acquisitions are within 6% (p=NS), which is in agreement
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with our phantom results and our estimated errors given the effects of variations in heart
rate. The mean scan time for high-resolution ANGIE T1 mapping from six volunteers

was 70 £ 37s per slice with a navigator efficiency of 59 + 23%.

Table 2.1. Scan time and T1 mapping results from healthy volunteers for LV wall

imaging.
MOLL| Adaptive ANGIE (high Adaptive ANGIE (low
res) res)
Scan Time 17 (hb) 70+37s 41 +15s
Myocardial T1 (ms)| 975 =100 979 £ 82 954 +71
Blood T1 (ms) 1459 + 59 1419 £ 73 1376 £ 54
Accel. Rate 1.7 (Parallel) 3.2+0.4(CS) 3.3+£0.8(CS)
Navigator
Efficiency (%) ' 5923 SO 17

2.4.4 Volunteer studies for T1 mapping of the right ventricle

Example T1 maps acquired using the RV protocol from a healthy volunteer are shown in
Figure 2.7. Specifically, Figure 2.7A and 2.7B are end-systolic T1 maps generated from
high-resolution ANGIE and lower-resolution MOLLI datasets respectively. The RV wall
is better delineated (arrows) in ANGIE compared to MOLLI due to its higher spatial
resolution and shorter acquisition window. Table 2.2 summarizes the scan time, the T1
values of both LV and RV myocardium, the acceleration rate and the navigator
efficiency. Figure 2.8 shows the results from quantitative comparisons of ANGIE and
MOLLLI. In particular, Figures 2.8A and 2.8B show box and whisker plots comparing the
mean and standard deviation of T1 estimates of pixels within the RV wall contour,
respectively, for ANGIE and MOLLI. ANGIE provided significantly lower intrascan

variation in the RV T1 estimate compared to MOLLI (p<0.05). Figure 2.8C shows a bar
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chart comparing the average edge width between MOLLI and ANGIE, which was

significantly lower for ANGIE (p<0.01).
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Figure 2.8: Quantitative comparison between high-resolution ANGIE and lower-
resolution MOLLI in nine healthy volunteers from the RV wall imaging study. A: Box plot
comparing mean T1 estimates of pixels within the RV contours. B: Box plot comparing
the standard deviations of T1 estimates of pixels within the RV contours. C: Bar chart
comparing the average edge width, an image sharpness metric, for MOLLI and ANGIE.
(B) ANGIE showed lower intrascan variation in the RV T1 estimates compared to
MOLLI (# p<0.05 v.s. MOLLI). (C) The average edge width of ANGIE was significantly
smaller compared to MOLLI (*p<0.01 vs MOLLI). Note: The ‘+’ sign in the panel A is an

outlier.
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Table 2.2. Scan time and T1 estimates from healthy volunteers for RV wall imaging.

MOLLI ANGIE
Scan Time 17 (hb) 157 +53s
Left ventricular wall T1 (ms) 974 + 58 942 + 90
Right ventricular wall T1 (ms) 1076 £ 157 980 + 96
Accel. Rate 1.7 (Parallel) | 2+ 0.1 (CS)
Navigator Efficiency (%) - 59 +18

2.4.5 Inter-observer and intra-observer variability

The ICC for inter-observer variability was 0.927 for the RV myocardial T1 and 0.893 for
the LV myocardial T1. The CR for inter-observer variability, expressed as a percentage
of the mean, was 3.00% for the RV myocardial T1 and 2.92% for the LV myocardial T1.
The ICC for intra-observer variability was 0.931 for the RV myocardial T1 and 0.932 for
the LV myocardial T1. The CR for intra-observer variability was 2.87% for the RV

myocardial T1 and 2.02% for the LV myocardial T1. T1 estimation with ANGIE for both

the LV and RV myocardium shows good inter-observer and intra-observer agreement.

2.5 DISCUSSION:

We developed an improved method, ANGIE, to perform high-resolution cardiac T1
mapping within a clinically reasonable scan time. ANGIE makes use of a segmented
readout strategy, navigator gating, adaptive data undersampling, and parallel-CS image
reconstruction. The accuracy of cardiac T1 estimation using ANGIE was evaluated by
performing comparisons with MOLLI in phantoms and healthy volunteers. The use of
high-resolution ANGIE T1 mapping for assessment of thin structures such as the RV

wall was demonstrated in healthy volunteers.
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In this study we developed an acquisition algorithm that adapts to the navigator
rejection of data by recalculating, in real-time, a sampling pattern that is well-suited for
CS image reconstruction. We also developed stopping criteria to halt data acquisition
when the ky-t sampling is sufficient for an accurate CS reconstruction and a precise T1
estimation. The adaptive acquisition was crucial in reducing the scan time. Specifically,
the scan time for adaptive low-resolution ANGIE was 41+15s with a navigator efficiency
of 59+17%, while for nonadaptive low-resolution ANGIE the scan time was 81+28s with
a navigator efficiency of 45£15%(81), illustrating an improvement of 49% in acquisition
time due to the adaptive method . Generally, in CS the acquisition is stopped based on
the acceleration rate. For ANGIE, if a simple stopping criterion based on the
acceleration rate is used, it may lead to undesirable ky-t sampling patterns or long
acquisition times. Using the CRLB ensures that the acquisition is only long enough to
sample time points crucial to meet a specific precision for the T1 estimate, and using
the TSPR ensures that the data for the sampled time points is sufficient to perform high-
quality reconstruction. The selection of the phase encode lines using the adaptive
acquisition scheme provided better image quality for the same amount of data,

minimizing the scan time needed to achieve good image quality.

In the adaptive acquisition algorithm, the selection of phase encode lines was
performed based on a PDF metric. It is possible that selection of the phase encode lines
based on a TSPR metric may provide even better results. However, optimal selection of
phase encode lines based on a TSPR metric would require minimization of the TSPR
over all possible combinations of unacquired phase encode lines. Depending on the

number of phase encode lines per segment and the number of unacquired phase
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encode lines, the set of possible combinations can contain a large number of elements,
and minimizing TSPR over this large set is computationally intensive. Thus, with our

current hardware, real-time selection of phase encode lines based on a TSPR metric is
not feasible. For this reason, our selection of phase encode lines was based on a PDF

metric.

Most of the recently published cardiac T1 mapping techniques(47,48,82-84)
make use of a single shot readout, limiting spatial resolution due to the small acquisition
window imposed by cardiac motion. ANGIE uses a segmented readout, which enables
higher spatial resolution. However, using a segmented readout might raise the concern
that ANGIE T1 estimates may be more sensitive to variations in heart rate. By design,
ANGIE uses a variable density sampling scheme where the fully-sampled central k-
space region, which primarily determines image contrast, is acquired in a single readout
segment for each TI. Furthermore, the time stamp of the central portion of k-space
defines the inversion time for each image. Employing this methodology, our phantom
study demonstrated the accuracy of ANGIE T1 estimation with different simulated ECG
patterns, including an arrhythmic pattern, and the volunteer study showed in vivo
agreement of the ANGIE T1 estimates with MOLLI and prior literature(78-80). We
observed that our phantom results showed greater errors for phantoms with longer T1
values. This is primarily attributed to the use of only two recovery heartbeats. These
errors can be substantially reduced by using four recovery heartbeats, which would
increase the total scan time by a factor of 1.33. Also, since ANGIE uses a segmented
readout and free breathing, it can be extended to perform a 3D acquisition. In that case

higher acceleration rates may be feasible due to higher SNR and redundancy along the
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third dimension. The development of 3D ANGIE will be investigated in Chapter 4 of this

dissertation.

In Figure 2.6, the higher spatial resolution of ANGIE is not readily apparent, even
though the in-plane pixel size is smaller. These data were used for assessment of the
LV and for comparing ANGIE and MOLLI T1 values. However, due to through-plane
partial volume effects resulting from a slice thickness of 8 mm, the images and T1 maps
do not clearly demonstrate the benefits of higher in-plane resolution. In contrast, the RV
imaging study used a slice thickness of 4mm. The improvement in in-plane spatial
resolution is very clear in these datasets, as seen in Figure 2.7, and this benefit was

guantified using the average edge width metric.

In Figure 2.7, ANGIE and MOLLI show very different T1 values for mediastinal
fat. While MOLLI measures the T1 of fat properly, ANGIE yields very high values for the
fat T1. This occurs because the ANGIE scans employed fat suppression to more clearly
delineate the borders of the RV wall. With the use of fat suppression, the fat signal is
unchanged from one inversion time to the next, resulting in an apparent long T1 for fat.
However, ineffective fat suppression, for example due to magnetic field inhomogeneity,
yields a low fat T1 estimate as seen in the examples shown in Figure 2.6. Thus, fat-
suppressed ANGIE may produce incorrect fat T1 values, which could be problematic in
patients with fatty infiltration of the myocardium. However, the use of fat suppression is

by no means a requirement for ANGIE.

Assessment of RV fibrosis may be important in diseases such as arrhythmogenic

RV dysplasia(51), congenital heart disease, and pulmonary hypertension. To the best of
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our knowledge, the present study is the first report of T1 mapping of the RV wall. We
measured an RV wall T1 of 980 + 96 ms using high-resolution ANGIE imaging, which is
similar to typical T1 estimates of the LV wall. A few prior studies have suggested that
the RV wall has shorter post-contrast T1 compared to the LV wall based on the
inversion time required to null healthy myocardium in LGE MRI(85,86). However,
Grosse-Wortmann et al. proposed that the apparent difference in the T1 relaxation of
the right and left ventricular walls is due to partial volume effects on the thin RV(74).
The T1 value (1076 £ 157ms) of the RV wall that we measured using low-resolution
MOLLI trended higher compared to the T1 (974 + 58ms) of the LV wall. Thus, our
observations are consistent with the partial volume effect conjecture proposed by
Grosse-Wortmann et al(74) and suggest the RV T1 value measured using high-

resolution ANGIE is more accurate compared to low-resolution MOLLI.

For high-resolution T1 mapping of the RV using ANGIE, a conservative degree of
acceleration (rate 2) was used. In practice, this acceleration rate was achieved by
selecting a particular value for the TSPR threshold. A conservative approach was
chosen because the aim was to achieve T1 mapping of the RV, which requires excellent
image quality with minimal artifacts. Excellent image quality was demonstrated by good
inter-observer (ICC: 0.927; CR: 3.00%) and intra-observer (ICC: 0.931; CR: 2.87%)
agreement for RV T1 estimation. Future work will aim to further accelerate the

acquisition and reduce scan time.

This study on developing and applying ANGIE has some limitations. First,
reconstruction of ANGIE images was performed offline, where reconstruction of high-

resolution datasets took approximately 13.25 minutes on a standard desktop PC
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(3.4GHz Intel(R)i7 CPU with 12GB RAM). Improving the speed of reconstruction is
currently an active area of research. Second, ANGIE has a relatively long scan time
compared to existing techniques. A third limitation of this study is that the ANGIE
protocol used fat suppression while the MOLLI protocol did not. This difference may
have affected both the visualization and edge sharpness comparisons between the two
techniques. Although ANGIE has these limitations, its capability to perform high-
resolution T1 mapping may open up new avenues of investigation by allowing

myocardial fibrosis measurements in thin structures.

In summary, we developed the ANGIE method that can acquire high spatial
resolution (~1.1x1.1mm?) cardiac T1 maps within a clinically acceptable scan time by
applying navigator gating, compressed sensing and an adaptive acquisition algorithm to
a segmented inversion recovery Look-Locker sequence. As a result, ANGIE opens the
prospect of performing a quantitative assessment of thin structures such as the RV wall
and, possibly in the future, the left-atrial walls and subtle features of the peri-infarct

zone.
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Chapter 3

Application of high resolution T1 mapping in
patients with pulmonary arterial hypertension

(PAH)

3.1 INTRODUCTION

Pulmonary arterial hypertension (PAH) is a progressive and debilitating disease with
high morbidity and mortality(29,31,32) characterized by increased pulmonary vascular
resistance due to the presence of pulmonary vasculopathy(33-35). The ability of the
right ventricle (RV) to adapt to this afterload is the key determinant of a patient’s
symptoms and survival, and ultimately RV failure is the main cause of death in patients
with PAH(38). Mortality in PAH correlates directly with the development of right heart
failure(37,53). Thus, measurements that gauge RV health provide the best potential to
assess the severity of PAH(38). One of the primary goals of the therapy for PAH is to
protect the right heart(87). Current assessment of RV performance is based on
echocardiographic and right heart catheterization data, but these techniques have
significant drawbacks(50): right heart catheterization is an invasive procedure, and
measurements performed using echocardiography are less accurate due to factors such

as use of geometrical approximations, operator dependence and patient-dependent
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echo window. MRI, a noninvasive and versatile imaging modality, has the potential to

offer a more complete assessment of the RV in PAH(34,49,50,88).

Pressure overload conditions in PAH lead to progressive RV hypertrophy,
systolic dysfunction, RV dilation, RV diastolic dysfunction and tricuspid regurgitation(36)
, resulting in a complex series of changes in cardiomyocytes and their extracellular
matrix(35,37). The extent of focal fibrosis at the septal RV insertion sites, measured
using late gadolinium enhancement (LGE) MRI, has been shown to positively correlate
with an increase in afterload and inversely correlate with RV performance in patients
with PAH(49,50). Thus, quantitative measurement of changes in RV extracellular space

may present a valuable prognostic marker of the health of the RV in patients with PAH.

As described in Chapter 1, gadolinium-enhanced T1 mapping MRI has emerged
as a valuable tool for evaluation of various cardiovascular diseases presenting changes
in myocardial extracellular volume fraction (ECV) (10,27,39-41). By performing T1
mapping before and after injection of gadolinium-based contrast agent, the myocardial
ECV value can be estimated, which has been shown to correlate with diffuse myocardial
fibrosis(27,39). However, current clinically-preferred T1 mapping techniques such as
MOLLI(47) have limited spatial resolution, restricting their application to assessment of
the LV ECV. As detailed in Chapter 2 of this dissertation, we recently developed a novel
T1 mapping technique, ANGIE(89), which provides high-resolution T1 mapping for

assessment of thin structures such as the wall of the RV.

The aim of the present study was to use ANGIE to test the hypothesis that RV

ECV is elevated in patients with PAH compared to reference subjects. Furthermore, the
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association between the degree of RV fibrosis in PAH, as measured by RV ECV, with

RV pressure overload, RV systolic function, and RV dilation was also evaluated.

3.2 METHODS

3.2.1 Population

Twenty-two patients were recruited to undergo cardiac magnetic resonance imaging
(CMR) with gadolinium based contrast agent. The study population was sub-divided into
two groups of subjects. Group 1 consisted of patients diagnosed with pulmonary arterial
hypertension while group 2 consisted of patients with chronic left ventricular systolic

heart failure. Patients were excluded from the study in the following situations:

1) Patient has estimated glomerular filtration rate (GFR) less than 45 cc/min based
on a serum creatinine (cr) drawn within 30 days of the MRI study.

2) Patient has acute kidney injury or history of paraproteinemia syndromes such as
multiple myeloma.

3) Patient is pregnant.

4) Patient has an implanted pacemaker and/or defibrillator.

5) Patient has cerebral aneurysm clips, cochlear implants, or other metallic implants
or prostheses that are contraindications to MRI.

6) Patient has severe claustrophobia or inability to lay flat for the MRI exam.

7) Patient is sensitive/allergic to Gd-DTPA.

8) Patient is unable to provide informed consent.
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3.2.2 CMR Protocol

All CMR studies were performed using a 1.5T MRI scanner (Avanto, Siemens,
Erlangen, Germany). After peripheral IV access was obtained and ECG leads for gating

and monitoring were placed, the patient was positioned in the magnet with a phased

array surface coil overlying the chest. The imaging protocol was as follows:

3.2.2a Localizer

Standard localizers were performed to identify the short and long axes planes.

3.2.2b Cine steady-state free precession (SSFP)

Steady-state free precession cine images were obtained for estimation of LV and RV
volumes, and ejection fraction. The sequence parameters are as follows: TR=2.7 ms,
TE=1.3 ms, flip angle=73°, FOV=300-350 mm, and resolution=1.8 x 1.4mm?2. A stack of
8mm thick short axis images with a 2 mm gap between them were used to cover the LV
from apex to base. Three standard long-axis images were also acquired (4-chamber, 2-

chamber, and 3-chamber views).

3.2.2.Cc Pre-contrast ANGIE T1 mapping

A single mid-ventricular short-axis slice was imaged using ANGIE at end systole to take
advantage of the thicker RV wall and greater separation of the RV wall from the liver
and the chest wall. ANGIE used the following imaging parameters: TR = 3.2ms, TE =
1.6ms, flip angle = 35°, FOV read= 270-340 mm, FOV phase = 100%, matrix size =
224x224, resolution = 1.2-1.4x1.2-1.4 mm?, slice thickness = 4mm, acquisition window

= 102ms, phase encodes per readout = 32, navigator acceptance window =+ 3 mm,
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initial inversion time = 160ms, inversion time increment = 80ms, and number of

inversion time points=10-12.

3.2.2d Contrast injection

A bolus of 0.15 mmol/kg of Gd-DTPA (Magnevist, Bayer Healthcare) was injected using

peripheral IV access.

3.2.2.e Late gadolinium enhancement (LGE) imaging

LGE imaging was performed 10 minutes following Gd-DTPA injection at the same
locations as described for the cine imaging. A phase sensitive inversion recovery GRE
sequence was used with the inversion time set to null normal-appearing myocardium.
The acquisition was performed using following sequence parameters: TR =7.1 ms, TE
= 3.4 ms, flip angle = 25°, FOV = 300 - 340 mm, resolution = 1.8 x 1.3 x 8 mm3. The
image acquisition was timed to occur at end systole for alignment with T1 mapping

acquisitions.

3.2.2.f Post-contrast ANGIE T1 mapping

Post-contrast ANGIE T1 mapping acquisitions were performed at 5-minute intervals for
30 minutes following LGE acquisitions. The sequence parameters and slice location

was the same as pre-contrast ANGIE T1 mapping acquisition.

3.2.2.9 Modified Look-Locker inversion recovery (MOLLI) T1 mapping

MOLLI T1 mapping was performed along with ANGIE, both pre and post-contrast, in 10
out of the 12 PAH patients for validation of ANGIE LV ECV measurements. A shorter
variant of MOLLI comprised of two inversion recovery based Look-Locker experiments

was used in this study. The shorter variant MOLLI sequence acquired 5 images after an
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initial inversion, followed by a 4 heart beat pause; then, it acquired 3 images after a
second inversion(90,91). The slice location for the MOLLI images was the same as with
ANGIE, and the MOLLI image acquisitions were similarly timed to occur at end systole
for direct comparison with ANGIE. Relevant imaging parameters for MOLLI were: TR =
2.7ms, TE =1.16 ms, FOV read = 300-310mm, FOV phase = 100%, matrix size =
192x154, pixel size = 1.6-1.7x1.9-2.1 mm?, flip angle = 359, slice thickness = 4mm,
acquisition window = 234ms, initial Tl = 100ms, inversion time increment = 80ms, and

number of inversion time points=10-12.
3.2.3 CMR data analysis

All image analysis was performed using custom software developed in MATLAB (The

Mathworks, Inc., Natick, Massachusetts).

3.2.3.a Image reconstruction for ANGIE

ANGIE image reconstruction, using a compressed sensing with matrix rank sparsity in
conjunction with SENSE parallel imaging, was performed as described in Section 2.3.3.

The regularization parameter was set to 5*10-5 based on our previous study.

3.2.3.b T1 and ECV estimation

The reconstruction algorithm provided complex coil-combined images. These individual
images were phase-corrected using the phase of the image with the longest T1(92), and
the phase-corrected images were used to generate the T1 maps. A three-parameter

exponential model was used for T1 estimation using a Levenberg-Marquardt algorithm.

M,(t;)) = A+ Be™5/™ 4+ N(0,0?) [3.1]
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where ¢; is the j" inversion time, T1" is the apparent T1, and ¢ is the noise standard
deviation. A Look-Locker correction was applied to estimate T1 from the apparent T1
using the following equation(93): [T1 = T1* - (B/A — 1)]. Manual contours were drawn
along the magnitude images in a conservative manner to exclude trabeculations to
compute T1 in the RV myocardium, LV blood pool and remote LV myocardium. The
remote LV myocardium was determined by the absence of enhancement in LGE image.
The myocardial partition coefficient for Gd-DTPA (1;,) was computed from the

myocardial and the LV blood pool T1 estimates using following equation(27,94,95):

1. = Gd conc. in myocardium _ 1/T1myo with 6a—1/T1 myo without Gd [3.2]
Gd = . = :
Gd conc in blood. 1/T1 blood with Ga—1/T1 blood without Gd

Acq Was calculated as the slope of the linear fit of 1/(myocardial T1) vs 1/ (LV blood pool
T1) measured at various time points pre- and post-injection of the contrast agent. The
myocardial ECV was calculated from 4., and the blood hematocrit (Hct) using the

following relation(27,94,95).
myocardial extracellular volume fraction (ECV) = Agq(1 — Hct) [3.3]

3.2.3.c Planimetry analysis

Myocardial borders were manually delineated on SSFP cine images using Argus
software (Siemens Medical Solutions, Munich, Germany) to estimate RV and LV

volumes and ejection fractions.
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3.2.4 Echocardiography based right ventricular systolic pressure (RVSP)

Right ventricular systolic pressure (RVSP) was measured in patients who presented
sufficient tricuspid regurgitation on echocardiography. RVSP was determined from peak
tricuspid regurgitation jet velocity and right atrial (RA) pressure using a simplified

Bernoulli equation(96,97):
RVSP = 4 x [peak velocity of tricuspid regurgitation]?> + RA pressure [3.4]

Peak velocity of tricuspid regurgitation was measured using continuous-wave Doppler
ultrasound of the tricuspid regurgitation jet. RA pressure was estimated from the

diameter of the inferior vena cava and the presence or absence of inspiratory collapse.

3.2.5 Propagation of error and uncertainty in measuring ECV due to errors and

uncertainties in T1 estimates

As discussed earlier, myocardial fibrosis is assessed by acquiring T1 maps of the heart
before and after injection of a gadolinium based contrast agent to estimate the

myocardial ECV as follows:

1 1
T1 - T1
ECmeo — (1 . HCt) . milo post myf pre [3.5]

lelood post lelood pre

It is important to understand the error and uncertainty in these ECV measurements.
Computer simulations were performed to estimate the propagation of error and
uncertainty in ECV due to errors and uncertainties in T1. Throughout the analysis

following values were used as the nominal values(98): hematocrit=40%, normal ECV=
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25%, native myocardial T1=950ms, native blood T1=1551ms, first post-contrast blood
T1=291ms, first post-contrast myocardial T1=451ms, second post-contrast blood

T1=343ms and second post-contrast myocardial T1=500ms.

3.2.5.a Analysis of propagation of error for ECV measurement using T1 estimates

at two time points

For ECV error propagation analysis using two T1 mapping time points (one pre-contrast
and one post-contrast), partial derivatives were applied to equation 3.5. The

corresponding closed form solutions are as follows:

aECmeo _ < 1—Hct > . < lelood post * lelood pre > [3 6]
aTlmyo pre Tlmyo prez lelood pre — lelood post .
aECmeo — ( 1—Hct ) . ( lelood post * lelood pre ) [3 7]
aTlmyo post Tlmyo postz lelood post lelood pre .
aECmeo _ <(1 - HCt) ' lelood post2> . < Tlmyo post — Tlmyo pre > [3 8]
alelood pre Tlmyo post Tlmyo pre (lelood post lelood post)2 .
aECmeo _ ((1 - HCt) ' lelood pre2> . ( Tlmyo pre Tlmyo post ) [3 9]
alelood post Tlmyo post Tlmyo pre (lelood post — lelood post)2 .
3.25.b Analysis of propagation of error for ECV measurement using T1 estimates

at three time points

For ECV error propagation analysis using three T1 mapping time points (one pre-
contrast and two post-contrast), error was added to the nominal value of a single T1

estimate to provide a new set of T1 values. The reciprocal of the new set of T1 values
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were fitted to a line to estimate the new ECV value. The error in the new ECV value was
measured relative to the nominal reference ECV value. The process was repeated for
all six T1 values to estimate the error in ECV due to error in the estimate of the

corresponding T1.

3.25.c Analysis of propagation of uncertainty for ECV measurement using T1

estimates at two time points

For analysis of propagation of uncertainty in the ECV using two T1 mapping time points
(one pre-contrast and one post-contrast), we assumed that the T1 estimates are
independent and follow a normal distribution [V (u, 0)]. It is also assumed that for a
given tissue the T1 uncertainty expressed as a percentage of the mean value is the
same for pre and post injection of contrast agent. The closed form solution was derived

from equation 3.5 using standard rules for variance estimation(99):

2 — 2
OECVinyo — MECViny,

. 2 2 2
('uTlmyo post MTlmyo pre > ) <GT1myo post n GTlmyo pre>

— 7 7
'uTlmyo post ‘uTlmyo pre ﬂTlmyo post 'uTlmyo pre

2 2 2
HT1p1004 “Hr1 0T oT1
post blood pre blood post blood pre
+ < : + [3.10]

— 4 4
MlelOOdeSt Mleloodpre Mleloodpost Mleloodpre

3.2.5d Analysis of propagation of uncertainty for ECV measurement using T1

estimates at three time points

Stochastic simulations were performed to estimate the propagation of uncertainty in
ECV, measured using three T1 mapping time points (one pre-contrast and two post-
contrast), due to uncertainty in T1. The uncertainty in ECV was measured over a range
of uncertainties in myocardial (0 to 10%) and blood (0 to 10%) T1. For each

combination of uncertainty in myocardial and blood T1, 10,000 sets of T1 values were
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generated. Each set contained six T1 values (native myocardial T1, native blood T1,
first post-contrast blood T1, first post-contrast myocardial T1, second post-contrast
blood T1 and second post-contrast myocardial T1) which are independent of each other
and follow a normal distribution [V (i, )] based on the mean and standard deviation of
the corresponding tissue and time point. The ECV value for each set of T1 values is
estimated by fitting the reciprocal of the T1 values to a line. The standard deviation of
the ECV, measured as a percentage of the mean value, over the 10,000 sets of T1

values is considered as the corresponding uncertainty in ECV.
3.2.6 Statistical analysis

All statistical analysis was performed using SigmaPlot 12.5 (Systat Software, Inc., San
Jose, California). Continuous variables are expressed as mean * standard deviation.
The distribution of the continuous variables between groups was assessed using
Shapiro-Wilk test for normality. Comparisons of continuous variables between groups
were performed using Student’s unpaired t-test or the Wilcoxon 2-sample test (Mann-
Whitney U test), depending on whether or not they followed a normal distribution,
respectively. The agreement between ANGIE and MOLLI for measurement of LV ECV
was evaluated using Bland-Altman analysis. Correlations of RV ECV with RV systolic
pressure, LV ECV, and planimetry based RV and LV function parameters were

assessed using Pearson’s correlation for linear association.
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3.3 RESULTS

Table 3.1. Patient characteristics. (* p<0.05 v.s. LHF

Patient Characteristics PAH (N=12) LHF (N=10)
Age (Yr) 60 (x 15.3) 60 (£ 7.0)
Female Sex n (%) 7 (58) 2 (20)
Body Mass Index 26.0 (£ 5.9) 28.8 (x5.1)
LV Ejection Fraction (%) 54 (+ 5.5)* 24 (+8.1)
RV Ejection Fraction (%) 36 (£ 7.2)* 47 (£ 9.9)

Medical History n (%)
Hypertension 9(75) 9 (90)

Hyperlipidemia 5(42) 7 (70)
Diabetes 3 (25) 3 (30)

Atrial fibrillation 1(8) 3 (30)
Obstructive Sleep Apnea 3 (25) 3 (30)

3.3.1 Study Population

22 patients were enrolled in the study (41% females, 60 + 12.5 years). The study
population was sub-divided into two groups of subjects. Group 1 (12 patients, 58%
females, 60 + 15.3 years) consisted of patients diagnosed with pulmonary arterial
hypertension (PAH) while group 2 (10 patients, 20% females, 60 + 7.0 years) consisted
of patients with chronic left ventricular systolic heart failure (LHF) as reference subjects.
Patient characteristics for the entire cohort are described in Table 3.1. As mentioned in

section 3.2.2.g, additional MOLLI acquisitions were performed for ECV validation in 10
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out of the 12 patients from PAH group and 0 out of the 10 patients from LHF group. 4

out of 22 patients (all 4 LHF patients) did not present sufficient tricuspid regurgitation on
echocardiography to perform accurate measurement of RVSP. SSFP cine acquisitions
were skipped in 1 out of 22 patients (LHF group) due to lack of available imaging time.
For the correlation analysis, data from both the groups were used to take advantage of

the wider range of the parameter values for better assessment of the association.
3.3.2 Image quality and ECV estimation

Example high-resolution pre- and post-contrast ANGIE T1 maps of the LV and RV
acquired from a LHF (a-b) and a PAH (c-d) patient are shown in Figure 3.1. ANGIE T1
maps in both patient groups showed good definition of not only the thick-walled LV but
also the thin-walled RV. Figure 3.2 illustrates the estimation of RV (A and C) and LV (B
and D) myocardial partition coefficient for Gd-DTPA (4.4) from T1 estimates of the
corresponding myocardium and LV blood pool. Myocardial ECV was estimated from A;4

and blood hematocrit using equation 3.3.
3.3.3 ECV measurement results

As shown in Figure 3.3, the ANGIE measurements of LV ECV in PAH patients were in
close agreement with MOLLI (mean difference = 0.36%; 95% CI: -1.14 to 1.86%). The
agreement of ANGIE with MOLLI validates the accuracy of myocardial ECV
measurements using ANGIE T1 mapping. Figure 3.4 summarizes the binary

comparison of the ECV measurements between the two groups of patients. The RV
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LHF Patient

PAH Patient
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Figure 3.1: Example ANGIE T1 maps acquired from patients with left-sided heart

failure (LHF) (a,b) and pulmonary arterial hypertension (PAH) (c,d). a and c: T1 maps
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prior to injection of gadolinium. b and d: ANGIE T1 maps 25 minutes after injection of

gadolinium. The ANGIE T1 maps show good definition of the RV wall.
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Figure 3.2: Example results illustrating estimation of myocardial partition coefficient

for Gd-DTPA (1;4) In patients with left-sided heart failure (LHF) (A-B) and pulmonary

arterial hypertension (PAH) (C-D). A and C: RV myocardial results. B and D: LV

myocardial results. 1., is estimated as the slope of the linear fit of 1/(myocardial T1) vs
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1/ (LV blood pool T1) measured at various time points pre- and post-injection of contrast

agent.

2.5
T -
s 2 mean
w > +1.965D
Ow 1.5
2> o
- "l5 1 *
Q
0w . .
g ‘3 05 +—— Mmean
2 £ o | -
-t
§ 0 . .
S 205
39
=S -1 ______________0 _________ mean
a -1.965D
-1.5

26 27 28 29 30 31 32 33
Average of ANGIE and MOLLI estimate of LV ECV (%)

Figure 3.3: Validation of the accuracy of ECV measurement using ANGIE T1
mapping. Bland-Altman plot comparing LV ECV estimates using ANGIE and MOLLI in
patients with PAH. ANGIE measurements of LV ECV (in regions excluding scar on

LGE) in PAH patients were in close agreement with MOLLI.

ECV in PAH patients was significantly greater than the RV ECV in LHF patients
(p<0.01; difference = 6.08%; 95% CI. 4.27 to 7.89%) (Figure 3.4A). This result supports
the hypothesis that the RV ECV is elevated in patients with PAH compared to patients
with LHF. Interestingly, the LV ECV in the PAH patient group was also significantly

greater than the LV ECV in the LHF patient group (p<0.01; difference = 2.70%; 95% CI:
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0.80 to 4.60%) (Figure 3.4B). The difference of RV ECV with LV ECV in patients with

PAH was significantly greater than the corresponding difference in patients with LHF

(p<0.01; difference = 3.38%; 95% CI: 1.67 to 5.09%) (Figure 3.4C).
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Figure 3.4: Myocardial ECV measurement results. A: Comparison of RV myocardial

ECV measurements. B: Comparison of LV myocardial ECV measurements. C:

Comparison of the difference of RV ECV with LV ECV between patients with PAH and

LHF. *: p<0.01 vs. ANGIE in HF patients. RV ECV and LV ECV were significantly higher

in PAH patients than in LHF patients. Additionally, the difference between RV ECV and

LV ECV in PAH patients was also significantly higher than the corresponding difference

in LHF patients.
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3.3.4 Association of RV ECV with RV pressure and function parameters

Figure 3.5 summarizes the correlation results of RV ECV with RV pressure overload
and RV function parameters. Specifically, the RV ECV showed positive correlation with
RV systolic pressure (r=0.6586, p<0.01) (Figure 3.5A), indicating a relationship between
RV fibrosis and RV pressure overload. The RV ECV also showed significant correlation
with reduced RV function parameters, including RV ejection fraction (r=-0.6366, p<0.01)
(Figure 3.5B), RV end-systolic volume index (r=0.6567, p<0.01) (Figure 3.5C), and RV

end-diastolic volume index (r=0.5596, p<0.02).
3.3.5 Association of RV ECV with LV ECV and function parameters

Additionally, significant correlation was found between RV ECV and LV ECV (r=0.7278,
p<0.01), indicating an association between RV and LV fibrosis. The RV ECV also
showed significant correlation with LV function parameters, including LV ejection

fraction (r=0.7909, p<0.01) and LV end-diastolic volume index (r=-0.6429, p<0.01).

3.3.6 Propagation of error and uncertainty in measuring ECV due to errors and

uncertainties in T1 estimates

Figure 3.6 summarizes the error-propagation results for ECV estimation using two T1
mapping time points (one pre-contrast and one post-contrast). The error in ECV is more
sensitive to myocardial T1 error than blood T1 error, and it is also more sensitive to
error in post-contrast T1 values than native T1 values. The maximum error in ECV

under the used simulation conditions was less than 20% of the true value. Figure 3.7
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Figure 3.5: Linear correlation results of RV ECV with RV pressure overload and RV
function parameters. A: RV ECV vs echocardiography-based RVSP. B: RV ECV vs RV

ejection fraction (RVEF). C: RV ECV vs RV end-systolic volume (RVESV) index.
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Figure 3.6: Error propagation results for ECV estimation using T1 values from two
time points (one pre-contrast and one post-contrast). A: Error in estimating ECV due to
error in native (pre-contrast) myocardial T1. B: Error in estimating ECV due to error in
native (pre-contrast) blood T1. C: Error in estimating ECV due to error in post-contrast
myocardial T1. D: Error in estimating ECV due to error in post-contrast blood T1. The

maximum error in ECV under these conditions was less than 20% of the true value.
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Figure 3.7: Error propagation results for ECV estimation using T1 values from three

time points (one pre-contrast and two post-contrast). A: Error in estimating ECV due to
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error in native (pre-contrast) myocardial T1. B: Error in estimating ECV due to error in
native (pre-contrast) blood T1. C: Error in estimating ECV due to error in first (earliest)
post-contrast myocardial T1. D: Error in estimating ECV due to error in first (earliest)
post-contrast blood T1. C: Error in estimating ECV due to error in second (latest) post-
contrast myocardial T1. D: Error in estimating ECV due to error in second (latest) post-
contrast blood T1. The maximum error in ECV under these conditions was less than

15% of the true value.

summarizes the error-propagation results for ECV estimated using three time points
(one pre-contrast and two post-contrast). Similar to the previous case, the error in ECV
is more sensitive to error in myocardial T1 compared than in blood T1. Furthermore, the
error in ECV is most sensitive to the errors in the earliest post-contrast time point and
least sensitive to the errors in the latest post-contrast time point. The error propagation
is asymmetric across zero and more sensitive to the underestimation of T1 values. The
maximum error in ECV under the simulation conditions was less than 15% of the true
value. Based on the phantom results for error values in T1 estimates, the maximum
underestimation of ECV is 17.33% of the true value while the maximum overestimation
of ECV is 13.46% of the true value. The maximum underestimation is present when
there are simultaneous errors in native myocardial T1 (-9%) and post-contrast blood T1
(-7%). The maximum overestimation is present when there are simultaneous errors in
native blood T1 (-10%) and post-contrast myocardial T1 (-5%). Based on the patient
results, the difference (21.21%) in RV ECV between PAH and LHF patients expressed

as a percentage of RV ECV in LHF patients is higher than the worst possible
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overestimation of ECV (13.46%) as well as the worst possible underestimation of ECV

(17.33%). Figure 3.8 shows simulation results estimating the uncertainty in ECV
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Figure 3.8: Propagation of uncertainty in ECV due to uncertainties in T1 values. A:
Simulation results for ECV estimation using two time points (one pre-contrast and one
post-contrast). B: Simulation results for ECV estimation using three time points (one

pre-contrast and two post-contrast).

estimation due to uncertainties in blood and myocardial T1. The uncertainty in ECV is
more sensitive to uncertainty in myocardial T1 than in blood T1. Based on the
uncertainty results from the volunteer study, the uncertainty of ECV for the LV
myocardium is 18.31% and for the RV myocardium is 18.90%. However, ECV values
are estimated using global T1 values over a region of interest. Each region of interest

approximately contains 100 pixels. Since averaging over ‘n’ samples reduces the

uncertainty of the estimate by a factor of vn. The uncertainty in ECV is reduced by a
factor of 10 (i.e. uncertainty of ECV in LV=1.83% of true value; RV=1.89% of true value)

due to averaging over 100 pixels.

The results from this analysis provide crucial information from a perspective of
designing efficient T1 mapping parameters. Errors in ECV are more sensitive to T1
values of the earliest post-contrast time point and the pre-contrast time point, and they
are more sensitive to errors in myocardial T1 than blood T1. In order to reduce the
errors in ECV, the T1 mapping technique should provide minimal errors in the earliest
post-contrast and pre-contrast myocardial T1. However, the ranges for pre- and post-
contrast injection T1 values are quite different. Usually, the same set of imaging
parameters are used for pre and post-contrast T1 mapping to mitigate systemic bias in
T1 estimates. Based on this analysis, a different set of parameters should be used for

T1 mapping pre- and post-contrast injection, optimizing the T1 mapping at those time
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points to reduce the error in the ECV measurement. This scheme should be explored in

the future.

3.4 DISCUSSION

3.4.1 Main findings

We have demonstrated that high-resolution ANGIE T1 mapping can be used to non-
invasively characterize not only the LV, but also the thin-walled RV myocardium by
measuring the myocardial ECV in both. We detected an elevated RV ECV in patients
with PAH compared to patients with LHF. Specifically, the key findings based on the

results of this study are:

1) ANGIE T1 mapping accurately measures the ECV, illustrated by the LV ECV
agreement between ANGIE and MOLLI in patients with PAH (mean difference =
0.36%; 95% ClI: -1.14 to 1.86%) (Figure 3.3).

2) PAH patients had a higher RV ECV, indicative of a higher degree of RV fibrosis,
than did LHF patients. The mean difference in RV ECV was 6.08% (p<0.01)
(Figure 3.4A).

3) The degree of RV fibrosis in these patients, as measured by RV ECV, linearly
increased with RV pressure overload as measured by RVSP (r=0.6586, p<0.01)
(Figure 3.5A);

4) The degree of RV fibrosis in these patients linearly decreased with RV systolic

function measured by RVEF (r=-0.6366, p<0.01) (Figure 3.5B).
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5) The degree of RV fibrosis in these patients linearly increased with RV dilation, as

measured by RV end-systolic volume index (r=0.6567, p<0.01) (Figure 3.5C).
3.4.2 Importance of RV ECV in the context of prior studies

A few previous studies have shown that the extent of enhancement in LGE MRI is
positively correlated with an increase in afterload and inversely correlated with RV
performance in patients with PAH(50,100-102). However, LGE MRI is only capable of
detecting focal fibrosis, which is present at the advanced stages of PAH(49). Recently,
the quantitative measurement of myocardial ECV was introduced(27,94), allowing the
detection of both focal fibrosis and diffuse fibrosis, as well as other subtle changes in
ECV(103). A few recent studies(104-106) have investigated RV fibrosis using T1
mapping MRI in the context of PAH. However, the evaluation of fibrosis in these studies
was confined to either the RV insertion site or the inter-ventricular septum, which is an
indirect assessment of the health of the entire RV. Fibrosis at those sites presents only
at the advanced stages of PAH, by which time an optimal therapeutic window of

opportunity may have already passed.

The quantitative assessment of fibrosis by directly estimating the ECV of the RV
myocardium, including the free wall, may provide for the early detection of myocardial
involvement in PAH. To the best of our knowledge, this is the first study presenting the
measurement of RV ECV in the context of PAH. Interestingly, our study shows a
stronger correlation of the degree of fibrosis with RV pressure overload and function
than studies of Garcia-Alvarez et al and Garcia-Lunar et al(104-106). This may be due

to the locations in the RV where the ECV measurements were taken. Specifically, we
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measured fibrosis of the entire RV myocardium as opposed to just at the RV insertion
site or the inter-ventricular septum. Furthermore, our results show that the degree of LV

fibrosis in PAH patients increases with the degree of RV fibrosis.
3.4.3 Key impacts

Non-invasive measurement of ECV of RV myocardium, using ANGIE T1 mapping,
represents a significant improvement over the measurement of focal fibrosis at the RV
insertion site using LGE. Increased LV ECV is associated with adverse cardiovascular
outcomes(107), and an increased ECV in the RV may provide a prognostic marker in
patients with PAH. Since contrast-enhanced CMR T1 mapping can be performed
repetitively as a serial or follow-up scan without any major side-effects, RV ECV as a
measurement of RV fibrosis may be a useful endpoint in clinical studies designed at
evaluating new therapies targeted at halting the progression of or reversing RV fibrosis.
Furthermore, with the emergence of goal-oriented and patient-specific therapeutic
management, the RV ECV could be used to assess disease progression, or it could be

used as a surrogate marker to evaluate anti-fibrotic therapeutic response.
3.4.4 Study limitations

A limitation of this study is the small sample size of the enrolled patients. Additionally,
the reference group of LHF subjects does not represent the ideal control for performing
comparisons with PAH patients due to the potential presence of secondary effects on
the RV. We used LHF patients as control subjects because measuring the ECV requires

contrast administration, and these subjects were already scheduled to undergo
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contrast-enhanced CMR. Even with these limitations, these results are promising, and

this method merits evaluation in a future study with larger patient population.

3.5 CONCLUSION

Pre- and post-contrast ANGIE imaging provides high-resolution T1 mapping and ECV
assessments for both the LV and the thin-walled RV. LV ECV by ANGIE and MOLLI
were in close agreement. The degree of RV fibrosis in this patient cohort increased with
RV pressure overload, RV dilation and decreasing RV systolic function. Quantitative
tissue characterization of the RV, using the ECV estimated from contrast-enhanced
ANGIE T1 mapping, may represent a valuable noninvasive marker of the health of the

RV in patients with PAH.
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Chapter 4

Development of a high resolution
three-dimensional T1 mapping

technique

4.1 INTRODUCTION

T1 mapping MRI has emerged as a valuable tool for evaluation of various
cardiovascular diseases that affect the myocardial ECM and ECV (10,27,39-
41,103,107). It has also shown potential for the diagnosis of systemic diseases involving
substances such as lipids(108) or iron(109) that alter myocardial T1. The myocardial
ECV calculated from contrast-enhanced T1 mapping MRI has been shown to correlate
with diffuse myocardial fibrosis(27,39,110). The assessment of myocardial fibrosis
would also be valuable in disorders such as pulmonary hypertension(49,50,104),
arrhythmogenic right ventricular cardiomyopathy(51), congenital heart disease, and
atrial fibrillation(52), where imaging thinner myocardial structures such as the RV and
left atrial walls would be important. However current T1 mapping techniques such as

MOLLI(47) and its variants(48,82) have limited spatial resolution, typically yielding in-
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plane resolutions that are well-suited for T1 mapping of structures on the order of 1 cm?

such as the LV wall. Thus, myocardial T1 mapping has generally been limited to the LV.

In Chapter 2, we developed ANGIE, a novel high-resolution T1 mapping method
uses navigator-gating and readout segmentation to avoid cardiac and respiratory motion
artifacts and enable free-breathing acquisition. It provides high spatial resolution T1
mapping for the assessment of thin structures such as the RV wall, and it was used to
image the RV in PAH patients in Chapter 3. However, high resolution 2D imaging is
limited by low SNR, low acquisition efficiency and restricted coverage of the heart.
Furthermore, T1 mapping applications such as the quantification of peri-infarct regions
and infarct tissue heterogeneity require high spatial resolution and continuous
volumetric coverage of the heart. A 3D acquisition provides higher SNR and acquisition
efficiency along with greater coverage of the heart, but standard 3D navigated
techniques have prohibitively long scan times. Recently, 3D myocardial T1 mapping
techniques have been proposed for volumetric coverage of the heart(111,112);
however, those techniques do not provide adequate spatial resolution to image thin

structures such as the RV wall within a clinically-acceptable scan time.

Thus, the aim of the present study was to extend ANGIE to perform high-
resolution 3D T1 mapping of the heart within a clinically-acceptable scan time. An
adaptively-driven undersampling strategy was developed, employing an image
reconstruction algorithm that combines compressed sensing (CS) with local low-rank
sparsity, partial Fourier and SENSE based parallel imaging (PI) to achieve high

acceleration for 3D ANGIE. Computer simulations were performed to evaluate and
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optimize the developed image reconstruction algorithm. 3D ANGIE was compared to 2D

ANGIE and 2D MOLLI for T1 mapping of both ventricles in healthy volunteers.

4.2 METHODS

4.2.1 Pulse sequence

The 3D ANGIE pulse sequence is illustrated in Figure 4.1. The base pulse sequence is
same as the one previously described for 2D acquisition(54). The basic acquisition is
comprised of an inversion recovery Look-Locker experiment(64), with an inversion pulse
followed by four consecutive ECG-triggered data acquisitions and a recovery period of
two R-R intervals. To ensure that images are acquired at a consistent cardiac phase,
the data acquisition is performed at a fixed delay time, TD, after R-wave detection. Each
data acquisition block includes a navigator echo, an optional fat saturation module, a set
of catalyzing RF pulses and a segmented readout module. The basic acquisition block
is repeated to acquire all of the required readout segments at various inversion times.
The navigator echo, formed using orthogonal slice-selective 90° and 180° RF pulses, is
typically placed on the right hemi-diaphragm(65). The navigator acceptance window
was set such that data not acquired during end expiration were discarded. The readout
module consisted of a segmented balanced SSFP acquisition. Each readout was
preceded by a train of catalyzing RF pulses with Kaiser-Bessel window ramped flip

angles to dampen the transient signal oscillations(66).
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Update Tl and loop until sampling criteria are satisfied
T ) D ) 2 pause heartheats :

“
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Module { Module Module EReadout Module

Figure 4.1: A diagram showing the ANGIE pulse sequence scheme. This instance of
ANGIE utilizes an inversion-recovery Look-Locker experiment with four ECG-triggered
data acquisition modules and a waiting period of two R-R intervals. The sequence is
repeated, after updating TI, until the stopping criteria are satisfied. The data acquisition
module is comprised of a navigator-gating module, fat suppression, a set of catalyzing

RF pulses, and a segmented balanced SSFP readout.

4.2.2 Image reconstruction algorithm

Standard 3D navigator-based techniques have prohibitively long scan times.
Correspondingly, a simple extension of 2D ANGIE to perform a 3D acquisition would
significantly increase the scan time, making it unsuitable for patient studies. Hence,
acceleration of 3D ANGIE acquisition for reduction of scan time to meet clinical
requirements is one of the key challenges of this project. 2D ANGIE employs an image
reconstruction algorithm comprised of CS and PI for acceleration. Since ANGIE images

possess spatio-temporal correlation, the ANGIE image series (Nx by Ny by Ni) was
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reshaped into a Casorati matrix (Nxx Ny by Nt) and the rank of this Casorati matrix was

used as the CS sparse domain(89). The reconstruction problem was formulated as the

following optimization equation:

m* = arg min||F,Cim — d||, + A ||m]|, [4.1]
m

where m is the image after coil combination, C; is the individual coil sensitivity profile, d
is the measured k-space data, and || ||. is the nuclear norm operator. As the spatial
dimensions (Nx X Ny) become large compared to the temporal dimension (Nt), the rank
of the Casorati matrix becomes almost equal to the temporal dimension (N¢). Such a
condition limits the sparsity due to spatio-temporal correlations, consequently limiting
the achievable acceleration rate. This effect is more severe for volumetric datasets due
to the additional spatial dimension. Prior studies have shown that dynamic MRI data
present higher local spatio-temporal correlation than global spatio-temporal
correlation(113-115), which allows higher acceleration rates to be achieved. An image
reconstruction algorithm that combines CS with local low-rank sparsity, partial Fourier
and SENSE Pl was developed to achieve high acceleration for 3D ANGIE. The updated

reconstruction problem was formulated as the following optimization equation:

m" = argmin||%,Cim — d[l; + 4 (Tpllmy[.) + A;[[m — [m] « e=2m@rowres|| [4.2]

where m is the image after coil combination, C; is the individual coil sensitivity profile, d
is the measured k-space data, my, is a small region of m reformatted into a Casorati
matrix, || ||, is the nuclear norm operator, and @;,wres IS the reference low resolution

phase image. Unaliased low resolution images were obtained using the central fully-
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sampled region of k-space, and @,wres Was computed from these images. Sensitivity
maps were calculated from the low resolution unaliased images based on an
eigenvector filter approach(68). A projection onto convex sets (POCS) algorithm was

used to solve the reconstruction problem.
4.2.3 Adaptive sampling strategy

Data sampling patterns suitable for CS often utilize a fully-sampled or nearly-fully-
sampled central k-space region and a randomly-undersampled outer k-space region.
For most current CS applications, a fixed, predetermined sampling pattern is used.
However, for navigator-gated methods such as ANGIE, decisions regarding acceptance
and rejection of the data occur during the scan, and completing sampling patterns with
acceleration factors determined a priori may lead to very long acquisition times. In
Chapter 2 of this dissertation, an adaptive acquisition strategy(116) was developed that
makes real-time adjustments to the k-t sampling pattern based on which data have and
have not been acquired. Such an acquisition strategy may be used to reduce the total
scan time while also collecting k-t data that are well-suited to image reconstruction
using CS. For 2D ANGIE, the adaptive selection strategy considers the entire ky-t space
and computes the next segment of phase encoding lines to acquire by determining
which lines have been acquired least often over all of the inversion times (i.e., using a

probability density function).

A Poisson-disc based sampling strategy was employed to increase image
reconstruction quality. Poisson-disc based sampling is a strategy in which the sampling

positions — here, individual k-space lines within the ky-kz space -- are decided based on
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a Poisson-disc distribution to avoid clustered sampling. Each sampling point is

surrounded by a forbidden region (“forbidden disc”) that no other points can reside in.
Previous studies have shown that Poisson-disc based sampling provides superior CS-
PI reconstruction results compared to random sampling(117,118). For 3D ANGIE, we
combined both strategies together: the adaptive selection strategy ensured that
probability density function-based criteria are satisfied across time (over k-t) and that

Poisson-disc based sampling criteria are satisfied across space (over ky-kz).
4.2.4 Post processing

Data binning, phase correction, and T1 calulations were performed as described in

Chapter 3.
4.2.5 Validation of image reconstruction algorithm

The proposed image reconstruction algorithm was evaluated and optimized using
computer simulations based on retrospective undersampling of a fully-sampled 3D
ANGIE dataset. However, a high-resolution fully-sampled 3D ANGIE acquisition will
have extremely long scan time, which may lead to subject discomfort and motion
artifacts. Since the evaluation and optimization of the image reconstruction algorithm
requires ground truth images, a low-resolution fully-sampled 3D ANGIE dataset was
used for these simulations. Relevant parameters for fully-sampled low resolution 3D
ANGIE were FOV read = 400mm, FOV phase = 72.5%, matrix size = 200x144x20, pixel
size = 2.0x2.0x5 mm?, flip angle = 35°, acquisition window = 170.5ms, initial Tl =
220ms, Tl increment = 80ms, phase encodes per readout = 55, and navigator

acceptance window = + 3 mm. Image reconstruction results of retrospectively-
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undersampled fully-sampled datasets were evaluated qualitatively as well as
guantitatively at various acceleration rates. Quantitative evaluation was performed using

RMSE and SSIM, as described in Chapter 2, section 2.3.4(70).
4.2.6 Selection of the acceleration rate

Retrospective-undersampling analysis using a low-resolution fully-sampled 3D ANGIE
dataset is sufficient for evaluation of an image reconstruction algorithm. However,
reconstruction analysis of a low-resolution dataset cannot provide the optimal
acceleration rate for a high-resolution image set due to differences in matrix size and
SNR. Since a high-resolution fully-sampled 3D ANGIE acquisition may be corrupted
with motion artifacts due to subject discomfort from the lengthy scan time,
reconstructions from a high-resolution 3D ANGIE dataset with a conservative
acceleration rate were used as a reference for these simulations. Relevant parameters
for the 3D ANGIE acquisition were TR = 3.5ms, TE = 1.77ms, FOV read = 310mm, FOV
phase = 100%, matrix size = 224x224x14 (including 2 partitions for slice oversampling),
pixel size = 1.4x1.4x4 mm?, flip angle = 35°, acquisition window = 112ms, initial Tl =
175ms, Tl increment = 70ms, phase encodes per readout = 32, navigator acceptance
window = = 3 mm , partial Fourier reduction factor of 3/4 along the phase encode
direction, and effective prospective acceleration rate = 6. A conservatively-accelerated
3D ANGIE dataset was retrospectively undersampled at higher acceleration rates, and
the T1 maps generated from this reconstruction were quantitatively evaluated. The
evaluation was performed primarily by comparing the definition of the wall of the RV
with the reference results. The optimal acceleration rate, based on these simulation

results, was used for the volunteer study.
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4.2.7 Phantom study

Eleven agarose gel phantoms containing millimolar concentrations of copper
sulphate(71,72), with T1 values ranging from 200ms to 1500ms and T2 values near
50ms or 200ms, were used to validate T1 estimates made using 3D ANGIE. The
phantoms were scanned at heart rates ranging from 40 bpm to 100 bpm. ANGIE
acquisition parameters included: TR = 3.5ms, TE = 1.75ms, FOV read = 300-310mm,
FOV phase = 100%, matrix size = 224x224x14 (including 2 partitions for slice
oversampling), pixel size = 1.3-1.4x1.3-1.4x4 mm?3, flip angle = 359, acquisition window
=112ms, initial TI = 175ms, Tl increment = 70ms, phase encodes per readout = 32,
navigator acceptance window = = 3 mm, and partial Fourier reduction factor of 3/4 along
the phase encode direction. The acceleration rate was chosen based on the results
from the evaluation of the image reconstruction algorithm in section 4.2.6. The navigator
was placed in a background region to randomly accept/reject the data. T1 estimates
were computed from CS-reconstructed images as described in Chapter 2, section 2.3.3.
A single point inversion-recovery spin-echo sequence with twenty Tl values ranging

from 50-5500ms was used to measure the reference T1 values of the phantoms.
4.2.8 Volunteer study

All studies were performed in accordance with protocols approved by our institutional
review board. High-resolution native T1 mapping of the heart using 3D ANGIE was
evaluated by comparing 3D ANGIE T1 measurements with 2D ANGIE and 2D MOLLI in
six healthy volunteers. Healthy volunteers underwent an MRI on a 1.5T system (Avanto,

Siemens, Erlangen, Germany) using a 32-channel phased-array receiver coil. The
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image acquisition was timed to occur at end systole to take advantage of the thicker RV
wall and greater separation of the RV wall from the liver and the chest wall. Relevant
parameters for high-resolution 3D ANGIE were TR = 3.5ms, TE = 1.75ms, FOV read =
300-310mm, FOV phase = 100%, matrix size = 224x224x14 (including 2 partitions for
slice oversampling), pixel size = 1.3-1.4x1.3-1.4x4 mm?, flip angle = 35°, acquisition
window = 112ms, initial TI = 175ms, Tl increment = 70ms, phase encodes per readout =
32, navigator acceptance window = + 3 mm, and partial Fourier reduction factor of 3/4
along the phase encode direction. The acceleration rate was chosen based on the
results from the evaluation of image reconstruction algorithm. 2D MOLLI and 2D ANGIE
were also performed at basal, mid-ventricular, and apical short-axis slice positions. A
shorter variant3 3% of MOLLI comprising of two inversion recovery based Look-Locker
experiments was used in this study, as described in Chapter 3, Section 3.2.2.9(90,91).
Relevant MOLLI imaging parameters were TR = 2.6ms, TE =1.16 ms, FOV read = 390-
403mm, FOV phase = 77.1%, matrix size = 192x118, pixel size = 2.5-2.6x2-2.1 mm?,
flip angle = 359, slice thickness = 4mm, acquisition window = 180mes, initial TI = 100ms,
and Tl increment = 80ms. Relevant imaging parameters for high-resolution 2D ANGIE
were TR = 3.5ms, TE = 1.75ms, FOV read = 300-310mm, FOV phase = 100%, matrix
size = 224x224, pixel size = 1.3-1.4x1.3-1.4 mm?, flip angle = 359, slice thickness =
4mm, acquisition window = 112ms, initial TI = 175ms, Tl increment = 70ms, phase
encodes per readout = 32, navigator acceptance window = = 3 mm, TSPR threshold =
0.25, and CRLB threshold = 950ms?. T1 maps were generated from the reconstructed

images, and contours were drawn using the reconstructed magnitude images to
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compute myocardial and blood T1 values. The contours were drawn in a conservative

manner to avoid trabeculations.

TI=226 ms TI=306 ms TI=388 ms TI=3326 ms

Full

CS-PI (R=10)

CS-PI (R=11)

Figure 4.2: Example reconstruction results from computer simulations retrospectively
undersampling a low-resolution fully-sampled 3D ANGIE dataset. Fully sampled (A-D),
CS-PI reconstructed (Rate 10) (E-H) and CS-PI reconstructed (Rate 11) (I-L) images
from a single partition at four inversion time points of a 3D ANGIE dataset acquired from
a healthy volunteer. The image reconstruction algorithm effectively suppresses aliasing
artifacts and retains image spatial resolution for rate 10 undersampling, but not for rate
11 undersampling. These results illustrate that high acceleration rates can be achieved

using the proposed image reconstruction algorithm.
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4.3 RESULTS

4.3.1 Computer simulations to validate image reconstruction algorithm

Figure 4.2 shows example results from retrospective acceleration simulations
comparing the reconstruction image quality at two acceleration rates with fully-sampled
reference images. Specifically, example CS-PI reconstructed images from a single
partition at four inversion times, generated from a low-resolution fully-sampled 3D
ANGIE dataset retrospectively undersampled at rate 10 and rate 11, are shown in
Figure 4.2E-H and Figure 4.2I-L, respectively. Corresponding fully-sampled reference
images, generated using the Fourier transform of the fully-sampled dataset, are shown
in the top row (Figure 4. A-D). Visual inspection shows that the resulting images
generated using rate 10 undersampling most closely resemble the fully-sampled
images. The image reconstruction algorithm effectively suppresses aliasing artifacts and
retains spatial resolution data acquired with rate 10 acceleration. However, the images
reconstructed using rate 11 undersampling show residual aliasing artifacts and image
blurring. Figure 4.3 summarizes the quantitative evaluation results from nine sets of
simulations. The difference for RMSE and SSIM between rate 10 and 11 is higher than
the corresponding difference between rate 9 and 10, suggesting that the optimal
acceleration rate for low-resolution 3D ANGIE acquisition is rate 10. These results
illustrate that low-resolution 3D ANGIE using the proposed reconstruction algorithm is

capable of achieving a high acceleration rate (R=10).
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Figure 4.3: Quantitative evaluation results of computer simulations for validation of
image reconstruction algorithm. Structural similarity (mean = standard deviation) (A)
and root mean squared error expressed as percentage (mean * standard deviation) (B),
averaged over time and partitions, of the CS-PI reconstructed images compared to the
fully-sampled reference images. The difference for RMSE and SSIM between rate 10
and 11 is higher compared to the corresponding difference between rate 9 and 10,
suggesting the optimal acceleration rate for low-resolution 3D ANGIE acquisition is rate

10.
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4.3.2 Computer simulations for selection of acceleration rate

Figure 4.4 shows example T1 maps summarizing results from computer simulations for
selection of acceleration rate. Specifically, example T1 maps at three different partitions,
generated using a prospectively accelerated (rate 6) 3D ANGIE dataset retrospectively
undersampled to rate 7 and rate 8 are shown in Figure 4.4D-F and Figure 4.4G-I,
respectively. Corresponding reference T1 maps, which were generated from
prospectively accelerated (rate 6) 3D ANGIE acquisitions, are shown in the top row
(Figure 4.4A-C). The definition and the coverage of the RV wall (arrows) is preserved in
the results from rate 7 accelerated dataset (Figure 4.4D-F) and are comparable to the
reference results using rate 6 acceleration (Figure 4.4A-C). However, images
reconstructed using rate 8 acceleration (Figure 4.4G-I) show some loss of RV definition
as well as coverage (arrows). The simulation results show that rate 7 acceleration is
optimal for high-resolution 3D ANGIE, using the acquisition parameters for the dataset
in these simulations. Based on these results, rate 7 acceleration was employed for 3D

ANGIE acquisitions in subsequent phantom and volunteer studies.
4.3.3 Phantom study

The phantom 3D ANGIE T1 estimates agreed reasonably well to the conventional
inversion recovery reference T1 values, with a slope of 0.90 + 0.04 and a bias of 62 +
15ms over all simulated heart rates using a linear model (T1ancie = slope*T1lrert+bias).
Figure 4.5A displays the correlation between reference T1 estimates and ANGIE T1

estimates, using a simulated ECG signal with a heart rate of 60bpm. Figure 4.5B
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Figure 4.4: Example results from simulations for selection of acceleration rate. High —
resolution T1 maps at three different slice positions generated using a A-D:
prospectively accelerated (rate 6) 3D ANGIE dataset as reference; E-H: prospectively

accelerated (rate 6) 3D ANGIE dataset retrospectively undersampled to rate 7; and I-L:
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prospectively accelerated (rate 6) 3D ANGIE dataset retrospectively undersampled to
rate 8. The definition and the coverage of RV wall (arrows) is preserved for results from
the rate 7-accelerated dataset (D-F) but lost for results from the rate 8-accelerated
dataset (G-I) compared to results from rate 6 accelerated dataset (A-C). These results
illustrate that rate 7 acceleration is optimal for high-resolution 3D ANGIE with the

acquisition parameters used for the dataset in these simulations.

displays the percentage error in measuring T1 using ANGIE for all eleven phantoms at
four different simulated heart rates. The maximum absolute error under these conditions

was less than 10%.
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Figure 4.5: Phantom results. A: Using a simulated ECG with heart rate at 60bpm, a
good correlation of T1 estimates is achieved comparing ANGIE to the reference
inversion-recovery spin echo method. B: Percentage error in Tl estimates using
ANGIE, as compared to the IR spin echo reference method, for eleven phantoms at four

different simulated heart rates.
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Figure 4.6: Comparison of T1 mapping techniques in a healthy volunteer. Example
native T1 maps from a healthy volunteer at three different slice positions acquired using
3D ANGIE (A-C), 2D ANGIE (D-F) and 2D MOLLI (G-l). 2D MOLLI provided high SNR

but incomplete definition of the RV wall, whereas 2D ANGIE provided good definition of
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the RV wall but lower SNR. However, 3D ANGIE provided both good definition of the

RV wall and high SNR.
4.3.4 Volunteer study

Example T1 maps acquired from a healthy volunteer comparing all three T1 mapping
techniques are shown in Figure 4.6. Specifically, figure 4.6A-C, 4.6D-F and 4.6G-I are
T1 maps at basal, mid-ventricular, and apical slices generated from 3D ANGIE, 2D
ANGIE, and 2D MOLLI, respectively. 2D MOLLI (Figure 4.6G-I) provided high SNR but
incomplete definition of the RV wall, whereas 2D ANGIE (Fig. 4.6D-F) provided good
definition of the RV wall but lower SNR. Three-dimensional ANGIE (Fig. 4.6A-C)
provided good definition of the RV wall as well as high SNR. Figure 4.7 shows the
results from quantitative comparisons of 3D ANGIE, 2D ANGIE and 2D MOLLI. In
particular, Figures 4.7A and 4.7B shows Bland-Altman plots comparing the mean T1
estimates measured using 3D ANGIE with 2D ANGIE and 2D MOLLI respectively.
Figure 4.7C shows bar chart comparing the standard deviation of T1 estimates of pixels
within a contour for 3D ANGIE, 2D ANGIE and 2D MOLLI. The left ventricular
myocardium and blood T1 estimates using 3D ANGIE were in close agreement with 2D
ANGIE (mean difference = 0.2ms; 95% CI: -60.9ms to 61.4ms) and 2D MOLLI (mean
difference = 0.0ms; 95% CI: -74.4ms to 74.4ms). The RV T1 estimates using 3D ANGIE
were in close agreement with 2D ANGIE. 3D ANGIE provided significantly lower
intrascan variation in the RV myocardial (p<0.02), LV myocardial (p<0.01), and LV

blood pool (p<0.01) T1 estimates compared to 2D ANGIE. 3D ANGIE also provided
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Figure 4.7: Quantitative comparison between 3D ANGIE, 2D ANGIE and 2D MOLLI in
six healthy volunteers. A: Bland-Altman plot comparing mean T1 estimates measured
using 3D ANGIE with 2D ANGIE. B: Bland-Altman plot comparing mean T1 estimates
measured using 3D ANGIE with 2D MOLLI. C: Comparison of the standard deviation of
T1 estimates from pixels within a contour. #: p<0.02 v.s. 3D ANGIE; *p<0.01 vs 3D
ANGIE (A and B) Myocardial and blood T1 estimates were in close agreement between
all three techniques. (C) 3D ANGIE showed significantly lower intrascan variation in the
RV myocardial (p<0.02), LV myocardial (p<0.01) and LV blood pool (p<0.01) T1
estimates compared to 2D ANGIE, and additionally in the LV blood pool (p<0.01) T1

estimate compared to 2D MOLLI.

significantly lower intrascan variation in the LV blood pool T1 (p<0.01), while the
intrascan variation in the LV myocardial T1 trended lower compared to 2D MOLLI

(p=0.076).

Table 4.1 summarizes the scan time results. The acquisition time for 3D ANGIE
was 6.4 £ 1.4 mins for the entire slab and 2.1 £ 0.8 mins per slice for 2D ANGIE,
illustrating the improvement in acquisition time per unit slice. However, the navigator
acceptance rate was higher for 3D ANGIE compared to 2D ANGIE. The subjects
usually fell asleep during the 3D ANGIE acquisition resulting in a consistent and shallow

breathing pattern.
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Table 4.1. Scan time results from healthy volunteer study
2D MOLLI 2D ANGIE 3D ANGIE

Scan Time 12 (hb) |2.1 + 0.8 mins|[6.4 £ 1.4 ming
Accel. Rate 1.7 2.0 7.0
Navigator Efficiency (%) - 57 +14 67 £ 15
Number of slices 1 1 12

Scan time per slice 12 (hb) 128 £+ 50 s 32+7s

4.4 DISCUSSION

We developed an improved method to perform high-resolution 3D cardiac T1 mapping
within a clinically reasonable scan time. 3D ANGIE makes use of a segmented readout,
navigator gating, adaptive data undersampling, and parallel-CS image reconstruction to
achieve the necessary acquisition requirements. The proposed image reconstruction
algorithm was evaluated using simulations to determine an optimal undersampling rate.
The accuracy of cardiac T1 estimation and the scan time using 3D ANGIE were
evaluated by performing comparisons with 2D MOLLI and 2D ANGIE in healthy

volunteers.

Figure 4.7B compares the intrascan variation in T1, measured as the standard
deviation in T1 of all the pixels within a contour, between the three techniques. The
intrascan T1 variation for the RV myocardium (p<0.02), LV myocardium (p<0.01) and
LV blood (p<0.01) was significantly lower using 3D ANGIE than 2D ANGIE. However,
the mean difference between the intrascan T1 variation using 3D ANGIE and 2D ANGIE
was much lower for the RV myocardium compared to the LV myocardium and LV blood,
with differences of 22.0 ms, 45.1 ms, and 48.7 ms, respectively. The RV myocardial wall

is thin and known to be highly trabeculated; therefore, the intrascan RV T1 variation is
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affected not only by the SNR of the acquisition technique but also by the partial volume
effect due to minor trabeculations. Alternatively, the LV myocardial wall is thick and
does not contain minor trabeculations, so its intrascan T1 variation, and additionally that
of the LV blood pool, is primarily affected by the SNR of the acquisition technique.
Additionally, the intrascan T1 variation using 3D ANGIE was significantly lower for the
LV blood pool and trended lower for the LV myocardium compared to 2D MOLLI
(p<0.01 and p=0.076, respectively), illustrating the SNR improvement for high-resolution

3D ANGIE relative to low-resolution 2D MOLLI.

As detailed in Chapter 3, myocardial fibrosis is assessed by calculating the
myocardial ECV from contrast-enhanced T1 mapping images. Therefore, it is crucial to
understand the propagation of error and uncertainty in ECV due to errors and
uncertainties in the T1 estimates from 3D ANGIE. Based on the analysis described in
section 2.3.9 and phantom results for error values in T1 estimates in section 4.3.3, the
maximum underestimation of ECV using 3D ANGIE is 22.13%, and the maximum
overestimation of ECV using 3D ANGIE is 16.37%. The maximum underestimation is
present when there are simultaneous errors in native and post-contrast myocardial T1.
The maximum overestimation is present when there are simultaneous errors in native
and post-contrast blood T1. Based on the analysis described in section 2.3.9 and
uncertainty results from the volunteer study, the uncertainty of ECV for the LV
myocardium is 12.68% of the true value and for the RV myocardium is 16.87% of the

true value.

Quantitative assessment of left atrial myocardial fibrosis would also be valuable

in disorders such as atrial fibrillation(52). However, the left atrial wall is extremely
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thin(119), with a thickness of 1.89 + 0.48 mm and a range of 0.5-3.5mm. Thus, T1

mapping MRI may require a sub-millimeter in-plane resolution to avoid partial volume
effects when assessing left atrial fibrosis. 2D ANGIE cannot provide sub-millimeter in-
plane resolution due to restrictions posed by SNR. However, 3D ANGIE, with its higher
SNR, may overcome this limitation and provide sub-millimeter in-plane resolution at the

expense of coverage along the through plane direction or scan time.

Additionally, assessment of fibrosis for quantification of infarct tissue
heterogeneity, an independent predictor of post-myocardial infarction
mortality(120,121), requires high spatial resolution to detect subtle features of the peri-
infarct zone and volumetric coverage to image the entire infarct and peri-infarct zone.
2D ANGIE provided restricted volumetric coverage due to its comparatively long
acquisition time, a limitation which 3D ANGIE overcomes. Thus, 3D ANGIE may allow
the quantitative assessment of subtle features in the peri-infarct zone and infarct tissue

heterogeneity.

3D ANGIE uses readout segmentation and acquires four ECG-triggered readouts
after the application of a single inversion pulse. Since the inversion time of the readout
segment is also dependent on the R to R interval, heart rate variability may cause
variability in the inversion time among different parts of k-space, which may lead to
blurring or artifacts. By design, 3D ANGIE uses a variable density sampling scheme
where the fully-sampled central k-space region, which primarily determines image
contrast, is the first k-space partition acquired for each TI. This ensures the readout
segments corresponding to the central k-space region are acquired close to each other,

reducing the variability in inversion time. Furthermore, each readout segment is time
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stamped and is binned according to its individual inversion time to minimize the
variation of the inversion time within each bin. The average over the time stamps of the

central fully-sampled portion of k-space defined the inversion time for each image.

Recently, there has been much debate concerning the use of saturation recovery
versus inversion recovery for cardiac T1 mapping(122). Inversion recovery provides a
wider dynamic range and higher SNR, factors which are important for CS-based
reconstruction and high resolution imaging of thin structures. Additionally, inversion
recovery provides robust T1 estimates even in the absence of a proton density
image(122). Nevertheless, saturation recovery’s higher accuracy and lower sensitivity to
off-resonance, flip angle, heart rate variability and other factors may be advantageous
for 3D T1 mapping(122,123). The current implementation of 3D ANGIE used inversion
recovery; however, 3D ANGIE is not restricted to its use, and saturation recovery for 3D

ANGIE T1 mapping will be investigated in the future.

3D ANGIE has some limitations that might affect its clinical applicability. First, 3D
ANGIE uses a CS-PI based image reconstruction algorithm that currently requires an
offline reconstruction. The iterative CS-PI image reconstruction takes a relatively long
time to generate images compared to a FFT-based reconstruction. 3D ANGIE
reconstruction was implemented in MATLAB (MathWorks, Natick, MA), and
reconstruction of high resolution 3D ANGIE data took approximately 55 minutes on a
workstation (18 x 2.5GHz Intel Xeon(R) CPU with 128GB RAM). Furthermore, the
reconstruction parameters need an occasional adjustment to provide optimal results.
Improving the speed to allow real-time image reconstruction is currently an active area

of research(124).
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Second, 3D ANGIE may have relatively long scan time compared to post-

contrast washout dynamics, which could potentially confound ECV estimates. The scan
time for post-contrast T1 mapping is primarily restricted by the effects of the dynamics
of contrast agent. However, the post-contrast T1 values of the myocardium and blood
(T1 range 250 to 700ms) are much lower than their respective native T1 values (T1
range 800 to 1700ms) due to the T1 shortening effects of gadolinium. Recently, Kellman
et al showed that the optimal sample time points, as well as the optimal T1 mapping
protocol, are different for post-contrast T1 mapping and native T1 mapping(122,123).
The optimal post-contrast T1 mapping protocol employs fewer readouts and recovery
heart beats per inversion compared to protocol for native T1 mapping(122). Thus, for
post-contrast T1 mapping, 3D ANGIE would employ fewer readouts and recovery heart
beats per inversion than with native T1 mapping. 3D ANGIE with an abbreviated
protocol would reduce the scan time for post-contrast T1 mapping. Additionally, 3D
ANGIE uses a variable density sampling scheme where the fully-sampled central k-
space region -- which primarily determines image contrast -- is acquired at the
beginning of the acquisition. This ensures the central fully sampled k-space region is
acquired within a shorter interval of time, reducing the effects of variation due to

contrast agent dynamics.

4.5 CONCLUSION

In summary, we developed 3D ANGIE, which can acquire high spatial resolution
(~1.3x1.3x4mm?) 3D cardiac T1 maps within a clinically-acceptable scan time. The

design specifications were achieved by applying an adaptively-driven undersampling
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strategy with an image reconstruction algorithm that combines compressed sensing with
local low-rank sparsity, a partial Fourier acquisition, and parallel imaging (SENSE) with
a navigator-gated and segmented inversion recovery Look-Locker sequence. Although
3D ANGIE is not currently ready for routine clinical use, its capability to perform high
resolution 3D T1 mapping with high SNR opens up new avenues of potential
applications, such as performing a quantitative assessment of thin structures like the RV

wall, the left-atrial wall and subtle features of the peri-infarct zone.
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Chapter 5

Conclusions & future directions

5.1 CONCLUSIONS

T1 mapping MRI has been used to non-invasively measure myocardial ECV, allowing
the assessment of myocardial fibrosis; however, its application has until now been
limited to imaging the LV due to spatiotemporal constraints imposed by most widely-
used T1 mapping techniques. The primary innovation of this dissertation research was
to develop high spatial resolution T1 mapping techniques capable of imaging thin
myocardial structures such as the wall of the RV with a clinically-acceptable scan time.
Furthermore, one of the two newly-developed T1 mapping techniques was applied in

patients with pulmonary arterial hypertension (PAH) to assess RV fibrosis.
5.1.1 Development of 2D ANGIE

In Chapter 2, we presented ANGIE, a novel high-resolution 2D cardiac T1 mapping. We
applied navigator-gating and readout segmentation in an inversion recovery Look-
Locker sequence to overcome breath-hold constraints and achieve high spatial
resolution. Since these features substantially increase imaging time, we used CS with
matrix rank sparsity, in conjunction with SENSE P, for acceleration. Additionally, we
implemented an adaptive acquisition algorithm, which accounts for the interplay

between navigator-gating and undersampling patterns that are well-suited for
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compressed sensing, to further minimize scan time. ANGIE was validated in phantoms
and in a comparison with MOLLI for T1 mapping of the LV in healthy volunteers. ANGIE
provided high spatial resolution (1.2 x.1.2 x 4 mm?) cardiac T1 mapping within clinically-
acceptable scan time, enabling quantitative assessment of thin structures. We then
performed ANGIE T1 mapping of the RV wall to demonstrate its improvement over
MOLLI in healthy volunteers. To the best of our knowledge, this study was the first to

report T1 mapping of the RV wall.
5.1.2 Application of 2D ANGIE in patients with PAH

In the study discussed in Chapter 3, we applied 2D ANGIE to assess RV fibrosis in PAH
patients, using contrast-enhanced ECV measurements as a surrogate indicator of
fibrosis. To the best of our knowledge, the study presented in Chapter 3 was the first to
report the measurement of RV ECV in the context of PAH. In this study, pre- and post-
contrast 2D ANGIE imaging provided high-resolution T1 mapping and ECV
assessments for both ventricles. We found that the LV ECV measurements from 2D
ANGIE and MOLLI were in close agreement. We demonstrated that the degree of the
RV fibrosis, as measured by RV ECV, was higher in patients with PAH compared to
patients with left-sided heart failure. Furthermore, the degree of the RV fibrosis
measured by RV ECV in this cohort of patients increased with RV pressure overload
and RV dilation, and it decreased with RV systolic function. From these observations,
we concluded that quantitative tissue characterization of the RV using 2D ANGIE to
measure the ECV may represent a valuable noninvasive marker of RV health in patients

with PAH.
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5.1.3 Development of 3D ANGIE

In the study discussed in Chapter 4, we extended 2D ANGIE to perform high-resolution
3D cardiac T1 mapping. To achieve high acceleration we used an image reconstruction
algorithm that combines CS with local low-rank sparsity, a partial Fourier acquisition,
and SENSE parallel imaging. Furthermore, an adaptively-driven undersampling
strategy, enforcing probability density function-based criteria across time and a Poisson-
disc based sampling criteria across space, was employed to improve image quality. 3D
ANGIE provided high spatial resolution (~1.3x1.3x4mm?3) volumetric cardiac T1 mapping
within a clinically acceptable scan time (~ 6.4 mins). Furthermore, we demonstrated that
3D ANGIE T1 maps provided good definition of the thin RV wall with high SNR in
healthy volunteers. As a result, 3D ANGIE opens the prospect of performing quantitative
assessment of the RV wall, and potentially the left-atrial walls and subtle features of the

peri-infarct zone.

5.2 FUTURE DIRECTIONS

5.2.1 Applications

5.2.1a RV ECV in patients with PAH

Our investigation of 2D ANGIE in patients with PAH for assessment of the RV fibrosis
showed the importance of RV ECV measurement in patients with PAH. However, the
study had a small sample size and did not include any patient follow-up. Nonetheless,

its results are extremely promising. A similar future study in a larger patient population
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with patient follow-up evaluating the prognostic value of RV ECV in PAH patients could

be extremely valuable.

5.2.1b RV ECV in other disease settings

Our study of the application of 2D ANGIE in patients with PAH demonstrated that 2D
ANGIE could accurately estimate RV ECV. Assessing RV myocardial fibrosis could also
be valuable in disorders such as arrhythmogenic right ventricular cardiomyopathy(51)
and congenital heart disease. In the future, ANGIE RV ECV measurement of fibrosis

might be applied in these patients.

5.2.1c Peri-infarct zone in post-myocardial infarction patients

The peri-infarct zone represents tissue that is injured by ischemia but remains viable?8.
Recent studies have shown that infarct tissue heterogeneity increases the inducibility of
sustained monomorphic ventricular tachycardia and is an independent predictor of post-
myocardial infarction mortality'® 29, Quantitative assessment of the peri-infarct zone not
only provides a tool to improve risk stratification of post-MI patients, but it may also
provide important insight into the pathophysiological determinants of post-Ml risk and
could be applied to optimize management of post-MI patients'®. However, quantitative
assessment of subtle features of the peri-infarct zone and infarct tissue heterogeneity
requires high spatial resolution and volumetric coverage. 3D ANGIE, which provides
both, could potentially be useful for the quantitative assessment of the peri-infarct zone

and infarct tissue heterogeneity in post-MI patients.

5.2.1d Assessment of left atrial fibrosis in patients with atrial fibrillation
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Quantitative assessment of left atrial myocardial fibrosis using T1 mapping MRI would
be valuable in atrial fibrillation(52). However, the left atrial wall is extremely thin(119),
with an average thickness of 1.89 + 0.48 mm, ranging from 0.5-3.5mm. Left atrial T1
mapping may therefore require sub-millimeter in-plane resolution to avoid partial volume
effects for performing quantitative assessment of fibrosis. 2D ANGIE cannot provide
sub-millimeter in-plane resolution due to restrictions imposed by SNR. However, 3D
ANGIE, which provides higher SNR, may overcome this limitation and allow for sub-
millimeter in-plane resolution at the expenses of through-plane coverage or imaging
time. 3D ANGIE may therefore be applied to quantitatively assess left atrial fibrosis in

the patients with atrial fibrillation.
5.2.2 Technical developments

ANGIE provides high spatial resolution, volumetric cardiac T1 mapping within a
clinically-acceptable scan time. This allows the quantitative assessment of myocardial
fibrosis of thin structures such as the RV wall. However, for applications requiring even
higher spatial resolution or whole heart coverage, 3D ANGIE’s imaging time may not be
clinically-acceptable. Even though ANGIE has opened up the application of T1 mapping

to thin structures such as the RV wall, much room for technical improvement still exists.

5.22.a Non-Cartesian trajectories

The current implementation of ANGIE employed a Cartesian trajectory due to simplicity
and the trajectory’s robustness to artifacts. However, the Cartesian trajectory is not
optimal for scan efficiency: non-Cartesian trajectories have higher data acquisition

efficiencies, which ANGIE could utilize to reduce scan time. Furthermore, acquisitions
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employing Cartesian trajectory cannot undersample along the frequency encode
direction, and therefore they cannot exploit correlations in the frequency encoding
direction. However, acquisitions with non-Cartesian trajectories can undersample along
both in-plane dimensions, thus exploiting correlations along the in-plane dimensions.
Undersampling along all in-plane dimensions would provide a higher acceleration rate

while further reducing the scan time.

5.2.2b Image reconstruction exploiting navigator rejected data

ANGIE acquisition employs navigator-gating to avoid respiratory motion artifacts. The
image reconstruction algorithms proposed in this dissertation make use only of the data
that has navigator recording within the respiratory acceptance window. Entire lines of
data whose navigator recordings are outside the respiratory acceptance window are
completely discarded. However, the data discarded due to navigator rejection has
relevant information of the object of interest, which could be used in a constraint-based
image reconstruction algorithm. An image reconstruction algorithm that uses both the
navigator accepted data and also the navigator rejected data(125) may improve the

reconstruction image quality and provide more acceleration.

These improvements would yield a higher acceleration factor, which could be
applied to improve one or more of the following parameters, depending on the
requirements of the particular application: decreased scan time, decreased readout
acquisition window, increased spatial resolution, increased spatial coverage, and
increased T1 estimation precision. For example the left atrium has an extremely

thin(119) myocardial wall as well as shorter quiescent period. Therefore, an increase in
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spatial resolution and reduction in readout acquisition time — factors allowed by higher

acceleration -- might be crucial for T1 mapping of the left atrial wall.
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