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ABSTRACT

Cardiovascular disease (CVD) has been reported as the number one cause of death in the
world. It is estimated that by 2030, about 23.6 million people will die from a type of CVD. Itis a
problem that crosses both gender and ethnicity and is a problem that gets worse with age. Heart
failure is usually the end result of most cardiac diseases. Therefore, correct diagnosis and early
prevention of CVDs are significantly important. Used as powerful tools for clinical diagnosis,
medical imaging techniques have been dramatically developed and improved over the past two
decades. Among them, cardiovascular magnetic resonance imaging (CMR) is becoming a leading
imaging modality for advanced clinical research, drug studies and patient management due to its
high image resolution, minimal invasion and reproducibility, compared with other conventional
imaging techniques. Geometric and functional analyses of the left ventricle (LV) of human hearts
have been well developed using cMR. However, the development of right ventricle (RV) shape
and functional analyses are relatively new territory. Analysis of the RV and interaction between
the LV and the RV can provide extra information that might suggest subtle abnormality of
cardiac function in patients with normal LV functions.

In this dissertation, three major research projects are presented.

The first study evaluated the role of the alterations in the changes in LV volume and
geometry in achieving elevated stroke volume in endurance athletes’ hearts and patients with
chronic compensated mitral regurgitation (MR), which represented physiologic, and pathologic

left ventricular volume overload. Cine cMR, with tissue tagging was performed on all subjects of



both groups. Three-dimensional data analysis, utilizing in-house software was performed to
evaluate the differences in geometry and function between the two groups. The result of this
study shows that in the setting of similar increases in LV volumes and stroke volume,
marathoners’ hearts maintain a normal LV sphericity, a conically-shaped apex and normal wall
thickness with lower LV twist, while, in MR hearts, LV sphericity is increased and the apex is
more rounded.

The second study further assessed the important role that apex remodeling played in the
progression of the severity of mitral regurgitation and its significance as an indicator for timing
of surgery. cMR and 3D data analysis were performed on 94 patients with chronic degenerative
isolated MR to uncover the importance of volumetric analysis as an indicator of left ventricular
remodeling. Among these patients, 35 patients underwent mitral valve repair and each had a 12-
month follow-up analysis. The major finding of the study is that LV end-systolic (LVES)
dimension does not accurately reflect the extent of LV remodeling, largely due to rounding of the
apex and global spherical LV remodeling.

The previous two studies highlighted the need for accurate modeling of LV geometry —
particularly at the apex. Other research has highlighted a similar need for accurate modeling of
RV geometry, which does not have the circular symmetry of the LV. Most current LV models
use a polar type of coordinate system with a singularity at the origin, which makes it difficult to
model the LV apex and the RV as a whole.

Therefore, for the third research project, we proposed a biventricular active mesh model of
the human heart that can accurately fit smooth surfaces to both the LV and RV including the LV
apex and RV base. The computation time for generating a mesh for a new subject using the

proposed algorithm was less than one minute. Moreover, such new meshes can potentially



correct the contour errors near both the LV and RV outflow tracts which were usually difficult to
determine manually, because the generated new meshes were constrained by the variation from

their training sets.
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CHAPTER 1 INTRODUCTION

Medical image analysis has been widely used in clinical applications for diagnosing brain
function, heart diseases, knee problems, and so on. Since cardiovascular diseases have been
recognized as the most dominant cause of death in the world [1], cardiac imaging techniques
have quickly developed and are commonly employed in cardiac clinical practice [2]. The
primarily used imaging modalities for human hearts include but are not limited to, Computed
Tomography (CT), nuclear imaging, ultrasound and Cardiovascular Magnetic Resonance
imaging (cMR) [2]. Even though CT and ultrasound are more regularly used in clinical practice,
there are more evident advantages of using cMR. The most important strength of cMR is that it
does no harm to patients due to the lack of ionizing radiation, which is required for CT or single-
photon emission CT (SPECT). Moreover, cMR scans have superior temporal resolution
compared with CT scans and better spatial resolution than ultrasound. Compared with nuclear
imaging, such as positron emission tomography (PET) and SPECT, which only focus on
functional analysis, evaluation using cMR is the most comprehensive.

This chapter will first describe the anatomy and function of human hearts. Then a brief
introduction on several cardiac pathologies will be introduced, followed by an overview of

cardiac imaging modalities. A summary of the following chapters is presented at the end.

1.1 Cardiac Anatomy



A human heart is about the size of a fist, located anterior to the vertebral column and
posterior to the sternum. It weighs about 200 grams to 425 grams [3], varying from males to

females. Figure 1.1[4] shows the interior view of the anatomy of a normal human heart.
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Figure 1.1 Interior view of a human heart.



The main purpose of the heart is to cycle blood throughout the body. The heart contains
four chambers to perform this function: the left and right atria, and the LV and the RV [5]. The
heart also contains four valves: the tricuspid valve in between the right atrium and the RV, the
pulmonary valve connecting the RV and the pulmonary artery, the mitral valve connecting the
LV and the left atrium, and the aortic valve in between the LV and the aorta. The mitral valve
and the tricuspid valve are connected to the papillary muscle through fibrous strands called
chordate tendineae. The wall that separates the LV and RV is called interventricular septum. The
walls across the septum are called the free walls. The heart is connected with the circulatory
system through arteries which send oxygenated blood out of the heart and veins which return
deoxygenated blood back to the heart. The superior vena cava and inferior vena cava are
connected to the right atrium. Deoxygenated blood will return to the right atrium from systemic
circulation. Blood passes through the tricuspid valve into the RV and ejects through the
pulmonary artery into pulmonary circulation. The oxygenated blood is then sent out from the
lung into left atrium through left pulmonary veins and flowing into the LV, where the blood will
be ejected into the aorta and then into systemic circulation.

The flowing of blood requires contraction of the heart muscles. The heart muscle consists
of myocytes, whose primary function is to contract. Both rhythmic and efficient contraction of
the heart chambers and appropriate functioning of valves enable a proper functioning heart. A
proper functioning heart can be recognized in two parts, the electrical part and the mechanical
part.

The electrical changes within myocytes trigger a contraction. An electrocardiogram (ECG)
can measure the electrical conduction within the heart, as shown in Figure 1.2. The sinoatrial

(SA) node, also known as the pacemaker, located at the posterior wall, generates action



potentials throughout the atria. Action potentials cause the depolarization and contraction of the
atria. It can be detected as a P wave in an ECG as shown in Figure 1.2. The sequence of the
electric pulses slows down at the atrioventricular (AV) node, which is located at the inferior-
posterior of the interatrium wall, allowing for full contraction and depolarization of the atrium
before the ventricles start contracting. The action potentials then pass through the AV node into
the ventricles triggering ventricular contraction and depolarization. This can be detected as the
QRS complex in an ECG. The T wave represents the repolarization of the ventricles. A complete
cardiac cycle usually lasts for about 0.8 seconds. During this time the heart cycle is divided into
two phases, systole, from the beginning of R wave till the end of T wave, as the ventricles
undergo depolarization to repolarization; and diastole, the rest of the cardiac cycle when the

heart is resting and filling.



, Systole | Diastole

12 3 4'8 © 7

Time (sec) Diastole

Figure 1.2 Cardiac cycle
The seven phases of the cardiac cycles are, 1, atrial systole; 2, isovolumetric contraction; 3, rapid
ejection; 4, reduced ejection; 5, isovolumetric relaxation; 6, rapid filling; 7, reduced filling. [6]

The mechanical properties of the heart are the contraction of the heart muscle and the
cooperation of the valves. During diastole, the tricuspid valve opens to allow deoxygenated
blood to flow from the right atrium to the RV. At the same time, the mitral valve opens to allow
the filling of the LV from the left atrium. During systole, the tricuspid valve closes and the
pulmonic valve opens and deoxygenated blood is ejected from the RV and flows to the
pulmonary artery which leads to the lungs for oxygen exchange. At the same time, the mitral
valve closes and the aortic valve opens to allow ejection of blood from the LV to the aorta;
meanwhile, oxygenated blood flows from the lungs through pulmonary veins to the left atrium,
and deoxygenated blood returns from the systemic circulation through the superior and inferior

5



vena cavae to the right atrium. The proper contraction and relaxation of each chamber and also
the function of the valves allow for the proper and efficient pumping of the heart. It is noted that,
as the papillary muscles contract during systole, they generate pressure on the valve leaflets
through the fibrous strands to prevent the valves from opening and leaking blood into the atria.
Cardiac pathology such as mitral regurgitation is due to the leaking in the mitral valve to the
point that blood fails to fully flow to the aorta and partially flows back to the left atrium, which

reduces the effective forward cardiac output and leads to heart failure.

1.2 Heart Diseases

Many heart diseases have been reported to cause heart failure and lead to death. Here are a
couple of pathologies that have been studied in the image processing lab.

Hypertension is a medical condition that is associated with elevated systemic arterial blood
pressure. This condition is also known as pressure overload. It is mainly caused by increased
vascular resistant or/and increased cardiac output. In this condition, the LV enlarges with

significantly increased LV mass, which is called concentric remodeling, as shown in Figure 1.3

[7]1.

Eccentric Concentric
Hypertrophy Hypertrophy

Normal

Figure 1.3 Pathological heart remodeling



Pulmonary hypertension is another medical condition where the blood pressure in the
pulmonary artery is abnormally increased which causes a higher resistance for the blood to flow
into the lungs [8]. This is a heart failure that involves right chambers. cMR can be used as a
diagnostic tool not only to provide morphologic information but also functional assessment of
the patients with this condition [9].

Heart attack refers to a condition where oxygen-rich blood is blocked from flowing to the
heart muscles, causing certain or whole heart muscle damage and death. This is also known as
myocardial infarction[10]. People with diabetes have an increased risk of heart attack.

Chronic mitral regurgitation is referred as a long-term vascular disease in which the mitral
valve cannot operate properly [11]. As a result, blood is not fully ejected unidirectionally to the
aorta and also partially flows back to left atrium. The heart needs to work harder in order to
provide enough forward cardiac output. This would cause heart failure in the long term. The LV
with a defective valve such as this undergoes eccentric remodeling (see Figure 1.3). The left
ventricular volume increases without proportional increase in mass, resulting in a thinner heart
wall. This condition is also called LV volume overload. The current guideline of timing for

surgery is when the LV ejection fraction > 60% and/or LV end-systolic dimension > 40 mm [12].

1.3 Cardiac Imaging Modalities

Medical imaging modalities can roughly be categorized into two types based on their
energy sources: one is using ionizing electromagnetic radiation, such as conventional X-ray and
computed tomography (CT) using X rays and positron emission tomography (PET), single-
photon emission computed tomography (SPECT) using gamma rays; another is using non-

ionizing electromagnetic radiation, such as cMRI using radiofrequency and cardiac



echocardiogram using acoustic energy. Echocardiography, CT, nuclear imaging and cMR are

currently the most commonly used imaging modalities in clinical practice.
1.3.1 Echocardiography

Echocardiography, also known as cardiac ultrasound, is the most commonly used tool to
evaluate the function and shape of the heart in clinics. A probe with gel on it is placed on the
patient’s chest and generates a sound wave that travels into the body. Part of the sound wave is
reflected by different layers of the tissue and returns to the probe which generates vibration. The
vibration is translated into electrical pulses into the ultrasonic scanner and processed into images.
It is the easiest, safest and most portable method. Because it is non-invasive and has no side
effect, it is widely recommended and used in patients during pregnancy. Echocardiography is
usually 2D but 3D echocardiography is possible nowadays. The drawback of this technique is

that the images are usually too noisy to produce further detailed analysis.
1.3.2 Computed Tomography

Computed Tomography (CT) utilizes tomography to create a 3D volume of transmission
images using 2D X-ray images. They are taken around a single rim of rotation where x-rays are
delivered to the body of interest in multiple directions. The different radio-densities of different
tissue types enable the generation of a large number of 2D x-ray images, revealing the interior of
the body. An imaging computer is used to reformat and reconstruct the 2D images and 3D
representation of the structures. CT has become an important imaging tool due to its accuracy

and high spatial resolution. However, its radiation dose still remains a safety concern.

1.3.3 Nuclear Imaging



Nuclear imaging is a noninvasive type of medical imaging procedure that injects a type of
radioactive material to help the physicians diagnose the condition of a certain disease or the
function of the body parts. SPECT is a type of nuclear medicine imaging technique utilizing
gamma rays. It requires an injection of a gamma-emitting radioisotope which has been attached
to a special radioligand. The radioligand has the chemical binding properties that can bind to
certain tissues of interest. This would allow the ligand concentration to be revealed by the
gamma camera. SPECT can provide functional information, which has been used in functional
brain imaging to analyze brain metabolism and cause of dementia; and in myocardial perfusion
imaging (MPI) for assessing ischemic heart disease. It is relatively inexpensive, about $700/scan.
PET is another type of nuclear medicine imaging technique using gamma rays. Different from
SPECT, PET scanning requires injection of a radiotracer that would emit a positron as it decays.
The positron travels in the tissue for a short period of time until it meets an electron, which
generates a pair of gamma photons moving towards two opposite directions and detected by the
PET scanner simultaneously. PET usually lasts shorter than SPECT because the radiotracer
decays rapidly. It provides clearer images which is very important for helping the doctors in the
diagnosis of the functioning of tissues and organs. However, it is relatively expensive. A PET

scan runs about $3000 while a SPECT scan runs about $400.
1.3.4 Cardiovascular Magnetic Resonance imaging

Cardiovascular Magnetic Resonance imaging (CMR) is a type of imaging modality that
utilizes the quantum properties of nuclear spins in the human body. And Hydrogen atom is most
frequently used in cMR because it is most abundant (about 63%) and most magnetic resonance
sensitive. The acquisition of cMR signals can be categorized in three states: equilibrium state,

excitation state and relaxation state. As a proton spins, it generates a small current loop which



generates a small magnetic moment. As an external magnetic field By is applied in Z direction,
the protons will align with the field in two different directions, parallel to B, in +Z direction and
opposite to By in —Z direction, depending on the nuclei energy level and Bo. The net
magnetization is called My. As the proton has mass, it precesses along Z direction with a Larmor
frequency w=yBy, v is gyromagnetic ratio which is constant for protons, equal to 42.58
MHz/Tesla. For a 1.5 T cMR scanner, Bp=1.5 T and ® = 63.87 MHz which is within the radio
frequency range. This state is called the equilibrium state. Then the magnetization is excited by
another magnetic field B; with the same Larmor frequency m, which is introduced perpendicular
to Bo. This energy tips the protons away from the alignment and precess towards the XY
direction slowly, generating a flip angle from the alignment. The duration of the radiated
frequency (RF) pulse determines the flip angle and the amount of net magnetization. When the
transmitter is turned off, the protons will release the energy and return back to the equilibrium
state. This procedure is called relaxation. There are two types of relaxation, spin-lattice
relaxation, time constant equal to T, and spin-spin relaxation, time constant equal to T,. For spin-
lattice relaxation, the protons release the energy to its lattice and T is the time it takes for M, to
recover to 63% of My. For spin-spin relaxation, protons interact with each other which interrupts
the phase coherence. T, is the time it takes for My, to decay to 37% of M. The relaxation time
depends on the property of different tissues, which helps generate image contrast between tissues.
Ty scan is using short Tg and short Tgr. T, scan is using long Te and long Tg. If a gradient
magnetic field is applied along with the main field By, a specific region can be selected for
imaging, which is called the slice selection.

After collection of the signals, spatial localization is performed, including frequency

encoding and phase encoding. After slice selection, a gradient magnetic field is applied to one of
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the directions perpendicular to the main field, for example, y direction, such that the phase of
protons along y direction is proportional along the gradient field. Then, another gradient
magnetic field is applied in a direction perpendicular to the main filed, and the phase encoding
gradient field, x direction. The processional frequencies of the proton spins will differ along this
gradient field. This is called frequency encoding. The signals from the phase encoding and
frequency encoding form a line in k space. The procedure is repeated for the number of the lines
in the matrix to form the entire k space. Fourier Transform of the signals and inverse FT yield a

2D image. This procedure is repeated for different slice selection to obtain the entire 3D images.

1.4 cMR Protocols

cMR is superior to other competing cardiac imaging techniques due to its harmlessness to
patients and high tissue contrast. There are two typical cMR protocols that are used in this
research, cine and tag. The standard protocols are described here and will be used with all
participants in the research.

All participants underwent cMR on a 1.5T scanner (Signa, GE Healthcare, Milwaukee,
Wisconsin) optimized for cardiac imaging. For cine cMR, ECG-gated, breath-hold steady state
free precision technique was used to obtain cine images with standard (2 and 4 Chamber, Long-
axis, or 360°and Short-axis) views using the following typical parameters: field of view = 40>40
cm, image matrix = 256128, flip angle = 45°, T¢ = 1.8 ms, Tg = 4 ms, number of cardiac phases
= 20, slice thickness = 8 mm without any slice gap. There are particular 10-12 short axis slices
that are parallel to each other. Figure 1.4 shows the images at different views from cine cMR
with projections from other views.

For tag cMR, a 2D fast gradient recalled spatial modulation of magnetization (FGR-

SPAMM) tagging preparation was applied with a tag spacing of 7 pixels to obtain two long-axis
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(2 and 4 Chamber view) tagged slices and, on average, 12 short-axis tagged slices per study with
following typical parameters: prospective ECG gating, trigger time = 10ms from R wave, slice

thickness = 8 mm without any slice gap, flip angle = 10°, repetition/echo times = 8.0/4.2 ms,

Figure 1.4 Cine MRI slice prescriptions
A. Short axis view with projection of 2 chamber view (vertical), 4 chamber view (horizontal) and
long axis; B. 4 chamber view with projection of short axis views (13 parallel horizontal lines), 2
chamber and long axis views (2 vertical lines); C. 2 chamber view with projection of short axis
views (13 parallel horizontal lines) and 4 chamber and long axis views (2 vertical lines); D. Long

axis view with projection of short axis views (13 parallel horizontal lines), 4 and 2 chamber views
(2 vertical lines);
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views per segment = 8, typical temporal resolution ~80 ms and number of reconstructed cardiac

phase = 20. Figure 1.5 shows the examples of tagged cMR images from a representative subject.

Short axis 4CH 2CH

Figure 1.5 Tagged cMR images of short-axis view, 4CH and 2CH views

The cardiac geometry and function are analyzed using cMR with different protocols for all
patients. For local analysis, the heart is segmented into 17 segments according to AHA/ACC [13]
(Figure 1.6). Notice that, segment 1 and 2, segment 7 and 8 are separated by anterior RV

insertion; segment 3 and 4, segment 9 and 10 are separated by inferior RV insertion.
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Figure 1.6 Coronary artery territories
Basal segments: 1. Basal anterior; 2. Basal anteroseptal; 3. Basal inferoseptal; 4. Basal inferior; 5.
Basal inferolateral; 6. Basal anterolateral;
Mid-cavity segments: 7. Mid anterior; 8. Mid anteroseptal; 9. Mid inferoseptal; 10. Mid inferior;
11. Mid inferolateral; 12. Mid anterolateral;
Apical segments: 13. Apical anterior; 14. Apical septal; 15. Apical inferior; 16. Apical lateral; 17.
Apex.

1.5 Content of the Following Chapters

The content of this dissertation is as follows. Chapter 2 presents the study that evaluates
the roles of the alterations in the changes in LV volume and geometry in achieving elevated
stroke volume in endurance athletes’ hearts (marathon runners) and a group of patients with
chronic compensated MR. Chapter 3 describes the study that further evaluates the important role

that volumetric analysis plays in the determination of severity of MR. Chapter 4 proposes a novel
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biventricular active mesh model as well as its implementation. Chapter 5 concludes the work

described in earlier chapters.
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CHAPTER 2 VENTRICULAR STRUCTURAL REMODELING IN MARATHONERS

The need for accurate assessment of the LV and RV geometric remodeling has become
urgent for cardiac diseases, such as mitral regurgitation and pulmonary hypertension. In fact,
from our observation of patients with chronic isolated mitral regurgitation, their LV at end-
systole (ES) remodels extensively at the apex, manifested by a dilated apex. This has
significantly contributed to the increase of the LV ES volume before the changes in LV
dimension can be detected. As a result, traditional determination factors of timing for surgery (i.e.
LV ejection fraction > 60% and/or LV ES dimension < 40mm [12] measuring at the tip of the
papillary muscle) may not be sufficient.

To further assess the importance of apex remodeling in evaluation of cardiac diseases and
its significant clinical application, two preliminary clinical studies were conducted. This chapter
will introduce the first study which involves the evaluation of the difference in cardiac geometry
and function of patients with chronic, compensated MR versus marathon runners, who represent
pathologic and physiologic volume overload, respectively. An abstract of this work was accepted
by the 2011 American College of Cardiology [14]. The manuscript of this work is ready for
submission. My contribution to this work includes conceiving and designing the research
hypothesis with Dr. Louis Dell’Italia, generating and/or acquiring study data, analyzing the data

using various statistical models, interpreting the data, describing results and conclusions.
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2.1 Introduction

Marathoners experience numerous skeletal muscle, pulmonary, and cardiac adaptations in
response to endurance training [15-17]. The cardiac remodeling is characterized by
commensurate increases in left ventricle (LV) volume and mass that result in an increased stroke
volume (SV) [18]. This eccentric cardiac hypertrophy is a putative adaptation to endurance
training that is generally thought to enhance physiologic reserve capacity. However, during a
marathon run, cardiac troponin T release can reach levels typically diagnostic for acute
myocardial infarction [10], particularly in less experienced runners [19], which has raised
questions regarding the long-term effects of these repeated events of myocardial damage. In
addition, there is controversy regarding the potential pathological consequences of cardiac
enlargement among endurance athletes, or the “athlete’s heart” [20, 21].

Chronic compensated mitral regurgitation (MR) represents another form of cardiac
enlargement manifested by eccentric LV remodeling. Both conditions are associated with an
increase in LVSV, which in MR is facilitated by regurgitation through a secondary ejection
pathway into the left atrium, while the marathon heart ejects into a relatively compliant vascular
bed [22, 23]. Previous studies have utilized echocardiography or cMR to report elevated LV
dimensions and/or volumes in both MR and marathoners, respectively [24-28]. These two
conditions have also been compared and distinguished by their biochemical and molecular
signaling mechanisms [29]. However, changes in LV geometry and mechanics in the
marathoners differ from a pathologic form of volume overload.

The question of the “appropriateness or suitability” of cardiac enlargement in the athlete’s
heart is frequently raised in the athlete who presents for evaluation of an enlarged heart. One of

the major factors in defining a physiologic response to a chronic hemodynamic stress is the
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adherence to an elliptical LV shape, as opposed to an increase in LV sphericity, which can cause
increases in wall stress and myocardial oxygen demand and result in a decrease in LV function
or sudden death [24]. A more detailed analysis that defines the deviation from elliptical shape
and the effects on maximum shortening and LV twist can uncover important insights into the
different consequences of eccentric cardiac hypertrophy due to volume overload. Thus, in the
current investigation, we utilize cMR to generate precise three-dimensional (3D) measurements
of cardiac geometry and mechanics in comparing LV remodeling in marathoner and chronic MR

patients.

2.2 Material and Methods
2.2.1 Study Population

Nineteen marathoners (39210 years; 47% female), 17 MR patients (4635 years; 53%
female) and 24 control subjects (4548 years; 50% female) comprised the study population. The
control subjects and the marathoners had no history of cardiovascular disease and were not using
any prescription medication. Control subjects were not engaged in any aerobic training, with
only varying degrees of recreational activities. Marathoner designation was based upon having
run 4 full marathons over the prior two years and running an average of 50 miles per week.
Chronic isolated MR was defined as at least moderate severity with LV ejection fraction (EF) >
60% based on echocardiogram results in the absence of symptoms or obstructive coronary artery
diseases by exercise testing with nuclear perfusion. The study protocol was approved by the
University of Alabama at Birmingham Institutional Review Board, and all participants gave

written informed content.

2.2.2 cMR
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All participants underwent cMR on a 1.5T scanner (Signa, GE Healthcare, Milwaukee,
Wisconsin) optimized for cardiac imaging. Electrocardiographically gated, breath-hold,
segmented k-space steady state free precession technique was used to obtain cine images with
standard (2-, 3- and 4- Chamber, and Short-axis) views using the following typical parameters:
field of view 40>40 cm, image matrix 256 <128, flip angle 45°, repetition/echo times 4/1.8 ms,
cardiac phases 20, slice thickness 8 mm without any slice gap.

Endocardial and epicardial contours were manually traced on cine cMR images acquired
near end-diastole (ED) and end-systole (ES) by blinded assignment. Volumes were calculated
from summated serial short axis volumes and indexed to body surface area (BSA) [24]. Three-
dimensional geometric parameters were measured based on the contours using in-house
developed software [24]. LV two-dimensional (2D) apex curvatures were computed from
endocardial contours drawn on 4-chamber view images using standard formula [30]. Sphericity
index was defined as the ratio of LV long-axis length to LV inner diameter [31]. Smaller
sphericity index indicates greater sphericity.

Tagged cMR was acquired on the same scanner using the following typical parameters:
repetition/echo times 8/4.2 ms, tag spacing 7 mm. Tag lines were tracked [32] and edited, if
necessary, by expert users. LVES maximum shortening strain was computed at all wall segments
[13] (excluding the apex) by fitting a B-Spline deformation model in prolate-spheroidal
coordinates to the tag line data [33]. The reported LV maximum shortening was the average
value of all wall segments (excluding the apex). Three-dimensional LVES twist, T, was

computed as [34]:

T= (goapex - gobase) X (papex + pbase) /2L
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where ¢ is the LVES rotation angle, p is the epicardial radius and L is the distance between the basal
and distal slices.

Two-dimensional twist was calculated using the formula above in each timeframe using
improved HARP tracking [17], and 2D twist-time curve was constructed and differentiated with
respect to time. LV peak early diastolic untwist velocity (*/beat) was defined as the maximum
negative derivative of the untwist angle during early diastole normalized to heart rate (HR)

(absolute values were used in this study).
2.2.3 LV Work Rate

LV work rate (mmHg <L /min) was defined as follows [35, 36]
LV work rate = LVSV X< LV-Pg>xHR /1000
Where LV-Pgis the LVES pressure, which can be approximated by the mean LV systolic blood

pressure Pmean, defined as follows:
2 . 1 . .

Both systolic and diastolic BPs were measured by sphygmomanometry with patients in the
supine position immediately before and after cMR scanning. The reported systolic and diastolic

BPs were the average of pre- and post-cMR scanning values.
2.2.4 Statistical Analysis

One-way analysis of variance (ANOVA) was used to compare groups for each continuous
variable, such as LV end-diastolic volume (LVEDV), LV end-systolic volume (LVESV). The
Generalized Wald test was performed to compare the categorical variable, percentage of female,
among the three groups. Homogeneity of variance was tested using Levene’s test. Appropriate

data transformation was conducted if the homogeneity assumption was violated. Tukey-Kramer
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procedure was performed to control the pairwise comparisons among the groups jointly in order
to avoid erroneous Type | error rate inflation. Data are presented here as mean *standard error
(SE), except that age was presented as mean xstandard deviation (SD). A P<0.05 was

considered statistically significant. All statistical analyses were performed using SAS version 9.2.

2.3 Results
2.3.1 Patient Demographics

The controls, marathoners and MR groups had matched age, percentage of female and
body surface area (BSA) (Table 2.1). The marathoners had a lower resting heart rate vs. controls
and MR. Both diastolic and systolic BPs did not differ among the three groups. LV work rate did
not differ in the marathoners vs. controls while it was significantly higher in MR.

Table 2.1 Baseline Characteristics in Controls, Marathoners and MR

Control Marathoner MR

(N=24) (N=19) (N=17)
Age, year 4548 39#+10 4645
% Females 50 47 53
BSA, m? 1.9140.17 1.7840.23 1.9049.20
Heart Rate, beats/min 67+1 5540* 64+11%
Diastolic BP, mm Hg 7749 73410 7549
Systolic BP, mm Hg 123 #A3 11445 11845
LV Work Rate, mm Hg ><L/min 613+174 544477 789+215*t

Values are n or mean =£std. MR: mitral regurgitation; BP: Blood Pressure; LV: Left Ventricle; * P<0.05
Marathoners vs. Control, MR vs. Controls; T P <0.05 MR vs. Marathoner

2.3.2 Ventricular Volumes
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Marathoners and MR had ~ 35% greater LVEDV index (normalized to BSA) and ~ 50%
higher LVESV index vs. controls, and LVSV index vs. controls (Table 2.2). LVEF did not differ
among the groups. Marathoners had significantly greater LV mass/BSA vs. controls but did not
differ between MR and controls. LV mass/volume ratio was significantly higher in MR group vs.
controls (P=0.01) and marathoners (P=0.0097). Marathoners had commensurate increases in
RVEDV, RVESV and RVSV indices vs. controls; while MR RV volumes did not differ from
controls. RVEF was similar in all groups.

Table 2.2 Ventricular Volume and Mass

Control Marathoner MR

(N=24) (N=19) (N=17)
LV ED volume index, ml/m? 69+10 924+5* 98+18*
LV ES volume index, ml/m? 257 3748* 368*
LV stroke volume index, ml/m? 4447 5547* 62+14*
LV ejection fraction, % 6547 6044 6316
LV mass index, gm 5242 6249* 5810t
LV mass/volume, ml/gm 0.7640.18 0.7640.12 0.6040.07*t
RV ED volume index, ml/m? 7241 1044H3* 78415+
RV ES volume index, ml/m? 3448 4748* 358t
RV stroke volume index, ml/m? 3948 5848* 43410t
RV ejection fraction, % 5448 5545 5547

Values are mean £std. MR: mitral regurgitation; LV: Left Ventricle; RV: Right Ventricle; ED: end-
diastolic; ES: end-systolic; * P<0.05 Marathoners vs. Controls, MR vs. Controls; ¥ P <0.05 MR vs.
Marathoner.

2.3.3 LV Global and Regional Geometry
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As shown in Table 2.3, LVED and LVES diameters were significantly increased in MR
and marathoners vs. controls, while LVVES inner diameter did not differ in marathoners vs.
controls (P=0.079).

Table 2.3 LV global geometry

Control Marathoner MR

(N=24) (N=19) (N=17)
LV ED diameter, mm 5144 5444* 5944*¢
LV ES diameter, mm 364 384 3943*
LV ED length, mm 9048 98+10* 89+10t
LV ES length, mm 7148 7649 6710t
LV ED sphericity index 1.7740.19 1.8040.18 1.5340.16*t
LV ES sphericity index 1.9640.29 1.9640.17 1.7140.20*t
LV ED apex curvature, 1/cm 1.4040.29 1.3640.26 1.0040.31*t
LV ES apex curvature, 1/cm 2.84+1.21 2.2040.53 1.7040.43*t

Values are mean %std. MR: mitral regurgitation; LV: Left Ventricle; ED: End-Diastole; ES: End-Systole;
* P<0.05 Marathoners vs. Controls, MR vs. Controls; 1 P <0.05 MR vs. Marathoners.

Control Marathoner MR

Figure 2.1 LV and RV cMR short-axis images
Images are taken basal slice just above the tip of the papillary muscle at end-diastole. The marathor
and the MR patient have increased LV dimension vs. control. However, the RV size was
proportionately increased in the marathoner but did not differ from control in the MR.
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However, marathoners had significantly longer LVED and LVES lengths vs. MR.
Therefore, marathoners had normal sphericity indices, while MR hearts were more spherical.
MR also had significantly lower apex curvatures at both LV ED and ES vs. marathoners and

controls, as demonstrated in Figures 2.1 and 2.2.

|
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Figure 2.2 LV and RV cMR long-axis images
As opposed to the MR heart, the marathoner’s heart has a proportionate increase in both LV
and RV lengths and transverse dimensions.

Figure 2.3 shows that LVED and LVES R/T ratios were significantly increased in MR vs.
control; while LVES R/T ratio was significantly increased in marathoners vs. controls. LV wall
thickness remained normal in the marathoner group; while it was significantly decreased in MR

from mid to distal LV vs. controls.
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Figure 2.3 Comparisons of LV ED and ES geometric remodeling
The MR group has significantly increased LVED and LVES R/T ratio, while the marathoners’
R/T ratio is significantly increased only at ES. The MR group also demonstrates significantly
decreased wall thickness at both ED and ES, while the wall thickness remains normal in the
marathoners’ group. *: P<0.05 Marathoners vs. Controls, MR vs. Controls.

2.3.4 LV Strains Indices

LVES maximum shortening strain did not differ among all groups. LVES twist angle was

significantly decreased in marathoner vs. MR and controls (Table 2.4).

Figure 2.4 illustrates the differences in LVES twist among three groups using a 3D color map.

This figure demonstrates an overall brighter color (larger twist angle) in the MR vs. dimmer
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color (smaller angle) in the marathoner. LV peak early diastolic untwist velocity normalized to
HR was not significantly different among all groups (Table 2.4).

Table 2.4 LV Strain parameters

Control Marathoner MR

(N=24) (N=19) (N=17)
LV ejection fraction, % 6547 6044 6316
LV ES maximum shortening, % 20.66+2.19 19.48+1.46 21.08+2.42
LV ES twist, ° 4.494 .01 3.67+1.04* 4.654.93t
Peak early diastolic untwist velocity, %/beat 3249 2749 30413

Values are mean =£std. MR: mitral regurgitation; LV: Left Ventricle; ES: End-Systole; E: mitral valve
peak velocity in early diastole; A: mitral valve peak velocity in late diastole; * P<0.05 Marathoners vs.
Controls, MR vs. Controls; 1+ P <0.05 MR vs. Marathoners.

Control Marathoner MR
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Figure 2.4 LVES twist of three representatives of control, marathoner and MR
The graphic displays LVES twist angle using a color map (range from 0° to 10°%). Twist angle
in the marathoner’s heart is significantly less compared with both control and MR. (red
diamond: mid septum)
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2.4 Discussion and Conclusions

This work represents the first study to compare 3D LV geometric remodeling and
mechanics in marathoners versus chronic compensated MR utilizing cMR and 3D data analysis.
In the setting of similar increases in LV volumes and stroke volume, marathoners’ hearts
maintain a normal LV sphericity and normal wall thickness with lower LV twist, while there is a
greater global and regional LV sphericity in the MR hearts.

Marathoners’ hearts have lower resting HR, which has been attributed to a higher vagal
tone [37]. The 29% regurgitant fraction in MR patients translates into a decrease in forward
cardiac output. Thus, excessive adrenergic drive as well as local neurohormonal factors may
influence the more spherical remodeling in the MR heart that is not be detected by LV volumes
or the commonly reported LVES dimension measured by conventional echocardiography at the
tips of the papillary muscles. Further, the marathoner’s heart has normal LV wall thickness and
mass/volume, which is decreased in MR, along with greater LV sphericity and smaller LV apex
curvature at both ED and ES. Taken together, the marathoner’s heart maintains the normal
elliptical shape with a proportionately higher LV mass, while the MR heart undergoes adverse
eccentric remodeling that has been reported to be associated with abnormal extracellular matrix
loss along with cardiomyocyte thinning and elongation [38].

The results of the current investigation suggest that cMR-derived indices of 3D geometry
provide important insight into the constant as opposed to the intermittent volume stimulus of MR
versus marathon runners. Of particular interest, the more spherical LV apex and normal LV
length in MR, as opposed to the greater long axis length of the marathoner’s heart, lead to loss of
an elliptical shape, which is preserved in the marathoners. In addition, the marathoner’s heart

undergoes parallel increases in RVED and RVES volume indices. Thus, the entire marathoner’s
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heart is enlarged and elongated, in contrast to the more spherical MR hearts especially at in the
distal LV segments and apex.

In the marathoner’s hearts during rest, the higher LVESV index has preserved LV wall
thickness and LV elliptical shape, which is consistent with an appropriate compensatory increase
in LV mass. Despite the smaller ES twist at rest, the marathoner’s heart achieves normal LVEF
and peak early diastolic untwist velocity through normal maximum shortening. It is of interest
that a recent report shows that endurance exercise training is associated with a significant
increase in LV twist mechanics during exercise [39].Taken together, the physiological and
architectural findings herein support the concept that by adapting to high volume endurance
training, marathoners’ hearts meet resting cardiac output requirements by operating at a slightly
lower percentage of maximum twist capacity vs. controls. This low-demand resting state may be
a result of higher resting vagal tone and thus may allow for a greater physiological reserve during
the demand of extreme endurance exercise.

The comparison of the marathoners and MR hearts is limited in that the marathoner heart
ejects into the high pressure aorta, especially during exercise, while the MR heart ejects into the
low pressure left atrium. In patients with aortic regurgitation, in which the excess LV volume
ejected into the high pressure aorta, the LV maintains a more elliptical or even conical shape
compared to the hearts of MR patients and normal subjects [40]. Nevertheless, the MR heart
maintains normal or supranormal ejection indices despite adverse spherical LV remodeling
compared to the elliptically-shaped marathoner’s heart. Thus, in the evaluation of an “enlarged
heart” of an athlete, the assessment of 3D geometry may represent an important tool in

determining physiologic vs. pathologic increases in LV volumes.
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CHAPTER 3 MAGNETIC RESONANCE IMAGING WITH THREE-DIMENSIONAL
ANALYSIS REVEALS IMPORTANT LEFT VENTRICULAR END-SYSTOLIC

REMODELING IN ISOLATED MITRAL REGURGITATION

This study was conducted to evaluate the important role that apex remodeling played in the
progression of the severity of mitral regurgitation and its significance as an indicator for timing
of surgery. An abstract of this work was accepted to the 2011 Science Section of American Heart
Association [41]. The manuscript of this work was accepted by Circulation [42]. My
contribution to this work includes conceiving and designing the research idea with Dr. Louis
Dell’Italia and Dr. Mustafa Ahmed, acquiring patients’ clinical data, generating patients’ CMR
data, analyzing the data using various statistical models, interpreting the data, describing results

and conclusions, corresponding to the Statistical Reviewer’s questions.

3.1 Introduction

Mitral regurgitation (MR) is a frequent form of valvular disease, representing an
important public health burden in the US. An estimated 2—2.5 million people were affected in the
year 2000, a number expected to double by 2030 due to population growth and aging [43-45].
Isolated MR from myxomatous degeneration of the mitral valve results in a relatively low
pressure form of volume overload, due to excess volume being ejected through a secondary
ejection pathway into left atrium. Forward cardia’c output in MR is preserved by an increase in
left ventricular (LV) stroke volume, mediated by augmentation of LV preload (end-diastolic

volume), decreased afterload due to the relatively low pressure ejection pathway in to the left

29



atrium, and an increase in adrenergic drive. These mechanisms may serve to preserve LV
ejection fraction (EF), even in the face of increasing LV end-systolic (ES) dimension (D),
volume and LVES wall stress over time. This may explain why despite adherence to current
guideline recommendations[12, 46] post-operative LV dysfunction is not uncommon, and is
associated with increased morbidity and mortality[24, 45].

The mechanisms involved in the transition to irreversible cardiomyocyte damage in
chronic isolated MR remain elusive. This is compounded by the fact that symptoms of heart
failure may be very subtle and LV function and geometry may change significantly in the
absence of symptoms. Thus, the success of adherence to echocardiographic guidelines is limited
by the requirement of very close surveillance, which has most likely contributed to the recent
reports that patients with isolated MR are not receiving timely surgery, even with advances in
surgical repair and minimally invasive surgery[47, 48]. Studies have reported a decrease in
LVEF post mitral valve repair for isolated MR[45, 49-55], utilizing echocardiography with
geometric assumptions based on LV dimensions for LVEF measurements. These findings have
resulted in a body of evidence supporting recommendation for early surgery in the controversy
regarding management of asymptomatic patients with severe MR [49, 56-58].

It is important to note that echocardiographic follow-up studies in MR have utilized the
standard LVESD measured at the tips of the papillary muscles. We hypothesize that extensive
LV apical remodeling in MR hearts, beyond the base and tips of the papillary muscles,
contributes to an increasing LVES volume (LVESV) that is not appreciated by measuring the
LVESD alone. Therefore, in the current investigation, we utilize cMR and three-dimensional (3D)
data analysis to quantitate global and regional LV geometry and function in patients with isolated

MR.
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3.2 Methods
3.2.1 Study Population

Ninety-four patients with moderate to severe MR were recruited from June, 2005 to
September, 2010 at the University of Alabama at Birmingham. All patients referred for surgery
had LVEF>60% and almost all had LVESD <40mm by referral echocardiography studies, and
need for surgery was based on conservative clinical judgment of the cardiologist and
cardiovascular surgeon at the tertiary referral center. MR severity was documented qualitatively
on echocardiogram/Doppler studies as well as quantitatively on cine and tagged cMR in all cases.
All patients had coronary angiography before surgery to rule out significant coronary artery
disease. Patients with evidence of significant aortic valve disease or concomitant mitral stenosis
were excluded. Thirty-five patients with severe isolated MR (mitral regurgitant volume 57434
ml, mitral regurgitant volume fraction 40216 %) secondary to degenerative mitral valve disease
were referred for corrective mitral valve (MV) surgery. All patients underwent cMR before
surgery and 12 months after surgery. cMR was also performed in 51 control volunteers (mean
age 4414 years, median age 42 years, age range 20 to 70 years) who had no prior history of
cardiovascular disease and were not taking any cardiovascular medications. The study protocol
was approved by the Institutional Review Boards of University of Alabama at Birmingham and

Auburn University. All participants gave written informed content.
3.2.2 Surgery

Thirty-five patients underwent MV repair while six patients underwent MV replacement.
MYV surgery was performed through a median sternotomy and employed standard hypothermic
cardiopulmonary bypass and cold blood cardioplegia. MV replacement was performed using

standard techniques. A variety of methods were used to repair the MV including leaflet resection,
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chordal replacement, or a combination of each, and these patients had implantation of a flexible
annuloplasty ring. The adequacy of repair was assessed by intraoperative transesophageal
echocardiography. Only the thirty-five patients who underwent mitral valve repair were analyzed

in this study.
3.2.3 Magnetic Resonance Imaging

Cine cMR

Cine cMR was performed on a 1.5-T MRI scanner (Signa, GE Healthcare, Milwaukee,
Wisconsin) optimized for cardiac imaging. Electrocardiographically gated breath-hold steady-
state free precision technique was used to obtain standard (2-, 3-, and 4-chamber long axis and
serial parallel short-axis) views using the following typical parameters: slice thickness of the
imaging planes 8 mm, field of view 40cm, scan matrix 256 > 128, flip angle 45< repetition/echo
times 3.8/1.6 ms).

3D LV geometric parameters were measured from endocardial and epicardial contours
manually traced on cine magnetic resonance images acquired near end-diastole (ED) and ES.
The contours were traced to exclude the papillary muscles. The contours at ED and ES were then
propagated to the rest of the timeframes using a dual propagation technique [59]. LV volumes
were computed by summing up the volumes defined by the contours in each short axis slice
multiplied by slice thickness. These volumes were referred to as measured volumes in the current
study. LV volume-time curve was constructed and differentiated with respect to time to obtain
the peak early filling rate [59].

The contour data at ED and ES were transformed to a coordinate system aligned along the
long-axis of the LV and converted to a prolate spheroidal coordinate system as described

previously[28]. The prolate spheroidal coordinate system has one radial coordinate (1) and two
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angular coordinates (u, 8). Cubic B-spline surfaces, Aendo(it, €) and Aepi(p, 8), were fit to the A
coordinates of the endocardial and epicardial contours for each time frame. Each surface used 12
control points in the circumferential direction () and 10 control points in the longitudinal
direction (n). The control points of each surface were computed to minimize the following error

function,

€= Ao 8 = Al + Y5

k

where y is a weight set to 0.1. The first term in the error function is the squared difference
between the contour points, A, and the corresponding surface points, A(ug, 8 ). The second term

is a smoothing function, which penalizes the bending energy of the surface,

a21\° 2a \>  [a%A\°
S = j <6u2> +2<0u09> +<092> a0
Q

where Q is the domain of the surface. 3D endocardial circumferential curvatures were then

computed using standard formulas [30] at the wall segments [13] as previously defined
(excluding the apex).

Two-dimensional (2D) apex curvatures were computed as the average of apex curvatures
calculated from endocardial contours drawn on 4-chamber view image and 2-chamber view
image using standard formula [30]. Sphericity index was defined as the ratio of LV long-axis
length to LV inner diameter [31].Smaller sphericity index indicates greater sphericity. 3D wall
thickness was computed at all wall segments [13] (excluding the apex) by measuring the 3D
distance from a point on the epicardial surface to the closest point on the endocardial surface

along a line perpendicular to the epicardial surface. Radius of curvature to wall thickness ratio
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(R/T) was computed by the reciprocal of the product of the endocardial circumferential curvature
and 3D wall thickness.
Tagged ctMR

Tagged cMR were acquired on the same scanner using the following typical parameters:
repetition/echo times 8/4.2 ms, tag spacing 7 mm, trigger time 10 ms from R wave, flip angle 10°
and temporal resolution ~80 ms. Tag lines were tracked[32] and edited, if necessary, by expert
users. LVES maximum shortening strain was computed at all wall segments (excluding the apex)

by fitting a B-Spline deformation model in prolate-spheroidal coordinates to the tag line data[33].
3.2.4 Bullet Formula

LVESV (ml) was also calculated based on LVESD (mm) and LVES length (cm) using the

Bullet formula [60, 61] as following,

LVESD\?
) <L

LVESV =0.
VESV O83an( 20

where L is the length of LV measured from apex to the tip of the papillary muscle. This volume

was referred to as calculated volume in the current study.
3.2.5 Statistical Analysis

Student's two sample t test (for continuous variables) and Fisher's exact test (for
categorical variables) were conducted to compare the control group (n=51) and the MR group
(n=94) in demographic (such as systolic blood pressure), geometric (such LVEDV, LVESV) and
functional variables (such as peak early filling rate).

Regression analyses between LVESV and LVESD were performed in controls and MR.
Model adequacy checking showed that the model was not linear for either groups. Therefore,

square root transformation was performed to the control group which eliminated the non-
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linearity problem. For the MR group, square root transformation did not resolve the non-linearity
problem. Thus, cubic root transformation was performed with which the test showed proof of
linearity of the model. Student’s pair t test was performed to compare the measured LVESV by
summing up the volumes defined by contours multiplied by slice thickness versus calculated
LVESV by the Bullet formula. Correlation analysis was also performed to test the association
between the difference of measured and calculated LVESV and 3D distal LV circumferential
curvature.

One-way analysis of variance (ANOVA) was used to perform group-wise comparisons
among controls and MRs with LVESD < and >37mm (corresponding to > mean + 1 standard
deviation of LVESD of the control group; moreover, mean LVESD in the MR group is equal to
37mm). The P values of all pair-wise differences were adjusted using the Tukey-Kramer
procedure.

Comparisons of the cMR variables among controls and MR before and 12 months after
surgery were performed using a mixed model via PROC MIXED. The repeated measures of the
MR patients before and after surgery were accounted for by an assumed compound symmetry
correlation structure. To avoid inflating the probability of a Type I error, the Bonferroni-Holm
step-down test procedure was utilized to adjust the significance level accordingly.

Model adequacy checking was performed for all models. Linearity was checked by
plotting the model residuals versus the dependent variable to look for any curve band or
nonlinear pattern. Shapiro-Wilk test was performed for normality test. Log transformation,
square root or cubic root transformation were performed if there were outliers, if the normality
assumption was not valid, or if the homogeneity assumption was violated as appropriate. If the

data transformation could not resolve the outlier problem, Wilcoxon’s rank-sum test (for two
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groups’ comparison) or Kruskal-Wallis test (for more than two groups’ comparison) was
performed.

Barnard’s test [62, 63] was used to compare the post-operative incidence of LV
dysfunction (defined as LVEF<50%) in patients with pre-operative LVESD <37mm vs. patients
with pre-operative LVESD > 37mm.

All data were presented as mean *standard deviation (SD). A P<0.05 was considered
statistically significant. We also conducted a general linear model for LV functional parameters
to adjust for age and systolic BP using analysis of covariance. Age and systolic BP were

considered as covariates. All statistical analyses were performed using SAS version 9.2.

3.3 Result
3.3.1 Clinical Characteristics

Clinical and cMR characteristics of the control subjects and 94 MR patients are outlined in
Table 3.1. The two groups had a similar age range (20-70 and 25-76 years, respectively).
However, the MR group was significantly older than the control. There were no significant
differences in body surface area (BSA) and gender between the two groups. Heart rate, systolic

and diastolic blood pressures (BP) were also similar in the two groups.
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Table 3.1 Baseline demographic and cMR characteristics of controls and MR patients

Control MR

(n=51) (n=94)
Age, year 44114 54411*
Age range, year 20-70 25-76
% Female 53 38
Body Surface Area, m? 1.9140.24 1.9240.22
Heart rate, beats/min 6712 68+11
Systolic BP, mm Hgt 118+3 12445
Diastolic BP, mm Hg¥ 75410 7649
LVEDV index, ml/m?f 69+10 105424*
LVESV index, mI/m2}L 2536 41+H3*
LVSV index, ml/m% 4447 64+16*
LVEF, % 6436 61+7*
LVED dimension, mm 4944 5846*
LVES dimension, mm+ 3244 3746*
LVED length, cm 8.8240.81 8.9940.91
LVES length, cm 6.82+).86 6.9340.82
LV ED Mass index, gt 50+0 64+ 7*
LVEDV/Mass, ml/gt 1.4540.38 1.6840.34*
Peak early filling rate, ml/sect 378+110 5184240*

Values are mean3SD. BP: blood pressure; LV: left ventricle; EDV: end-diastolic volume; ESV:
end-systolic volume; EF: ejection fraction; *: P < 0.05 MR vs. controls; f: log transformation
was performed.

3.3.2 cMR-Derived Variables in Controls and MR Patients
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As expected, MR patients had significant increases in LVEDV, LVESV, and LV stroke
volume (SV) indices (volumes normalized to BSA), as well as higher LVED and LVES
dimensions compared to controls. However, there was no difference in LV lengths at both ED
and ES in MR patients vs. controls. cMR-derived LVEF was significantly different between the
two groups. LV mass index and LVEDV/mass ratio were significantly increased in MR vs.
controls. Peak early filling rate was significantly higher in MR group vs. controls (P < 0.0001).
Figure 3.1 (A) shows two representative examples from a control subject and a MR patient. Both
hearts had the same LVESD (37mm) and similar LVES length; however, the MR LV had
marked spherical remodeling demonstrated by the color coded circumferential curvature grid
from base to distal LV depicted by lesser circumferential curvature (red) in the MR and greater
circumferential curvature in the control (yellow). The LVESV of the MR heart was 85ml and
that of the normal heart was 49ml. Figure 3.1 (B) demonstrates LV remodeling in MR as

compared to control.
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Control

0

Figure 3.1 Description of MR LV remodeling
(A) Representative LV end-systolic (ES) with two chamber view (top row) and 3-dimensional
surface representations (bottom row) using color scales of LVES endocardial surface
circumferential curvature (1/mm) from a control subject and a MR patient; (B) Systematic
simulation of MR LV remodeling with respect to control. The MR heart has the same LVES
dimension and similar long axis length as control. However, there is lesser curvature from the
mid to distal LV segments represented by a dimmer red color in the MR patient vs. control
(brigher yellow color). These changes in the MR patient contribute to a more spherical LV
remodeling and a larger LVES volume. Blue dot: mid-septum; black triangle: apex.

Figure 3.2 demonstrates the relation between LVESV and LVESD in the MR (A) and
control groups (B). In the MR group, this relation was cubic (LVESV = (2+0.06xLVESD)’,
P<0.0001) whereas this relation was quadratic in controls (LVESV = (2.68+0.12xLVESD)?,
P<0.001). Of particular interest, LVESV calculated based on LVESD using the Bullet formula
demonstrated no significant difference from the measured LVESV by summing the serial short
axis images in controls. However, the Bullet formula significantly underestimated LVESV in the

MR group. This difference between the measured LVESV and the calculated LVESV in MR was

39



significantly negative-correlated with the 3D circumferential curvature at distal LV (p=-0.25,

P=0.01), as shown in Figure 3.2 (C).
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Figure 3.2 Correlation between LVESV and LVESD
The solid lines represent the fitted model for the LVESD vs. LVESV relation with 95%
confidence intervals (dash lines), which is cubic in MR patients (n=94) and quadratic in controls
(n =51). Data of calculated LVESV using the Bullet formula are shown as dark cyan points in
(A) and (B). The difference between the measured LVESV from summated short axis images
and calculated LVESV from Bullet formula in MR were plotted in (C) vs. LVES circumferential
curvature at distal LV with correlation analysis result.

3.3.3 Effect of LVESD on Baseline LV Geometry and Function
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All 94 MR patients were divided into two groups: 1) LVESD <37 mm, n=48 and 2)
LVESD >37mm, n=46. The cut-off LVESD of 37mm was selected corresponding to > mean + 1
standard deviation of LVESD of the control group; Moreover, the mean LVESD of MR was
equal to 37mm. Table 3.2 shows the comparisons between controls, and the two MR groups in
LVES length, volume, global and 2D apical sphericity. With LVESD < 37mm, there was no
increase in length; however, LVESV, LV global and 2D apical sphericity were significantly
higher than controls. With LVESD >37mm, LVESV was further increased while the apex
curvature remained similarly lower than controls; with no commensurate increase in LV length,

LV global sphericity was further increased.

Table 3.2 LV Geometry in MR patients with LVESD <37 mm and > 37 mm

MR
Control
(n=51) LVESD<37mm LVESD>37mm
(n=48) (n=46)

LVES length, cm 6.8140.86 6.7340.87 7.1440.697
LVES sphericity index 1.9540.26 1.8240.23* 1.6440.21%%
LVES volume index, ml/m’ 2546 3449* 48+13*+
2D LV apex curvature, 1/cmi 2.93+.13 1.8940.48* 1.84+1.54*

Values are mean3SD. *: P<0.05 MR patients with LVESD<37 mm vs. Controls, MR patients
with LVESD>37 mm vs. Controls; 1: P<0.05 MR patients with LVESD>37 mm vs. MR patients
with LVESD<37 mm; i: log transformation was performed.

Figure 3.3 demonstrates the differences in 3D LV geometry, and maximum shortening

from base, mid, and distal LV at ED and ES among controls, MR with LVESD< and >37mm.
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Figure 3.3 Comparisons of geometry and shortening in controls vs. MR
Three-dimensional LVED (left column) and LVES (right column) geometry with maximum
shortening in the controls (n=51) and MR patients (n=94) divided into those with LVESD <37
mm and LVESD >37 mm. These data demonstrate progressive global LVED and LVES
remodeling in both groups of MR patients compared to controls. However, LV maximum
shortening remains normal or even supra-normal in both MR groups. *: P<0.05 MR with
LVESD<37mm vs. Controls, MR with LVESD>37mm vs. Controls; : P<0.05 MR with
LVESD>37mm vs. MR patients with pre-operative LVESD<37 mm. Base, basal segment of the
heart; Mid, middle segment of the heart; Distal, distal apex segment of the heart.
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In the MR patients, LVED circumferential curvature decreased and R/T ratio increased
from base to distal LV vs. controls. These changes were more significant in MR ESD>37mm
than in MR ESD<37mm. In MR patients with LVESD >37mm, LVES circumferential curvature
was significantly lower at LV base (0.44+0.04), mid (0.47+0.05), and distal LV (0.59+0.08)
compared with MR ESD <37mm and controls (P<0.0001 for base, mid and distal LV). LVES
R/T ratio was significantly increased in MR ESD >37mm (1.86%0.4 at base, 2.03+0.4 at mid and
2.01+0.5 at distal LV) compared with both MR ESD <37mm (1.48+0.3 at base, 1.67+0.4 at mid
and 1.69+0.4 at distal LV, P<0.0001) and controls (1.64+0.4 at base, 1.61+0.4 at mid, 1.48+0.4
at distal LV, P<0.0001). However, in MR ESD<37mm, LVES R/T ratio did not differ from
control at all segments. There were no significant differences among all three groups in LV

maximum shortening strain after being adjusted for age and systolic BP.
3.3.4 LV Geometry and Function following MV repair

Table 3.3 shows the clinical characteristics of controls, pre-operative MR, and 12 months
post-operative MR patients. The mean age of the surgical MR group was significantly higher and
the percentage of females was significantly smaller in MR group vs. controls. Therefore,
comparisons of LV functional parameters among the groups were adjusted for an age effect.
Controls and surgical MR patients before and after surgery had matched BSA, heart rate, systolic
and diastolic BP. Before surgery, 20 patients were in New York Heart Association (NYHA)
functional class | (57%), 14 patients were in NYHA class Il (40%) and 1 patients were in NYHA

class 111 (3%).
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Table 3.3 Clinical characteristics of surgical patients with MV repair

Control _ :
(n=51) Pre-operative Post-operative
(n=35) (n=35)

Age, year 4444 53+1* 94+1*
% Female 53 20* 20*
Body surface area, m? 1.940.24 2.0040.24 1.9840.23
Heart rate, beats/min 67+2 71+1 69+10
Systolic BP, mm Hgj 118#43 124+5 12141
Diastolic BP, mm Hg 7540 7848 7640
LV ED volume index, ml/m?; 69410 112424* 80+18*7
LV ES volume index, ml/m?} 2547 45413* 38+14%+
LV SV volume index, ml/ m%; 444 67+16* 4248
LV EF, % 6447/ 61+7* 54£8*
LV ED dimension, mmj 4944 6047* 51£6* T
LV ES dimension, mmj 3244 3946* 36£7%F
LV ED mass index, g/m? 5040 67H14* 57£13*F
LV ED volume/mass, mi/g 1.4540.38 1.7040.35* 1.45+0.387
LV ES R/T ratiof 1.4840.40 1.8440.60* 1.7840.68*
Peak early filling rate, ml/sec} 378+110 6324270* 285+96*F

Values are n or meanSD. BP: blood pressure; R/T ratio: radius /wall thickness measured at

distal LV; *: P<0.05 pre-operative MR vs. Controls, post-operative MR vs. Controls; : P<0.05
post-operative MR vs. pre-operative MR; I: log transformation was performed.
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One year after the surgery, all but one patient were classified as NYHA class | while one
was NYHA class 1l. LVED dimension, LVEDV index, LV mass index were significantly
decreased post-operatively but remained greater than controls. LVEDV/mass returned to normal
control level. Similarly, LVESD and LVESV index decreased post-operation but remained
significantly greater than controls. Peak early filling rate was significantly increased prior to
surgery and returned to normal level after surgery. LVEF was decreased post-operatively

compared to both controls and pre-operative MR.
3.3.5 Recovery after Surgery in MR Patients with LVESD < and > 37 mm

The 35 surgical MR patients who underwent mitral valve repair were divided into two
groups based on pre-operative LVESD < or >37mm. Figures 4 and 5 demonstrate the recovery of
LV geometry after surgery at ED (Figure 4) and ES (Figure 5) in the MR patients. In MR with
pre-operative LVESD <37mm, LVED circumferential curvature was decreased prior to and
returned to normal after surgery. LVES circumferential curvature was decreased near distal LV
prior to and normalized after surgery. LVED R/T ratio was normal before and after surgery,
while LVES R/T ratio at base was significantly below normal but recovered after surgery. In MR
patients with LVESD>37mm, LVED and LVES circumferential curvatures were decreased prior
to and improved after surgery, but remained below normal at ES. In contrast, the LVED R/T
ratio returned to normal while LVES R/T ratio remained above controls after surgery.

Figure 6 shows the change in maximum shortening after surgery in the MR patients with LVESD
< and >37mm. Although in MR ESD<37mm, LVES R/T ratio did not differ from controls before
and after surgery, maximum shortening was significantly decreased from mid to distal LV after
surgery. In MR ESD>37mm, LVES maximum shortening was decreased at all levels after

surgery.
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Figure 3.4 Comparisons of geometry in controls vs. surgical MR at ED
Comparison of LV end-diastolic (ED) geometric remodeling in controls and in surgical MR
patients with pre-operative LVESD < and > 37mm before and after surgery demonstrate
progressive LV remodeling at ED in the two MR groups and their recovery after surgery. LVED
R/T ratio is normalized after surgery in both MR groups. Circumferential curvatures in MR
LVESD<37mm are normalized after surgery while in MR LVESD>37mm, circumferential
curvatures are increased yet not normalized. *: P<0.05 pre-operative MR vs. Controls, post-
operative MR vs. Controls; 1: P<0.05 post-operative MR vs. pre-operative MR.
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Figure 3.5 Comparisons of geometry in Controls vs. surgical MR at ES
Comparison of LV end-systolic (ES) geometric remodeling in controls and in surgical MR
patients with pre-operative LVESD < and > 37mm before and after surgery demonstrate
progressive LV remodeling at ES that is not normalized after surgery in the MR patients with
pre-operative LVESD >37mm, while it is normalized after surgery in MR patients with pre-
operative LVESD <37mnm. *: P<0.05 pre-operative MR vs. Controls, post-operative MR vs.
Controls; 1: P<0.05 post-operative MR vs. pre-operative MR.
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Figure 3.6 Comparisons of LVES maximum shortening in controls vs. surgical MR
Comparison of LV end-systolic (ES) maximum shortening in controls and in surgical MR
patients with pre-operative LVESD < and > 37mm before and after surgery demonstrate that
maximum shortening is decreased below normal in both groups of MR patients except that
LVES maximum shortening is preserved at the base in patients with pre-operative LVESD <37
mm. *: P<0.05 pre-operative MR vs. Controls, post-operative MR vs. Controls; 1: P<0.05 post-
operative MR vs. pre-operative MR.

3.3.6 Incidence of Post-operative LV Dysfunction

Table 3.4 shows that among the 35 surgical MR patients, 11 patients (31%) had post-
operative LV dysfunction (defined as LVEF<50%). Two of them had pre-operative LVESD
<37mm while night of them had pre-operative LVESD>37mm. The incidence of post-operative
LV dysfunction in MR ESD<37mm (14%) was lower than that in MR ESD>37mm (43%,
P=0.0616). There were ten surgical MR patients in LVESD range of 37 to 40mm and two of

them (20%) had post-operative LV dysfunction.
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Table 3.4 Stratification of pre-operative LVESD for post-operative LV dysfunction

Pre-operative LVESD

Post-operative

<37 mm >37 mm
Total, n 14 21
LVEF<50%, n 2 9
Incidence of LV dysfunction, % 14% 43%*

*: P =0.0616 MR patients with pre-operative LVESD >37mm vs. MR patients with pre-
operative LVESD <37mm;

3.3.7 Supplementary Analysis

Although all patients in the current study had LVEF>60% and most of them had
LVESD<40mm by referral echocardiography. However, using cMR based, 40% of patients have
an LVEF < 60%. Therefore, to further emphasize the idea of this paper, supplementary analysis

of patients that had cMR determined LVEF>60% are provided.
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Table 3.5 Clinical characteristics of surgical patients with mitral valve repair and cMR-derived
LVEF > 60% prior to surgery

MR
Control _ :
(n=51) Pre-operative Post-operative
(n=20) (n=20)

Age, year 4444 5448* 5548*
% Female 53 15* 15*
Body surface area, m? 1.940.24 2.0140.23 2.0110.21
Heart rate, beats/min 6712 6810 70+11
Systolic BP, mm Hg 118+13 125#3 124412
Diastolic BP, mm Hg 75410 7749 7949
LV ED volume index, ml/m? 6910 112424* 76147
LV ES volume index, ml/m? 2547 39+10* 33+9*f
LV SV volume index, ml/ m? 4447 73+16* 44+87
LV EF, % 64/ 6534 57+T7*%
LV ED dimension, mm 4944 5947* 49+5%
LV ES dimension, mm 32+ 3735 3447*
LV ED mass index, g/m? 5010 70+13* 56+117
LV ED volume/mass, ml/g 1.4540.38 1.6240.26 1.41+0.357
LV ES R/T ratio 1.4840.40 1.6540.54 1.7140.65
Peak early filling rate, ml/sec 378+110 686+273* 288491}

Values are n or mean#SD. BP: blood pressure; R/T ratio: radius /wall thickness measured at
distal LV; *: P<0.05 pre-operative MR vs. Controls, post-operative MR vs. Controls; 1: P<0.05
post-operative MR vs. pre-operative MR. Comparison results were adjusted for age.
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Figure 3.7 Comparisons of geometry in controls vs. surgical MR (LVEF>60%) at ED
Comparison of LV end-diastolic (ED) geometric remodeling in controls and in surgical MR
patients (patients with cMR-derived LVEF<60% prior to surgery are excluded) with pre-
operative LVESD < and > 37mm before and after surgery demonstrate progressive LV
remodeling at ED in the two MR groups and their recovery after surgery. LVED R/T ratio is
normalized after surgery in both MR groups. Circumferential curvatures in MR LVESD<37mm
are normalized after surgery while in MR LVESD>37mm, circumferential curvatures are
increased yet not normalized. *: P<0.05 pre-operative MR vs. Controls, post-operative MR vs.
Controls; 1: P<0.05 post-operative MR vs. pre-operative MR.
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Figure 3.8 Comparisons of geometry in controls vs. surgical MR (LVEF>60%) at ES
Comparison of LV end-systolic (ES) geometric remodeling in controls and in surgical MR
patients (patients with cMR-derived LVEF<60% prior to surgery are excluded) with pre-
operative LVESD < and > 37mm before and after surgery demonstrate progressive LV
remodeling at ES that is not normalized after surgery in the MR patients with pre-operative
LVESD > 37mm, while it is normalized after surgery in MR patients with pre-operative
LVESD<37mnm. *: P<0.05 pre-operative MR vs. Controls, post-operative MR vs. Controls; 7:
P<0.05 post-operative MR vs. pre-operative MR.
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Figure 3.9 Comparisons of maximum shortening in controls vs. surgical MR (LVEF>60%)
Comparison of LV end-systolic (ES) maximum shortening in controls and in surgical MR
patients (patients with cMR-derived LVEF<60% prior to surgery are excluded) with pre-
operative LVESD < and > 37mm before and after surgery demonstrate that maximum shortening
is decreased below normal in both groups of MR patients. Moreover, LVES maximum
shortening in patients with pre-operative LVESD >37 mm is significantly decreased post-
operatively vs. pre-operatively. *: P<0.05 pre-operative MR vs. Controls, post-operative MR vs.
Controls; 1: P<0.05 post-operative MR vs. pre-operative MR.

3.4 Discussion

A major finding of the current investigation is that LVESD, although commonly used to
assess the extent of LV remodeling in patients with isolated MR, does not accurately reflect the
extent of LV remodeling, largely due to spherical LV remodeling from mid to apical LV.
Furthermore, conservative management of patients with isolated MR based on standard
dimensions was associated with significant decrease in LVEF and maximum strain post MV
repair. In comparison to a group of control subjects with similar age range, the relation of
LVESD to LVESV is cubic in MR in contrast to a quadratic relation in controls, indicating a
greater increase in LVESV per unit of LVESD in MR as compared to controls. The Bullet
formula, which is commonly used to calculate LV volumes, significantly underestimates MR
LVESV based on the LVESD measured at the tips of the papillary muscles. The extra volume

can be attributed to the extensive LV mid-to-distal spherical remodeling, which is not accounted
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for in the Bullet formula. The importance of this finding is that while LVESD remains below the
accepted target of 40 mm for surgical intervention of isolated MR, its associated LVESV can
range as high as twice that of the normal controls. This finding therefore identifies a volumetric
parameter (LVESV) that more suitably characterizes overall LV remodeling in isolated MR.

The variance in LVESV in MR is attributed to LV mid to apical spherical remodeling that
is evident even in the patients with LVESD below 37mm; however, LVES R/T ratio remains
normal suggesting a more compensated hypertrophy in this group. It is of interest that even with
an increase in LVESV in the MR ESD >37mm group, there is not a commensurate LV
elongation, which is consistent with a more global spherical LV remodeling. This is also
associated with an increase in the LVES R/T ratio at all LV segments from base to distal LV, a
marker of increased wall stress. Despite this progression of adverse LV remodeling, maximum
shortening from the base to distal LV remains normal in both groups. This finding is in
agreement with the known favorable loading conditions of an increase in LV preload and
excessive adrenergic drive [63, 64] combined with a facilitation of ejection through a secondary
ejection pathway into left atrium in isolated MR.

In an attempt to determine the functional importance of these geometric changes in isolated
chronic MR, we evaluate LV geometry and function in 35 patients from this cohort before and
one year after mitral valve repair. All patients are within current echocardiographic guidelines
for mitral valve surgery for chronic MR. Nevertheless, LVEF are significantly decreased after
surgery, despite normalization of the LVEDV/mass ratio. It is important to note that the
decrease in LVEF and LV maximum strain from pre- to post-operative values persists in patients
with cMR-derived LVEF > 60% prior to mitral valve repair. The incidence of post-operative LV

dysfunction, defined as LVEF<50%, occurs in about 1/3™ of these patients. In particular, the
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incidence of post-operative LV dysfunction with LVESD>37mm is greater than that with
LVESD<37mm (P=0.0616). It is important to note that in MR patients with LVESD>37mm,
LVES R/T ratio remains ~30% above normal from mid to distal LV post-surgery. In addition,
LV maximum shortening is decreased below normal from base to distal LV after surgery.
Furthermore, in MR patients with LVESD<37 mm, the extent of spherical LV remodeling prior
to surgery is associated with a significant decrease in LV maximum shortening after surgery. We
have recently reported the finding of excessive cardiomyocyte oxidative stress, myofibrillar
degeneration, and lipofuscin accumulation, which collectively may result in irreversible
cardiomyocyte dysfunction in patients with pre-operative LVEF >60% [24]. Taken together, the
presence of adverse LV remodeling prior to MV surgery is associated with decreased maximal
shortening one year after surgery.

Dujardin et al. [65] have demonstrated an exponential correlation between LVESD and
LVESV using echocardiography, especially for enlarged ventricles. The current study utilizes
cMR with 3D analysis and determines that the relation between LVESV and LVESD is cubic in
MR and quadratic in controls. Apical spherical remodeling appears to occur prior to a significant
change being detected at the base. Thus, severely elevated LVES volume can occur prior to
LVES dimension reaching 40 mm. In support of a volumetric analysis in isolated MR, Ozdogan
et al. [66] and Cawley et al. [67] have also suggested that the use of a geometry independent
volume assessment using cMR is preferred for LVEF measurement in timing of surgery.

The current study is limited in that follow-up of patients is only one year in a small number
of patients. Previous reports in patients with aortic regurgitation and aortic stenosis demonstrate
that there is continued improvement for years following surgery [68, 69]. Despite a small sample

size, this represents a homogeneous population who do not have evidence of coronary artery
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disease by coronary angiography. All patients being referred for surgery had LVEF>60% and
almost all had LVESD <40mm by referral echocardiography studies and need for surgery was
based on conservative clinical judgment. Subsequent cMR and 3D analysis uncover some
patients with LVEF<60%, highlighting the need for a more comprehensive volumetric analysis
of LV remodeling. Finally, while we are convinced that the surrogate outcome of LVES volume
will be strongly related with the important clinical outcomes, it is clear this question can only be
addressed in a clinical trial testing the comparative effectiveness of LV dimensions versus cMR-
or 3D echo-derived LV volume on clinical outcomes.

The results of the current study uncover greater LV remodeling that contributes to higher
LVES volume and corresponds with decreased LV shortening strain after surgery, suggesting
that simple geometry-based assessments of volume may underestimate LV dysfunction in
isolated MR. The current investigation demonstrates the potential for high variability of spherical
remodeling from the LV mid to apex, beyond the conventional point of LVESD measurement,
that contributes to the increase of LVES volume. Importantly, this adverse LV remodeling prior
to surgery is associated with a reduction in maximum shortening. These results suggest that a
more detailed geometric LV analysis and volume-based assessment at ES provide a superior
evaluation of extent of LV remodeling and may serve as a better marker for optimal timing of
surgery in the patient with isolated MR in order to maximally preserve post-operative LV

function.
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CHAPTER 4 MYOCARDIAL SURFACE MODELING USING CINE CMR

4.1 Introduction

Measurements of cardiac geometry, such as volume and curvature, in response to volume
or pressure overload are significantly important for clinical decision making. The results of the
study of marathoners versus MR patients indicate that the geometry remodeling in the MR
patients, especially the apex remodeling, differs from that of geometry remodeling in the
Marathoners even though they both have similar elevated global end-systolic (ES) volume and
dimension measured at the tip of the papillary muscle. The results of the study of pre and post-
surgical MR patients also demonstrate the importance of three-dimensional (3D) volumetric
analysis in evaluating the remodeling and severity of MR patients.

Despite the promise of ctMR, approaches for quantifying cardiac geometry remain
problematic. When using myocardial surface models for measuring left ventricular (LV)
curvatures, which are typically based on cylindrical, spherical or prolate spheroidal coordinate
systems, difficulties occur due to the existence of a singularity at the apex of the LV. Also, these
surface models usually require a symmetry that is not applicable in the complex right ventricle
(RV). Additionally, systolic translocation of the RV atrio-ventricular annulus is greater than that
of the LV, resulting in unequal LV and RV stroke volumes (SV) calculated from simply
summing volumes of each short axis cMR slice multiplied by the slice thickness. In the results of
the study of marathoners versus MR patients, the SV measurements in the RV and LV did not

match (see Table 2.2).

57



Research on developing surface modeling has been reviewed comprehensively by Frangi et
al. [70]. These methods have been well developed and are rather mature in terms of providing
most parameters measurements needed in clinical use.

The prerequisite of myocardial surface modeling was the delimitation of the endocardial
and epicardial boundaries of the heart. A typical cine study had four groups with four typical
views, short axis, 2-chamber, 4-chamber and LVVOT. The group with short-axis view usually
contained 10 to13 slices, while the groups with 2-chamber, 4-chamber and LV outflow tract
(LVOT) views generally had one slice each. Typically, each slice had 20 timeframes, lasting for
a cardiac cycle. Therefore, there were about 320 images per cine study per subject. Manually
contouring all the images could be extremely tedious. Besides, the results of manual contouring
suffered from inter-user variability. As a result, there have been techniques devoted to automatic
segmentation in order to minimize the user interaction [71-80]. Petitjean et al. recently reviewed
the segmentation methods using cMR short-axis images [81]. However, there were a couple of
issues that prevent the pursuit of ideal automatic segmentation. First of all, the images could be
badly misregistered.

The cine ctMR acquisition used standard ECG-gated, breath-hold steady state free
precession technique. The subjects were required to hold their breath during an acquisition of 1
to 4 slices. The position of the heart might be slightly different after each breath hold, which
could cause the slices acquired during different breath-holds to be misregistered. Secondly,
image quality and noise might introduce error into the segmentation. Thirdly, there were
papillary muscles attaching to the ventricular wall near end-systole which should be included in
the endocardium contours. The papillary muscles were obvious at end-diastolic timeframe.

However, as the heart contracts, the papillary muscles merged into the heart wall. Therefore, it
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was difficult to distinguish them from the actual heart wall muscle. As a result, the endocardium
segmentation result could recognize the papillary muscles as a heart wall muscle and exclude
them in the contours.

In conclusion, to our best knowledge, there were no methods that have successfully solved
the above-mentioned problems and provided accurate automatic segmentation. Therefore, in this
research, contours from ED and ES were drawn manually, rather than automatically, and by
experts who had no knowledge of the subject's pathology. If time series analysis was required,
the contours at ED and ES were propagated to the rest of the time frames using the dual contour
propagation method [59] developed in-house, and surface modeling of the heart chambers were
applied to the 3D binary segmentations that were generated from the contours.

For the rest of this section, previous research on myocardium surface generation will be
reviewed. These methods can be mainly categorized into two types: coordinate-based surface

modeling and non-coordinate-based surface modeling.
411 Coordinate-Based Surface Modeling

It is well known that in normal humans and in most pathologies, the LV of the heart has a
regular shape which can be approximated with a spherical topology. Some surface modeling
techniques for the LV utilized this feature as the prerequisite information to construct the 3D
surface of the LV [82-86]. Bardinet et al.[82] fitted a superquadric model to a set of 3D contour
points and then utilized free-form deformation [87] to take local deformations into account. This
model was further extended for motion tracking [88]. Han et al.[83] employed a generalization
form of superquadric model, namely hyperquadric model to fit the 3D range data. Huang et al.
[84] proposed a new surface matching technique for spherical harmonic model which employed

the rotational properties of the spherical harmonic basis function to establish the correspondence
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between surfaces. Abdallah et al. [85] also reconstructed the LV surface based on spherical
harmonic model using SPECT image data. A triangulated surface was first constructed from
segmented image data and uniformly parameterized [89, 90]. Then a rotation invariant 3D shape
descriptor was extracted using abstract harmonic analysis and shift theorem [91-93]. The
problem with superquadrics was their doubly symmetric crossing [86] which could limit their
ability to represent an irregular shape family. Coppini et al. [94] modeled the LV as a closed thin
elastic surface and the sparse contour data as a set of radial springs bouncing on the surface. The
surface constructing process embedded the knowledge of spherical topological shape of the LV
in the neural network implementation.

Rather than utilizing spherical topology, general cylinder and prolate spheroidal coordinate
based models have also been developed. Goshtasby et al. [95] utilized a generalized cylinder to
fit to the 3D data points which were obtained from intensity threshold based auto-segmentation.
Hunter et al. [96] first introduced the use of a prolate spheroidal coordinate system for cardiac
image segmentation. They further utilized this coordinate system to describe the geometry of the
heart [97] and constructed a finite element model [98] with prolate spheroidal coordinates to
describe the mechanical and electrical behavior of the heart. Vallet et al [99] was motivated by
this work and developed a new formulation for segmentation using 3D cardiac echocardiography
images. Young et al. [100] fitted a finite-element model to data obtained from biplane coronary
cine angiograms to construct an epicardial surface. Bicubic hermite basis functions were
employed to interpolate the prolate spheroidal geometric parameters.

Matheny et al. [101] performed a comparison among different harmonic functions, such as

prolate spheroidal, oblate spheroidal, and cylindrical harmonics, on how well they represented
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different geometries. They concluded that the four-dimensional spherical harmonics function
best fitted the LV of the heart.

Rather than utilizing different harmonic functions, Staib et al. [86] proposed a parametric
Fourier model of the surface which was a uniform shape representation that described the entire
shape. The surface was further deformed to a particular shape of interest by applying the
probability distribution model to the parameters of the representation. A similar Fourier
descriptor was described by Tello et al. [102]. Stalidis et al. [103] further employed the Fourier
decomposition and wavelet decomposition to construct a deformable spatiotemporal parametric

model.
4.1.2 Non-Coordinated-Based Modeling

Compared to surface modeling methods that implemented the prior knowledge of
anatomical shape, surface modeling techniques that did not use polar coordinate systems nor
assume a regular, spherical shape of the heart are attractive to our research problem. These
methods did not try to construct a parametric description of the surface. Instead, they constructed
the surface simply from the planar contours, a set of arbitrary 3D contour points, or binary
segmented image data.

A number of different mesh generation methods have been developed [104, 105] with
advantages and disadvantages. Connecting contour methods [106, 107] used consecutive slices
with triangles. However, triangulation from planar contours usually suffered from branching,
tiling, or corresponding problems [108]. Marching cubes [109] used a logical cube created from
eight pixels between two consecutive slices. By moving the logical cube, the surface of an object
was located. The interaction between the segmented images and the cube generated an index

which corresponded to a triangulated cube listed in the pre-calculated table as shown in Figure
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4.1 [109]. The normal of the triangles were calculated by linear interpolating the normal of the
eight cube vertexes which were obtained using central differences. Gouraud sharing was used to
render the surface. The results were verified using CT, MR images and SPECT images.

0 1 [ 2

Figure 4.1 Triangulated cubes for marching cubes algorithm
Figure source [109]

The problem with using marching cubes in cMR was that the voxels in cMR were strongly
anisotropic. The in-plane resolution of the image was typical 1.5 mm while the out-of-plane
resolution (slice thickness) was usually 8 mm, a few times lower than in-plane resolution.
Without additional processing, the generated mesh would suffer evident terracing artifacts.
Figure 4.2 illustrates the terracing effects by generating the triangulated surface of a RV using

marching cubes. Additional processing to improve the triangulation included reducing the
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number of triangles [110], further improving the marching cubes by developing a marching
triangle [111], or performing triangle simplification [112]. Other mesh quality improvement
methods, such as smoothing, optimization or decimation have been employed along with

marching cubes [113].

&

Figure 4.2 lllustration of the terracing effects by marching cubes
Blue square: RV free wall; blue triangle: RV apex

The marching cubes algorithm was modified to better fit myocardium surfaces. Lotjonen et
al. [114] modified the marching cubes algorithm by first generating a surface topology using
marching cubes, then searching the Voronoi polygons [115] for triangle nodes on the surface. In
the end, the triangulation was completed by connecting the neighboring VVoronoi areas. Peiro et
al. [116] built an implicit surface using a radial basis function [117] then used the marching
cubes algorithm to triangulate the surface. The quality of the triangulated mesh was further
improved by standard mesh modification techniques through curvature adaption [118]. Gibson
[119] proposed the surface net concept to deal with terracing artifacts. In this method, the surface

net was first created using marching cubes, then the surface nodes were relaxed to reduce an
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energy measure in the links; however, the nodes were constrained within its original surface cube
to ensure a faithful topology. The energy function was defined as the sum of the squared lengths
of all the links in the surface net. A smoothed surface net was then triangulated, and a distance
map was generated by calculating the distance of the pixels to their nearest triangles. Although
this method was meant for solving the terracing problem in generating meshes from binary-
segmented data, the problem still persisted.

Skrinjar et al. [120] proposed a mesh generation technique using cardiac MR short axis
images by mapping a pre-meshed sphere with close-to-equilateral triangles to the surface of the
segmented object using the gradient field of solution of the Laplace’s equation between the
sphere and the boundary of the object. A stopping function for the mapping was defined using a
pseudo-thin plate spline model [121]. The result was compared to the surface generated by
marching cubes [109]. The comparison result showed that the average in-slice distance between
the meshes generated by the two methods were very close while the surface generated by
Skrinjar was much smoother. The advantage of this method was that it did not assume a regular,
spherical shape of the heart and it could be applied to objects with any shape. Moreover, this
method significantly reduced the terracing problems that could be caused by the short axis cMR
images. However, generating a triangulated mesh of a myocardial surface using Skrinjar’s
method could take more than two hours. Therefore, this method was too time-consuming for
clinical use and many research applications. Furthermore, it was difficult to control the
smoothness of the generated surface to balance the need for fitting the contours versus the need

for generating a smoothly-varying heart surface.

4.1.3 Conclusion
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Surface generation techniques from segmented image data have been well explored. For
those techniques that constructed the surfaces with prior knowledge of the anatomical shape
using a non-Cartesian coordinate system, the surfaces were usually represented parametrically
such as using harmonic functions, Fourier descriptor, etc. The shapes were usually obtained
through minimizing an energy cost function which was composed of an internal regularization
term and an external attraction potential, in an iterative manner. The advantage of these
parametric models was that the essential information of the object could be represented in a
compact form. However, the regular and symmetric property of the model could limit its ability
to model irregular shapes, such as the RV. The RV was especially different from the LV in terms
of its cardiac function and shape. The RV was more of a crescent shape which is neither
symmetric nor regular. As a result, these techniques which assumed the ellipsoidal shape of the
chamber would fail to precisely model the RV. In addition, according to our observations and
experience, the use of 3D non-Cartesian coordinate systems to model the surface usually resulted
in a singularity at the apex of the model, which prevented the concise measurements at the apex.
And measurement of the apex remodeling was clinically important for certain heart diseases as
described in Chapters 2 and 3. Moreover, it was difficult to determine how many control points
are sufficient in the final model using these techniques.

A category of surface modeling techniques to construct a triangulated surface mesh was
also reviewed. Contour-based triangulation suffered from tiling and terracing problems even
after an optimization procedure was applied. Also, the position of the triangles could not be
determined arbitrarily. Even though topologically and geometrically corrected triangulation
methods could ease this problem, due to the high gap between in-plane resolution and out-of-

plane resolution in cMR images, terracing was still a problem for most techniques.
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4.2 Motivation

In order to generate surfaces for myocardium without the concerns of singularities and
asymmetric shapes, the triangulated mesh model proposed by Skrinjar et al [120], which can
model irregular shapes, can be utilized. The idea of the triangulated mesh model was to map a
pre-meshed sphere with close-to-equilateral triangles to the surface of the segmented object
using the gradient field of solution of the Laplace’s equation between the sphere and the
boundary of the object. The advantage of this method was that it does not assume a regular,
spherical shape of the heart and it could be applied to objects with any shape. Therefore, this
method could be utilized to model the surfaces of both the LV and RV. However, generating a
triangulated mesh of a myocardial surface using the Skrinjar’s method could take over two hours
depending on the user-defined parameters. Therefore, this method was too time-consuming to
fulfill a real-time surface generation task. Furthermore, using Skrinjar’s method, it was difficult
to control the surface smoothness, which was a problem when there were contour mis-
registration errors.

In order to resolve the efficiency problem of Skrinjar’s method, the famous statistical
deformable model, active shape model (ASM), was utilized as a post processing technique. Since
ASM was applied on triangulated meshes in this study, we called it active mesh model (AMM).
Since Skrinjar’s method could generate myocardial meshes that were consistent from subject to
subject, this makes it particularly well suited for AMM. By utilizing AMM, Skrinjar’s method
only needed to run on a small set of training subjects, as opposed to every subject. A new mesh
out of the training set was generated using AMM in less than 20 seconds. Moreover, utilizing
AMM could help reduce inter-user variability and manual contour errors by controlling the

deformed new mesh within the constraints of the training set. Since the RV wall was much
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thinner compared with the LV wall and having a more complex shape, the determination of the
RV wall was usually difficult and subjective [122]. Moreover, the atrio-ventricular margin of the
ventricle was hard to determine, which made the selection of basal slice for the RV uncertain.

Figure 4.3 illustrates the orientation of the basal RV in relation to the LV.

Pulmonary trunk
Pulmonary valve

Superior vena cava Left
pulmonary

artery

Left

Left atrium
Aortic valve

Mitral valve

Tricuspid valve —

Right ventricle ~| Left ventricle

Inferior vena cava

Interventricular
septum
Descending aorta

Figure 4.3 lllustration of the interior heart with RVOT highlighted
Yellow shadow: region of RVOT; Red line: orientation of the short axis slice; RVOT: right
ventricle outflow tract.

The RV outflow tract (RVOT) as shown in yellow was part of the RV and the accuracy in
contouring RVOT affected the resulting RV volume largely. However, the orientation of the RV
outflow tract (RVOT) as shown in yellow was different from the conventional orientation of the
LV short axis slices as shown in a red line. Therefore, it was difficult to outline the RVOT in the
short axis view. If the contours of the subjects in the training set were accurately performed by

cardiologists and double checked by peers, the constraints would help ensure the precise

construction of the RV surface.
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Therefore, in this study, we utilize a modification of Skrinjar’s method and AMM to

achieve the following main goals: 1) to fit a smooth surface for both LV and RV, including the

LV apex and RV base; 2) to accomplish real-time surface generation with significant

computational efficiency; 3) to derive clinical useful parameters for LV and RV based on the

constructed meshes.

The major contribution of this work includes:

Three dimensional distance maps are constructed from the short axis contours and
long axis contours independently and merged together to construct an isotropic binary
segmentation which provides complete information of the ventricle, including the base
and the apex.

A new smoothing function is embedded to Skinjar’s method to improve control over
the triangulated surface smoothness.

To better utilize the advantage of AMM and limit the effect caused by the small
sample size in the training set, the point distribution models are constructed separately
for different ventricles (LV/RV) with different pathology (such as normal or mitral
regurgitation).

To construct the point distribution model, mesh vertex correspondence in the training
set is predefined on the sphere before the generation of the meshes. The generated
meshes are further aligned to construct the mean mesh.

The proposed model is applied to three groups of subjects, including normal subjects,
mitral regurgitation (MR) patients and pulmonary hypertension (PH) patients. Cardiac
geometric and functional parameters are derived from the generated meshes and the

model is validated in various ways.
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The rest of this chapter is organized as follows. Skrinjar’s method is reviewed in detail in
Section 4.3, followed by the review of research in statistical deformable models in Section 4.4.
In Section 4.5, the proposed biventricular active mesh model is described in detail. It is followed

by experimental results in Section 4.6, discussion in Section 4.7 and conclusions in Section 4.8.

4.3 Skrinjar’s Method
Skrinjar’s method mapped vertex points from a sphere, which could be perfectly
tessellated with equilateral triangles, to any surface that was topologically equivalent to a sphere.

The procedure of Skrinjar’s Method is summarized in Figure 4.4 [120] using a 2D example.

Figure 4.4 Summery of Skrinjar’s Method[120]

A stack of short axis images (usually 12-17 parallel slices with 256>256 pixels, 1.4 mm in-
plane resolution and 8.0 mm out-of-plane resolution) were first segmented manually (Figure
4.4(b)). Then an anisotropic 3D segmentation was constructed from the slice segmentations. A
pre-triangulated sphere [123, 124] was generated centered at the segmentation with a radius of R

equal to the maximum distance from the center to the boundary of the 3D segmentation. The
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boundary points (rp, b=1,...,B) were identified as the midpoint between two neighboring voxels
with different labels (i.e. one voxel is in the object and one is not).
The mapping of points from the sphere to the object was governed by the Laplace’s
equation,
Au=20 4.2)
which was solved on the domain between the sphere and the surface of the object. u was equal to
0 on the sphere and was equal to 1 on the object surface. Points on the sphere were mapped to

the object surface along the gradient of u,

dr(t
d(t) = Vu(r(t)) (4.2)
The solution to Equation 4.1 was
M
u() = D fo () @3
m=1
where s;m, m =1, ... ,M, were the locations of M singularities (defined below) and ¢y, m=1,...,M

were the corresponding coefficients (defined below) and f; (r) was defined as,

1 R
Js(r) = JIr|2 =2|r||s| + |s|? - JIs|2|r|2 — 2R2|r||s| + R* (4.4)
which satisfied the following:
Hmfs(r) = e (45)
fs(@)|jrj=r =0 (4.6)
Af,=0 (4.7)

The gradient of f; was then derived as
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dfs s—r

Vfi=—=
fs = ar = (e = 2irlisl + SOFP

(4.8)
R(|s|?’r — R?s)

(Is|?[r|? — 2R?|r||s| + R*)3/2

The M singularity points were defined by first uniformly distributing the M points on the
sphere. In order to locate the M singularities within the object, a regular-shape, discrete lattice
was defined to enclose the sphere. The segmentation was resampled on the regular-shaped lattice
to obtain an isotropic segmentation. The isotropic segmentation was then eroded twice. The
domain on the lattice between the sphere and the eroded segmentation was defined as Qeroded-
The Laplace’s equation was then solved numerically on Qerogeq- This solution was defined as
Ugiscrete- The M points on the sphere were then propagated from the sphere to the eroded
segmentation along the gradient of Ugiscrete USiNg the fourth-order Runge-Kutta method [125]. This
procedure is illustrated in Figure 4.4(c, d, and e).

The coefficient ¢, in Equation 4.3 was solved as a constant, ¢, to avoid negative

coefficients for the singularities. The value of ¢ was obtained by solving the following equation,

a0
i 0 (4.9
where O was defined as 0 = %Zl€=1[u(rb) — 1]%, which led to the close form solution of c,
Zp=1dp
=S & (4.10)

where d, = YM_, £ (1p).

Ideally, the propagation should stop at u(r(t)) = 1. However, since the object was defined
by a discrete, 3D segmentation and u was a continuous function defined on a continuous domain,
the propagation was instead stopped as u(r(t)) reached a value defined by a stopping function

which was represented by a pseudo-thin plate spline model S [121],
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SB) = o+ ) By 8, b=1..8 (411)

where P, was the unit vector of a point on the sphere corresponding to the boundary point r; on
the object and was obtained by propagating the boundary point r,, from the object to the sphere
along -Vu (see Figure 4.4 (f)). K was the user-defined number of control points. q; was the unit
vector of the control point on the sphere (as shown in blue dots in Figure 4.4 (g)). ¥ was defined
in [121] with m=2. The coefficients ay, ..., ax were determined by minimizing

>B_[S(Pp) — u(ry)]?, which led to the close form solution of a, ..., ag,

Qo u(r,)
lall = (GT6)" 16T Iu(fz) (4.12)
ax u(rg)
where G was
1 1/’(ﬁ1 'ql) 1/’(ﬁ1 ) qK)
G = 1 lp(/p\zz ) ﬁ1) lp(ﬁl q\K) (4.13)

1 YPp- @) - ¥(Ps- @)

Finally, V vertices were uniformly distributed on the sphere. For any vertex on the sphere v,
the vertex was propagated to the object using Equation 4.2 and stopped when u(r(t)) = S(v/|v|)
as shown in Figure 4.4 (g).The 2D version of the generated mesh is shown in Figure 4.4 (h).

The steps of Skrinjar’s method are now summarized as follows:

1. Preprocessing

a. Segment the object in each short axis slice;
b. Construct an anisotropic 3D segmentation from the slice segmentations;
c. Identify boundary points r,, b=1,..., B;

d. Construct a sphere that surrounds the anisotropic 3D segmentation.
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2. Define singularity points

3.

4.

5.

a. Define a discrete, regularly-shaped lattice that encloses the sphere;

b. Resample the segmentation on the regularly-shaped lattice;

c. Erode the segmentation twice;

d. Define Qerodeq @S the points on the lattice that are inside the sphere but not in the
eroded segmentation;

e. Numerically solve the Laplace’s equation on Qerogeq; Call this solution Ugiscrete;

f. Choose M (the number of singularity points);

g. Define M uniformly-distributed points on the sphere;

h. Propagate the M points from the sphere to the eroded segmentation in the direction
of ugiscrete; Call the points on the eroded segmentation the singularity points sp.

Analytically solve the Laplace’s equation

a. Compute c using Equation 4.10;

b. Define u using c and sp.

Define the stopping function S

a. Propagate each boundary point (rp) to the sphere in the direction of —u; Label the
resulting points on the sphere as p,, compute their unit vectors p,;

b. Choose K (the number of control points);

c. Define K uniformly-distributed points on the sphere, and compute the control point
unit vectors q, k=1,...,K;

d. Compute the coefficients «y, ..., ag using Equation 4.12.

Mesh the segmentation

a. Choose V (the number of mesh vertices);
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b. Define V uniformly-distributed points on the sphere; Label these points on the
sphere as v;
c. Propagate the vertex points, v, from the sphere to the surface using Equation 4.2;

d. Stop when u(r(t)) = S(v/|v]).

4.4  Statistical Deformable Model
In this section, we review the literature on active shape models (ASM) and an overview of

how they work.
441 Previous Research

Statistical deformable models have been developed for myocardium segmentation
purposes [70]. The most famous methods among them are active shape model (ASM) [78] and
active appearance model (AAM) [79]. ASM utilized a point distribution model (PDM) to search
for image border. Representative points (such as boundary points) of the images in the training
set were first labeled. All shapes were then aligned using a modification of the Procrustes
analysis [126] until the mean shape converged. PDM of the training set was defined as the mean
shape and a weighted sum of the first user-defined t modes of the eigenvectors computed from
the covariance matrix from the point-to-point correspondence using principle component
analysis (PCA) [127]. The weight parameter vector, b, was limited to be within three standard
deviation of the mean. By varying b, the variability in the training set could be captured. These
constraints were then applied in ASM for image searching. The assumption of using PCA was
that the cloud of data points in the training set was close to an ellipsoidal shape. This assumption
could be less restrictive if the sample size was large [127].

Many algorithms have been utilized to modify ASM for image searching [128]. Instead of
using PCA, an independent component analysis (ICA)-based statistical shape model was
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proposed [129]. Both PCA and ICA had their applications and strengths [130]. Also AAM
improved ASM in terms of taking the gray level variation into consideration which was good at
modeling appearance. This model was useful for tracking and image recognition [131].

Besides ASM and AAM, other techniques for modeling spatial variability have been
developed. Parametric Gaussian shaped distribution [132] modeled the distribution of the
landmark points using a parametric distribution function while non-parametric spatial landmark
probability distributions [133] modeled their distribution using a nonparametric function.

Moreover, probabilistic atlas [134] built a spatial probability distribution function.
4.4.2 Active Shape Model (ASM)

Given a set of N training shapes, m; was a vector denoting the V boundary points of the ith
shape in the set mi=[Xio: Yio: Zio: Xi1: Yi1: Zi1: .. Xiv-1: Yiv-1: Ziv-1], 1I=1,...N. These shapes were aligned

using the Procrustes analysis. Then the mean shape m of the training set was defined as

N
1
== m, (4.14)
i=1
And the point distribution model (PDM) describing the variance of the training set was
defined as
m = m + ®b (4.15)
where @ was a matrix containing the first t eigenvectors calculated by PCA over the covariance
matrix § = % N .(m; —m)(m; —m)T. The vectors in ® were mutually orthogonal and of unit
length. The first t eigenvectors were corresponding to the first t eigenvalues A, > 1, = - > A;. t

Ay +Ag -+

was selected such that X 100% = p. The total information in the covariance matrix

was represented by A, while the user-defined p was the percentage of information contained in
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the first t eigenvectors. p was selected such that & contained the most information with the least
number of eigenvectors. The shape parameter vector, b, controlled the variation of the new shape.

The value of b was defined within certain limit such that the resulting shape was consistent with

the training set. In general, by could be defined as |by| < 1-3\/1_ , Where 1, was the kth
eigenvalue.

ASM utilized PDM in Equation 4.15 to generate new mesh out of the training set by
adjusting the vertices along the gradient of the potential image and updating the parameters b

within the allowable limit.

4.5 Proposed Biventricular Active Mesh Model

In this section, a novel active mesh generation technique is proposed. An overview of the
proposed method is shown in Figure 4.5. First of all, a set of training subjects is randomly
selected. Then a 3D segmentation is generated from the contours of both short axis and long axis
for each subject. Thirdly, a triangulated mesh is constructed by adapting Skrinjar’s surface
generation technique (Skrinjar’s Method) and implementing it with additional improvement
using a new smoothing function. Fourthly, a point distribution model (PDM) is constructed
based on the training meshes. Finally, new test subjects are randomly selected and a biventricular

active mesh model is applied to deform PDM to fit each of the test subjects.
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Randomly select a training set

v

Manually contour all images of each subject

v

Construct an isotropic 3D segmentation with
SA and LA for each subject

v

Align all 3D segmentations based on their
landmarks

v

Construct triangulated meshes

v

Mesh smoothing

v

Align all meshes in the training set

v

Construct Point Distribution Model

v

Generate new mesh using Active Mesh Model

Figure 4.5 Biventricular active mesh model generation procedure
In Section 4.5.1, the procedure of generating the triangulated mesh on the LV of a normal
subject is given. In Section 4.5.2, the procedure of generating the active mesh model based on
the normal training set is described. In Section 4.5.3, cardiac geometric and functional analyses

using the generated meshes are described.
45.1 Triangulated Mesh Generation and Smoothing

A training set with N normal subjects is randomly selected. LV contours on the ED and ES
timeframes are drawn by experts using an in-house semi-automatic contouring tool with closed
B-splines.

77



4.5.1.1 3D Isotropic Binary Segmentation

To construct a triangulated mesh with minimum terracing and maximum gray level
information in the apex, a 3D isotropic binary segmentation is constructed utilizing both short
axis and long axis contours.

Given a study with 10-13 parallel short axis contours, one long axis contour with 4
chamber view, one long axis contour with 2 chamber view, and one long axis contour with LV
outflow tract (LVOT) view, a bounding box is first computed based on all contours. Then for the
parallel short axis contours, a 2D distance map is computed for each slice based on the Euclidean
distance of the pixels to the contour. The distance of the pixels inside the contour is defined
negative while the distance of the pixels outside the contour is defined positive. Linear
interpolation is then performed on all 2D distance maps to obtain a 3D short axis distance map
within the bounding box.

For long axis contours, a 2D distance map is also computed for each slice. The intersection
line between the 4 chamber long axis contour and the 2 chamber long axis contour is selected as
the center axis. As illustrated in Figure 4.6, for any point, ¢, within the bounding box, a rotation
axis going through c, perpendicular to the center axis is made. By rotating the rotation axis to c’s
nearest image slices (Slice A and Slice B), angular interpolation is performed to determine the

distance of c, d(c),
d(c) = %bd(a) + %“d(b) (4.16)

where 8 = 6, + 6,.d (a) and d (b) are the distance of pixels a and b defined in their 2D images.
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Vertical view of
the center axis

: C
Slice A Slice B

Figure 4.6 2D illustration of the angular interpolation
c is a random point within the bounding box. Slice A and B are the nearest neighbors of point c.
Green line is the rotation axis. Point a and b are the projections of point ¢ onto slice A and B by
rotating the rotation axis on the center axis.
Both long axis and short axis 3D distance maps are merged based on a minimum distance.
Finally a 3D binary segmentation is obtained by a certain distance threshold. The generated 3D

segmentation is not only isotropic but also contains the information of apex. Figure 4.7 shows

examples of a LV and a RV 3D segmentation.

LV 3D Segmentation RV 3D Segmentation

Figure 4.7 A typical LV and RV epicardium 3D segmentations

For studies that only have three slices with long-axis view, there are usually only two long-
axis slices with RV view, i.e. the slice with the 4 chamber view (black block) and the slice with
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LVOT view (gray block) as shown in Figure 4.8. Since RV is not of symmetric regular shape
and the rotation axis is not going through the center of RV, only points in between the two slices
with RV view can be accurately interpolated using angular interpolation. The rest of the points in

the bounding box cannot be interpolated correctly.

Rotation axis

Figure 4.8 lllustration of the intersection between 4CH view slice and LVOT slice
Black slice: long axis with 4Chamber view; Gray slice: long axis with LVOT view. Contours
within the slices represent the RV.

Therefore, the 3D segmentations of RV for these studies are generated using only short
axis contours. However, if the short axis contours do not cover the RV all the way to the RV
apex, the information at RV apex will be missing. To complete the 3D RV segmentation with
RV apex, one extra contour is added to the RV apex landmark and parallel to the existing short
axis contours. The RV apex landmark is defined on the long axis slice with 4 chamber view.
Take the short axis contour that is closest to the RV apex landmark and shrink the contour
towards its center to one third of its original size. Transform the contour and RV apex landmark

from their image coordinates to fitting coordinates in which the short axis contours are

perpendicular to the z axis. Then move the contour along the z axis to where the RV apex
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landmark is located. Figure 4.9 shows a result of this process. The 3D segmentation of the RV is

generated based on this new set of contours.

.60 p—
-70 —
-80 — +
90 ~
-100 —
-110
-120 —
-130 —
-140 —
-150 — -

-160 NW
80 60 20 40

40 20 0 o 40 20 0

Figure 4.9 Result of adding extra RV short axis contour
*: RV inferior insertion; @ : RV anterior insertion; ®: Mid septum; ®: RV apex; green lines:
original RV short axis contours; red line: extra RV contour

4.5.1.2 Smoothing Function

The advantage of Skrinjar’s method was that it generates high-quality triangles. As a result,
the terracing problem in the generated surfaces of cMR images with anisotropic pixel resolution
was reduced. In our research, this method is adapted and implemented with some improvements.
The surface generation procedure is applied to isotropic 3D image segmentations to further
reduce terracing effects. Also, in order to account for the smooth and continuous property of the
heart surface, a surface smoothing function is proposed utilizing the angles between the surface
normals.

According to Skrinjar’s method, the vertices are mapped from the sphere to the object

based on a stopping function S (Equation 4.11). Since the heart’s surface is smooth and uniform
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in texture, it is very important to map the vertices to the object with smooth surface curvature.
The smoothness of the surface can be detected by the dramatic change of the surface normals on
each vertex. As a result, a smoothing function for the mapping is proposed which incorporates
the surface normal,

E = Epoundary + YEcurv (4.17)
where the Ep,oyunaary represents the mapping error between the vertices to the boundary
approximated by the stopping function S. The E_,,, term controls the smoothness of the surface.
The tuning parameter, y, controls the impact of the E_,,,,, term. The value of y is studied and the
result is presented in Section 4.6.2.2.

Epoundary 1S defined as follows:

14
1 —
Eboundary = Vznu(rv(t)) - S(I‘U(O))Hz (4-18)
v=1

where V is the number of vertices on the sphere.

E . 15 defined as follows,

%4 L
1 1
Ecyry = szzl <(Z;(1 —-—n,: nl)) (4-19)

where n,, is the unit vector of the normal of the vth vertex and n; is the unit vector of the
normal of Ith vertex in the one-ring neighborhood of the vth vertex as shown in Figure 4.10. L is
the number of vertex in the one-ring neighborhood of vth vertex. The normal of a vertex is
calculated as the weighted sum of the unit normal of the triangles in its one-ring neighborhood as
shown in Figure 4.10, assuming L=5. The weights are commonly suggested to be equal to the
inverse of the distance from the vertex to its neighborhood triangle centers, respectively [135].

The normal of the vth vertex is then calculated as
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L
Xi=1winy

S b 4.20
| Xi, wn |l (4.20)

n,

% and % are the normalization terms that normalize the smoothing function such that it is

independent from the number of vertex.

Figure 4.10 lllustration of the one ring neighborhood of a vertex v

Thus, the propagation of the vertices will be along the gradient of u and will stop when the

smoothing function E is minimized.
4.5.2 Active Mesh Model (AMM)

In our research, the active mesh model (AMM) is an adaption and implementation of ASM
on triangulated meshes. The correspondence of vertices among the training meshes are
predefined on the sphere before the generation of triangulated meshes. The generated training
meshes are further aligned to construct the point distribution model (PDM). The 3D
segmentation of a new subject in the test set is generated and AMM utilizing PDM is then
applied to search for the boundary of the 3D segmentation with the constraints of the shapes of

training samples.
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4.5.2.1 Point Distribution Model Generation

To generate a PDM from a training set, a mesh is generated for each subject in the training
set and aligned with meshes from other subjects so the PDM only characterizes differences in
shape and not differences in position and orientation. The quantities m and & defined in Section
4.4.2 are then computed from the aligned meshes. This alignment procedure consists of two steps.
First, the landmarks and contour points for each subject are aligned to a common coordinate
system. This alignment step is called pre-alignment. A segmentation and mesh is then generated
for each subject using the procedure in Section 4.5.1. Each mesh is then aligned a second time to
a common coordinate system (called post-alignment) and the quantities m and & are computed.

Details of these steps are described below.

4.5.2.1.1 Pre-Alignment and Segmentation

For each training subject, four landmarks, anterior RV insertion, inferior RV insertion,
mid-septum and LV apex are allocated. All landmarks and contour points are transformed from
the scanner coordinates to a coordinate system (called fitting coordinates) with the z coordinate
running from apex to base and the x coordinate running through the anterior RV insertion into
the LV wall.

Let L; be a 4 by 3 matrix describing the four landmarks of the ith subject in the set in
fitting coordinates. Each row contains the coordinates of a landmark. The mean landmark matrix

L is calculated as the mean of all landmark matrices L;,i = 1,,,, N in the set. L; is then aligned

= . . . 2
to L by the rotation matrix R; and the translation vector o; such that \/i YR —0p) = T ||

is minimized. R; and o; are calculated using Kabsch algorithm [136]. 1;; is the jth row of the ith

landmark matrix L and 1; is the jth row of L. Let this new coordinates be the aligning
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coordinates. Define P; as the number of contour points of the ith subject in the training set, and
define P; as a P; by 3 matrix containing the contour points in fitting coordinates. Each row of
P; contains the coordinates of a contour point. P; is then transformed to the aligning coordinates
by the same rotation and translation used to align the landmark points. i.e. P; = (R;(P] — 0,))7,
where O; = [0;,0;, ..., 0;], @ 3 by P; matrix. The 3D segmentation of the ith subject is then
constructed (Section 4.5.1.1) based on the contours in the aligning coordinates P;.

It is important to note that the above transformation is a rigid body transformation. The
contour points and the resulting 3D segmentation of each subject are not scaled or deformed. The
purpose of this procedure is to align the segmentations that are used to generate meshes, such

that the generated meshes are consistent from subject to subject with matching vertices.

4.5.2.1.2 Mesh Generation and Post-Alignment

A sphere with unit radius is nearly uniformly sampled with V user-defined vertices using
the algorithm in [123, 124]. The triangulation on the sphere is constructed using Delaunay
triangulation [137]. This unique pre-triangulated sphere is then used for all aligned
segmentations with various radiuses equal to the maximum distance from the center to the
boundary of the 3D segmentations to generate the triangulated surfaces. Therefore, the generated
triangulated meshes are pre-aligned with matching vertices v; to vy, .

As all triangulated meshes are generated for the training set, these meshes are aligned to
each other using Procrustes analysis. The quantities m and & are calculated according the
Section 4.4.2. p is selected such that @ contains the most information with the least number of
eigenvectors. In our study, p = 98%. The PDM of this training set is then defined as m = m +

®b.
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4.5.2.2 Active Mesh Model-Deformation of PDM to a New Object

Having generating the flexible PDM, we deform the PDM to fit a subject not in the
training set. LV endocardium contours on the ED and ES timeframes are drawn using the semi-
automatic contouring tool with closed B-splines developed in-house. Four landmarks, anterior
RV insertion, inferior RV insertion, mid-septum and LV apex are allocated. All landmarks and

contour points are transformed from the scanner coordinates to the pre-alignment coordinate

system with the procedure described in Section 4.5.2.1.1. From the contours in pre-alignment

coordinates, a bounding box, a 3D distance map and a 3D segmentation of the new subject are
generated using the method described in Section 4.5.1.1.

Once the 3D segmentation is generated, the deformation procedure, as shown in Figure
4.11, is applied to generate a new mesh. In Figure 4.11 and the following description, define r
and x as 3Vl arrays obtained by vertically stacking the 3 by 1 vertex points v;, i=1,.., V. Define
the operator T{r| s, 6, 0} as the operation of scaling, rotating, and translating each vertex in r by

s, 6, and o respectively.
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// Initialization
b,=0, s,=1 6=0,

0,is a 3V by 1 array describing the \‘

‘\ center of the segmentation ‘
\ relative to the center of m
\\ X, =M +0,

Align r, withm
m, =T{r, |s,,~6,,0,}
v
Compute b,
b, =®" (h, —m)
y

‘ Limit by, using Equation 4.24 ‘
v

Compute new model x;

X, =T{m+®b, |s,.6,,0,}
I

%&—14}
oy e
( End )
o 4

/

No

Figure 4.11 Active mesh deformation flow chart

o Initialization

Setby =0, s, = 1,08, = 0, the model is initialized as x, = m + oy, where o, =
[00, 00, 00, -+, 00, 00, 00,]", a3V by 1 vector and V is the number of vertices. [oo,, 0o, 0,1
is the center of the segmentation relative to the center of m. The center of m is computed as the
mean of all vertices in m. To compute the center of the segmentation, the boundary points of the
segmentation are identified. The boundary points are defined as the midpoint between two
neighboring voxels with different labels (i.e. one voxel is in the object and one is not). The center
of the segmentation is computed as the mean of all boundary points.

o Compute r,,
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I, is computed by moving each vertex in X, along its normal vector to minimize the
distance to the segmentation. Let x,,, be the ith vertex in x,,, n,,, be its corresponding normal
vector and d(x) be the distance from the point x to the nearest point on the segmentation. r,,_ is
given by

Iy, = X, +t7'0y, i=1,..V (4.21)
where
t* = arg mtin d(xp, + tny,) (4.22)
The minimization is performed by discretizing t and doing an exhaustive search.
o Align ryto m

Compute s,,, 8,, and 0, using the Procrustes analysis such that m,, = T{r,|s;*, —6,, —0,}
is best conformed to the mean shape m.

o Update by,

Recall the PDM m = m + ®b. We wish to find b, such that m, ~ m + &b, which
yields

b, = ®T(/,, — m) (4.23)
since @7 = @71,

By referring to [78], the model parameter vector b, is controlled within an allowable limit,

3\/1_]( for bk > 3\/)._](
bu, ={=3JA»  forb, < — 34, k=12,..,t (4.24)
by, others

where t is the number of eigenvectors contained in ®.

4.5.3 Cardiac Geometric and Functional Analyses
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Once the mesh is constructed, global parameters such as volume, stroke volume can be
calculated. Regional parameters such as wall curvatures can be calculated for morphological
analysis. Most importantly, the mesh can describe the shape of the LV and the shape of the RV.

The apex of the LV is also well represented.

45.3.1 Volume Computation

Denote the vertices of the ith triangle face on the mesh as v;4, v;,, and v;; and the mean of
all vertices on the mesh as v,. v;4, v;,, and v;53 and v, form the ith tetrahedron of the mesh. The
volume of the mesh is computed as the sum of the volumes of the tetrahedrons formed by the
mesh. For the LV mesh, the center of the mesh v, is commonly within the mesh, all formed
tetrahedrons are enclosed by the mesh. However, since the RV mesh has a concave region (the
septal wall) and a convex region (the free wall), the center of the mesh could possibly be out of
the mesh. If that is the case, the tetrahedrons with triangle faces pointing out of the direction of
the center v, will include both in-mesh volume and out-of-mesh volume and the tetrahedrons
with triangle faces pointing towards the direction of the center v, are out of the mesh. VVolume
out of the mesh should not account for the volume of the mesh. In order to avoid overestimating
the volume of the mesh by including the volume out of the mesh, signed tetrahedron volumes are
computed instead[138]. The sign of the ith tetrahedron volume is determined by whether the ith
triangle face is pointing towards the direction of the center v,, if so, the sign of the volume is
negative, if not, the sign of the volume is positive. In such a way, the out-of-mesh volume of the
tetrahedrons with triangle faces pointing out of the direction of the center v, will be cancelled
out by the negative volume of the tetrahedrons that are out of the mesh.

The volume V of the mesh is then computed as the sum of the signed volume of all

tetrahedrons constructed by the mesh:
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(4.25)

T
N (Vi = vg) - ((vig — Vi) X (Vg — 1))
V= ; -

where T is the number of tetrahedrons formed by the triangle faces on the mesh.

4.5.3.2 Compute Regional Curvature

Regional surface curvature is a critical parameter in the analysis of ventricular remodeling.
Research on curvature computation of an underlying smooth surface represented by a
triangulated mesh has been explored in the past [139-142]. In this section, a method for
computing regional curvature from a triangulated mesh is presented. First, general theory on
curvature computation is presented in Section 4.5.3.2.1. Then, how circumferential and

longitudinal curvatures are computed in the LV and RV are presented in Section 4.5.3.2.2.

4.5.3.2.1 Curvature Theory

Given a vertex v on a triangulated mesh, the maximum curvature, k;(v), and the minimum
curvature, ko(v), of v are called the principle curvatures, and the corresponding tangent directions,
e;and e,, are called the principle directions. Let k(v, t) denote the curvature along the any
tangent direction, t, of v. k(v, t) can be calculated using the Euler formula,

k(v,t) = ky(V)cos? 6, + k,(v) sin? 6, (4.26)
where 6, is the angle between t and e;.

The algorithm of principle curvatures estimation on triangular mesh by Dong et. al [141] is
implemented to estimate the principle curvatures and principle directions of each vertex on the
triangulated mesh. Given a vertex, v, with unit normal vector, n, the vertices v;, I=1,.., L are
located in the one-ring neighborhood of v on the triangulated mesh and are very close to v (See

Figure 4.10). n;, [ = 1, ... L be their corresponding normal vectors. Let t; denote the normalized
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(vi—v)—(v;—v,n)n

projection of vector v, — v on to the tangent plane at v, i.e. t; = where (-,

I(v;=v)—(v;=v,n)n|’
-) denotes the dot product. The curvature k(v, t;) can be approximated by k(v,v; — v) as [141],

(vi —v,n; —n)

k(v,t) = k(v,v,—v) = — , l=1..L (4.27)

v, — v II?

To compute the principle curvatures and principle directions at vertex v, we first assume a

random tangent direction, ty, at v as the principle direction €, and €, =

le:| _as shown in

ll&1xn]|

Figure 4.12.

Figure 4.12 The coordinate system on the tangent plane of vertex v

Assuming 6, is the angle between €; and e,, 6y, is the angle between t; and &;, k(v, t;)
can be estimated as using Equation 4.26,
k(v,t)) = kqy(v)cos?(0, — 6p) + k(V) sin®(6y, — 6,),
(4.28)
[=1..L
which can be rewritten as

k(v,t;) = acos® 6, + b cos by, sinfy, + csin® G, 1 = 1,..., L (4.29)

where,
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a = ki (v)cos? 8, + k,(v) sin? 6,
b = 2(k,(v) — k1(v)) cos 8, sin 6, (4.30)
c = ky(v)sin? 0y + k,(V) cos? 6,

Leta = k(v,ty), and estimate k(v,t;),l = 1, ..., L using Equation 4.27. The constants b
and c can be calculated by the least square method. Upon the known constants, the principle

curvatures and principle directions can be solved according to Equation 4.30 as

ki(v) = —ac+—

(0L+c)+\/(a+c)2 b?

2 4 4
(a+0¢) (a+c)? b? (4.31)
k,(v) = >~ g ac + 7
el = COS 60 él + Sin 90 éz
e, = cosbf, €&, —sinf, &,
1 . b
where 90 = Earcsm (m)

4.5.3.2.2 Computation of LV and RV Curvatures
To calculate the circumferential and longitudinal curvatures, the corresponding
circumferential and longitudinal directions of each vertex need to be defined.
For a LV mesh, the triangulated mesh is transformed from the scanner coordinates (x, y, z)
to the prolate spheroidal coordinates (6, ¢, 1) using the following relations.
x = f sinhAsin ¢ cos 6
y = fsinhAsingsinf (4.32)
z = fcoshAcos¢

where 1 € [0, ), ¢ € [0,7],8 € [0,2r) and f is the focal radius.
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As shown in Figure 4.13, the circumferential direction of each vertex is defined as along 6

and the longitudinal direction is along ¢.

Figure 4.13 lllustration of the LV location in the prolate spheroidal coordinates

For RV mesh, since the RV is not of regular symmetric shape, the circumferential and
longitudinal directions are defined differently, as shown in Figure 4.14, referring to [143]. A
landmark q is located at the origin of aorta, in the right posterior of the annulus fibrosus and
closely posterior to the right coronary artery. A landmark p is located at the apex of the left
ventricle. Figure 4.14 (B) shows the location of p and g in the 2D image slice with LV long axis
view and RV out flow tract view. For any vertex v with unit surface normal n, let m be the unit
surface normal of plane (v, p, q) at v. The unit longitudinal direction | of v is then defined as

1 = n X m and the unit circumferential direction ¢ of v is defined as ¢ =1 X n.
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Aorta

Figure 4.14 Local coordinates on the RV free wall
Heart is adapted from
“http://www.wpclipart.com/medical/anatomy/heart/heart medical image.png.html”

For any vertex v, the circumferential and longitudinal directions of that vertex in the
prolate spheroidal coordinates are defined as t. and t;. The angle between the maximum
principle direction e, and the circumferential direction t, is denoted as 6,_and the angle
between the maximum principle direction e, and the longitudinal direction t; is denoted as 6, .
Therefore, the circumferential curvature k(v, t.) of the vertex v is calculated as

k(v,t.) = ki (V) cos? By, + k,(V)sin®6y, (4.33)

The longitudinal curvature k(v, t;) is calculated as
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k(v,t)) = kq(V) cos? 6, + k,(v)sin?6y, (4.34)
where k;(v) and k, (v) are the principle curvatures of vertex v.

Besides circumferential and longitudinal curvatures, the surface curvedness at vertex v is

also defined as

Keur (V) = j MW+ B (4.35)

The LV and RV meshes are further split into segments. The LV segments have been
defined in [13] and widely used as a standard; but the RV segments have not been officially
defined and commonly implemented. In order to define the RV segments, the RV mesh is first
transformed to the same prolate spheroidal coordinates as the LV of the same subject, as shown
in Figure 4.15 A. Then RV segments are defined on the RV free wall as shown in Figure 4.15 B.
Three levels of RV segments, base, mid and apex are defined. The apex level of the RV is
corresponding to the distal level of the LV. The basal and mid levels of the RV coincide with the
basal and mid levels of the LV. On the RV basal and mid levels, three segments are equally
distributed while on the RV apex level, two segments are equally distributed.

Once the segments are defined on the mesh, the vertices can be allocated to each segment.
Figure 4.16 shows an example of vertices on a RVED endocardial mesh allocated in each RV

segment. The curvature of each segment is calculated as the average curvature of the vertices

allocated in that segment.
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Anterior RV insertion
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Figure 4.15 Illustration of the LV and RV segments in the prolate spheroidal coordinates
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Figure 4.16 Example of the RV segments

Yellow surface, RV mesh with 1000 vertices; o, vertices allocated in RV segmentl; o, vertices
allocated in RV segment2; o, vertices allocated in RV segment3; *, vertices allocated in RV
segment4; *, vertices allocated in RV segment5; *, vertices allocated in RV segment6; ¢,
vertices allocated in RV segment7; ¢, vertices allocated in RV segment8.
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4.6 Results
4.6.1 Study Population

Fifty three normal subjects (4514 years; 54% female) were selected for this study. Among
them, seventeen subjects were randomly selected as training samples while the other thirty six
subjects were used as test samples. For comparison purposes, twelve patients with chronic mitral
regurgitation (MR) and twelve patients with pulmonary hypertension (PH) were selected for the
study as well. Within each group, six patients were randomly selected as training samples and
the other six patients were used as test samples.

cMR was performed for all subjects on a 1.5-T MRI scanner (Signa, GE Healthcare,
Milwaukee, Wisconsin) optimized for cardiac imaging. Electrocardiographically gated breath-
hold steady-state free precision technique was used to obtain standard (2-, 3-, and 4-chamber
long axis and serial parallel short-axis) views using the following typical parameters: slice
thickness of the imaging planes = 8 mm, field of view = 40 cm, scan matrix = 256 %128, flip
angle = 45< repetition/echo times = 3.8/1.6 ms.

For the training samples in each group (i.e. the normal group, the MR group, and the PH
group), the proposed mesh generation algorithm was performed on each ventricle. New meshes
from the test set were generated by deforming their corresponding PDM towards their 3D

segmentations according the method described in Section 4.5.2.
4.6.2 Model Performance Validation

In this section, we studied and validated the performance of the proposed model in several
ways.
Since the smoothness of the meshes generated by the proposal model was affected by the

triangulation as well as other model parameters, such as the number of singularities M and the
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tuning parameter y of the smoothing function, we utilized mathematical objects such as sphere
and prolate spheroid to test the effect of these parameters on curvature error. The reason of using
sphere and prolate spheroid was that the true curvatures on these objects were known.
Furthermore, a prolate spheroid with ¢ > 7/3 was similar to the shape of a normal LV. We first
generated triangulated meshes on these objects without mapping, such that there was no
curvature error introduced by the mapping. By varying the number of vertices and the ratio of the
semi-minor to semi-major axes of the prolate spheroid, we studied the curvature error by
triangulation. Then we generated triangulated meshes on a prolate spheroid with ¢ > 7/3, which
was considered as a perfect normal LV, through mapping using the proposed method. The effect
of M and y on the smoothness of the generated meshes was studied and the optimum values of M
and y were selected for the proposed model.

The quality of the performance of AMM was tested. The training sets we used in this study
to construct AMM were rather small. The possible influence of the small sample size was that
AMM could not capture the features of the new subject out of the training set. We therefore
studied the influence of the small sample size on the performance of several AMMs and selected
the optimal AMM for the rest of the study.

The clinical measurements, such as volumes and curvatures derived from the proposed
method, were validated. The conventional way of computing ventricular volumes was to sum up
the volumes defined by contours and multiplied by slice thickness. This method has resulted in
huge difference between RVSV and LVSV (see Table 2.2) due to the contour errors at the base
of the heart. We therefore studied the difference between RVSV and LVSV in the normal test set
generated by the proposed model to test whether the proposed method could provide a more

accurate measurement of stroke volume.
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A B-spline surface model [38] based on prolate spheroidal coordinate system (PSB) has
been used in-house to compute circumferential and longitudinal curvatures of LV at basal, mid
and distal levels. This method was considered as a “gold standard” and was compared to the
proposed method in terms of their LV curvature measurements.

Furthermore, we looked into the data to see whether the clinical measurements generated
by the proposed model could distinguish the difference between pathologies. Boxplot was used
to observe the difference in RV end-diastolic volume (RVEDV) between the normal test set and
the PH test set (a group known to have enlarged RVEDV[144]). Boxplot was also performed to
observe the difference in the LVSV between the normal test set and the MR test set (a group
known to have bigger LVSV due to the regurgitant flow into the left atrium during contraction
[42]), and the apex curvatures measured by the proposed method between the normal test set and
the MR test set (a group known to have a more spherical LV due to eccentric remodeling [42]).

The details of the test procedure and results are presented in the rest of this section. All
data are presented as mean =standard deviation (SD). A P < 0.05 was considered statistically

significant. All statistical analyses were performed using SAS version 9.2.

4.6.2.1 Curvature Error by Triangulation

A sphere with radius R = 70 mm was triangulated with V vertices. The true curvature of the
sphere was equal to k = 1/R = 0.0143(1/mm). The curvature at each vertex was calculated using
the method described in Section 4.5.3.2 and compared to the true curvature. Figure 4.17 shows
the curvature errors by triangulation versus the number of vertices V. The error was decreased as

Vincreased. For V greater than 1000, the curvature error was around 1.4%.
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Curvature Error by Trianulation on a Sphere
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Figure 4.17 The curvature error by triangulation on a perfect sphere.
The curvature error is displayed as mean =std, the radius of the sphere is 70mm and the true
curvature at each vertex is equal to 1/R = 0.0143(1/mm). std: standard deviation.

Each triangulated sphere with various V was then mapped to a prolate spheroid as shown in
Figure 4.18 A. The semi-major axis of the prolate spheroid was set equal to R and the semi-
minor axis was set equal to 2R/3. A perfect normal LV heart was then represented as the prolate
spheroid with ¢ > /3 as shown in Figure 4.18 B. ¢ was a parameter in the prolate spheroid
coordinates (8, ¢, A). The transformation between the Cartesian coordinates to the prolate
spheroid coordinates was layout in Equation 4.32.

For each vertex on the perfect LV, the true maximum, minimum, circumferential and
longitudinal curvatures were calculated using standard formula [30]. The maximum, minimum,
circumferential and longitudinal curvatures of each vertex on the triangulated mesh were
calculated as described in Section 4.5.3.2 and compared with their true values. Figure 4.19 shows
the curvature errors (%) vs. the number of vertices. It indicates that the curvature errors did not

improve significantly as V increased on a prolate spheroid mesh. The maximum and
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circumferential curvatures at V = 1000 were about -5% and the minimum and longitudinal

curvatures at V = 1000 were about +8%.
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Figure 4.18 lllustration of a prolate spheroid and a perfect normal LV
(A.) Blue triangulated mesh: the original sphere with R = 70 mm; red triangulated mesh: the

prolate spheroid mapped from the sphere with semi-major axis = R = 70 mm and the semi-minor
axis = 2R/3. (B.) A perfect normal LV
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Figure 4.19 The curvature errors on the perfect LV versus V
The curvature error is displayed as mean =std. The perfect LV is represented by a prolate
spheroid with the semi-major axis=70mm , the ratio of semi-minor/semi-major = 2/3 and ¢ > m/3.
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Furthermore, we tested the curvature errors on the perfect LV by varying the ratio of semi-

minor axis to semi-major axis. Set V=1000. Figure 4.20 shows the curvature errors from

triangulation on the perfect LV by varying the ratio of semi-minor axis to semi-major axis of the

perfect LV. It shows that the errors increased significantly as the ratio decreased.

For a real normal heart, the ratio of dimension to length was about 2/3, and for a diseased

heart, such as a MR heart, the ratio was higher than 2/3 due to the remodeling. Therefore, the

curvature errors by triangulation on hearts with different pathology should be within a

manageable range.
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Figure 4.20 The curvature errors on the perfect LV by increasing semi-minor to semi-
major axis ratio

The curvature error is displayed as mean #£std. The number vertices V on these meshes were
1000. The perfect LV is represented by a prolate spheroid with ¢ > n/3 and semi-major

axis=70mm.
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At last, we tested the curvature errors on each segment level (Base, Mid, Distal and Apex)
of the perfect LV. The definition of each segment level was described in Section 4.5.3.2. Figure
4.21 shows the curvature errors (%) at different segment levels. It indicates that the curvature
errors (%) were highest at the base level and lowest at the apex level. Figure 4.22 shows the
curvature errors (1/mm) at different segment levels. It indicates that the curvature errors did not
vary much by levels. However the true curvatures were higher at the apex resulting in the lower

percentage error at the apex compared to that at the base.
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Figure 4.21 The curvature errors versus segment levels
The curvature error is displayed as mean +std. The number of vertices V on these meshes is
1000. The perfect LV is represented by a prolate spheroid with ratio of semi-minor to semi-major
axis equal to 2/3 and ¢ > w/3.
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Figure 4.22 The raw curvature errors versus segment levels
The curvature error is displayed as mean =%std. The number of vertices V on these meshes is
1000. The perfect LV is represented by a prolate spheroid with ratio of semi-minor to semi-major
axis equal to 2/3 and ¢ > w/3.

4.6.2.2 Optimal Model Parameters

Based on the experiments in Section 4.6.2.1, triangulation on a perfect LV shape could
introduced 5% to 8% curvature error with the number of vertices equal to 1000. Furthermore, the
behavior of the circumferential curvature on the perfect LV was similar to that of the maximum
curvature, whereas the behavior of the longitudinal curvature was similar to that of the minimum
curvature. This indicates that the circumferential direction of the heart was close to the maximum
principle direction, whereas the longitudinal direction was close to the minimum principle

direction.
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In this section, we studied the effect on curvature error by varying the following model
parameters: the number of singularities M and the tuning parameter y of the smoothing function.
The number of singularities M controlled the smoothness of the underlying continuous surface.
The value of y in the smoothing function controlled the smoothness of the triangulated surface. M
and y were set such that the surface curvature error was within a tolerance with acceptable
goodness of fit.

Given V = 1000, we generated a sequence of meshes to the perfect LV (See Figure 4.18 B)
versus the number of singularities M. Note that, in this experiment, the smoothing function was
not applied. The smoothing function would be applied in the next experiment after M was set
such that the effect of the smoothing function to the surface smoothness could be validated. The
propagation of the each vertex v stopped when u(r(t)) = S(v/|v]) (See Section 4.3). Figure 4.23

shows that the curvature errors (%) versus M.
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Figure 4.23 The curvature errors versus M
This test is performed without applying the smoothing function. Data is presented as meanzstd.
The curvature errors are all decreased as M increases. As M is greater than 400, the absolute
errors converge to about 25%.

Figure 4.23 indicates that as M increased, the absolute curvature errors reduced. However,
for M greater than 400, the improvement of curvature error leveled. The minimum curvature
error as M > 400 was about 20% to 25% without the smoothing function.

As a result, we set M = 400. Then we generated a sequence of meshes by applying the

smoothing function and varying the tuning parameter y. Figure 4.24 shows the curvature error

VErsus 7.
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Figure 4.24 The curvature errors by increasing y
Data is presented as meanzstd.

Compared to the curvature errors (Figure 4.23) without applying the smoothing function,
Figure 4.24 shows that the smoothing function has reduced the curvature errors and improved the
smoothness of the surface significantly. As y increased, the curvature error decreased. For the
maximum and circumferential curvatures, the curvature errors were about 7% when y > 1. For
the minimum and longitudinal curvatures, the errors were consistently decreased as y increased.
But the speed of decreasing reduced as y > 6.

Meanwhile, the goodness of fit of the triangulated mesh to the surface was calculated in
two forms, volume error and mesh distance. The volume error was calculated as the volume
difference between the mesh and the true surface (as shown in Figure 4.18 B). Figure 4.25 A
shows the volume error versus y. It shows that the volume error first decreased when y < 4 and

then increased as y > 4. However, when y was within 10, the volume error was small enough to
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be ignored. To quantify the mesh distance, the mesh shown in Figure 4.18 B was considered as a
gold standard. For each vertex v on the triangulated mesh generated by the proposed method, we
found its closest vertex p on the gold standard. If the closest vertex of p on the proposed mesh
was also v, p and v were defined as a pair of vertices and their distances were calculated. The
mesh distance was then defined as the mean of the distances of all pairs of vertices [120]. Figure
4.25 B shows the mesh distance versus y. It illustrates that the mesh distance did not vary a lot as
y was within 10.

Considering both curvature errors and goodness of fit, y was set equal to 6 for our proposed

model.
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Figure 4.25 The mesh goodness of fit by increasing y
Data on the right is presented as meanzstd

In conclusion, the optimal parameters set for the proposed model were V = 1000; M = 400;
and y = 6.

Figure 4.26 visually shows that the triangulated meshes generated by the proposed method
were well matched with their fitted contours for both the LV and RV. Surface color represents

the surface curvedness.
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Figure 4.26 lllustration of the deformed triangulated surfaces with fitted contours
Triangulated surface representations of LV and RV ED endocardium with fitted contours (black
lines) of a normal subject (A), a MR patient (B) and a PH patient (C) using color scales of their
surface curvedness. The MR heart has a bigger LV chamber with less curvedness at the apex
while the PH patient has a bigger RV chamber. LV: left ventricle; RV: right ventricle; ED: end-
disatole.

4.6.2.3 AMM Performance

Due to the small sample size of the training sets, the quality of the performance of AMM
was tested based on the different point distribution models (PDM) they utilized.

Let AMML denote the deformable models based on ventricle and pathology specified
PDMs. This means the training sets used to generate PDMs had certain ventricle and pathology.
AMM1 would only be applied to the same ventricle of new subjects with the same pathology as
their training set.

Let AMM2 denote the deformable models based on pathology specified and ventricle non-
specified PDMs. This means the training sets used to generate PDMs had certain pathology but
included both LV and RV of the training samples. Therefore, AMMZ2 could be applied to both
LV and RV of new subjects with the same pathology as its training set. Since the LV and RV had
complete different shapes, mixing these two types of shapes would increase the variance of the

training set significantly.
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Let AMMB3 denote the deformable models based on ventricle specified and pathology non-
specified PDMs. This means the training sets used to generate PDMs had certain ventricle but
include all types of subjects (normal, MR and PH). Therefore, AMM3 could be applied to the
same ventricle (as its training set) of new subjects with any pathology. Since it was known that
MR patients have enlarged LV and PH patients had dilated RV, compared with the normal group,
mixing training subjects with different pathologies would certainly increase the variance of the
training set.

To test the performance of AMM1, AMM2 and AMM3, these three models were applied
to the normal test set. The LV and RV stroke volumes were computed from the generated
meshes. The stroke volume difference (LVSV-RVSV, ml) of the normal test set were then
compared between AMM1 and AMM2, AMM3 visually using boxplots.
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Figure 4.27 Compare AMM1 versus AMM2 based on the stroke volume difference
AMM1, the deformable models based on ventricle and pathology specified PDMs; AMM2
denote the deformable models based on pathology specified and ventricle non-specified PDMs;
On each box, the central red mark is the median, the blue edges of the box are the 25th and 75th
percentiles, the black whiskers represent the most extreme data points that are considered to be
not outliers; +, outliers.
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Figure 4.28 Compare AMML1 versus AMMBS based on the stroke volume difference
AMML1, the deformable models based on ventricle and pathology specified PDMs; AMM3
denote the deformable models based on ventricle specified and pathology non-specified PDMs;
On each box, the central red mark is the median, the blue edges of the box are the 25th and 75th
percentiles, the black whiskers represent the most extreme data points that are considered to be
not outliers.

Figure 4.27, Figure 4.28 show that the variance of the stroke volume difference (LVSV-
RVSV, ml) of the normal test set was smallest when the PDM was ventricle and pathology
specified. This indicates that by reducing the variance of the training set, AMM could capture
and generate more accurate meshes to test subjects with the same specifications as their training
set. Therefore, AMM based on ventricle and pathology specified PDM was used in the rest of the

study.

4.6.2.4 LV and RV Stroke Volume Comparison

In this section, we validated the model by comparing LVSV and RVSV measurements of
the normal test set derived by the proposed model. The difference between LVSV and RVSV in
the normal test set was not significantly different from zero (0.64 £4.28 ml, P = 0.3721). The
correlation analysis and Bland-Altman plot of the LVSV versus RVSV of the normal test set are

shown in Figure 4.29. It indicates that the LVSV and RVSV in the normal test set measured by

111



the generated meshes were significantly correlated (p = 0.9635, P < 0.0001) and had a very good
agreement. Comparing this result with Table 2.2 in the first study, it indicates the proposed
model generated more accurate volume measurements compared with the conventional volume
computation method, which was summing up the volumes defined by the contours and
multiplying it with slice thickness, therefore providing better volumetric analysis in clinical

studies.
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Figure 4.29 Correlation analysis and Bland-Altman plot of LVSV versus RVSV

= - = mean ling; === , mean £2SD; —, equal line; LVSV: left ventricular stroke volume;
RVSV: right ventricular stroke volume.
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4.6.2.5 PSB versus the Proposed Method

Correlation analysis of LV circumferential curvatures between PSB and the proposed
method shows that the results calculated from these two methods were significantly correlated.
Figure 4.30 shows the scatter plot and correlation analysis results of the endocardium

circumferential curvatures at LVED and LES between PSB and the proposed method.
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Figure 4.30 Scatter plot and correlation analysis of circumferential curvatures between
PSB and Triangulated
Circ. Curv., circumferential curvature; ED, end-diastole; ES, end-systole; Endo: endocardium;
PSB: Prolate Spheroidal B-spline method; Triangulated, the proposed biventricular active mesh
model. p:correlation coefficient; P: P value of the correlation analysis result.
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The Bland-Altman plots shown in Figure 4.31 indicate that the proposed method had a

good agreement with the “gold standard” in terms of the circumferential curvature measurements.

The differences in endo circumferential curvature between the two methods were within 13% at

the basal level and within 8% at the mid level.

s Circ. Curv. at LVED Endo Base

0 Circ. Curv. at LVED Endo Mid

8r 10 8 X
£ hererrrrssssrrnssssere e ————— =
g 6f g ¢
~ ~
o o
m" 4t m" 4 RerEEEEEEE N NG REEE RSN EEESNEEENEEEsaEESeEESEEEREEEREES
7)) 7))
nl-‘ ) S — ._ o nr 2+
= e~ T T YU Y S
v 0 D 0
N N
< < "
— —
= 2+ = 2 .
) )
S pererrarmren e =
.g 4t .g 4L
= =
0.03 0.035 0.04 0.045 0.0 0.03 0.035 0.04 0.045 0.05
(Triangulated + PSB)/2, 1/mm (Triangulated + PSB)/2, 1/mm
001 Circ. Curv. at LVES Endo Base 001 Circ. Curv. at LVES Endo Mid
£ g
£ E
— 0.005 """ eersensssnssunnnnns AT EEEEEEEEEEEEEEEEEEEEEEEEEEEEE — 0.005
-] ==}
72! . [70]
=% 0 - [~N 0 -
| b e s e g 1 m  m  m  m m  m  m  m m  m ® - | e e o o e
'ﬂ - c » '
£ s
= -0.005f = -0.005f
— —
= N
B s ———————————— 20 ’
5 .01 S o1
= 2
= =
_0.015 r r r r r r _0‘015 r r r r r r r
0.04 0.045 0.05 0.055 0.06 0.065 0.07 0O 0.04 0.045 0.05 0.055 0.06 0.065 0.07 0.075

(Triangulated + PSB)/2, 1/mm

(Triangulated + PSB)/2, 1/mm

Figure 4.31 Bland-Altman plot of circumferential curvature comparison
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Correlation analysis of the LV endocardium longitudinal curvatures between PSB and the

proposed method shows that the measurements calculated from these two methods were

significantly correlated in both LVED and LVES expect at LVES basal level. However, the

scatter plot shown in Figure 4.32 and the Bland-Altman plot shown in Figure 4.33 indicate that
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the longitudinal curvatures calculated by the triangulated mesh were smaller at the basal level

and higher at middle level compared to that measured by PSB.
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Figure 4.32 Scatter plot and correlation analysis of longitudinal curvatures between PSB
and the proposed method
Long. Curv., longitudinal curvature; ED, end-diastole; ES, end-systole; Endo, endocardium; PSB:
Prolate Spheroidal B-spline method; Triangulated, the proposed biventricular active mesh model,;
p:correlation coefficient; P: P value of the correlation analysis result.
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One possible reason for these differences is that the proposed method utilized both short
axis contours and long axis contours equally to generate the 3D segmentation to which the
triangulated mesh was fitted, whereas PSB weighed more on the short axis contours than the
long axis contours to generate the fitted surface. Since the longitudinal curvatures could be
affected by the long axis contours heavily, the generated surfaces by these two methods may

have different longitudinal curvatures. Also, PSB was the B-spline surface model based on

prolate spheroidal coordinate system, so there was a singularity at the LV apex using PSB.
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Therefore, PSB was not able to model the apex. This may potentially affect the surface
curvedness in the longitudinal direction of the generated surface.

Figure 4.34 demonstrates an example of a LVES surface from the normal test set fitted by
the proposed method (left) and PSB (right). As indicated by the red arrows, the mid-ventricle of
the surface fitted by the proposed method (on the left) was more flat compared that fitted by PSB
(on the right), which was slightly concave. The surface fitted by the proposed method was
influenced by both long axis and short axis contours equally whereas the surface fitted by PSB

was more determined by the short axis contours.

Triangulated PSB 0.1

0.09
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Figure 4.34 lllustration of the surface fitting by the proposed method vs. PSB
Left: a LVES surface from the normal test set fitted by the proposed method; Right: the same
surface fitted by PSB; Triangulated, the proposed biventricular active mesh model,
PSB: Prolate Spheroidal B-spline method; the surface color depicts the longitudinal curvature of
the surface (1/mm). Red arrow indicates the mid ventricle of the surface; Green lines: contours;
Blue dot: mid septum.
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4.6.2.6 Curvatures and Volumes in Different Pathologies

The results of the first two projects presented in this dissertation indicate that patients with
MR had significant LV apex remodeling, represented as smaller distal LV curvature compared to
normal subjects. And due to the regurgitant flow to the lower pressure left atrium, LVSV in the
MR patients was higher than that in the normal group. Moreover, it is known that patients with
PH have higher RVEDV compared to normal subjects[144].

In this section, we compared the above mentioned clinical measurements derived by the
proposed model between different pathologies to test whether the model can distinguish the
difference between pathologies.

As observed in Figure 4.35, MR hearts tended to have smaller circumferential endocardial
curvatures at apex compared to the normal hearts (0.069 +0.0098 vs. 0.094 +0.01 1/mm at

LVED; 0.10 £0.01 vs. 0.13 +0.02 1/mm at LVES).

Comparison of LVED Apex Circ. Curv. Comparison of LVES Apex Circ. Curv.
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Figure 4.35 Compare LV Apex Curvatures between Normal and MR
Circ. Curv, circumferential curvature; LVED, left ventricle end-diastolic timeframe; LVES, left
ventricle end-systolic timeframe; MR: mitral regurgitation; On each box, the central red mark is
the median, the blue edges of the box are the 25th and 75th percentiles, the black whiskers
represent the most extreme data points that are considered to be not outliers; +, outliers.
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As the boxplot shows in Figure 4.36, the mean and medium LVSV was greater in the MR
test set versus that in the normal test set (128 23 vs. 71 =16 ml) due to the extra blood flow
back to the left atrium during contraction.
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Figure 4.36 Boxplot of LVSV in the normal test group and MR test group
LVSV: left ventricle stroke volume; MR: mitral regurgitation; On each box, the central red mark
is the median, the blue edges of the box are the 25th and 75th percentiles, the black whiskers
represent the most extreme data points that are considered to be not outliers; +, outliers.
As the boxplot shows in Figure 4.37, the mean and medium RVEDV was greater in the PH

test set versus that in the normal test set (181 47 vs. 125 £31 ml).
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Figure 4.37 Boxplot of RVEDV in the normal test group and PH test group
RVEDV: right ventricle end-diastolic volume; PH: pulmonary hypertension; On each box, the
central red mark is the median, the blue edges of the box are the 25th and 75th percentiles, the
black whiskers represent the most extreme data points that are considered to be not outliers; +,
outliers.

These boxplots show that the clinical parameters derived by the proposed method have the
potential to successfully detect the different features between pathologies. Further validation

with a larger sample set is necessary.

4.7 Discussion

The biventricular active mesh model proposed in this chapter successfully achieves the
goal of fitting a smooth surface for both LV and RV with significant computational efficiency
and being able to derive clinical useful parameters for LV and RV at all segment levels based on
the meshes.

Our LV 3D segmentations include the information of both short axis and long axis
contours in order to complete the knowledge of the apex. To generate the 3D segmentation from

the long axis contours, we use angular interpolation of the three long axis contours by assuming
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that the LV is symmetric, all long axis slices are perpendicular to the short axis slices and
intersected with each other at the long axis of the LV. However, this is not always true for some
scans. If any of the long axis slices is severely tilted from the long axis of the LV, the generated
3D long axis segmentation could be a wrong representation of the LV. As a result, in order to
generate a true LV 3D segmentation, it requires accurate scanning with right perspective of the
LV long axis slices.

For studies that only have three slices of long-axis view, there are usually only two long-
axis slices with RV view. Therefore, 3D segmentations of RV for these studies are generated
using only short axis slices. To compensate the missing information at RV apex that is provided
by the long axis images, one extra short axis slice is manually added to where the RV apex
landmark is.

Moreover, the quality of the 3D segmentations is affected by how well all the contours are
registered. Although in the last step of our method, the new mesh is generated by the active mesh
model which can potentially correct some misregistration error. The generation of training
meshes is more affected by the misregistration error. Therefore, the contours must be well
registered with user confirmation to generate the 3D segmentation.

The smoothness of the training meshes is controlled by the number of singularities and the
tuning parameter y of the smoothing function. The smoothing function (Equation 4.17) intends to
smooth the surface by minimizing the difference in vertex surface normal vectors, while at the
same time, matching the surface boundary. This process will stop when the change of the
smoothing function reaches a user defined limit. The larger y is, the more smooth the generated
mesh is, the less goodness fit the mesh is. In this study, we set y equal to 6 such that the generate

mesh satisfied both the smoothness and goodness of fit criteria.
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In this study, we have a relatively small training sample size. Therefore, AMM may not be
able to capture and represent the new subjects accurately. In order to reduce the consequence of
small sample size, we construct AMM based on ventricle and pathology specified PDM and
apply AMM to subjects with the same specifications as its training sets. As Figure 4.27 and
Figure 4.28 show, the constructed new meshes are more accurate and consistent.

The comparison of the circumferential curvatures calculated by the proposed method and
the B-spline surface model based on prolate spheroidal coordinate system (PSB) shows a good
agreement between the two methods. The maximum circumferential curvature difference is less
than 10% in LVED and 8% in LVES. This curvature difference is in our acceptable range.
Furthermore, the proposed method has a significant advantage over the PSB in that the proposed
method can model both LV and RV and measure curvatures at all segment levels, which cannot
be achieved by PSB. Moreover, the model validation results show that the proposed method can
better model the LV and RV including the RV base to reduce the computed volume errors.
Furthermore, the clinical measurements derived by the proposed model have the potential to
successfully differentiate different pathologies.

The computation time for generating a mesh in the training set with V=1000, M=400 and
y=6 is about 2 hours and the computation time for generation a new mesh in the test set using the

AMM-based method is less than 20 seconds.

4.8 Conclusion

In conclusion, our proposed novel biventricular active mesh model can construct both LV
and RV surface meshes efficiently. Based on this model, we can accurately derive clinical useful
parameters such as volume and curvatures at all segment levels in both LV and RV. The

difference of the computed stroke volumes between LV and RV is close to zero. The comparison
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of the curvatures computed by our proposed method and the PSB shows a good agreement
between the two methods with a maximum 10% difference. Moreover, apex curvature, which is
an important clinical parameter, is computable by our method. And the comparison of apex
curvatures between the normal and MR group shows an expectable result. This method can be

applied to real-time mesh generation during scanning.
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CHAPTER 5 CONCLUSION AND FUTURE WORK

In this dissertation, three research topics were presented.

The first research topic evaluated the difference in cardiac geometry and function of
patients with chronic, compensated MR versus marathoners, who represented pathologic and
physiologic volume overload, respectively. This work represents the first study to compare 3D
LV geometric remodeling and mechanics in marathoners versus chronic compensated MR
utilizing cMR and 3D data analysis. My contribution to this work includes conceiving and
designing the research hypothesis with Dr Louis Dell’Italia, generating or acquiring study data,
analyzing the data using various statistical models, interpreting the data, describing the results
and conclusions. The finding of this work is that in the setting of similar increases in LV
volumes and stroke volume, marathoners’ hearts maintain a normal LV sphericity and normal
wall thickness with lower LV twist, while there is a greater global and regional LV sphericity in
the MR hearts.

Upon the finding of the first study, we further assessed the important role that apex
remodeling played in the progression of the severity of mitral regurgitation and its significance
as an indicator for timing of surgery. My contribution to this work includes conceiving and
designing the research idea with Dr. Louis Dell’Italia and Dr. Mustafa Ahmed, acquiring patients’
clinical data, generating patients’ CMR data, analyzing the data using various statistical models,
interpreting the data, describing the results and conclusions, answering the statistical Reviewer’s

questions. The major finding of this work is that LVES dimension does not accurately reflect the
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extent of LV remodeling, largely due to spherical LV remodeling from mid to apical LV by cMR
with 3D analysis. This study demonstrates that even when LVES dimension remains below the
accepted target of 40 mm for surgical intervention of isolated MR, its associated LVES volume
can range as high as twice that of the normal controls, suggesting that cMR with 3D analysis or
3D echocardiography derived LV volumes may be preferred to evaluate disease progression in
isolated MR.

These two clinical studies both emphasize the importance of studying ventricle remodeling
at LV apex for patients with MR. However, the model that we use in-house to generate curvature
measurement is a B-spline model based on prolate spheroidal coordinates which has a singularity
at the LV apex. Moreover, this model is limited to only regular symmetric shapes, which is not
suitable to complex shape like RV. Therefore, the last project proposed a novel biventricular
active mesh model that was able to fit smooth surfaces to both the LV and RV including the LV
apex and RV base. This model could accomplish real-time surface generation with significant
computational efficiency and it was able to derive clinical useful parameters for LV and RV
based on the constructed meshes. Moreover, such new meshes could potentially correct the
contour errors near both the LV and RV outflow tract which were usually difficult to determine
manually, since the generated new meshes were restricted by the variation from their training
sets.

By utilizing this model, LV apex remodeling can be studied and more accurately
quantified in the first two clinical studies. Furthermore, the proposed model generates more
accurate volume measurements compared with the conventional method, which is summing up
the volumes defined by the contours and multiplying it with slice thickness, therefore providing

better volumetric analysis in these clinical studies. Since the clinical measurements of RV can be
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obtained using the proposed model, comparison of RV size and curvatures between the
marathoners and the MR patients in the first study should give us a more comprehensive
understanding of these two types of volume overload.

Disease status and disease development of LV have been well studied in the past, however,
RV heart failure has not been explored to the same extend, partially due to the limitation of
imaging and modeling techniques. Now with the promise of ctMR, the proposed method can
certainly provide global and local measurements of the RV to help study the RV remodeling in
human hearts with RV disease.

Further validation on the proposed model can be done in the future. Due to the uncertainty
of both the right atrio-ventricular boundary and vague RVOT, the major difficulty of
constructing a right ventricular surface model is an accurate determination of the boundary of the
RV. Moreover, the RV has an irregular shape, very thin wall and sensitivity to the pulmonary
pressure difference, which may increase the variation of the volume measurements. Therefore,
an optimal verification of the right ventricular fitted model in the future will compare the volume
calculated from the fitted model against right ventricular volume measurement from animal
hearts ex vivo.

In conclusion, the research presented in this dissertation is both clinically and scientifically
significant. More importantly, it makes an effort to bridge the gap between clinical practice and
technical development by providing techniques to generate data which are clinical important and

useful.
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