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Abstract

Accurate estimations of left ventricular (LV) blood pool volume and left ventricular ejection
fraction (LVEF) are crucial for the clinical diagnosis of cardiac disease, patient management,
or other therapeutic treatment decisions, especially given a patient’s LVEF often affects his or
her candidacy for cardiovascular intervention. Ultrasound (US) imaging is the most common
and least expensive imaging modalities used to non-invasively image the heart to estimate the
LV blood pool volume and assess LVEF. Despite advances in 3D US imaging, 2D US images are
routinely used by cardiologists to image the heart and their interpretation is inherently based
on the 2D LV blood pool area information immediately available in the US images, rather than
3D LV blood pool volume information. This work proposes a method to reconstruct the 3D
geometry of the LV blood pool from three tri-plane 2D US images to estimate the LV blood
pool volume and subsequently the LVEF. This technique uses a statistical shape model (SSM)
of the LV blood pool characterized by several anchor points — the mitral valve hinges, apex, and
apex-to-mitral valve midpoints — identified from the three multi-plane 2D US images. Given
a new patient image dataset, the diastolic and systolic LV blood pool volumes are estimated
using the SSM either as a linear combination of the n-closest LV geometries according to
the Mahalanobis distance or based on the n-most dominant principal components identified
after projecting the new patient into the principal component space defined by the training
dataset. The performance of the proposed method was assessed by comparing the estimated
LV blood pool volume and LVEF to those measured using the EchoPac PC clinical software
on a dataset consisting of 66 patients, and several combinations of 50-16 used for training and
validation, respectively. The studies show the proposed method achieves LV volume and LVEF
estimates within 5% of those computed using the clinical software. Lastly, this work proposes
an approach that requires minimal user interaction to obtain accurate 3D estimates of LV
blood pool volume and LVEF using multi-plane 2D US images and confirms its performance

similar to the ground truth clinical measurements.
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Chapter 1

Introduction

This master’s thesis focuses on analyzing and improving the calculation of the left ventricular
ejection fraction (LVEF) from multi-plane two-dimensional ultrasound images. The project
encompasses four components of work that naturally progresses as one component depends on
the earlier one. Our clinical collaborator, Dr. Karl Q. Schwarz [6], originally raised the concern
about the current practices on LVEF calculations in clinical settings. Schwarz pointed out the
current clinical practices lead to LVEF inaccuracies and consequently lead to unnecessary or
sometimes inappropriate therapeutic treatments. In this thesis project, we implemented a

combination of existing techniques and novel methodologies to improve the LVEF calculation.

1.1 Anatomy of the Cardiac System

The left ventricle is one of the four chambers in the heart, which consists of two ventricles and
two atria. A cardiac cycle, which is commonly known as a "heart beat", consists of blood being
pumped into the systemic circulation and the pulmonary circulation. After circulating through
the body, de-oxygenated blood returns to the right atrium through the systemic circulation
and then into the right ventricle. From the right ventricle, the de-oxygenated blood is fed into
the lungs through pulmonary circulation where the blood becomes oxygenated again. Once
the blood finishes circulating through the lungs, it goes back into the left atrium and then

into the left ventricle to eventually be pumped once again into the systemic circulation and
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supplied to the rest of the body.[7]

Capillaries in the lungs

Pulmonary vein

Pulmonary artery

Pulmonary
circulation

Left atrium
Right atrium

Right ventricle
Left ventricle

Aorta (main artery) -

Vena cava (main vein)—
Systemic circulation

Capillaries in the body

Red: Oxygen-rich blood
Blue: Oxygen-poor blood

Figure 1.1: Blood circulation in the human body.

Evidently, the cardiac function is critical to the sustainability of the livelihood and promo-
tion of the health of a human body. The pumping motion of the heart is achieved when the
cardiac muscle, also known as "myocardium", contracts and relaxes during a cardiac cycle.
The contractions and relaxations are referred to as the systolic and diastolic phases in a car-

diac cycle, respectively. Electrical impulses trigger the contractions of the atria and ventricle
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and the frequency of the impulses determines the number of heart beats per minute, which is
a common measure of the cardiac function. Since the left ventricle is the chamber that pumps
the oxygenated blood through the body, the amount of oxygenated blood that can be pumped

during a cardiac cycle is of particular interest to the analysis of the cardiac health.

1.2 Anatomy of the Left Ventricle

The left ventricle (LV) consists of anatomical features that enable it to function as a power
pump to help circulate oxygenated blood throughout the body. Notably, an LV has an apex,
base, aortic valve, mitral valve, and free wall [8]. There are two distinct phases in a cardiac
cycle: ventricular systole and diastole (aortic systole and diastole is out of the scope of this
discussion) [9]. At the beginning of the systole, the aortic and mitral valve are both closed.
During systole, the LV pressure increases due to free wall contraction until the aortic valve is
forced open under pressure. Oxygenated blood exits the LV through aortic valve until it closes
again to begin diastole. During diastole, the mitral valve opens and oxygenated blood from
the respiratory system enters the LV as the apex and free wall relax. This process is referred
to as a stroke and its volume is the difference between the volumes of the LV blood pool when
fully relaxed (end-diastole) and fully contracted (end-systole) in a cardiac cycle. The stroke
volume obviously depends on the size of the heart and consequently depends on the person in
terms of age, weight, gender, and other factors. In order for clinicians to assess cardiac health
of different patients, a measure that is more independent of patient physiological differences
is necessary. The ratio between the LV stroke volume and volume at end-diastole (diastolic
volume) measures the cardiac function more effectively across the population. This ratio is
defined as the left ventricular ejection fraction (LVEF) [10] and will be discussed in the further

detail.
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Left atrial appendage
Pulmonary trunk
Left ant. descending artery
Circumflex artery

Free wall

Figure 1.2: An illustration of the LV anatomy. (Illustration by David B. Nahabedian (€)2019,
provided under CC-BY-NC-ND)

1.3 Left Ventricular Ejection Fraction

As an essential indicator of the cardiac function and health, left ventricular ejection fraction
(LVEF) measures the amount of oxygenated blood the LV can pump out during the LV ejection
in one cardiac cycle. LVEF can be mathematically defined by the ratio between the chamber
stroke volume and the end-diastolic volume. The chamber stroke volume is the difference

between the left ventricular volumes at end-diastole Vgjgstore and end-systole Vysiote-

Vidiastole — ‘/systole . Stroke Volume

LVEF = (1.3.1)

Vdiastol e Vdiastole

The LVEF of a particular person depends on factors such as gender, age, and cardiovas-
cular disease presence, so there is no particular LVEF to determine a person’s cardiovascular

health. However, per American Society of Echocardiography [11] and European Association
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Table 1.1: Categorization of LVEF based on its value and subject gender.

Gender Normal Mildly abnormal Moderately abnormal Severely abnormal
Male 52% to 2% 41% to 51% 30% to 40% <30%
Female 54% to 74% 41% to 53% 30% to 40% <30%

of Cardiovascular Imaging [12], a person’s heart health can be categorized by different ranges
of LVEF values as enumerated in Table 1.1. It is important to note that these categorization
ranges were determined for LVEFs calculated from two-dimensional ultrasound images. These

ranges could be different if LVEFs were calculated from images acquired by other modalities.

1.4 Determining LVEF by Imaging

LVEF is defined by LV volumes at different stages in a cardiac cycle, so it can be calculated
if LV volumes are measured by some means. Medical imaging allows clinicians to capture
a patient’s organ volumes either invasively or non-invasively. Since calculating a patient’s
LVEF is ubiquitous during a clinical visit, non-invasive imaging of the LV is most preferred.
Commonly accessible non-invasive imaging modalities include magnetic resonance imaging
(MRI), computed tomography (CT), and ultrasound imaging (US). It is vital to understand
the advantages and disadvantages of each imaging modality before we choose which modality

to focus the research on.

1.4.1 Computed Tomography

Computed tomography (CT) is one of the more established imaging modality as it is based
on X-ray technology. A CT machine has an X-ray source that rotates around a patient while
the patient traverse through the CT machine to image "slices" of the body internals [13].
CT acquires images based on the x-ray attenuated by an object. In the case of medical
imaging, x-ray energy source creates ionizing radiation when transmitted through a human
body. CT imaging, or X-ray in general, is best suited for structural imaging because solid

objects attenuate x-ray energy better than soft tissue. In order to combat this shortcoming
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in cardiac applications, radiologists typically inject contrast agent into the patient’s blood
stream to help highlight the blood flow in the LV which increases image contrast. Obviously,
injecting contrast agent and sustaining ionizing radiation is not ideal to perform routinely on

any patient. For acquiring common clinical measurements such as LVEF, CT is not suitable.

1.4.2 Magnetic Resonance Imaging

In contrast to CT imaging, magnetic resonance imaging (MRI) is best suited for imaging
applications that involve soft tissue. MRI employs strong magnets to forcibly align protons in
a patient’s body with the electromagnetic field of the machine [14]. By pulsating radio waves in
a controlled manner, the MRI machine can detect how quickly protons mis-align and re-align
with the magnetic field. In addition to varying paces protons take to change their alignment,
they also emit different amount of energy while doing so. These two attributes help MRI
machines detect different types of tissues and then form images. MRI does not emit ionizing
radiation, but may require contrast agent injection in certain applications. During an image
capture session, the patient must hold his or her breathe for a specified time, or the images
will be blurred. Another downfall of MRI is that patients having metallic implants cannot
go inside the magnet. For patients with cardiovascular disease, this limitation is particularly

prohibitive because they may have pacemakers and implantable cardioverter- defibrillators.

1.4.3 Ultrasound Imaging

With specifically constructed acoustic waves applied to an object, US uses the reflected acoustic
waves to discern the geometry of the object. Even though both MRI and US utilize non-
ionizing radiation, the disadvantage of MRI is that the acquisition process is more intricate
and expensive. Due to the ease of set up, low-cost, and fast data acquisition, US is the
ubiquitous imaging modality for cardiac diagnosis. Nonetheless, the basic working theories
will be presented.

US imaging is commonly known as diagnostic medical ultrasound as it is used to acquire

relevant patient health information to assist medical professionals in performing diagnosis. US
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waves are produced by transducers at frequencies above the threshold of human hearing [I]
and then retrieved to generate images of the path the waves traveled. The generated images
are monochrome and the brightness of the object appearance relates to its density. In the
US images, the denser the material the waves trespass, the lighter the material will appear in
the image. During an acquisition session, a medical professional places the transducer on the
patient’s skin around the region of interest. Usually, a layer of gel will be applied to prevent
air pockets from forming between the transducer and the skin. For 2D US transducers, the
generated images illustrate an area the US waves traveled through that is perpendicular to the
contact surface between the skin and the transducer. For 3D US transducers, the generated
images or rather volumes represent a conical or pyramidal space that the US waves traveled
through that is also perpendicular to the contact surface.

Despite commercial and academic efforts over the years, US images have relatively low
quality and high noise comparing to other medical imaging modalities such as MRI or CT.
However, US imaging possesses qualities that are suitable for daily clinical sessions because
it is non-invasive, emits no ionizing radiation, and can be captured on small-footprint and
low-cost equipment. US imaging is able to provide diagnostic information needed for routine
medical needs, so it is ubiquitous in all cardiology suites. Hence, this project will utilize US

images acquired by our collaborator to perform research tasks described further.

1.5 Challenges in Volume-based LVEF Calculation

Despite its simplicity in calculation, LVEF is an essential indicator of cardiac function and
serves as a critical biomarker for cardiac diseases. Thus, LVEF is considered one of the most
vital measures in the field of cardiology. Other than being an indicator of cardiac health in
clinical examinations of patients, LVEF is also a criterion used to determine patient eligibility
for various therapeutic management strategies in many hospital systems or participation in
various research and clinical trials.

In practice, however, cardiologists most often use 2D US imaging to visually estimate

ejection fraction based on changes in the LV blood pool areas between end-diastole and end-
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Ultrasound of the Abdomen

W=
L:’f_':___,--*""

Figure 1.3: The ultrasound probe (transducer) is placed over the patient skin. A monochro-
matic video feed of the US images captured by the transducer displays on the machine screen.[I]

Echocardiography Cardiac CTA Cardiac MRI

Figure 1.4: A comparison of the functional differences of CT, MRI, and US imaging of the
LV 2]
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systole rather than change in volumes. Square-Cube Law explains that the ratio of two volumes
will always be greater than the ratio of their surfaces. Consequently, the law infers that an
object’s change in volume in three-dimensional space is always greater than the change of
area in two-dimensional space. Therefore, visual assessment of LVEF based on area changes
is suspected to produce lower LVEFs than the true volumetric assessments.

Our clinical collaborator’s preliminary analysis using a database of 68 patients suggested
that the LVEF estimates based on area changes are approximately 16.7% lower than the LVEF
estimates based on volume changes. Furthermore, the comparison exposed that there is a bias
for the visually estimated LVEF towards the lower values in general. Understandably, the
echo-cardiologists tend to aim for safety and, if in doubt, would rather underestimate than
overestimate the LVEF, so that patients may be eligible for additional follow-up or potentially
implantable assistive devices or other therapies to prevent cardiac malfunction.

Another statistical characteristic of the visually estimated LVEFs is "binning". The re-
ported LVEFs based on visual estimations appeared discrete and were typically reported in
increments of 5%. Since visual estimation is a rough method to determine LVEF, it is difficult
for echo-cardiologists to estimate LVEF in finer increments. Such characteristic is detrimental
though. For a healthy person, the LVEF should exceed 55%, while a LVEF below 35% is
considered reduced contraction efficiency|[15] . Such thresholds are not universal as they vary
on a case by case basis. Therefore, when the visual estimations of LVEF are only reported
in increments of 5%, estimated LVEF values around the 55% or 35% thresholds will lead to
incorrect diagnosis. Due to the lack of precision, the LVEF could fall on either side of these
thresholds, hence rendering a patient’s heart function either normal or abnormal, simply due
to the inherent variability of the visually estimated LVEFs. Consequently, people without
cardiac disease may be diagnosed with reduced LVEF and vice versa.

Diagnosis of cardiac disease then leads to therapeutic decisions, some of which, such as
implantable cardiac defibrillators (ICD), are associated with an initial operation cost between
$30,000 to $50,000, and a follow-up treatment on the order of $5,000 to $17,000 [16]. In

addition to the significant healthcare cost, the quality of life for a patient changes inevitably.
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EF based on Area vs. Volume Histogram
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Figure 1.5: A histogram of LVEF based on the same dimensional data but calculated by area
changes and volume changes correspondingly.

1.6 Proposed solution

The premise of this work is four-fold: 1) demonstrate, using both mathematical models of the
LV geometry, as well as patient-specific data, that 2D area-based LVEF measurements signifi-
cantly underestimate 3D volume-based measurements, 2) propose a method to reconstruct the
3D LV blood pool in systole and diastole from 2D multi-plane images and assess it against a
current method used in the clinic [I7], 3) calculate LVEF based on 3D reconstructed LV blood
pool volumes, 4) estimate LVEF more efficiently without the need to reconstruct 3D LV blood

pool volumes.

10



Chapter 2

Previous Work

In order to non-invasively assess LVEF from medical images, LV blood pool volumes need to be
determined accurately. Existing work done by various researchers include simplified LV blood
pool volume estimation methods, simulating LV shape using geometric models, realistically
representing LV geometries by 3D reconstruction, and efficiently generalizing the LV geometric

characteristics using statistical shape models(SSM).

2.1 Simplified LV Blood Pool Volume Estimation Methods

Due to the lack of "gold standard" for estimating LV blood pool via non-invasive imaging
techniques, several attempts have been made to establish LV volume estimation methods
based on some assumptions [I8]. Most proposed methods rely on one-dimensional or two-
dimensional data such as M-mode Echocardiography or 2D echocardiography [19].

The modified Quinones method is often employed due to its time efficiency and the need for
only two linear measurements [20]. By omitting the contribution of LV longitudinal contraction
to the overall LVEF, only end-diastolic and end-systolic measurements of the LV short-axis
diameter at mid-ventricle level are incorporated into the LVEF estimation. The LV short-axis
is perpendicular to the LV long axis (i.e., LV apex to base). Similar to the modified Quinones
method, the Teichholz method leverages on the LV end-diastolic and end-systolic inner diame-

ters to estimate the LV volumes [2I]. LVEF can be subsequently calculated from the estimated
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2.1. Simplified LV Blood Pool Volume Estimation Methods

LV volumes. Both the modified Quinones and Teichholz methods make major assumptions
on the geometry of the LV and longitudinal LV contraction does not contribute significantly
to the LVEF. The limitations of these two methods arise from situations where patients have
asymmetric LV contraction or when US transducers cannot be oriented perpendicularly to the

LV longitudinal axis.

Modified quinones method

End-diastole Erld'E:'.l'IS!ﬂl'E

F

SN

LVEF = LVEDD2 - LVESD2/LVEDD2 = 100 + K

Mormally contracting apex + 10%, dyskinetic apex - 109

Figure 2.1: The modified Quinones method relies only on the LV end-diastolic diameter
(LVEDD) and end-systolic diameter (LVESD) at mid-ventricle level. [3].

In Equation 2.1.1, D is the LV inner diameter at the mid-ventricle level.

VolumeTeiCthlZ = * D3 (2.1.1)

Another simplified LV blood pool volume estimation method is Simpson’s method, which
is the only recommended clinical technique for 2D US imaging currently [22]. Simpson’s
method, also known as the Method of Discs, requires the LV to be imaged in the long-axis
view and the endocardial border be traced out by a clinician. Twenty equal-height discs,

oriented perpendicularly to the LV long axis, which connects the apex to the center of the
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2.1. Simplified LV Blood Pool Volume Estimation Methods

mitral valve, divide the LV blood pool within the manually traced endocardial border. By
assuming the LV is axi-symmetric, the volumes of the twenty cylindrical discs are summed to
provide a LV estimation. Generally, the estimated LV volumes using Simpson’s method from
apical 2-chamber and apical 4 chamber views will be aggregated to that from long-axis view

to generate an average estimated LV volume.

L] #*
3 R-R 890.83 ms

Vmod
oL

Figure 2.2: An example 2D US transducer-produced image displayed on the US machine
screen. Note the colored LV blood pool outlines need to be manually traced by the clinician
after the session. The legend box on the top left corner of the image consists of relevant data
based on the LV blood pool tracing calculated by the US machine.

All aforementioned methods suffer from improper US transducer orientation that cause
anatomical feature location misalignment between different views, geometric assumptions of
the LV being axi-symmetric, inaccuracies in gating the image captures at the same time point
in cardiac cycles, and omission of the the presence of the cardiac disease that lead to LV

physiological variations, which raise the main reason for quantifying LVEF [23].
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2.2. Geometric Models of LV

2.2 Geometric Models of LV

As with many anatomical features, the geometry of the heart and its chambers varies from
person by person to some degree. Compounded with malignant complications introduced by
unfortunate illnesses, it is a challenge to generalize anatomical features such as the left ventri-
cle. Even in the face of challenges, many researchers attempted to theorize models to describe
the LV geometry. On one end where a generic approach was taken, mathematical models
such as cylindrical [24], truncated prolate spheroid [25], and paraboloid [26] were proposed.
These mathematical models enable users to generate theoretical data based on known dimen-
sions of the LV geometries and without requiring actual LV 3D geometric information. In a
comprehensive comparison of various geometric models of the rodent LV by Weijer et al. [5],
they found that the hemisphere cylinder (HC) model correlate just as well as the modified
Simpson’s method (SR) to the reference full volume LV model (FV). As depicted in Figure
2.4, the HC model is equivalent to the paraboloid model described in other literature. Thus,
both the truncated prolate spheroid and the paraboloid models will be used in this project
to prove the significant difference between area-based and volume-based LVEF calculations as

the first step.

Figure 2.3: A prolate spheroid split off-center (e.g Z=-2) along Z-axis results in a truncated
prolate spheroid (TPS). [4].
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2.3. 3D Reconstruction of LV Geometry

Full volume data set (FV) Hemisphere cylinder model (HC)
LW=S8,+S,+S,+ ... LW=A xL/2+2[3xA, xL2=56xA_ xL
Biplane Ellipsoid model (BP) Single-plane Ellipsoid model (SP)

LW =n/6x L x (4/m x A, /D) x (4/n x A /L) LW =(8xAxA)/(3nxL)=085x(AxA)/L

A
Modified Simpson rule model (SR) Modified Teichholz Formula (TF)
LW =A, x LI3+ (A, +A)2 xLI3 + 1/3x A, x LI3 LW=[7/(24+D)xDxDxD
A
Y,
Am A.O

Figure 2.4: An overview of various geometric models evaluated in the work by Weijer el al. [5].
The full volume dataset (FV) is the "gold standard" reference dataset that was assembled from
LV short-axis slices of the full LV blood pool. Both the hemisphere cylinder (HC) and biplane
ellipsoid (BP) correlated better to the reference FV dataset than single-plane ellipsoid (SP)
and modified Teichholz (TF) models. Modified Simpson (SR) model, as the only clinically
recommended method for LV volume estimation, correlates the best with the reference FV
dataset.

2.3 3D Reconstruction of LV Geometry

Work around three-dimensional (3D) reconstruction of the LV from 2D echocardiography is
relatively limited compared to that around 3D echocardiography or other imaging modali-
ties. Existing work share commonality in that cross-sectional images of the LV are acquired
in multiple views and they are combined in a certain fashion. An early work that involved
an in vitro study of the heart proposed a method that requires manual tracing of the endo-

cardial borders in 10 short axis images and aligning them to form a reconstructed volume
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2.3. 3D Reconstruction of LV Geometry

with triangular meshes fulfilling the LV surface [27]. A more recent attempt [28] was made
to similarly capturing US images along the LV short axis but with much finer increments.
Consequently, a smaller gap separates two cross-sectional LV endocardial traces. The surface

area was interpolated using gradient vector flow method [29].
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(a) Triangular LV surface interpolation. (b) Gradient vector flow LV surface interpolation.

Figure 2.5: LV volume 3D reconstruction from short axis images.

In contrast to obtaining endocardial borders from short axis images, another school of
3D LV volume reconstruction gathers endocardial border geometries from long axis images.
Bonciu et al. [30] proposed a method that uses a motorized set up to rotate the US transducer
to acquire numerous LV long axis image in fine angular intervals. The LV endocardial boundary
surface was constructed by circular Shannon interpolation [3I]. In a review that focuses on
3D echocardiography [32], it gathers that only 4 to 6 cross-sectional images are sufficient for
optimal 3D reconstruction of the LV volume. There is work done to utilize machine learning
models to infer the LV shapes from 2D US images [33]. Since machine learning is outside of

the scope of this work, it will not be elaborated on.
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2.4. Statistical Shape Models

ECG N
(a) A motorized setup capturing long axis LV im- -
ages. (b) Gradient vector flow LV surface interpolation.

Figure 2.6: LV volume 3D reconstruction from long axis images.

2.4 Statistical Shape Models

Cardiac malfunction can also alter the physiological features of the LV geometry. For instance,
the LV apex is usually stationary during a cardiac cycle for a healthy heart, but it would
contract and extend during a cardiac cycle in a heart with medical conditions. Such a variation
poses greater challenge for us to generalize the LV shapes, yet approaches leveraging on the
statistical shape model (SSM) by [34], [35], and [36] attempt to provide a more realistic
approximations of the LV geometry. Typically with the existing SSM approaches, a sufficiently
large amount of training data consisting of varying LV geometries is assembled into a statistical
model to encompass the variations of the LV geometries among the training population. The
SSM can then be used to calculate how an incoming LV geometry deviates from the mean
LV shape. This approach is often used to detect anomalies in the incoming LV as indicators
for certain cardiac conditions or physiological changes post treatment. The accuracy of the
SSM-based LV modeling benefits greatly from large amount of training data to capture more
dimensional and geometric variations. Further, accurate calculation of the shape variation of
an incoming LV shape requires considering all modes of variations of the SSM. However, data

is often difficult to acquire in a research project and computational power is limited. Hence,
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2.4. Statistical Shape Models

principle component analysis (PCA) is a common approach to reduce the dimensionality of
the model [37, 138, 39, 40]. Nevertheless, as researchers pointed out, only the top few principal
components contribute significantly to describing the modes of variations in a SSM. As such,
in this work, we will describe the construction of an LV SSM and its use to estimate the LV
blood pool volume and LVEF of a new, incoming patient dataset based on the training data

and the n-most dominant principal models of variation featured in the training data.
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Chapter 3

Methodology

3.1 Data Preparation

For this project, our clinical collaborator provided a set of tri-plane US images for 66 patients.
All images were de-identified and the LV blood pool was manually traced in both diastole
and systole images. In the sequence of tri-plane images for each patient, there is a US image
taken at end-systole and one acquired at end-diastole. The three imaging planes correspond to
the apical 2-chamber(2C) view, apical 3-chamber(3C) view, and apical 4-chamber(4C) view.
Occasionally, the parasternal long-axis(PLAX) view replaces the 3C view when there were
difficulties capturing images at 3C orientation on a patient. Moreover, these three imaging
planes are roughly at 60 degrees relative to one another about the LV long axis, assuming
correct image acquisition.

The PLAX view is obtained when the US wave slices through the long axis of the heart,
which connects the base to the apex of the heart [4I]. The apical 4C view is obtained at an
orientation where all four chambers and the mitral valve of the heart are visible. The apical
2C view is obtained by rotating the US transducer 90 degrees clockwise from the 4C view. In
the 2C view, the left ventricle, the left atrium, and the mitral valve should be visible. The
apical 3C view should display the left ventricle, the left atrium, and the aortic vale, which are
the same set of features visible in PLAX view.

After obtaining the clinical US image data set from our collaborator, we manually extracted
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3.1. Data Preparation

the LV blood pool areas (Figure 3.1 and Figure 3.2) in each US image where the collaborator
already annotated the LV endocardial borders at end-diastole and end-systole with dotted
lines of different colors. Our collaborator used the US images as underlay and determined the

approximated LV blood pool boundaries based on his expertise and experience.

Figure 3.1: The zoomed-in section of the Figure 2.2 in which the LV blood pools at end-
diastole and end-systole were traced by the clinical expert in blue and green, respectively.

(a) Manually segmented LV blood pool from Fig- (b) Manually segmented LV blood pool from Fig-
ure [3.1 at end-diastole. ure 3.1 at end-systole.

Figure 3.2: Manually segmented LV blood pools in end-diastole (ED) and end-systole (ES)
from the patient-specific US images.

The manually extracted LV blood pool from each of the three tri-plane images were
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3.2. Geometric Models Analysis

recorded for each patient so that their areas and geometries can be used for later analysis.
Furthermore, the information generated by the software with which the clinical US scanners
are equipped, GE EchoPac PC, that were displayed in the legend box of each US image were
recorded. In the legend box (Figure 3.3), the rest time between each cardiac cycle ("R-R")
and the heart rate ("HR") were displayed. For both the systolic and diastolic LV blood pools,
the length ("L"), circumference ("C"), area ("A"), volume by area times length ("Va-1"), and
volume by Method of Discs ("Vmod") were displayed in the legend box as well. For later
analysis, we recorded the systolic and diastolic areas as well as the Method of Discs volumes

for each image.

Figure 3.3: The zoomed-in section of the Figure 2.2 in which information related to the LV
blood pools at end-diastole and end-systole were generated by the clinical US machine and
displayed in the legend box at top left corner of the image.

3.2 Geometric Models Analysis

We first used mathematical models of the idealized LV geometry to study the difference be-

tween area and volume estimates of LVEF. Researchers previously proposed several mathemat-
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3.2. Geometric Models Analysis

ical approximations of the LV geometry: cylindrical [24], truncated prolate spheroid (TPS)
[4], and paraboloid [26] models. Of these, the TPS and paraboloid models matched more
closely to the LV shapes observed in our US imaging data, so they were used for geometric
simulations to characterize and describe the LV. Both models are characterized by the length
and width of the LV in systole and diastole according to clinical knowledge about the heart

size available from our US imaging data.

b
Zz

z
(a) The TPS model is described by three param- (b) A paraboloid model of the LV is character-
eters, which measure the width a at semi-axis x, ized by two parameters descriptive of the length
and lengths b, ¢ from axis x to the apex and the b from semi-axis x to the apex and width at semi-
mitral valve base, respectively. axis X.

Figure 3.4: Mathematical approximations of the LV geometry using a truncated prolate
spheroid (TPS) model and a paraboloid model.

As illustrated by Figure [3.4, TPS model is characterized by three parameters and the
paraboloid model is characterized by two parameters. For the TPS model, parameter a defines
the shorter x-axis domain, parameter b defines the longer z-axis domain, and parameter c
defines the location along z-axis where the ellipsoid is truncated. Similarly, the paraboloid
model takes the same parameters a and b but not c¢. The truncated section of the TPS
model leads to significantly different cross-sectional areas and internal volumes from those
described by the paraboloid for any given dimension. Using the information gathered from
our image dataset, we ran simulations using the TPS and paraboloid models to generate

shapes that range from thin-elongated LVs to wide-short LVs in order to cover a variety of
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3.3. 3D Reconstruction

LV shapes. The corresponding LVEFs were calculated based on the simulated LV areas and

volumes consequently.

3.3 3D Reconstruction

In the clinic, the software tool used by the clinicians estimates a LV blood pool volume using
the Method of Discs from each of the three views in which the endocardial LV border was
traced. In short, the method assumes that the left ventricle is axisymmetric about its long
axis and approximates its volume by revolving each endocardial trace about the normal line
connecting the apex to the midpoint of the mitral valve line. Moreover, to account for the fact
that the heart was depicted using three views positioned at more or less 60 degrees apart, the
same axisymmetric volume is estimated from the other two views in both systole and diastole.
Finally, a systolic and diastolic blood pool volume is estimated by averaging the three volumes

approximated from each of the three axisymmetrically-assumed views (refer to Figure 3.5).

Figure 3.5: An illustration of systolic and diastolic LV volume estimation by the GE EchoPac
clinical software using the Method of Discs by assuming that LV geometry is asymmetrical.

As an alternative method, which does not make any assumption about the LV axisymmetry,

we proposed a method that leverages the true geometry of the LV depicted by the three 2D
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3.3. 3D Reconstruction

multi-plane US images and their relative spatial location. As such, since each patient’s heart
was imaged in three tomographic views located 60° apart, a 3D LV volume was reconstructed
by first co-locating the LV apex from all views, then aligning the apex to mitral valve base
line from the three views along the vertical axis, and lastly using using spline interpolation
to connect points on the endocardial trace of the LV blood pool from each of the three views
at the same elevation from the LV apex. This algorithm is similar to the one proposed by

Dangi et al. [42], but differs by using the convex hull interpolation rather than the spline

interpolation.
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Figure 3.6: 3D reconstruction workflow: extract LV blood pools in three views; align apices
and mitral valve bases; reconstruction by convex hull interpolation between three views.

Figure 3.7: 3D Reconstruction of LV volume using convex hull model.

24



3.4. Statistical Shape Model

3.4 Statistical Shape Model

Executing the entire 3D reconstruction algorithm is time consuming and labor intensive due
to the need for a clinical expert to manually extract the LV endocardial border and running
the computationally intense reconstruction algorithm. Consequently, it is unattractive for
clinicians to utilize this algorithm in real-time. The downside of the current practice poses
a daring need for a method to more efficiently calculate LVEF based on volumetric data.
To address these challenges, we propose a SSM-based estimation method that leverages on
Mahalanobis distance or vector distance in the space spanned by the principal components
(PC) of the training data. The SSM is assembled with landmarks the represent LV blood
pool volume characteristics. For each tomographic view in the tri-plane image set, five anchor
points were selected by the user. The five anchor points are located at five landmarks of the
LV endocardial border: apex, mitral valve hinges, and midpoints of the endocardial wall on
each side. The LV apex remains stationary during a cardiac cycle, so only one unique set
of coordinates exists for the apex in all three views. which resulted in a total of 13 anchor
points describing each dataset. Of the 66 patient-specific image datasets, we used 50 image
datasets to build and train data the SSM, and the remaining 16 datasets were used as testing
data. The shapes characterized by the 13 anchor points, Method of Discs volumes, and 3D
reconstructed volumes of the 50 training data were used to predict the volumes and LVEFs of
the 16 test datasets.

The 3D LV blood pool geometry of each patient consisted of a set of 13 anchor landmarks
in systole and the same in diastole, while the SSM LV geometry consisted of 50 x 13 anchor
landmarks in systole and same in diastole. Even though the anchor points were selected
from 2D images, their transposition into the corresponding 3D volume was obtained under
the clinically supported premise that the tri-plane 2D images were collected at 60 degrees
apart. Using the reconstruction algorithm described in Section 3.3} all 2D anchor points were
transformed into the 3D space. The coordinates of 3D-transformed landmarks are structured

as detailed in Equation 3.4.1.

25



3.4. Statistical Shape Model
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Figure 3.8: Anchor point locations on an example diastolic LV endocardial border (the outer-
most blue trace in the images with black background in the left column).

Anchorssp =

Xleft hinge—2C
Xieft mid—2C
Xapex
Xright mid—2C
Xright hinge—2C
Xieft hinge—3C/PLAX
Xieft mid—3C/PLAX
Xright mid—3C/PLAX
Xyight hinge—3C/PLAX
Xleft hinge—4C
Xieft mid—acC
Xright mid—4aC

Xright hinge—4C

Yéeft hinge—2C
Yieft mid—20
Yapex
Yright mid—2c
Y;"ight hinge—2C
Yieft hinge—3C/PLAX
Yiert mid—3c/prax
Yright mid—3C/PLAX
Yo ight hinge—3C/PLAX
Yéeft hinge—4C
Yieft mid—ac
Yright mid—ac

Y;'ight hinge—4C

26

Zleft hinge—2C
Zieft mid—2C
Zapez
Zright mid—2C
Zm'ght hinge—2C
Zieft hinge—3C/PLAX
Zieft mid—3C/PLAX
Zright mid—3C/PLAX
Zright hinge—3C/PLAX
Zleft hinge—4C
Zieft mid—aC
Zright mid—4C

Zright hinge—4C

= [13 x 3]

(3.4.1)



3.4. Statistical Shape Model

For each landmark, there are X, Y, and Z coordinates. The subscripts describe which
landmark each coordinate correspond to. "Left hinge" refers to the mitral valve hinge on
the left side of the endocardial contour, "left mid" refers to the midpoint of the left half
of the endocardial contour, and "apex" refers to the generally stationary apex of the left
ventricle. Both the "right hinge" and "right mid" refer to the landmarks on the right side of
the endocardial contour. "2C", "3C/PLAX", and "4C" refer to which tomographic view the
coordinate represents. Since there is only one unique apex for the left ventricle, only one set
of coordinates is used to represent the apex location.

The 3D coordinates of the 13 landmarks for the 50 training datasets were assembled into
the SSM of dimension 50 x 13 x 3. Encompassing the landmark coordinates from all 50
training datasets is a prerequisite for constructing the SSM. LV shapes vary in size, so the
alignment scheme was carefully determined. Since we will examine the LV volume estimation
performances with and without size normalization, it was decided not to scale the training LV
shapes based on their sizes while aligning them. The axis along which the three tomographic
views intersect for each training patient image dataset was used as the alignment axis when
combining the 50 datasets into the SSM. Once the landmarks of the 50 training datasets were
aligned along the axis, their centers of mass along the alignment axis were calculated and offset
to the origin, hence ensuring that the centroid of the SSM coincides with the origin. Finally,
the centers of mass of all 50 LV shapes are also located at the origin, hence, (0, 0, 0) in 3D.

The SSM is now ready to be used for LV volume estimations.

3.4.1 Mahalanobis Distance with Size Normalization

Once the SSM was generated, it was used to estimate the systolic and diastolic volumes of
an incoming test patient. We used the inverse co-variance matrix of the SSM to calculate the
Mahalanobis distance [43] between the test data and each of the training data in the SSM.

The Mahalanobis distance can be calculated as defined below:

M,; = \/(test —traing)T C~1 (test — train;) (3.4.2)

27



3.4. Statistical Shape Model

M; is the Mahalanobis distance between a test dataset and each of the 50 training dataset
with an index of i, C~! is the inverse co-variance matrix of the SSM, and ()7 is the ma-
trix transpose operation. Conceptually, the Mahalanobis distance describes how "far" a new
dataset is from the training datasets. The Euclidean distance (test — train;) between testing
and training data in 3D space is calculated first, and its transpose is then multiplied by the
co-variance matrix of the SSM, as well as the Euclidean distance.

The Mahalanobis distance between the test and each training dataset is used to calculate
the weight according to which each training dataset contributes to the description of a new
dataset. These weights were, in turn, used to estimate the systolic and diastolic volumes of the
test dataset. As such, the larger the Mahalanobis distance from a test dataset to a training
dataset, the lower the weight by which that specific training dataset contributes to describing

the test dataset.

(3.4.3)

Finally, both the systolic and diastolic volumes of the test dataset can be estimated using
the calculated weights multiplied by the corresponding ground truth volumes of each training

dataset.

50
‘/estimated = sz‘/z (344)
=0

3.4.2 Vector Distance without Size Normalization

As opposed to using the Mahalanobis distance which removes the effect of size differences
in the LV shape due to normalization, we also employed an alternative, yet more traditional
method to account for the size effect. The vector distance resulting from the dot product of the
test patient’s anchor points and each training patient’s anchor points was used to determine
the contributing weight of each training LV shape in the SSM for test patient LV volume
estimations. To assist with the principal component analysis (PCA) in the later steps, the

matrix containing all 50 training patients’ 3D anchor points was first reshaped from 50 x 13 x
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3 to 50 x 39.
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Since obtaining real eigenvalues and eigenvectors requires the training patient anchor point

matrix to be a symmetric matrix, we first computed the Gramian matrix as follows:

A =[50 x 39]7 [50 x 39] = [39 x 50] [50 x 39] = [39 x 39]. (3.4.6)

Using the eigen-decomposition, the eigenvalues and eigenvectors of the SSM were calculated
as shown in Equation 4, where ) is the diagonal matrix consisting of eigenvalues and D is the

matrix of corresponding eigenvectors.

AD=)D (3.4.7)

The eigenvectors were sorted with respect to their corresponding eigenvalues in descending
order, which allowed for PC dimensionality reduction in the subsequent steps of the analysis.
All landmarks of the 66 patient datasets were projected onto the PC space via multiplication
by the eigenvector matrix so that they are represented as a linear combination of the 39
modes of variation of the SSM. The vector distance in PC space P, between a test patient
and each training patient in PC space was calculated. The PCA vector distances were used

to determine the weight w; each training patient’s LV volume V; contributed to a new test
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3.4. Statistical Shape Model

patient’s LV volume estimate, as shown by Equations 3.4.8 and 3.4.9.

50 50
> M; P
w; = 21]:\/; or ZZ];O (3.4.8)
50
Vestimated = Z w; V; (349)
=0

The reference volume V; of each patient patient is calculated as a linear combination of

the LV volumes reconstructed using the algorithm explained in Section 3.3.
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Chapter 4

Results

4.1 Geometric Model

As observed from the retrospectively acquired and de-identified image database of 66 patients,
the diameters of LV blood pools ranged from 1 cm to 4 cm and the lengths ranged from
2 cm to 10 ecm. LV cross-sectional areas and volumes in both systole and diastole and the
corresponding LVEFs were calculated for both idealized models across the whole range of
heart sizes and geometries. Comparing the area- vs. volume-based LVEFs, both models
clearly demonstrate that the area-based LVEF is significantly lower than the volume-based
LVEF by approximately 16% on average. Volume-based LVEFs are higher than area-based
ones across the lengths and radii of the LVs used to run the TPS and paraboloid model
simulations. Further, the differences between volume-based and area-based LVEFs are higher
for thin-elongated LV shapes than for wide-short LV shapes using either geometric model.
The Student’s t test also confirmed that the area-based LEVF is significantly lower (p < 0.05)
than the volume-based LVEF for all analyzed data.

Subsequently, the area- and volume-based LV measurements in both systole and diastole
for our clinical data, TPS model, and paraboloid model were compared. As summarized in
Table 4.1, the LVEF area and volume calculations are consistently different across all models.
In all models, area-based LVEF calculations clearly underestimate the volume-based LVEF

calculations for all models. Even though the mean and standard deviation of LVEFs based on
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TPS EF by Volume vs. Area

Paraboloid EF by Volume vs. Area
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Figure 4.1: The difference of LVEFs calculated based on volume and area using TPS and
parabolid models.

TPS and paraboloid models were the same, both quantities were produced from significantly
different stroke and diastolic areas or volumes as shown in Table 4.1.

Table 4.1: Summary statistics of the LVEF-related quantities based on the TPS model,
paraboloid model, and the clinical data analysized using GE’s EchoPac PC clinical software.

Mean#4Standard Deviation
Model LVEF Diastolic Stroke
Area [%]| | Volume [%] | Area [cm?| [ Volume [ml] [ Area [em?| | Volume [mi]
Image Data | 41.8 £12.7 | 58.7+15.9 | 13.9+4.1 67.4 +20.0 35.14+9.7 126.8 +59.2
TPS 41.3 +4.7 55.4 £ 5.7 16.1£2.3 | 99.5+£29.1 40.0+10.1 | 186.9+73.1
Paraboloid | 41.3 +4.7 554+ 5.7 17.3+£3.8 | 1742+ 354 | 42.67+12.4 | 316.7£89.0

Comparing the stroke and diastolic areas and volumes, the TPS model matched more
closely to our reconstruction results from the US imaging data. The paraboloid model tends
to overestimate the volume relative to the TPS model in the mid to apical range due to their
different geometries. This observation also explains the limitations of using these idealized

models to faithfully describe the LV geometry, but the TPS model is still considered a better
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4.2. 3D LV Blood Pool Reconstruction

approximation of the LV shape. Additionally, due to imperfect extraction of the LV blood pool
from our US images, the systolic areas and volumes were higher resulting in further reduction
in LVEFs. Moreover, the volume-based values in the ’Clinical Data’ column are not gold
standard because they were calculated by the GE EchoPac PC clinical software using Method
of Discs volume estimation method for each tomographic view without considering intricate

variations in LV shapes between tomographic views.

4.2 3D LV Blood Pool Reconstruction

Since the 3D reconstruction serves as the basis for the SSM construction and the eventual
PC analysis, it is necessary to validate the 3D reconstruction algorithm to ensure it matches
sufficiently well or improves upon the reference MOD algorithm. The systolic and diastolic
volumes of all 66 patients in the US image dataset were provided in the legend boxes shown
in the US images. There are three tomographic views for each patient’s iamges, the MOD
volumes in all tomographic views were averaged (equation 2) for both end-systole and end-
diastole to allow for the calculation of one LVEF per patient based on MOD volumes. On
the other hand, one systolic volume and one diastolic volume were generated from the 3D
reconstruction for each patient, so the LVEF was simply calculated from those volumes. The
result summary is tabulated below to compare the systolic volumes, diastolic volumes, and
their derived LVEFs based on MOD and 3D reconstruction.

Table 4.2: Statistics of the LVEF-related quantities based on the reference MOD and 3D blood
pool reconstructions from the multi-plane 2D US imaging data.

Mean =+ Standard Error” MOD 3D Reconstruction

LVEF %] 58.6 = 2.0 57.8 =+ 2.0
Diastolic [ml] 127.0 £ 7.3 127.5 £ 7.2
Stroke [ml] 67.3 £ 2.5 66.8 £ 2.4
Standard Error = Standard Deviation/\/Number of Samples (4.2.1)
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4.2. 3D LV Blood Pool Reconstruction

Box and Whisker plot of LVEF
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Figure 4.2: A box and whisker plot of the LVEF calculated from MOD and 3D reconstructed
volumes.

As shown by Table 4.2, results from 3D reconstruction algorithms match closely to the
reference MOD values. Even though the reconstructed LV volumes resemble an LV geome-
try more realistically, having only three tomographic views limits the accuracy improvement
potential of the reconstructed volumes. Notwithstanding, the reconstruction algorithm is at
least as good as the standard-of-care MOD volume estimations. Further, the LVEF results
based on reconstruction algorithm were compared against the reference MOD values in Figure
4.3, If the two algorithms match perfectly, the resulting slope of the plot should be unity. In
fact, the experimental results led to a slope of 0.97 and a coefficient of determination of 0.93,
which confirms the reconstruction algorithm closely matches the performance of the reference

MOD.

34



4.3. Statistical Shape Model

Correlation between LVEF based on Reconstructed Volumes and LVEF based on Reference MOD Volumes
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Figure 4.3: Plotting the LVEF results based on 3D reconstructed volumes to the reference
MOD values provides a slope of 0.97 and a coefficient of determination of 0.93.

4.3 Statistical Shape Model

After confirming the 3D reconstruction algorithm is sufficiently accurate to estimate the LV
blood pool volume, it was used in the next phase of the work to generate a statistical shape
model (SSM) from 2D LV landmarks. LV landmarks from the 50 training patients were
assembled into a point cloud that is the SSM, which encompasses the numerous LV geometries
in the dataset. For each set of the 13 landmarks, its center of gravity along the central vertical
axis was calculated and tared to the zero origin. All 50 sets of land marks centered at the
origin would generate a zero-mean SSM as illustrated by Figure 4.4.

It is important to verify that the SSM can produce reasonably accurate LV volume es-
timations comparing to the reference data. Hence, a "take one out" method was employed
to construct a SSM based on 49 training patients to estimate the volumes of the "left-out"
training patient. Such process was repeated to estimate the LV blood pool volume in systole
and diastole for each of the 50 training patients. The Bland-Altman plot in Figure 4.5 illus-

trates the agreement between SSM-derived LVEFs and the reference MOD LVEFs. Along the
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4.3. Statistical Shape Model

1

Figure 4.4: The point cloud constructed from land marks of the 50 training image datasets.

x axis are the means of the 50 pairs of SSM-derived LVEFs and the corresponding reference
MOD-based LVEFs. Along the y axis are the differences between the SSM-derived LVEFs
and MOD-based LVEFs. The red line across the plot illustrates the mean of the differences
of all 50 pairs. The dark gray line above and the green line below the red line are the limits
of agreement, which were set to 95% prediction interval which are 1.96 standard deviation
apart from the mean. As Figure [4.5 illustrates, SSM-derived LVEFs agree strongly with the
reference MOD LVEFs with only 10% data points outside of the limits of agreement.

For the 16 testing patient image datasets, their correspoding LV diastolic and systolic
volumes were estimated from the reference MOD and 3D reconstructed values using both the
Mahalanobis distance and the PC space vector distance. The percent error § between either
the MOD (Figures 4.6 - 4.8) or 3D reconstructed (Figures 4.9 - 4.11) reference value V,.¢ and
the estimated value V.4 was calculated for estimated systolic and diastolic volumes based on

both the Mahalanobis and PC vector distances.
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4.3. Statistical Shape Model

Take One Out Verification of LVEF Based on MOD Volumes
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Figure 4.5: Bland-Altman plot of the SSM-derived LVEFs and the reference MOD LVEFs.

The results based on Mahalanobis distance were consistently further away from either the
reference MOD data or the 3D reconstructed data than the results based on PC space vector
distance. This observation indicates that size normalization is undesirable in estimating LV

geometries due to the importance of the size to the volume estimation.

Table 4.3: Summary statistics of the LVEF-related estimates using the Mahalanobis distance
and PC space vector distance based on the reference MOD values for the 16 testing patients.

Mean + Standard Error MOD Mahalanobis Distance PC Vector Distance
LVEF [%] 55.7 £ 4.7 489 + 4.3 57.4 £ 5.0
Diastolic Volume |[ml| 125.8 £ 17.9 117.3 £ 174 126.8 £+ 18.1
Systolic Volume [ml] 66.4 + 17.7 68.7 £ 16.9 66.9 + 17.9

As a PC explains a mode of variation in the SSM, PCA was conducted to provide more
insights on the effects various aspects of the SSM-based LV volume estimations pose on the
overall accuracy. By sorting the eigenvalues and their corresponding eigenvectors in descending

order, the eigenvectors or PCs that contribute the most to describing the LV geometry surfaced.
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4.3. Statistical Shape Model

Table 4.4: Summary statistics of the LVEF-related estimates from the Mahalanobis distance
and PC space vector distance based on the 3D reconstructed values for the 16 testing patients.

Mean &4 Standard Error Reconstruction Mahalanobis Distance PC Vector Distance

LVEF [%)] 55.6 + 2.2 58.5 £ 2.5 54.5 £ 2.3
Diastolic Volume |ml| 125.8 £ 17.3 130.1 £ 174 123.3 £ 17.3
Systolic Volume [ml] 66.2 + 17.1 65.7 £ 174 66.0 £ 17.1

For each of the 16 testing patient datasets, the estimation error was plotted against the number
of PCs utilized sorted in descending order of their corresponding eigenvalues. As illustrated by
Figure 4.13], as the number of sorted PCs used to estimate LV volumes exceed approximately
13, the margin of return on accuracy improvement dramatically diminishes.

Since the first 13 PCs contribute to most of the LV volume estimation, a few reduced
numbers of PCs for vector distance calculation were chosen to reduce the dimensionality of
the SSM. Instead of using all 39 PCs, the three, five, and ten most dominant PCs were used
to estimate LV volumes by vector distance. Note that even when using only the three or five
most dominant PCs, the percent error between the estimated and true volumes was less than
10%, while using the most dominant ten PCs provides close estimation to the reference data
with less than 5% error.

Table 4.5: Summary statistics of the LVEF-related quantities using reduced number of PCs
to estimate for the 16 testing patients.

Number of PCs

Mean + Standard Error 3 5 10 39
LVEF %] 61.1 £5.0 59.9 £ 4.7 57.8 £ 5.0 54.5 £ 4.6
LVEF Percent Error* [%)] 9.9 7.7 4.0 2.0
Diastolic Volume |ml| 1181 £ 174 119.7.1 £ 17.2 1223 £ 17.3 123.3 £17.3
Systolic Volume [ml] 56.8 £ 17.3 57.9 £ 15.7 62.7 £17.8  66.0 £ 17.1

PercentError = |Estimated LVEF — I'mage data LVEF| / Image data LVEF % 100%
(4.3.3)
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LVEF Percent Error - MOD
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Figure 4.6: Patient-specific percent error of the estimated LVEF based on the reference MOD
data using Mahalanobis distance and PC vector distance methods.
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Diastolic Volume Percent Error - MOD
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Figure 4.7: Patient-specific percent error of the estimated LVEF based on the reference MOD
data using Mahalanobis distance and PC vector distance methods.
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Systolic Volume Percent Error - MOD
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Figure 4.8: Patient-specific percent error of the estimated LVEF based on the reference MOD
data using Mahalanobis distance and PC vector distance methods.
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LVEF Percent Error - Recon
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Figure 4.9: Patient-specific percent error of the estimated LVEF based on the 3D reconstruc-
tion data using Mahalanobis distance and PC vector distance methods.
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Diastolic Volume PercentError -
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Figure 4.10: Patient-specific percent error of the estimated LVEF based on the 3D recon-
struction data using Mahalanobis distance and PC vector distance methods.
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Systolic Volume Percent Error - Recon
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Figure 4.11: Patient-specific percent error of the estimated LVEF based on the 3D recon-
struction data using Mahalanobis distance and PC vector distance methods.
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4.3. Statistical Shape Model

Correlation between LVEF from Estimated Volumes and Reference MOD LVEF
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Figure 4.12: Plotting the LVEF results based on estimated systolic and diastolic volumes
using Mahalanobis and PC Vector distances against the reference MOD values provides a
linear fit of 0.887 for LVEF based on Mahalanobis distance and 1.065 for LVEF based on PC
vector distance. The linear fit on the LVEF using PC vector distance is slightly better than
that on the LVEF using Mahalanobis distance according to the coefficient of determination of
0.987 for the former versus 0.986 for the latter.
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LVEF Estimation Error Using Different Number of Principal Components
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Figure 4.13: The percent difference between the LVEF computed based on SSM-estimated
volumes and the LVEF computed based on the 3D reconstructed volumes using different
numbers of PCs. The legend details the color codes of the data series for each of the 16 testing

patient IDs.
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Chapter 5

Discussion, Future Work, and

Conclusion

5.1 Discussion

As Figure 4.13 illustrates, the percent errors between SSM-based LVEF calculations and the
reference LVEF values are negative for all test patient image datasets. Evidently, LVEFs com-
puted based on SSM-estimated volumes using the n-most dominant PCs consistently under-
estimate their corresponding reference LVEFs. However, by using at least ten most dominant
PCs, a percent error less than 5% can be achieved, which is much lower than the error as-
sociated with the current visual estimates of LVEFs based on LV bloop pool area changes in
clinical settings.

Due to LV geometric assumptions and dimensional constraint, estimating LVEF from
2D echocardiography intrinsically leads to more inaccuracies when compared to 3D imag-
ing modalities such as 3D echocardiography and MRI [44] 45]. Other factors that contribute
to the inaccuracies include the presence of cardiac disease and subpar image quality. Ventric-
ular dyssynchrony is a cardiac condition where the LV functions with abnormal timing and it
leads to challenges in gating the image capture exactly at end-systole and end-diastole. Pa-

tients with LV dyssynchrony are associated with reduced LVEF [46] so reduced accuracy in LV
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5.1. Discussion

imaging accompanies the risk in failure to detect the presence of this disease. Atrial fibrillation
(AF) causes irregular heart rhythm [47] and indirectly affects LVEF between heart beats. AF
is problematic when multiple images of the LV are necessary to perform 3D reconstruction.
In the event of AF presence, multiple measurements should be carried out so that the results
could be averaged.

Image quality is often the bottleneck for a successful LV blood pool segmentation even
for an experienced clinician. If the US transducer is not oriented perfectly per definitions of
apical 2-chamber view, apical 3-chamber view, apical 4-chamber view, or parasternal long axis
view, several artifacts could lead to inaccurate depictions of the LV blood pool. The artifacts
then propagate to and affect the LV volume and LVEF calculations since they are based on
multi-plane images. Our collaborator, Dr. Schwarz, suggested four attributes that contribute

to the image quality of the 2D echocardiography:

1. The length, L, along the ventricular longitudinal axis connecting the apex to the mitral

annulus should generally stay constant in all views at either end-systole or end-diastole.

2. The diameter at either end-systole or end-diastole, D, of the LV at mid-height along the
longitudinal axis may have slight variations between tomographic views since LV is not

axis-symmetric but should not vary drastically.

3. The movement, m, between LV apex at end-systole and end-diastole indicates whether
the images were captured through the true apex. The closer to zero the m, the more

confidence in capturing through the true apex.

4. The position, h, of the LV apex with respect to the origin in each US scan should
remain at the same location to confirm that the images were captured through the true
apex. These four image quality metrics can help standardize the image capture among

clinicians and level the ground between experienced and inexperienced.

Furthermore, the combination of these metrics can help clinicians identify potential exis-

tence of cardiac disease instead of second-guessing whether it’s an image capture problem. For
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instance, if h remains constant across all views but m is significantly higher than zero, there
is a high probability of LV longitudinal shortening rather than image capture misalignment.
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Figure 5.1: An example US image annotated with image quality metrics: L, D, m, h.

5.2 Future Work

Even though our proposed LV volume estimation method using SSM delivered promising
results when compared to the reference MOD data, its accuracy of 5% error needs to be further
examined for a few critical ranges of estimated values. For instance, systolic and diastolic
volumes estimated from the SSM approach produce an LVEF of 63%, which is indifferent if an
LVEF of 58% were reported instead for a male patient. Per Table 1.1, either reported LVEF
would be considered normal. However, if an LVEF of 28% were reported instead of 33%, that
is the difference between a "severely abnormal" and "moderately abnormal". Consequently,
the former may lead to ventricular assist device implantation and the latter may not involve a
surgical intervention at all. Such dramatically different consequence in where the inaccuracies

fall in the range of LVEFs calculated from estimated LV volumes lends itself the need to conduct
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a sensitivity analysis [48] as typically done on clinical trial data. Sensitivity analysis can help
predict how certain variations such as outliers impact the proposed method. The challenge in
determining the effect of inaccuracy of the proposed method is that appropriate ranges for the
categorization of the LVEF change based on several factors of the specific patient. Thus, the
threshold for a "normal" LVEF can be lower for one person than that for a "mildly abnormal"
LVEF for another person. Sensitivity analysis should be conducted in coordination with more
relevant definitions of LVEF categorization threshold for a specific subject.

Extending this study to a larger patient population and building a statistical shape model
of the LV based on the extended patient population will enable us to study the effect of the
orientation of the cross-sectional areas on the area-based LVEF estimates. Moreover, image
data obtained by different clinicians should be incorporated so that intra- and inter-observer
variability associated with the tracing of the LV endocardial border in both systole and diastole
can be studied.

Obtaining true 3D US imaging data from our collaborating clinicians is another future
effort such that the performance of our model can be further evaluated and improved. Ideally,
3D echocardiography with contrast agent image data will be obtained because of its superior
image quality when compared to 2D echocardiography and non-contrast 3D echocardiography
[49]. The challenge with 3D echocardiography is that the image capture spans across multiple
cardiac cycles, which requires the clinician to balance between spatial and temporal resolution.
Since 3D echocardiography is not as ubiquitous and often used, intra-operator variance is
significant due to different levels of training [50].

Fractional shortening of the heart is common as a person ages, and it consists of long-axis
and short-axis shortening [51]. When fractional shortening is present, a person’s LVEF may be
above the normal threshold but the absolute volume of blood pumped may be reduced. Other
other hand, an athlete with enlarged ventricular size may have a lower LVEF than normal
even if his or her cardiovascular performance is actually superior to an ordinary person [52].
To more comprehensively quantify a person’s cardiovascular health, LV volume and LVEF

should be analyzed concurrently.
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5.3. Summary and Conclusion

Recent prevalence of machine learning (ML) techniques presents a worthwhile opportunity
for a comparison to analytical approaches. Several aspects of the LVEF calculations can
be automated by ML techniques such as LV blood pool segmentation [53 54], LV geometry
estimation from segmentation images, and LVEF estimation from LV geometry. Potentially, a
sound ML model to estimate LVEF directly from image data is feasible eventually [55]. Such
study is a Master’s project by itself but a valuable study in the age of computer-aided solutions
in medical imaging.

There is also a potential application of the proposed method to be used for continuously
model the LV in real-time to assist clinicians better identify the LV diastolic and systolic
volumes. A possible implementation combines the knowledge and techniques from 3D defor-
mation tracking model [50] and causality in deep learning [57]. The clinician first needs to
select LV landmarks on the endocardial border as displayed on the clinical US machine, and
then the SSM method can be used to estimate the appropriate 3D LV geometry. The estimated
3D LV geometry will serve as the initial model for the 3D deformation tracking, subsequent
frames of the US image feed can simply use the deformation tracking model to predict the
LV shape changes throughout the cardiac cycles. This approach would eliminate the need for
the clinician to constantly update landmark locations by hand and the SSM-based LV shape
estimations. The challenge of timing the US image capture exactly at end-systole and end-
diastole can be solved by this suggested approach because systolic and diastolic LV volumes
are naturally when the LV is the smallest and the biggest in the continuous LV modeling. We
can also borrow the knowledge of causality in deep learning to infer what would happen to

the LV geometry during the continuous modeling if certain events or variations occur.

5.3 Summary and Conclusion

Our attempt to demonstrate the necessity of quantitatively assessing LVEF rather than quali-
tatively estimate based on visual cues hopefully conveys the message that no shortcuts should
be taken to calculating the LVEF. Using both idealized mathematical models of the LV and

patient specific ultrasound imaging data, we proved that area-based LVEF estimates underes-
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5.3. Summary and Conclusion

timate true volume-based LVEF estimates. Thus, relying on area changes as a surrogate for
volume changes should not be practiced. Moreover, we also showed a method that utilizes the
relative position and orientation of the multi-plane 2D US images to correctly reconstruct a
more faithful representation of the LV blood pool than simply averaging three axisymmetric
LV shapes. Using the reconstructed LV volumes, an SSM was constructed to establish the
basis for an atlas-based LV geometry estimation method. The proposed SSM approach for
estimating LV volumes and their derived LVEFs based on Mahalanobis distance and vector
distance in PC space offers a viable method to efficiently obtaining accurate volume-based
LVEFs. The estimated volumes help produce LVEFs estimates that are more accurate than
area-based visual estimates currently used in practice. Moreover, the estimation method based
on PC vector distance achieved results closer to the reference LV volume and LVEF values
than the Mahalanobis distance method. The SSM-based estimation approach using PC vector
distance also allows the usage of reduced number of modes of variation, and yet maintains an
acceptable accuracy in the LVEF estimation. The first three and five PCs describe 71.4% and
86.5%, respectively, of the overall variances in our SSM.

In the past year, the world was turned upside down by the devastating pandemic of coron-
avirus disease 2019 (COVID-19). In addition to the highly infectious nature of the virus, people
with cardiovascular disease are more vulnerable to the infection and likely sustain more severe
symptoms. Recent research found that people with reduced LVEF are more susceptible to the
SARS-CoV-2 virus [58,59]. hence, it is more important now than ever to establish a standard-
ized means that will help clinicians provide consistent diagnosis of cardiovascular health. The
proposed solution can replace the current clinical practice that roots from non-standardized

training on visually estimating LVEF from 2D US images with quantitative measurements.
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