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PREFACE

Three chapters of this dissertation (Chapters 4, 5, and 6) have been published in peer-
reviewed journals as noted at the start of those chapters. Minor edits to the formatting and wording
have been made in these chapters to produce a cohesive piece of writing. The organization of this
dissertation begins with a brief introduction on the prevalence of heart failure post-infarction
(Chapter 1), followed by an in-depth review of cardiac remodeling and the associated imaging
techniques used to track disease progression (Chapter 2). Chapter 3 focuses on the identification
of a research gap, which will be addressed in subsequent chapters. Chapters 4 and 5 describe our
recent efforts in the development of a four-dimensional ultrasound imaging technique and a 3D
strain algorithm, respectively. This is followed by a thorough longitudinal study that integrates
these two techniques to characterize spatial changes in 3D myocardial strain post-infraction
(Chapter 6). Finally, we conclude by reflecting on the scientific contribution of this dissertation,
as well as provide future directions of our research (Chapter 7). Please refer to the publications

section on page 145 for a comprehensive list of authored journal articles and their scientific impact.
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reperfusion, PL: permanent ligation. Blue asterisks: PL vs. Sham; Red asterisks: I/R vs. Sham;
Purple asterisks: PL vs. I/R. Scalebar: ImMmMm...........cccceoiiiiiiiiiiiiiieiieeeeeie et 91

Fig. 6.4: Longitudinal 3D representations of peak-systolic LV boundaries with maximum principal
3D Green-Lagrange myocardial strains (Er) overlaid onto the endocardial wall. Epicardial
boundaries are shown in gray. Dark blue areas highlight akinetic regions of the myocardium.
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Fig. 6.5: Longitudinal bullseye maps of the maximum principal 3D Green-Lagrange strain (Er)
within the myocardium. Strain-estimated infarct boundaries are outlined in solid black lines with
infarct centers marked as black crosshairs. Wall-thinned infarct boundaries measured from
segmentation are outlined as white dotted lines, while sternal artifacts are outlined as black dashed
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Fig. 6.6: Myocardial strain profiles of the remodeling LVs averaged across mice in each group
and plotted at (A) baseline and (B-E) on days 1, 3, 7, and 28 post-surgery. Strain profiles in
nonischemic mice (baseline and sham) are plotted radially away from the LV apex (black x-axis).
In ischemic mice, strain profiles are plotted only in regions near infarct boundaries (r = 0; purple
x-axis). Strain values averaged within the infarcted and remote myocardium are shown as the left
and right inset bar graphs respectively. (F) Strain gradients, calculated within the linear component
of the sigmoidal fit from the strain profiles, did not show significant changes between surgical
groups over the 28-day period. Data are shown as mean =+ standard deviations (*p<0.05). ........ 94

Fig. 6.7: Histological analysis of collagen content and infarct size. (A) Histology images of mouse
LVs, obtained 28 days post-surgery and stained with Masson’s Trichrome, revealed subepicardial
scarring in the I/R group and transmural infarcts in the PL group. Muscle fibers are stained red
while collagen-rich scars are stained blue. (B) Bar graphs showing percent collagen highlighted
spatial variations in collagen content relative to infarct location. (C) Strain-estimated infarct size
strongly correlated to infarct size measured from the histological midline length approach. Data
are shown as mean + standard deviations (*p<0.05). Scalebar: Imm. ........c..ccceeeeierieniieniennnns 96

Fig. 6.8: Correlation of varying infarct sizing techniques with cardiac function. (A-C) Correlation
plots comparing three different infarct sizing methodologies showed that the proposed strain-
estimation technique best correlated with gold-standard histological estimation of infarct size.
Correlation of (D) strain-estimated and (E) wall-thinned infarct size with ejection fraction. Linear
regression lines are shown as solid black lines with 95% confidence intervals shaded in gray. (F)
Line graphs summarizing infarct size growth throughout cardiac remodeling. Data are shown as
mean + standard deviations (*p<0.05). Light blue asterisks: wall-thinned PL vs. strain-estimated
I/R; Dark blue asterisks: strain-estimated PL vs. strain-estimated I/R; Black asterisks: wall-thinned
PL vs. strain-estimated PL. .......c..cooiiiiiiiiiiie e e 97

Fig. A.1: Surgical procedures and confirmation of disease states. (a) The left anterior-descending
(LAD) coronary artery (black arrow) was permanently ligated with 8-0 sutures (red arrows) to
induce myocardial infarction in mice. (b) A representative in situ image of a left ventricle, acquired
4 weeks post-LAD ligation, showed a large area of necrotic, infarcted myocardium outlined in
dashed-yellow lines. (¢) Mini-osmotic pumps containing angiotensin-II were implanted
subcutaneously in apolipoprotein-E deficient mice to induce dissecting aneurysms in the
abdominal aorta. (d) A representative in situ image of a mouse abdominal aorta, acquired 2 weeks
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post-aneurysm formation, showed a dissecting aneurysm outlined in dashed-yellow lines. Scalebar
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Fig. A.2: A three-axis view cine loop of a healthy mouse left ventricle (top) and a left ventricle
with an anterior apical infarct (bottom). Ultrasound images of the remodeled and infarcted left
ventricle were obtained four-weeks post-coronary artery ligation. Note that the infarcted and
necrotic myocardial tissue, outlined in red, exhibits akinesia and is associated with wall thinning.
Papillary muscles are clearly seen in the short-axis view as extensions into the lumen (yellow
arrows) with green crosshairs highlighting the center of the visualized structure. AO = aortic
outflow. Scalebar = IMIM. .c...ooiiiiiiiiiiiii ettt 107

Fig. A.3: A three-axis view MRI cine loop of a mouse left ventricle with a four weeks old anterior
apical infarct. Scalebar = TMM. ......cccoiiiiiiiiii e 107

Fig. A.4: 3D renderings of the left ventricular lumen (red) and myocardial wall (blue) of healthy
mice hearts, shown at end-diastole and peak-systole, demonstrate that each mouse heart has its
own unique geometries (n=11). Papillary muscles can be clearly observed as indentations in the
lumen. S = superior; I = inferior, P = posterior, A = anterior, R = right; L = left. Scalebar = Imm.

Fig. A.5: 3D renderings of the left ventricular lumen (red) and myocardial wall (blue) of remodeled
mice hearts with varying degrees of myocardial infarction acquired four-weeks post coronary
artery ligation (n=6). Comparisons of left ventricular geometries at end-diastole and peak-systole
showed regions of necrotic myocardium with akinesia and wall thinning. S = superior; I = inferior,
P = posterior, A = anterior, R = right; L = left. Scalebar = Imm. ...........c.cccevvvieriiiiiiieeee. 109

Fig. A.6: Linear regression plots comparing the contributions of papillary muscles on the direct
evaluation of different cardiac parameters using the 4D technique. Here, the term papillary
exclusion means that the volume contribution of the papillary muscles is not included in the
determination of left ventricular volumes. EDV = end-diastolic volume; PSV = peak-systolic
volume; SV = stroke volume; EF = ejection fraction; CO = cardiac output. ........cccceeuveerrrenee. 110

Fig. A.7: Percent difference Bland-Altman plots of cardiac parameters in healthy and infarcted
left ventricles. To calculate percent difference for the healthy case, the difference between cardiac
parameter values from the 4D technique and the corresponding labeled technique was divided by
their averaged values. For the infarcted case, cardiac parameter values obtained from MRI was
subtracted by those obtained from the corresponding labeled technique before their difference was
divided by their averaged values. Note that compared to values obtained from gold-standard MRI,
results acquired directly from the 4D technique aligned much more closely than those
approximated from the 2D techniques when evaluating infarcted left ventricles. EDV = end-
diastolic volume; PSV = peak-systolic volume; SV = stroke volume; EF = ejection fraction; CO =
cardiac output. Solid lines = median; dashed lines = first and third quartile lines. .................... 111

Fig. A.8: Correlation plots of cardiac parameters in healthy and infarcted left ventricles between
the different analysis techniques. EDV = end-diastolic volume; PSV = peak-systolic volume; SV
= stroke volume; EF = ejection fraction; CO = cardiac output..........cccceeevveerireerieeecieeeeeeenenn 112

Fig. A.9: 4D ultrasound analysis of mouse AAA data (n=7). 3D volume renderings of mouse
AAAs during systole are shown in red with the aneurysm positioned at the center. Green-Lagrange
maximum circumferential strain, plotted relative to the abdominal aorta positions, are shown to
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the right of each AA As, highlighting elastic walls located proximal and distal to the stiff aneurysm.
S = superior; I = inferior, R = right; L = left. Scalebar = Imm. ...........cccoooiiiiiiiniiiie, 113

Fig. A.10: A three-axis view cine loop of a mouse abdominal aorta with a dissecting aneurysm.
Ultrasound images of the aneurysm, outlined in red, were obtained two-weeks post-aneurysm
formation. Note that regions proximal and distal to the aneurysm exhibit higher pulsatility that
regions within the stiff aneurysm. Black arrows point to the formation of intraluminal thrombus,
while yellow arrow points to the true lumen position. Green crosshairs highlight the center of the
visualized structure. S = superior; I = inferior, R = right, L = left. Scalebar = Imm. ................ 114

Fig. B.1: Accuracy and precision of 3D-DDE relative to other strain mapping techniques. 3D-
DDE was over an order of magnitude more accurate and substantially more precise than other
methods for estimating spatially varying strain fields in artificial images. (A) For a 3D rigid body
rotated an angle ® in one plane, 3D-XCOR failed to correctly predict the strain field, with error
that was nearly unbounded for large rotation angles (inset). (B) 3D-LSF and 3D-DDE had
negligible errors for rigid body rotations. (C) RMS error for a uniaxial stretch E11 scaled with strain
for 3D-XCOR. (D) 3D-LSF and 3D-DDE had negligible error for linear, uniform straining. (E)
RMS error increased with stretch level A for both 3D-XCOR and 3D-LSF in a 3D body undergoing
non-linear stretch. (F) However, 3D-DDE again estimated strains with minimal error for these
nonlinear, nonuniform strain fields. Note that panels B, D, and F contain data from panels A, C,
and E, respectively, zoomed in to focus on results comparing only 3D-LSF and 3D-XCOR. .. 116

Fig. B.2: Principal stretch ratio estimations around image volumes of a contracting Eshelby
inclusion, generated in silico. (A) Schematic of the Eshelby problem. (B) 3D-SIMPLE detected
strain elevation surrounding the inclusion. (C) True values of the stretch ratio in the z-direction
matched (D) the 3D-DDE estimated values, while (E) 3D-LSF- and (F) 3D-XCOR-estimates were
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Fig. B.3: Principal stretch ratios for image volumes of a pre-loaded, penny-shaped crack generated
in silico. (A) Schematic. (B) 3D-SIMPLE detected the developing crack, (C-D) 3D-DDE estimates
matched the actual fields, while 3D-LSF (E) and 3D-XCOR (F) were successively less accurate.
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Fig. B.4: Strain patterns in control versus post-myocardial infarction hearts, demonstrating
dramatically reduced strains in infarcted heart tissue. (A,B) Magnetic resonance images of mouse
hearts showing the anatomical planes studied using 3D-DDE of ultrasound imaging volumes. (C)
A schematic of the heart demonstrating the orientation of the short and long axis as well as the
location of the infarction. (D,E) Peak principal strain at a specific timepoint in control hearts. (F,G)
Peak principal strain at this same timepoint in hearts following myocardial infarction, showing
distinctly different strain patterns in both the long and short axis views. (H) Strain as a function of
position along the midline of the long-axis view of the heart, showing strain attenuation in the
infarcted tissue. Line corresponds to different times; position is measured from the base of the
arrow in panel F. (I) Strain as a function of position along the midline of the short-axis view of the
heart, showing strain attenuation in the infarcted tissue, and elevated strain in the tissue
surrounding the infarct region. Lines again correspond to different times; position is measured
from the base of the arrow in panel G. Scalebar: Imm. ...........cccceveiiiieiiieeiiieceece e 119
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Fig. C.1: Representative long-axis videos of the remodeling mouse LVs. Cine loop data are
resampled to temporally match timestamps throughout the entire cardiac cycle. Akinetic regions
of the myocardial wall are outlined in dashed yellow lines. Scalebar: Imm............c...cccueeenee. 121

Fig. C.2: Video representations of LV bullseye strain maps throughout the cardiac cycle, taken at
baseline and day 28, for a representative mouse in each surgical group. .........ccceeevevveennennnnne 121

Fig. C.3: Representative day 28 long-axis ultrasound images (top), 3D surface strains (middle),
and bullseye strain maps (bottom) of the remodeled LVs for all five mice in the I/R group. The
akinetic myocardium is marked in dashed yellow lines, and the strain estimated infarct size is
outlined in solid black line. Sternal artifact is shaded in gray with black dashed border. Scalebar:
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Fig. C.4: Representative day 28 long-axis ultrasound images (top), 3D surface strains (middle),
and bullseye strain maps (bottom) of the remodeled LVs for all five mice in the PL group. The
akinetic myocardium is marked in dashed yellow lines, the strain estimated infarct boundary is
outlined in solid black line, and the wall-thinned infarct boundary is marked in dotted white line.
Sternal artifact is shaded in gray with black dashed border. Scalebar: Imm. .............ccoeeenee. 122

Fig. C.5: Representative day-28 maximum principal 3D strains are presented along the entire
thickness of the LV wall for each surgical group. Yellow and blue regions correspond to areas of
high and low strains respectively. A: anterior, S: septal, L: lateral; B: base. Scalebar: 1mm. ... 123

Fig. C.6: Comparison of maximum principal strains estimated with 3D Direct Deformation
Estimation (DDE, solid lines) and Vic2D (dashed lines). Short-axis ultrasound strain data along
the anterior (red) and posterior (blue) myocardial walls are shown at baseline and at day 28 post-
permanent ligation. Although both 3D-DDE and Vic2D demonstrated significantly lower strain
values along the infarcted, anterior myocardium post-surgery, the 3D-DDE method more
appropriately tracked changes in myocardial strain, as strain values returned to 0 at the end of the
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Fig. C.7: Bullseye maps of the maximum principal 3D Green-Lagrange strain (Ei) for all 15 mice
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highlight the reproducibility of the 3D strain technique. ............ccoeeeeriieiieniiieieeieeee e 124

19



2D
3D
4D
€00
AAA
Angll

apoE"

CAD
CO
CT
CVD
DDE
DIC
DVC
ECG
EDV
EF
Ex
EKV
fps
GL
H&E
I/R
IS
LCA
LK
LSF
LV

ABBREVIATIONS

Two-Dimensional
Three-Dimensional
Four-Dimensional (3D + Time)
Circumferential Cyclic Strain
Abdominal Aortic Aneurysm
Angiotensin II
apolipoprotein-E deficient
Coronary Artery Disease
Cardiac Output

Computed Tomography
Cardiovascular Disease

Direct Deformation Estimation
Digital Image Correlation
Digital Volume Correlation
Electrocardiogram
End-Diastolic Volume

Ejection Fraction

Maximum or First Principal Strain
ECG-gated Kilohertz Visualization
Frames-per-second
Green-Lagrange

Hematoxylin and Eosin
Ischemia-Reperfusion

Infarct Size

Left Coronary Artery
Lucas-Kanade

Least Squared Fit

Left Ventricle

20



MCE Myocardial Contrast Echocardiography

MI Myocardial Infarction

MMP Matrix Metalloproteinase

MRI Magnetic Resonance Imaging
MTC Masson’s Trichrome

PET Positron Emission Tomography
PL Permanent Ligation

PSV Peak-Systolic Volume

SPECT Single Photon Emission Computed Tomography
SR Strain Rate

SV Stroke Volume
TDI Tissue Doppler Imaging
TGF-p Transforming Growth Factor Beta

XCOR Cross Correlation

21



ABSTRACT

Coronary artery disease remains the leading cause of death in the United States with over
1 million acute coronary events predicted to take place in 2019 alone. Heart failure, a common and
deadly sequela of myocardial infarction (MI), is attributed to adverse ventricular remodeling
driven by cardiomyocyte death, inflammation, and mechanical factors. Despite strong evidence
suggesting the importance of myocardial mechanics in driving cardiac remodeling, many in vivo
MI studies still rely on 2D analyses to estimate global left ventricular (LV) function and
approximate strain using a linear definition. These metrics, while valuable in evaluating the overall
impact of ischemic injury on cardiac health, do not capture regional differences in myocardial
contractility. The objective of this work is therefore to expand upon existing ultrasound studies by
enabling regional analysis of 3D myocardial strain. By integrating our recently developed four-
dimensional ultrasound (4DUS) imaging technique with a direct deformation estimation algorithm
for 3D strain, we identified unique remodeling patterns and regional strain differences between
two murine models of MI with different infarct severities. By constructing 3D strain maps of the
remodeling LVs, we were able to capture strain heterogeneity and characterize a sigmoidal strain
profile at infarct border zones. Finally, we demonstrated that the maximum principal component
of the 3D Green-Lagrange strain tensor correlates with LV remodeling severity and is predictive
of final infarct size. Taken together, the presented work provides a novel and thorough approach

to quantify regional 3D strain, an important component when assessing post-MI remodeling.

22



1. INTRODUCTION

Coronary artery disease (CAD) is the leading cause of death in the world, accounting for
14% of total global mortality in 2013 [1,2]. In the United States alone, over 1 million acute
coronary events are predicted to take place in 2019 [3]. CAD is a condition in which atherosclerotic
plaque accumulates in the coronary artery, restricting blood flow to the myocardium. This deprives
the myocardium of the oxygen needed for the heart to pump blood efficiently, and if left untreated,
vulnerable plaque may rupture, forming a thrombus that may cause a heart attack or even death.
The heart’s natural response to chronic ischemia or ischemia-induced necrosis is to undergo
molecular, structural, and mechanical changes in the cardiomyocyte framework to ensure that it
delivers and maintains a sufficient supply of blood to the rest of the body [4,5]. This adaptive
process, termed cardiac remodeling, is typically associated with wall thinning, chamber dilation,
and alterations in the cardiac extracellular matrix (ECM) composition, which significantly
influence left ventricular (LV) performance [6]. Even though the initial remodeling phase may be
considered beneficial, as it aims to prevent LV rupture, the long-term effects of cardiac remodeling
can be maladaptive and closely linked to heart failure progression [4,7].

Many types of cardiac remodeling exist depending on the nature of the injury and whether
it is driven by pressure [8] or volume overload [9]. Even though the technologies developed in this
dissertation can be applied to study these unique remodeling processes, this dissertation focuses
specifically on LV remodeling following a heart attack, also known as a myocardial infarction
(MI). We chose to study LV remodeling post-MI because ischemia-induced injury is one of the
most prevalent outcomes of CAD. Although advancing medicine has significantly improved
patient survival rates from acute Mls, many surviving patients continue to develop heart failure
[10]. This shifts the patient population who are at risk of developing heart failure, increasing its
incidence and making it a major public health issue [11]. Despite this increasing trend, the factors
that drive heart failure post-MI remains unclear. As such, better understanding the
pathophysiology behind heart failure would facilitate the development of more effective treatments
that could potentially improve patient prognosis following an acute MI.

One well-known determinant of heart failure post-MI is infarct size [12]. Immediately
following an ischemic event, the ECM of the infarcted myocardium undergoes significant

structural changes, which includes the gradual formation of stiff fibrotic scars. The now passive
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and non-contractile developing scar becomes susceptible to systolic stretching when the remote,
healthy myocardium contracts, leading to infarct expansion early in remodeling [13,14]. In fact,
studies have shown that infarct expansion, defined as infarct growth associated with acute dilation
and wall thinning unexplained by myocardial necrosis, is prevalent in 60% of patients with acute
MlIs [15]. Despite a strong positive correlation between infarct size and heart failure incidence
[16,17], the factors that determine the rate and extent of infarct expansion remain unclear.
Although several mechanisms for infarct expansion have been proposed, including the degradation
of collagen struts [18], delayed formation of the fibrotic scar tissues [19], and loss of myocardial
wall elasticity [20], the factors that contribute to the stabilization of infarct zones remain
unanswered. What factors determine how far an infarct will expand? What factors regulate the rate
of infarct expansion? What is the role of myocardial mechanics in post-infarction remodeling?
Answering these questions, which is the goal of this dissertation, may provide novel insights into
the role that mechanics play in determining remodeling outcomes. Furthermore, the ability to
develop a noninvasive imaging tool to characterize early mechanical changes in the remodeling
myocardium may help doctors identify patients at risk of developing heart failure so that they may

receive early intervention, hence improving their prognosis.
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2. BACKGROUND

Before discussing our investigation on the role of myocardial mechanics post-infarction, it
is important to address the multitude of factors that regulate the complex process of cardiac
remodeling. This chapter provides an in-depth review of the current state of knowledge on post-
infarction remodeling and discusses some of the most widely accepted tools used to noninvasively
study cardiac disease progression. We will first begin by describing the different biological events
that transpire following an acute MI and how they work in tandem to develop a stiff fibrotic scar
that minimizes infarct expansion. We will then address the challenges that current imaging
techniques, including ultrasound and magnetic resonance imaging, face in the assessment of global

cardiac function and estimation of myocardial strain.

2.1 Pathophysiology of Cardiac Remodeling

Cardiac remodeling is a complex, multifactorial process instigated by cellular, molecular,
mechanical, and neurohormonal changes in response to ischemia or myocardial injury [4,21,22].
Early remodeling begins with an inflammatory response that drives the resorption of necrotic
tissues followed by a fibrotic phase that involves the deposition of collagenous fibrotic scars [14].
Both processes are important in infarct healing, which is regulated in part by the changing
mechanical properties of the surrounding environment, including the extracellular matrix (ECM)
and the developing infarct scar [14,23]. A poorly structured scar, however, leads to infarct
expansion and has been shown to have detrimental long-term effects, such as significant LV wall
thinning, dilation, and impaired LV function [4,24,25]. Because of a strong positive correlation
between infarct size and heart failure [12], infarct expansion is often proposed as a determinant of
remodeling outcomes. However, due to the complexity of post-infarction remodeling, the factors
that determine the rate and extent of infarct expansion remain unclear. To better understand how
a changing mechanical environment contributes to cardiac remodeling, it is important to take a
step back and review in detail the complex series of events that transpire in the heart following an

ischemic event, beginning with cardiomyocyte death.
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2.1.1 Pathways Leading to Cardiomyocyte Death

Cardiomyocytes, cardiac muscle cells responsible for contraction, obtain most of their
energy from oxidative phosphorylation [26,27] and fatty acid B-oxidation [28]. During ischemia,
occluded coronary arteries are unable to deliver the necessary metabolic substrates, in this case
oxygen, needed for the heart to generate energy through oxidative phosphorylation. As a
compensatory mechanism, the heart relies on an alternative metabolic pathway called anaerobic
glycolysis to produce energy [26]. Under chronic hypoxia, the accumulation of intracellular H
ions as byproducts of anaerobic glycolysis leads to acidosis and is believed to be the primary cause
of necrosis, the predominant mechanism behind cardiomyocyte death post-infarction [29].

Necrosis is defined as premature cell death that leads to cell rupture, uncontrolled release
of cellular materials into the extracellular space, and a strong inflammatory response [30]. The
underlying mechanism for acidosis-induced necrosis originates from the loss of balance between
H*, Na*, and Ca*" ions in the cytoplasm [26]. Following acidosis, ion pumps in the plasma
membrane remove excess H' by exchanging them with Na'. This increase in intracellular Na*
concentration reverses the direction of the Na*/Ca®" exchanger by inhibiting the efflux of Ca*",
hence increasing the concentration of intracellular Ca**. Gradient-driven Ca®" uniporter in the
mitochondria then governs the transport of Ca?* from the cytoplasm into the mitochondria [31].
Calcium overload in the mitochondria then increases oxidative stress [32], lead to mitochondrial
rupture [33], and cause cell swelling [26], all of which are important stimuli for necrosis [34].

Apoptosis, on the contrary, is a highly regulated programmed cell death associated with
chromatin condensation and breakage of the nucleus. Unlike necrosis, the cells containing the
fragmented DNA and organelles are divided into smaller apoptotic bodies that are eliminated by
phagocytes, therefore averting an inflammatory response [35]. Although the extent and role of
apoptosis in inducing cardiomyocyte death is still under debate, several theories suggest that
ischemia, to some degree, triggers both the extrinsic and intrinsic apoptosis pathways [36,37]. In
the extrinsic pathway, both hypoxia and acidosis in murine hearts activate several death receptor
ligands, particularly the Fas and tumor necrosis factor (TNF)-a ligands [36,38]. Binding of the
ligand to the death receptor leads to a signaling cascade involving caspase activation that
ultimately results in apoptotic cell death. Mitochondrial calcium overload, on the other hand,

initiates caspase activation and apoptotic cell death in the intrinsic pathway [38].
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Other pathways responsible for causing cardiomyocyte death have also been proposed.
Under mild to moderate ischemia, autophagy, an alternative metabolic mechanism involving the
degradation of intracellular components, inhibits cell death [26]. However, under severe ischemia
and during the reperfusion of infarcted areas, autophagy is triggered through a unique mechanism
that promotes cell death [26]. Taken together, depending on the cell-death pathway and duration
of ischemia, differences in the degree of inflammatory response and cardiomyocyte death will be
observed. Under chronic ischemia, necrosis will be the primary driver of cardiomyocyte death,
leading to a prominent inflammatory response that plays a vital role in post-infarction remodeling.
However, under mild to moderate ischemia, apoptosis and autophagy minimize inflammation and

reduce the extent of cardiomyocyte death.

2.1.2 Pathways Leading to Myocardial Infarct Expansion and Heart Failure

Inflammation significantly contributes to the changing mechanical environment of the
damaged myocardium and is the first step of infarct healing. Following necrosis as part of the
inflammatory response, neutrophil infiltration leads to matrix metalloproteinase (MMP)
production early in remodeling. The ECM, which acts as a stress-tolerant and viscoelastic scaffold
for cardiomyocytes, is then degraded by MMPs, disrupting the integrity of the cardiomyocyte
framework [39]. This process involves the degradation of highly-structured collagen struts, which
causes cardiomyocyte slippage [18]. Simultaneously, macrophages recruited to the damaged tissue
are responsible for the resorption of nonviable cardiomyocytes, leading to temporary weakening
of the infarcted myocardium [14].

To provide temporary support during a vulnerable period where significant structural
changes are occurring, a provisional granulation tissue rich in fibrin, laminin, and
glycosaminoglycans is quickly formed to stiffen the ECM and prevent LV rupture [14]. The now
passive and non-contractile infarcted myocardium becomes susceptible to cyclic systolic
stretching when the healthy myocardium contracts. The stretching of a stiff ECM releases the
transforming growth factor beta (TGF-f) from the latent-associated peptide complex due to
increased mechanical resistance to cell tension [23]. TGF-f then promotes the differentiation of
cardiac fibroblasts to myofibroblast, a key regulator of collagen scar formation [14,23], gradually
replacing the provisional structure with fibrotic scar tissue rich in collagen in a process called

myocardial scarring [21]. However, until the provisional structure is completely replaced by the
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fibrotic scar, the infarcted myocardium is susceptible to infarct growth at the infarct border zone,
a process called infarct expansion [14]. As the scar matures, the collagen fibers undergo significant
cross-linking to increase the tensile strength of the infarct scar to minimize further infarct
expansion. [40]. Taken together, the constantly changing mechanical environment and its interplay
with cyclic stretching during LV contraction contribute significantly to the development of the
infarct scar and remodeling outcomes.

In the long term, the combination of a stiff scar and reductions in functional elastin leads
to significant reduction in the elasticity of the infarcted regions, contributing to chamber dilation
and wall thinning [20,41]. Chamber dilation and wall thinning of the infarcted regions [42]
contribute to increased wall stress and afterload on the heart [21]. As governed by the force-
velocity relationship, the resulting increase in afterload decreases the velocity of myocardial fiber
shortening. Given a constant ejection period, this response leads to a decrease in stroke volume
and cardiac output, thus reducing blood pressure. Baroreceptors in both the aortic arch and carotid
artery detect this decrease in blood pressure and incite a sympathetic response. The subsequent
release of norepinephrine either directly or indirectly leads to myocardial hypertrophy. Ju et al.
discovered that in rat hearts, norepinephrine induces myocardial hypertrophy through the Gqqu-
signaling pathway [43]. Higher expression levels of Gqq protein were detected in regions along the
infarct border than in healthier regions away from the infarct to minimize the extent of wall
thinning, suggesting that cardiac remodeling behaves in a spatial dependent manner. Additionally,
high norepinephrine levels in the plasma indirectly induce hypertrophy by activating the release
of renin from the juxtaglomerular apparatus in the kidneys [21]. This leads to increases in
endothelin-1 and angiotensin II (Angll) in the renin-angiotensin-aldosterone system (RAAS),
triggering a series of biochemical cascades which increases sarcomere count in the cardiomyocytes
and contributes to hypertrophy [44]. Another widely accepted mechanism for hypertrophy is
mechanical stretch. Gerdes ef al. discovered that the length of ischemic cardiomyocytes is
significantly longer than that of healthy, more elliptical cardiomyocytes [5,24]. This increases
mechanical stretching, which enhance the local release of Angll to induce hypertrophy [45].

The pathways described here only represent some of the most widely accepted mechanisms
behind cardiac remodeling. To help recapitulate the major pathways that play pivotal roles in
cardiac remodeling, from the beginning of ischemia to L'V dilation and hypertrophy of the remote

cardiomyocytes, a summary of the complex cardiac remodeling process is presented in Fig. 2.1. It
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Fig. 2.1: A summary of the series of events behind cardiac remodeling, from ischemia
initiation to hypertrophy. ECM: extracellular matrix; RAAS: renin-angiotensin aldosterone
system in the renal juxtaglomerular apparatus; Angll: Angiotensin II; ET-1: Endothelin-1.
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is beneficial to conceptualize cardiac remodeling as an ongoing reparative process aimed to sustain
healthy heart function following a myocardial injury. To compensate for an increased afterload
due to the presence of necrotic tissues, the heart hypertrophies to help distribute the load evenly
and to maintain a constant stroke volume. Cardiac remodeling continues to transpire until an
optimal balance between the loading conditions on the chamber wall and cardiac output is
established. Failure to achieve this optimal balance, common in patients with large infarcts, results

in a continuous remodeling process that eventually leads to heart failure.

2.2 Noninvasive Approaches to Assess Cardiac Remodeling in Murine Models

Researchers primarily study the complex molecular pathways behind cardiac remodeling
through histological staining, genetic manipulations, or proteomics analysis of the dissected hearts.
These approaches, however, do not elucidate the progressive cardiac remodeling process or take
into account for animal-specific remodeling patterns as they rely on terminal procedures.
Furthermore, pathological assessments of infarcts have significant variability and is limited in its
ability to quantify regional differences as they often rely on whole organ samples to quantify
proteomics. As a result, researchers rely on non-invasive imaging modalities to evaluate cardiac
health following an ischemic event. Integrating murine models of myocardial infarction with serial
imaging of the heart provides researchers with the necessary tools to visualize and study the
progression of cardiac remodeling from the initiation of ischemia to the end stage of heart failure.
The majority of research on cardiac remodeling, however, primarily focuses on LV remodeling.
In this section, we discuss common imaging techniques, predominantly those involving
echocardiography and cardiac MRI, used to assess cardiac remodeling. In the next section, we will

delve into greater depth and discuss the role of strain in cardiac remodeling.

2.2.1 Echocardiography

In both clinic and research settings, echocardiography is the most popular imaging
modality used for the assessment of cardiac health. Because different tissues have their own unique
acoustic properties, echocardiography provides the necessary structural information needed to
obtain heart measurements. Its high spatiotemporal resolution and fast acquisition time make it

possible to quickly acquire movies of a beating heart. This helps researchers pinpoint the location
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of necrotic tissues, identify asymmetry in myocardial wall thickness, and detect any discrepancies
in myocardial contractility.

Conventional echocardiographic evaluation of cardiac function typically involves the
quantification of LV dimensions during end-diastole and peak-systole from several representative
views [4]. Although echocardiography has been used for decades to assess cardiac function in both
large and small animals, Gao et al. conducted the first serial echocardiographic study of post-
infarct LV remodeling in mice [46]. In their experiment, they induced myocardial infarctions in
mice by ligating their left coronary artery (LCA; mistakenly referred to as the left anterior
descending coronary artery in mice) and monitored for LV remodeling at 1, 2.5, 6, and 9 weeks
post-surgery. Gao et al. discovered that even though there were only modest increases in LV
diameters within 1 week, significant dilation was not observed until 2.5 weeks post-surgery [46].
This suggests that the initial remodeling process is distinct from late-stage remodeling and may
play a pivotal role in minimizing infarct expansion and dilation of the LV.

Other more recent studies have utilized new parameters to more accurately capture the
cardiac remodeling process. For example, Schaefer et al. proposed a parameter, the Tei index,
which estimated LV global dysfunction and observed its progressive increase following a
myocardial infarction [47]. Software integration of volume measuring techniques, such as the
Teicholz method [48] and Simpson’s rule [49], using 2D slices of the heart has also simplified the
quantification of LV lumen and myocardial wall volume, and hence the assessment of ejection
fraction (EF) and myocardial wall thickening. Benavides-Vallve et al. showed, using
echocardiography, that cardiac remodeling following LCA ligation in mice was associated with
progressive dilation and L'V wall thickening in the remote regions, which can be clearly visualized
in both the parasternal short-axis (top) and long-axis views (bottom) of the LV Fig. 2.2 [50].
Furthermore, the infarcts were localized to the LV apex through the presence of thin, non-
contracting scar tissues in the parasternal long axis view of the heart. Over time, as the LV
progressively dilates, the geometry of the LV becomes more spherical. Taken together, these
geometrical changes led to significant decreases in ejection fraction (EF = 67% at day 0 vs. 45%
at day 90). Benavides-Vallve ef al. also discovered a negative correlation between infarct size and
EF, as mice with large infarctions and myocardial scarring experienced a greater decrease in EF.

In addition to LV geometrical measurements, infarct size is an important parameter to

consider when studying cardiac remodeling. The evaluation of infarct size using ultrasound
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primarily relies on the detection of wall motion abnormalities and wall thinning [51]. Infarcted
tissues or myocardial scars are tissues that have undergone fibrosis and are high in collagen content
[40]; consequently, they are stiffer and exhibit reduced contractility [52]. Van Melle et al. used
tissue Doppler imaging to identify hypodynamic LV wall regions and contractility for the
assessment of infarct size [53]. Myocardial contrast echocardiography (MCE) is another potential
imaging technique in quantifying not only infarct size, but also myocardial areas at risk for infarct
expansion [54,55]. MCE, used to study myocardial circulation, bursts intravenously injected gas-
filled microbubbles with high-energy ultrasound and then measures the rate of microbubble
replenishment [56,57]. The rate of replenishment, a measure of tissue perfusion, approximates
mean blood flow; a slow replenishment rate indicates decreased blood flow to the region, which

can be used to detect infarction sites [57].

Control Myocardial infarction 7 days Myocardial infarction 30 days Myocardial infarction 90 days

Fig. 2.2: Representative echocardiography images of mouse LVs acquired at baseline and
on days 7, 30, and 90 post-surgery. (Top) Parasternal short-axis views. (Bottom) Parasternal
long-axis views. Infarcts are localized to the apex of the LV. Over time, cardiac remodeling
leads to LV dilation and wall thickening. Figure adapeted from Benavides-Vallve et al. [50].

2.2.2 Cardiac MRI

Similar to echocardiography, cardiac MRI assessment of LV function relies primarily on
the quantification of LV dimensions. However, unlike ultrasound, MRI requires an expensive

imaging system and is associated with long acquisition times, making it a less popular cardiac
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imaging modality than ultrasound. MRI, when used in combination with gadolinium contrast agent,
enhances boundary detection, improving the accuracy of LV measurements [58]. Gray ef al. and
Nahrendorf et al. conducted MRI serial studies of LV remodeling following LCA ligation in mice
and rats respectively and showed that, while LV volumes increased significantly following
myocardial infarction, ejection fraction decreased significantly. These results are consistent with
observations obtained from echocardiography, although the degree of percent change tends to be
slightly higher in data recorded from ultrasound than that obtained from MRI. Fig. 2.3A depicts
several representative short-axis MR images of a mouse LV, taken using a gadolinium contrast
agent, following coronary artery ligation; these images show progressive LV dilation, consistent
with literature [58]. 3D renderings of the LV, taken at baseline (Fig. 2.3B) and at the end of the
study (Fig. 2.3C), reconfirm LV dilation and show the myocardial infarct site at the LV apex.

A

baseline 2 days post-MI 7 days post-MI 28 days post-MI

Fig. 2.3: (A) Representative short-axis MR images of a mouse LV, taken with a gadolinium
contrast agent at baseline and on days 2, 7, and 28 post-infarction. 3D renderings of (B) a
healthy and (C) a dilated LV taken at 28 days post-surgery show infarct location at the apex.
Figure adapted from Gray et al. [58].

2.2.3 CT,SPECT, and PET

Other imaging modalities, such as computed tomography (CT) [59], single-photon
emission computed tomography (SPECT) [60,61], and positron emission tomography (PET) [62]
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are rarely used to study cardiac remodeling due to their dependence on either ionizing radiation or
radioactive contrast agents. While Vrachimis et al. utilized microSPECT/CT to study myocardial
perfusion and identify infract size in mice, Liu ef al. employed a high-resolution SPECT system
to study LV function in mice. SPECT/CT, with its ability to obtain structural details, can detect
abnormalities in LV contractility following an infarction [59]. However, unlike SPECT or CT, the
use of PET imaging is strictly limited to the identification of infarcted tissues. Since PET is a
functional imaging technique that measures changes in metabolic activity and since infarcted
tissues are characterized by its lack of metabolic activity, radionuclide tracers can be used to
quantify infarct size. Stegger et al. and Greco et al. introduced a radioactive-labeled glucose
derivative, '®F-FDG, into mice that have undergone LCA ligation to differentiate between healthy

and infarcted tissues and to quantify for infarct size.

2.3 The Role of Strain in Cardiac Remodeling

As mentioned previously, the time course, mechanical properties, and size of the
myocardial scar determine LV remodeling outcomes post-infarction. Although global metrics of
LV function are important in studying post-infarction remodeling, these metrics are simply
manifestations of the remodeling process and are not predictive tools that can be used early on to
predict LV remodeling outcomes. The ability to stratify MI patients based on their estimated risk
of developing heart failure may allow physicians to better tailor treatment regimens. Furthermore,
many patients who develop heart failure post-infarction have preserved ejection fraction,
indicating the need for a better quantitative metric [63]. Because of the well-known role of infarct
expansion on LV remodeling [52,58,64], better understanding the role of mechanics in infarct
expansion may provide insights into a novel metric for the prediction of remodeling outcomes.

Myocardial strain, often measured as Lagrangian strain instead of Eularian strain, is a
dimensionless measure of deformation. It is expressed as the fractional dimensional change that a
region of the myocardium endures relative to its original dimension throughout a cardiac cycle
[65]. In the clinic, Lagrangian strain (¢) is commonly defined using a linear definition (Eq. 2.1),
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where L is the deformed instantaneous length, and L, is the undeformed reference length. This
linear approximation, however, does not consider the nonlinear components of strain and is only
appropriate when estimating small deformations less than 5% [66]. This is not the case in many
soft tissues, such as the heart, where large deformations are observed in vivo. It is also important
to realize that during contraction, the LV undergoes rotational twisting to pump blood effectively
[67]. Therefore, to accurately describe the regional deformation that the LV undergoes throughout
a cardiac cycle, several quantitative parameters of strain needs to be defined. Myocardial strain
can be divided into its 6 principal components: 3 components of normal strain (longitudinal,
circumferential, and radial) and 3 components of shear strain (circumferential-longitudinal,
circumferential-radial, and longitudinal-radial) (Fig. 2.4) [68]. The circumferential-longitudinal
shear strain (&) is often used to evaluate for torsion or twisting of the LV. Strain rate is another
parameter often used to study LV deformation and is defined as the speed at which deformation
occurs; it is simply calculated by taking the derivative of strain with respect to time.

Both myocardial strain and strain rate are powerful tools used to study the effects of
myocardial scarring on LV function. Since infarcted tissues are comprised primarily of collagen
and necrotic cells [40], they can be identified as regions with reduced contractility and strain. The
strength of myocardial strain, however, lies in its ability to quantitatively characterize wall motion
at the interface between healthy and infarcted myocardium. Regions immediately adjacent to an
infarct site are of particular interest in the study of infarct expansion. The criteria for infarct
propagation remain unclear to this day. What factors determine how far an infarct will expand?
What factors regulate the rate of infarct expansion? These are some of the questions that remain
unanswered. Strain characterization of regions neighboring an expanding and isolated infarct site
may help elucidate the answers to these questions. Even though 2D myocardial strain has been
used to study the effects of myocardial infarction on LV function [65,69], a progressive study of
3D myocardial strain analyzing the extent of infarct expansion following ischemia has yet to be
conducted. This is partly due to concerns regarding the reliability and reproducibility of image-
based strain analysis techniques, which are still limited to 2D. Here, we present a review of existing

algorithms commonly used to quantify myocardial strain.
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Fig. 2.4: Visual representations of the 6 components of strain required to quantify the
contraction and torsion of the LV. In the small cubic sample of myocardial tissue, the x- and
y-axes are oriented tangentially to the myocardial wall in the circumferential direction and
longitudinal direction, respectively, while the z-axis is oriented radially. The 3 components
of normal strain (e, &, and &:) correspond to circumferential, longitudinal, and radial strain,
respectively. The 3 components of shear strain (e, €z, €2x) correspond to circumferential-
longitudinal, circumferential-radial, and longitudinal-radial shear strain, respectively. u, v,
and w represent displacement in the x, y, and z directions, respectively. Figure adapted from
Geyer et al. [68].

2.3.1 Echocardiography Strain Imaging

Doppler strain imaging, commonly called tissue Doppler imaging (TDI), is one of the first
ultrasound imaging techniques used to study myocardial strain. In TDI, instantaneous myocardial
tissue velocities are acquired using the Doppler effect [65,70]. The strain rate (SR) can then be
calculated by taking the spatial velocity gradient, as follows:

V3-Vy
d

SR = (2.2)
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where V7 and V> correspond to the instantaneous velocities at two different spatial positions and d
is the distance between them [71,72]. Finally, by taking the integral of SR with respect to time,

Eulerian strain (g,) can be obtained as shown in Eq. 2.3.
&= J SRt 2.3)

Here, #, and ¢ corresponds to the initial and ending time point, respectively [71]. Although TDI has
been used in myocardial infarction studies to demonstrate reduced strain [73], SR [74], myocardial
velocity gradient [75], and peak-systolic velocities in infarcted tissues and its immediate
surroundings [76], TDI has faced severe criticisms due to its limitations. TDI only allows for linear
strain measurements along the axis of ultrasound propagation, whereas 6 parameters of strains are
needed to accurately capture LV deformation [71]. Furthermore, TDI velocity measurements are
angle dependent, which can have significant repercussions on the calculation of strain [68]. These
limitations severely limit the robustness of the strain measurements as they introduce significant
noise to the final measurement, making TDI an archaic technique.

More recently, echocardiographic strain algorithms are based on speckle-tracking, an
image processing technique that monitors the motion of the heart by tracing inherently existing
speckle patterns of the myocardium over a cardiac cycle [77]. These patterns, byproducts of both
acoustic reflections and interference arrays, are unique at different locations within the
myocardium and can be considered as myocardial “fingerprints” [68]. Displacement vectors for
specific regions of the myocardium can be acquired by using cross correlation techniques to track
the change in the spatial positions of selected speckle patterns, frame-by-frame, across the cardiac
cycle. These displacement vectors can then be transformed into velocity vectors by considering
the temporal resolution between consecutive frames. Finally, both the displacement and velocity
vectors can be used to estimate Lagrangian strain and SR [68]. Unlike DSI, speckle-tracking is an
angle-independent technique that measures 2D deformation, making it a more robust technique
capable of quantifying longitudinal, circumferential, and radial strain [71].

Algorithms for tracking speckle patterns continue to be a primary area of research in this
field. Currently available speckle-tracking techniques can be divided into two different chains of
thought: a posteriori and a priori algorithms [78]. A posteriori algorithms depend on prior
observations and assumptions of cardiac motion. For example, Wang et al. developed a speckle-

tracking framework using previous knowledge of image boundaries and motion statistics [79].
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Papademetris et al., similarly, relied on segmenting myocardial boundaries to estimate motion
fields using a transverse isotropic linear elastic model [80,81]. On the contrary, a priori algorithms
do not make assumptions regarding the motion field. One of the most popular techniques used for
speckle tracking involves intensity-based, nonrigid registration of ultrasound images using B-
spline transformation [82,83]. In this approach, a series of cost functions are used to iteratively
search for an optimal deformation field which transforms an image from one time point to its next.
Other popular tracking algorithms rely on correlation-based optical flow techniques to track
motion of the myocardial wall [84-86].

Extensive infarction studies using speckle-tracking algorithms have been conducted with
results confirming reduced strain, SR, peak-myocardial velocity, and contractility in the infarcted
regions [77,87,88]. Fig. 2.5 shows representative displacement fields obtained with speckle
tracking and overlaid onto ultrasound short-axis and long-axis views of an infarcted mouse heart.
The gradual decrease in displacement field magnitudes from regions of healthy myocardium to
infarcted regions suggest that strain may be a function of distance from the point of infarction.

Despite the advantages of speckle tracking algorithms, these techniques are still primarily
implemented in 2D. As the heart undergoes 3D twisting and torsion during contraction, there are

concerns regarding the speckle patterns being tracked. Given a fixed 2D imaging plane, the speckle
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Fig. 2.5: Displacement fields of an infracted mouse heart shown in both (A) the short-axis
and (B) long-axis views. The large white arrows point to the infarction site. Length of the
small white arrows is directly proportional to the magnitude of the displacement field. Figure
adapted from Li et al. [89].
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patterns between successive frames used to estimate displacements are subjected to out-of-plane
motion. This introduces noise to the measurements and increases the uncertainty of the measured
displacement fields [90]. Furthermore, since strains are estimated from these inherently noisy
displacement fields, the propagation of error to the final measurements is a limitation that needs
to be considered. Knowing this, the implementation of speckle tracking algorithm in 3D is still
very limited due to the lack of high resolution four-dimensional (4D) imaging techniques. A more
thorough, in-depth discussion of more sophisticated pre-clinical strain techniques and its

application to 4D datasets can be found in Chapter 5 of this dissertation.

2.3.2 Cardiac MR Strain Imaging

MR myocardial tagging, despite being one of the first techniques of its kind, is currently
the gold standard used for the assessment of myocardial strain [91]. In myocardial tagging, a
selective radiofrequency pulse is applied, prior to image collection, to produce banded regions of
reduced signal intensity that act as markers [92]. Axel and Dougherty then extended this technique
to construct gridded regions of tissue markers by developing a pulse sequence called SPAMM
(Spatial Modulation of Magnetization) [93]. These tissue markers allow for the tracking of
myocardial wall motion during contraction. Specifically, the deformation of the tagged grids can
be used to obtain displacement fields of the tissue, which is necessary for strain quantification.
Epstein et al. demonstrated how myocardial tagging could be used to study strain in an infarcted
rat’s heart (Fig. 2.6) [94]. Myocardial tagging of a cross section of the LV indicated that infarcted
tissues, which could be seen as a bright signal on the myocardium following gadolinium contrast
enhancement (Fig. 2.6B) [95], aligned with regions of reduced circumferential shortening, as
shown in red in Fig. 2.6F. Extensive studies of the effects of myocardial ischemia on LV regional
performance using myocardial tagging have been performed with results confirming reduced

contractility and strain at infarcted regions and its immediate surroundings [96-98].

2.4 Conclusion

In this review, we have discussed in detail the complex remodeling that transpires in the
LV following an MI. Briefly, ischemia-induced necrosis leads to a strong inflammatory response

that significantly alters the mechanical properties of the surrounding ECM. These early changes
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Fig. 2.6: Representative MR images of an infarcted rat LV. (A) before and (B) after Gd-
DTPA contrast enhancement. (C,D) Myocardial-tagged images. (E) A grid map showing the
locations of myocardial tags. (F) A map of the percent circumferential shortening reveals
impaired contractility in infarcted regions. Figure adapted from Epstein et al. [94].

in tissue stiffness, in combination with cyclic stretching at infarct border zones, regulate fibrotic
scar formation. Meanwhile, infarct expansion continues to occur until significant collagen cross-
linking provides the scar with the increased tensile strength necessary to inhibit further expansion.
Taken together, it is evident that myocardial mechanics contribute to final infarct size, which is
strongly correlated with remodeling outcomes. Despite these findings, the majority of infarction
studies still focus on the global analysis of LV function using traditional planar techniques.
Although in vivo studies of myocardial mechanics are increasing in popularity, they are still limited
to 2D, making it unsuitable when studying the LV that undergoes 3D torsion and twisting. With
this in mind, the following chapter (Chapter 3) provides an in-depth research plan to overcome

the challenges that inhibit the 3D evaluation of in vivo strain.
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3. RESEARCH PLAN

In this chapter, we will reflect on the research tools discussed previously and propose a
plan to overcome the hurdles associated with the assessment of 3D strain. Specifically, this chapter
begins with a discussion on the limitations of existing in vitro and in vivo techniques used to study
the role of mechanics in post-infarction remodeling. This is followed by an in-depth research plan
that, upon its completion, enables researchers to thoroughly characterize spatial changes in 3D
myocardial strain throughout LV remodeling. The three research objectives presented within the

research plan will be the basis for the work presented in Chapters 4-6.

3.1 Limitations of Existing MI Studies

Studies investigating the molecular and cellular mechanisms behind infarct healing
primarily rely on in vitro cell work to study how gene expression levels are altered following
ischemia and mechanical strain [99,100]. They are often accompanied by proteomics, histological,
or ex vivo mechanical analysis of the infarcted LVs to correlate how changes in gene expression
lead to tissue remodeling [101]. Although these studies are important in elucidating the
mechanisms underlying post-infarction remodeling, several key limitations exist. Reproducing
physiological mechanical conditions in vitro is challenging, even with recent advances in
engineered 3D tissue scaffolds [102]. This hurdle makes it difficult to directly investigate how
mechanical changes on the tissue level contribute to the remodeling process in vivo. These studies
also cannot be used to assess regional differences in LV mechanics important in the investigation
of infarct expansion. Lastly, there are significant variations in remodeling outcomes in vivo, even
within the same surgical animal model, stressing the importance of monitoring animal-specific
remodeling patterns throughout disease progression.

To overcome the limitations associated with in vitro experiments and to better understand
how fibrotic scar development impacts overall remodeling, there is increasing interest in using in
vivo imaging techniques to monitor disease progression. The majority of longitudinal imaging
studies, however, still rely on 2D techniques to quantify LV volumes and function. These analyses
require the use of geometrical assumptions, which are inappropriate when evaluating diseased LVs.

For example, fibrotic scars often develop asymmetrically in the remodeling LVs [89,103].
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Applying a geometrical fit to these complex shaped hearts will lead to either underestimation or
overestimation of global LV parameters, depending on the plane in which the 2D image is acquired
[104]. Additionally, while these parameters are helpful in monitoring progressive wall thinning
and LV dilation, they are simply clinical manifestations of cardiac remodeling; therefore, their use
as early predictive tools in identifying patients who are at high risk of developing heart failures is
limited. Recent advancements in image processing have opened the door for in vivo strain analysis
of image data, but these techniques are still limited to 2D largely due to the lack of 4D imaging
technologies. As mentioned previously, 2D strain analysis yields noisy results due to out-of-plane
motion [90] and is not ideal for characterizing the mechanics of an organ that undergoes significant
3D deformations. Therefore, improvements in image acquisition and strain analysis techniques are

necessary to better characterize the role of mechanics on LV remodeling.

3.2 Research Plan

The development of a noninvasive 4D imaging technique will address many of the
limitations mentioned in the previous section. First, the ability to acquire 4D cardiac data with high
spatiotemporal resolution will significantly improve the global assessment of LV function. Since
volumetric data across the cardiac cycle are acquired, subject-specific LV geometries can be
modeled in 3D to directly quantify LV volumes and function without the need for geometrical
assumptions. These 3D models can then be used to accurately track structural changes in the LV,
such as wall thinning and chamber dilation, throughout post-infarction remodeling. Importantly,
we can utilize these 4D data to develop, test, and validate a reliable 3D strain algorithm, which
will eliminate issues attributed to out-of-plane motion. Taken together, incorporating 4D imaging
and 3D strain analysis with a longitudinal MI study will provide invaluable information regarding
the role of myocardial mechanics on LV remodeling post-infarction. To achieve these goals, we

will need to use animal models of acute MI and complete the following objectives.

3.2.1 Animal Models of MI

We will utilize surgical mouse models of acute MIs for the proposed research. Although
these models do not experience the gradual series of events leading up to a heart attack, mice

respond similarly to ischemic injury and undergo many of the same cardiac remodeling steps as
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humans [14]. One notable difference is that mice undergo an accelerated remodeling timeline
compared to humans, making them ideal for the study of long-term remodeling to heart failure
[14]. Specifically, we will use the permanent ligation (PL) and the more clinically relevant
ischemia/reperfusion (I/R) models in this dissertation. As the name suggests, in the PL model, the
left coronary artery (LCA) will be permanently ligated with a suture to induce a large transmural
apical infarct. On the contrary, the LCA will be temporarily ligated for 30-minutes in the I/R model.
This procedure mimics the reperfusion effects of balloon angioplasty or stent deployment often
used in the clinic to minimize myocardial tissue damage. By utilizing two MI models with varying
ischemia severities, we can investigate if there are significant differences in LV mechanics early

in remodeling that contribute to final infarct size.

3.2.2 Objective 1: 4D Ultrasound Development

Develop a gated, volumetric ultrasound imaging technique to acquire 4D cardiac data
with high spatiotemporal resolution. Rationale: To extend longitudinal 2D strain studies to 3D
and to directly evaluate global LV parameters without the need for geometrical assumptions, we
first need to develop a noninvasive imaging technique capable of capturing volumetric data over
time (4D). In order to reliably estimate strain fields within subregions of the 4D data, however, an
imaging modality that can provide high spatial resolution data is necessary. We decided to use
ultrasound for the proposed study because of its superior spatial resolutions, faster acquisition
times, and lower costs when compared to MRI [105]. Approach: We propose to reconstruct 4D
data by acquiring successive cardiac and respiratory gated 2D cine loops of the entire LV.
Respiration gating will be implemented to eliminate breathing artifacts, while ECG gating will be
used to temporally match successive 2D images across the entire cardiac cycle. Finally, image
registration will be performed to reconstruct the 4D data. Hypothesis: To demonstrate that 4D
ultrasound improves the assessment of cardiovascular health, we will compare the measured global
LV parameters to those estimated using gold-standard 3D MRI and conventional 2D techniques,
for both healthy and infarcted mouse LVs. We hypothesize that direct 4D analysis will result in
more accurate and reproducible assessments of LV function when compared to standard 2D
techniques, especially when analyzing infarcted LVs. A thorough study based on this objective is

presented in Chapter 4.
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3.2.3 Objective 2: Optimize a Reliable 3D Strain Algorithm

Optimize a reliable 3D strain algorithm to characterize 3D myocardial strain from
4D ultrasound data. Rationale: Clinically available 2D strain algorithms rely on linear definitions
of strain that are only appropriate when analyzing small deformations less than 5%, which is not
the case for the LV. However, more sophisticated 2D speckle tracking algorithms are susceptible
to out-of-plane motion and suffer from the well-known challenge of taking numerical gradients of
noisy displacement fields, leading to significant error propagation in the final strain calculation.
Although the acquisition of 4D data will resolve issues related to out-of-plane motion, we still
need to extend existing 2D strain algorithms to 3D and rely on strain methods that do not require
the initial calculation of displacement fields to estimate strain. Approach: Through a collaborative
effort with researchers from Washington University in Saint Louis and Columbia University, we
expanded upon a previously published 2D direct deformation estimation (DDE) strain algorithm
[106] to 3D. This DDE approach estimates deformation gradient fields directly during voxel
intensity mapping by utilizing a novel warping function to map target regions in the reference
image to its deformed image; this circumvents the need to estimate strain from noisy displacement
fields. Hypothesis: We hypothesize that the extension of a DDE strain method to 3D will result in
a reliable strain algorithm that is noise-insensitive and yields more accurate results than
conventional displacement-based methods. To test for this hypothesis, we plan to compare the
performance of this algorithm to other state of the art techniques in silico before implementing it
to 4D cardiac ultrasound data to characterize 3D myocardial strain. A thorough study based on this

objective is presented in Chapter 5.

3.2.4 Objective 3: Longitudinal MI Strain Study

Conduct a thorough longitudinal 3D strain study using surgical mouse models of MIs
and correlate results with histology. Rationale: We have emphasized multiple times throughout
this dissertation that the evolving mechanical properties of the infarcted myocardium and its
surrounding environment help regulate the formation of fibrotic scars and may play a role in infarct
expansion. Therefore, we will integrate our 4D ultrasound imaging technique with a 3D-DDE
strain algorithm to, for the first time, thoroughly characterize spatial changes in 3D myocardial

strain throughout remodeling. Approach: We will separate the mice into three different surgical
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groups: 1) sham, 2) PL, and 3) I/R surgery. 4D ultrasound data will be collected at baseline and at
various time points post-surgery to capture both the early and late stages of cardiac remodeling up
to four weeks. We will quantify both global LV function and 3D strain at the different phases of
cardiac remodeling to study how regional differences in myocardial contractility contribute to
diminished LV function. Topographical strain maps will then be overlaid onto 3D models of the
LV to study how strain profiles correlate to structural changes. Strain at infarct border zones will
be thoroughly analyzed to see how infarct severity relates to strain. Our strain results will then be
compared to infarct sizes measured from ultrasound and histological analysis. Hypothesis: Due to
the stiff behavior of fibrotic infarct scars, we hypothesize that reductions in 3D myocardial strain
is a determinant of final infarct size and correlates with LV remodeling severity. An in-depth study
expanding on this objective is presented in Chapter 6.

Taken together, we hope that the completion of the three outlined objectives will help
elucidate how myocardial mechanics govern post-infarction cardiac remodeling. We are
particularly interested in identifying how strain profiles in infarct border zones differs between
hearts with stabilized infarcts and those that continue to progress to heart failure. The objective of
this dissertation is therefore to investigate the role of myocardial strain in promoting infarct
expansion and assess whether it can predict LV remodeling outcomes. Such a tool may help
physicians identify patients at risk of developing heart failure so that they may receive early

intervention, improving their overall prognosis.
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4. THE DEVELOPMENT OF PRE-CLINICAL FOUR-DIMENSIONAL
ULTRASOUND FOR SMALL ANIMAL APPLICATIONS

As outlined in the research plan, the first step in quantifying 3D myocardial strain is to
develop a noninvasive imaging technique capable of acquiring in vivo volumetric information of
the L'V across a representative cardiac cycle. These four-dimensional (4D) data will allow us to
capture out-of-plane motion frequently missed by 2D imaging, thus considering for the 3D twist
mechanics of the LV. This chapter highlights our recent efforts in the development of a 4D
ultrasound imaging technique for small animal applications. Specifically, we will discuss how
prospective gating and image registration can together be used to reconstruct high resolution 4D
data and improve the assessment of cardiovascular health. The content presented in this chapter is
adapted from our previous work titled “Cardiac and Respiratory-Gated Volumetric Murine
Ultrasound,” which was published in the International Journal of Cardiovascular Imaging. Minor
edits to the formatting and wording have been made to produce a cohesive dissertation. The
published version of this chapter is made available under a Creative Commons Attribution License

through the following link: https://doi.org/10.1007/s10554-017-1283-z.

4.1 Abstract

Purpose: Current cardiovascular ultrasound mainly employs planar imaging techniques to
assess function and physiology. These techniques rely on geometric assumptions, which are
dependent on the imaging plane, susceptible to inter-observer variability, and may be inaccurate
when studying complex diseases. Here, we developed a gated volumetric murine ultrasound
technique to visualize cardiovascular motion with high spatiotemporal resolution and directly
evaluate cardiovascular health. Methods: Cardiac and respiratory-gated cine loops, acquired at
1000 frames-per-second from sequential positions, were temporally registered to generate a four-
dimensional (4D) dataset. We applied this technique to 1) evaluate left ventricular (LV) function
from both healthy mice and mice with myocardial infarction and 2) characterize aortic wall strain
of angiotensin II-induced dissecting abdominal aortic aneurysms in apolipoprotein E-deficient
mice. Results: Combined imaging and processing times for the 4D technique was approximately

2 to 4 times longer than conventional 2D approaches, but substantially more data is collected with
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4D ultrasound and further optimization can be implemented to reduce imaging times. Direct
volumetric measurements of 4D cardiac data aligned closely with those obtained from MRI,
contrary to conventional methods, which were sensitive to transducer alignment, leading to
overestimation or underestimation of estimated L'V parameters in infarcted hearts. Green-Lagrange
circumferential strain analysis revealed higher strain values proximal and distal to the aneurysm
than within the aneurysmal region, consistent with published reports. Conclusion: By eliminating
the need for geometrical assumptions, the presented 4D technique can be used to more accurately
evaluate cardiac function and aortic pulsatility. Furthermore, this technique allows for the

visualization of regional differences that may be overlooked with conventional 2D approaches.

4.2 Introduction

Cardiovascular disease (CVD) is the leading cause of death in the United States,
responsible for 30% of all deaths in 2013 [2]. With CVD expected to affect 40% of the U.S.
population by 2030 [107], there is an increasing need to develop improved in vivo imaging
techniques to better understand the pathophysiology and progression of CVD. Four-dimensional
(4D) imaging, also known as gated three-dimensional imaging, has sparked interest in recent years
as it delivers a cinematographic representation of three-dimensional structures with high
spatiotemporal resolution [108]. The use of time-dependent 3D geometries is becoming more
popular as it provides patient-specific boundary conditions for biomechanical modeling and
computational fluid dynamic simulations [109]. Recent developments of clinical 4D computed
tomography (CT) [110], magnetic resonance imaging (MRI) [111,112], and ultrasound [113,114]
have enabled the study of valve leaflet motion [115], 3D myocardial strain [116], and aortic wall
kinematics [117], overcoming the limitations of standard 2D and 3D imaging techniques. These
traditional imaging methods often fail to adequately identify differences in motion associated with
a variety of pathological conditions. As a result, the advantage of 4D imaging stems from its ability
to capture a holistic view of tissue motion, making it a method of increasing interest for the study
of CVD.

Small animal models have proven useful in studying various CVD mechanisms. In
particular, the development of in vivo imaging techniques for mouse models have become
invaluable for controlled investigations of CVD progression, while simultaneously reducing the

necessary number of animals per study [118]. Still, there are notable obstacles unique to
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cardiovascular imaging in rodents that make these techniques challenging. The animals’ small size,
fast respiration, and rapid heart rate — which ranges from 400 to 600 beats per minute [119] —
require an imaging modality with spatiotemporal resolution much higher than that used for
humans. While volumetric ultrasound probes exist for large animals and clinical use [120], their
low spatiotemporal resolution renders them inadequate for imaging small animals. Recent
advancements in high-frequency ultrasound probes have overcome limitations in spatiotemporal
resolution by providing a sampling rate adequate for rodents, yet these improvements currently
only apply to planar imaging. In these regards, post-processing methods are needed to reconstruct
and visualize 4D ultrasound data.

Gating using electrocardiogram (ECG) and respiration signals are often performed in
tandem with ultrasound imaging to temporally synchronize periodic events and minimize motion
artifacts [119,121]. This paradigm creates a foundation to spatiotemporally combine data from
multiple acquisitions, which extends to techniques such as 4D MR microscopy and micro-CT
[112,122]. However, as the sampling rate is much slower than that of high-frequency ultrasound
probes, these techniques are limited to resolving only large-scale heart motion and often require
prolonged administration of anesthesia; in the case of micro-CT, ionizing radiation and an
intravenous contrast agent are also needed. While high-frequency ultrasound imaging also requires
anesthesia and is subject to imaging artifacts, its ability to image in real-time makes it ideal for
measuring cardiac function and pulsatile vascular motion in mice [123].

To date, the majority of cardiovascular imaging research in rodent models has utilized
conventional 2D ultrasound to evaluate left ventricular (LV) function and characterize aneurysm
growth. However, the extension to gated volumetric ultrasound provides several advantages over
these planar techniques. In addition to eliminating the need for geometric assumptions, which are
necessary with 2D imaging [124], 4D imaging is capable of capturing regional differences in
ventricular and arterial motion that may go undetected with planar approaches. Here, we
demonstrate a method for acquiring and analyzing 4D ultrasound data in small animal models of
CVD and compared the results to standard 2D techniques and MRI. To the best of our knowledge,
this is the first published report comparing 4D ultrasound, MRI, and 2D echocardiography in small
animals, highlighting the limitations of 2D techniques. The proposed method combines a linearly

translating high frequency ultrasound transducer, ECG and respiratory gating, and image post-
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processing to reconstruct 4D data for the direct evaluation of LV health and characterization of

dissecting abdominal aortic aneurysm (AAA) wall kinematics.

4.3 Materials and Methods
4.3.1 Animals

All mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA) and were
divided into three different experimental groups. The first group consisted of 11 male C57BL/6J
wild-type mice and was imaged to evaluate LV function in healthy mice. Mice with ages ranging
from 21 to 70 weeks were selected to allow for imaging collection from a wide variety of mouse
sizes, but our analysis revealed no statistical correlation between animal age and cardiovascular
metrics in these adult mice. The second group consisted of 6 male C57BL/6J wild-type mice with
varying degrees of myocardial infarctions (MIs) and was imaged four weeks post-MI induction to
assess for LV function in remodeled hearts. In preparation for each myocardial infarction surgery,
mice were anesthetized with 2% isoflurane, endotracheally intubated, and ventilated with O2
(SomnoSuite, Kent Scientific, Torrington, CT, USA) [125]. Pneumothorax was avoided by
supplying air to the lungs with a target inspiratory pressure between 16-18 cm H>O and a minimum
peak-end expiratory pressure between 3-5 cm H>O. After performing a left thoracotomy, we
permanently ligated the left coronary artery using 8-0 sutures [126,127] and allowed the mouse to
recover (Fig. A.1). The third group consisted of 7 male apolipoprotein-E deficient (apoE”") mice
with dissecting AAAs imaged two weeks post-aneurysm formation to characterize aneurysm wall
kinematics. To induce an aneurysm, apoE”" mice were implanted subcutaneously with mini-
osmotic pumps (ALZET Model 2004; DURECT Corporation, Cupertino, CA, USA) to
systemically deliver 1000 ng/kg/min of angiotensin II (A9525; Sigma-Aldrich, St. Louis, MO,
USA) for 28 days [128,129] (Fig. A.1). A summary of the characteristics for the different

experimental mouse groups is shown in Table 4.1.

4.3.2 Time-Resolved Volumetric Ultrasound Imaging

Cardiac- and respiratory-gated volumetric ultrasound (4D) data was acquired using the
Vevo2100 small animal ultrasound system (FUJIFILM VisualSonics Inc., Toronto, Ontario,

Canada) and a 40 MHz linear array ultrasound transducer (MS550D) attached to a linearly moving
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Table 4.1: Summary of Different Experimental Mouse Groups

Gender Male
Genotype WT apoE"
Study Cardiac Abdominal Aorta
Group Healthy Infarcted Aneurysm
n 11 6 7
Age (weeks) 37+£20 15+3 19+2
Weight (g) 35+8 29+2 30+1

step motor (3D Acquisition Motor). Before imaging, we anesthetized the mouse with 2-3%
isoflurane at 1.5 L/min room air using a low-flow integrated digital anesthetic vaporizer
(Somnosuite, Kent Scientific, Torrington, CT, USA). The SomnoSuite more efficiently delivers
isoflurane to the animal, which has been shown to effectively minimize heart rate variations during
imaging as long as two hours [20]. We removed hair from the region of interest (i.e. the ventral
thorax for cardiac imaging or the abdomen for dissecting AAA imaging) using a depilatory cream
and applied ophthalmic ointment to the eyes to prevent corneal desiccation. ECG and respiratory
signals were continuously acquired by securing the animal’s paws to gold-plated leads using an
electrode gel while the animal was positioned supine on a heat-modulated imaging stage (Vevo
Imaging Station). Respiratory information was obtained by monitoring for low frequency changes
in the signal associated with fluctuating electrical impedance during inspiration. We implemented
cardiac and respiratory gating by acquiring ultrasound data at successive 1 ms delays between RR
peaks and by using a 40% acquisition window in between inhalation peaks. Isoflurane levels were
gradually decreased throughout image acquisition to further minimize fluctuations in heart rates.
To prevent hypothermia, the animal’s body temperature was monitored using a rectal temperature
probe, and the temperature of the heated stage was adjusted accordingly. We also used a heating
lamp as a secondary source to help maintain body temperature during imaging. On average, setting
the temperature of the stage between 40-42°C maintained the animal’s body temperature to
36.1+£0.6°C, even in experiments as long as 90 min.

Once the respiration rate of the mouse had stabilized, we applied warmed ultrasound gel to
the skin and positioned the ultrasound probe at the center of the region of interest, perpendicular

to the intended axis of translation. For example, when imaging the LV, short-axis cine loops were
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collected with the probe translating along the long-axis of the heart. A custom MATLAB script
(MathWorks, Natick, MA, USA) was used to automate the translation of the probe and acquisition
of cine data at each sequential location. Step sizes ranging between 80 to 200 um were used for
both cardiac and dissecting AAA acquisitions, depending on the length of the region of interest.
Cine loops were acquired at 1000 frames-per-second (fps) using the ECG-gated kilohertz
visualization (EKV) module (FUJIFILM VisualSonics Inc.). EKV acquisition utilized both cardiac
and respiratory gating to reconstruct ultrasound images over one representative cardiac cycle from
data over multiple beats. This is only possible because of similarities between sequential
heartbeats. As such, each EKV cine loop consisted of planar snapshots of the region imaged across
one representative cardiac cycle with a temporal resolution of approximately 1 ms. The number of
frames obtained in an EKV loop was dependent on the animal’s heart rate, which remained
relatively stable throughout image acquisition. Total acquisition times ranged from 40 to 90
minutes, depending primarily on the length of the scanned region and the defined step size, with

each slice taking approximately 30-45 seconds to acquire.

4.3.3 Data Reconstruction

The series of position-dependent EKV cine loops were exported to MATLAB for analysis.
Spatially adjacent cine loops were aligned and temporally matched such that each reconstructed
volume represents one synchronized time-point in the cardiac cycle. The total number of frames
in each successive EKV loop could vary due to heart rate fluctuations. These discrepancies are
typically confined to 2-3% of the mean number of frames and were therefore considered negligible.
During reconstruction, this was accounted for by removing end-diastolic frames in longer loops
before temporally matching the remaining frames. Gaussian filters were applied both spatially and
temporally for noise removal; since the voxels were anisotropic, the kernel window used was 10%
of the total number of pixels in each spatial dimension, and the Gaussian filter width was chosen
relative to a desired isotropic resolution size. Linear interpolation was used to reconstruct isotropic
voxels and simplify post-processing analysis: 60 pm for cardiac data and 40 um for aortic
aneurysm data. A smaller voxel size was chosen for the aortic data to better capture the wall
boundaries and visualize motion of the stiff dissecting aneurysm. A diagram of the acquisition
method is outlined in Fig. 4.1 using a sample murine cardiac dataset. The MATLAB codes for

image acquisition and reconstruction are provided as supplementary materials.
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Fig. 4.1: A schematic of the imaging technique from data acquisition to volumetric rendering.
The steps include 1) acquiring respiratory- and ECG-gated 2D cine loops at 1000 fps from
a specific location, 2) translating the ultrasound probe using the attached motor and repeating
step one at each location, 3) combining the extracted frames from each cine loop, dependent
on their timing within the cardiac cycles, to create 3D volumes at each respective time-point,
and 4) temporally concatenating said volumes to create 4D datasets.

4.3.4 Analysis of 4D Cardiac Dataset

Manual segmentation was performed on the reconstructed 4D cardiac data to outline the
endocardial and epicardial surfaces of the LV, extending from the apex to the mitral and aortic
valves at end-diastole and peak-systole. To study the contribution of papillary muscle on lumen
volume measurements, two endocardial boundaries were obtained: one with the inclusion and a
second with the exclusion, of papillary muscles during segmentation. The segmented boundaries
were then used to create 3D representations of the LV at both end-diastole and peak-systole. All
volume measurements were converted to physical units by multiplying the number of voxels
within the 3D volumes by the physical dimensions of each isotropic voxel. End-diastolic volume
(EDV) and peak-systolic volume (PSV) were used to evaluate LV function including stroke
volume (SV), ejection fraction (EF), and cardiac output (CO). These measurements were

calculated using the following equations (Eqs. 4.1-4.3):

SV =EDV - PSV @.1)
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EF = —— x 100 4.2)
EDV

CO =SV x Heart Rate “4.3)

We also calculated LV volumes using two established methods commonly used in the
clinic — the Teicholz method (Eq. 4.4) and the modified Simpson’s rule of discs (Eq. 4.5) — and
compared them to LV volumes obtained by direct measurements from the reconstructed 4D
datasets. As recommended by the guidelines for cardiac chamber quantification provided by the
American Society of Echocardiography, the papillary muscles were considered part of the LV

cavity when performing endocardial wall tracings [49,130-132].

. —_— 7 3
LV Volume Tteicholz = (2.4+dy) i (4°4)
LV Volume Simpson’s = gh Z d12 (4°5)

In (Eqs. 4.4-4.5) above, d; corresponds to the LV internal diameter, and / symbolizes the height

of the circular discs.

4.3.5 Analysis of 4D Dissecting AAA Dataset

Similar to the cardiac analysis, the aortic walls of the 4D dissecting AAA datasets were
manually segmented at systole and diastole. Branching vessels, including the superior mesenteric
artery, celiac artery, and renal arteries were excluded for simplicity. To quantify aortic wall
kinematics, maximum Green-Lagrange circumferential cyclic strain (gg9) was calculated at each
axial location by using the effective systolic (dg) and diastolic (dp) diameters calculated from the

segmented cross-sectional areas of the abdominal aorta [133]:

eg=3 | (:—Z)Z -1] % 100 (4.6)
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4.3.6 Magnetic Resonance Imaging

MRI data for infarcted hearts were acquired using the Bruker 7T Biospec 70/30 USR
System (Bruker, Billerica, MA, USA) and a small animal volume coil (RF RES 300 1H 075/040
quadrature surface transmit receive coil, Bruker). We anesthetized the mouse with 2-3% isoflurane
in room air and acquired ECG, respiration, and temperature data using the MR-Compatible
Monitoring and Gating System (SA Instruments, Stony Brook, NY, USA). ECG and respiratory-
gated cine fast low angle shot (FLASH) pulse sequence (TE =3 ms; TR =7 ms; FA = 20°; Matrix
Size = 256 x 256; Number of averages = 1) was used to acquire contiguous 1 mm thick short-axis

cine loops of a beating left ventricle.

Long Axis Short Axis Coronal Axis

Proximal

Anterior Anterior

Posterior

Anterior

Infarcted

Posterior .
Posterior

Fig. 4.2: Three axis views of a healthy (top) and infarcted (bottom) mouse left ventricle
taken at end-diastole. Ultrasound images of the infarcted LV were obtained four-weeks post-
LAD coronary artery ligation. Papillary muscles are clearly seen in the short-axis view as
extensions into the LV lumen (yellow arrows). Infarcted myocardial tissue is outlined in red.
Green crosshairs highlight the center of the visualized structure. AO = aortic outflow.
Scalebar = Imm.

54



4.4 Results
4.4.1 Assessment of Left Ventricular Function

Representative diastolic images of a healthy LV (top) and a LV with a four-week old anterior
apical infarct (bottom) are shown in three-axis views in Fig. 4.2, with ultrasound and MRI cine
loop data shown in Figs A.2-A.3 respectively. The displayed data were rotated along its anterior-
posterior axis to visualize true short-axis and long-axis views of the LV. Due to image registration,
volumetric data can be spatially rotated; hence, any planar cut can be extracted to give both
conventional (axial and sagittal) and unconventional (coronal) ultrasound views of the heart.
Manually segmented 3D renderings of both the endocardial (red) and epicardial (blue) LV walls
are illustrated in Fig. 4.3 for both healthy and infarcted hearts at end-diastole and peak-systole.
The asymmetrical anterior apical infarct is associated with wall thinning and dyskinesia of the
necrotic myocardium at peak-systole. The unique geometries of all healthy and infarcted LVs at
end-diastole and at peak-systole are summarized in Figs A.4-A.5 respectively. The inclusion of
papillary muscles as part of the LV lumen resulted to increases in LV volumes at end-diastole (7.6
uL) and at peak-systole (2.4 pL), contributing to an increase in ejection fraction values (3.11%) as
shown in Fig. A.6.
End Diastole Peak-Systole

S

Fig. 4.3: 3D representations of the left ventricular lumen (red) and myocardial wall (blue) at
end-diastole (left) and peak-systole (right) are shown for both healthy and infarcted mouse

hearts. The asymmetrical anterior apical infarct is associated with wall thinning and
dyskinesia of the necrotic myocardium at peak-systole. Scalebar = Imm.

Healthy

Infarcted
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Bland-Altman percent difference analyses (Fig A.7) and correlation (Fig. A.8) of cardiac
parameters calculated using the different techniques were conducted for both healthy and infarcted
LVs. Although conventional 2D techniques performed similarly (within +10%) to the direct 4D
method in quantifying EF in healthy LVs, they performed significantly worse compared to both
gold-standard MRI and the 4D method when evaluating EFs in infarcted LVs. Box-and-whisker
plots showing percent difference for the different cardiac parameters between the 4D, 2D
Simpson’s, and 2D Teicholz techniques relative to MRI for infarcted LVs are shown in Fig. 4.4.
Table 4.2 shows the medians, as well as the 1* and 3™ quartile values [Q1, Q3] for the cardiac
parameters calculated using the different techniques. Values of EF measured using the 2D
Simpson’s and Teicholz techniques deviated from that measured with MRI by 38.5% and 30.2%
respectively. On the contrary, EF values obtained directly with the 4D technique only differed
from that of MRI by 2.3%, with the 1*' and 3™ quartile values confined between -10.9% and 17.3%.

4.4.2 Quantification of Dissecting AAA Regional Strain

A three-axis view of a mouse dissecting AAA acquired at diastole two-weeks post
aneurysm formation is displayed in Fig. 4.5. The stratification of the aneurysm into the true and
false lumen, as well as the formation of an intramural thrombus (black arrows), can be clearly seen
in both the long and short-axis views. 3D masks of the dissecting AAA represent the vessel
geometries during diastole (red) and systole (blue) and are shown in Fig. 4.6A. Increased wall
stiffness, caused by the remodeling of the aneurysmal wall, accounted for the small distensibility
observed within the aneurysm between diastole and systole [134-136]. Sections of the abdominal
aorta proximal and distal to the aneurysm exhibited greater wall displacements as compared to
those located in the middle of the aneurysms and its neighboring regions. Quantitative assessment
of Green-Lagrange circumferential strain along the abdominal aortic wall is shown in Figs. 4.6B-
C and Fig. A.9. The averaged circumferential strains of all seven mice plotted along normalized
abdominal aorta positions illustrated that both proximal and distal regions have higher maximum
strain values compared to regions within the aneurysm. Although wide variances in maximum
strain persisted in proximal and distal regions, aneurysmal regions exhibited relatively low strain
values of 1-2% with minimal variance. Fig. A.10 further demonstrates the wall kinematics of a

dissecting AAA two weeks following aneurysm formation.
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Fig. 4.4: Box-and-whisker plots showing percent difference in A) end-diastolic volumes
(EDV), B) peak-systolic volumes (PSV), C) stroke volumes (SV), D) ejection fraction (EF),
and E) cardiac output (CO) measured from the specified techniques with respect to those
measured from MRI. The upper and lower boundaries of the box plots correspond to the first
and third quartile values of the dataset. Note that compared to conventional 2D techniques,

cardiac parameters measured directly using the 4D technique aligned more closely to those
measured from gold-standard MRI.

Table 4.2: Summary of the Bland-Altman percent difference analysis of the 4D Ultrasound,
Simpson, and Teicholz techniques with respect to MRI. EDV = end-diastolic volume, PSV
= peak-systolic volume, SV = stroke volume, EF = ejection fraction, and CO = cardiac output.

Parameters Healthy Infarcted
Cardiac Statistics Simpson Teicholz 4D Simpson Teicholz
Median -16.2 -6.8 1.6 -18.5 1.1
EDV (uL)
[Q,, Q:] [-21.8,-12.8] [-24.0, 7.5] [0,9.7] [-37.1, -8.3] [-22.9, 26.3]
Median -30.5 -22.1 1.5 12.2 1.5
PSV (nL)
[Q,, Q4 [-41.4,-16.5] [-26.2, -9.4] [-7.2,3.1] [-16.1,40.0]  [-35.3,15.5]
Median -14.0 -2.6 5.1 -59.9 31.9
SV (uL)
[Q,, Q5] [-19.9, -7.8] [-10.6, 12.6] [-11.8,27.7] [-92.4,-34.9] [-3.8, 58.3]
Median 5.3 4.3 2.3 -38.5 30.2
EF (%)
[Q,. Q4] [1.0, 8.9] [1.2,7.0] [-10.9,17.3] [-86.4, -6.6] [-8.4, 50.6]
co Median -14.0 -2.6 5.2 -51.9 38.6
(mL/min) [Q,, Q] [-19.9, -7.8] [-10.6, 12.6] [-11.8,27.7]  [-82.8,-303]  [1.7,76.4]
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Long Axis Short Axis Coronal Axis

True Lumen

Fig. 4.5: Three-axis views of a representative mouse dissecting abdominal aortic aneurysm
(AAA) at diastole. Black arrows point to the formation of intramural thrombus. Yellow
arrow points to the true lumen, and dashed red lines outline the boundary of the AAA. Green
crosshairs highlight the center of the visualized structure. Scalebar = Imm.

4.5 Discussion

In this study, we presented a small animal ultrasound imaging technique to acquire gated
volumetric datasets from both cardiac and vascular regions of interest. By employing cardiac-
gating, respiration-gating, and image registration in conjunction with a high-frequency ultrasound
transducer, we were able to collect volumetric data with both high spatial and temporal resolution.
We used our 4D imaging technique to demonstrate that conventional echocardiographic methods
perform unreliably in evaluating LV function in mice with myocardial infarction compared to
direct volumetric assessment of LV function. We believe this is the first published report
quantifying 4D echocardiography in small animals, revealing a better agreement with MRI data
than standard 2D ultrasound. We also used our technique to show that Green-Lagrange
circumferential strain decreased significantly within the aneurysmal region when compared to
regions proximal and distal to the aneurysm. These results suggest that a 4D imaging approach
may be advantageous when assessing cardiac and vascular function with complex geometries and

kinematics.

58



A Proximal —

s B20 oe®
Y <
o t e

2
'% 4. i !
E 12F . -',..3
. iy
s ¢ :. 3
E 3 o
.2

s 4 " ;
= W

0 2 4 6 8 10 12 14

Distal

Maximum Strain (%)

Normalized Position

Fig. 4.6: A) 3D volume renderings of a representative mouse dissecting AAA during systole
(blue) and diastole (red) are shown overlaid together, with the aneurysm positioned at the
center. Enlarged subpanels demonstrate greater wall motion in the proximal and distal
regions of the dissecting AAA, when compared to aneurysmal regions. B) Plots of Green-
Lagrange maximum circumferential strain for the presented aorta, plotted relative to the
abdominal aorta positions, highlight elastic walls located proximal and distal to the stiff
aneurysm. C) Averaged Green-Lagrange maximum circumferential strain for dissecting
AAAs (n=7) is plotted along normalized abdominal aorta positions, showing a stiffer
aneurysmal region with reduced strain. Positions from the center of the aneurysms are
normalized to half the aneurysm length so that the normalized position corresponding to the

aneurysm falls within the -1 and 1 position. Data are shown as mean + standard deviation.
Scalebar = Imm.

4.5.1 Conventional Echocardiographic Techniques Perform Unreliably in Evaluating
Function in Diseased LVs

Conventional echocardiographic methods for evaluating cardiac health rely on geometrical
assumptions from 2D B-mode slices to approximate LV volumes [130]. These techniques assume

that L'V cross-sections adopt circular shapes and can therefore be modeled as stacks of elliptical
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discs. Unfortunately, these 2D techniques are susceptible to issues related to structural
abnormalities not captured within the imaging plane, apical foreshortening, and large inter-
observer variability [131,137]. Furthermore, these heuristic approaches are often violated when
imaging patients or animals with complex cardiac pathologies that have regional dyssynchrony
and ventricular dysfunction, leading to inaccurate estimations of LV volumes and ejection
fractions [49,130,138]. Using the proposed 4D ultrasound technique described here, we can
measure LV volumes and other parameters of LV function directly from complex 3D geometries,
addressing these shortcomings.

Even in healthy hearts, the assumptions accompanying Simpson’s rule may not accurately
reflect the structure of the LV, due to the contribution of papillary muscles, as illustrated in Figs.
4.2-4.3 and Figs. A.4-A.6. These assumptions prove to be especially problematic in the assessment
of disease states, such as in hearts with asymmetrical apical infarcts (Figs. 4.2-4.3 and Fig. A.5).
Depending on the transducer alignment relative to infarct geometry, 2D approximations of LV
function may be grossly overestimated or underestimated, as reflected by the large observed
percent difference between their values and that obtained from MRI (Figs. 4.4, A.7, and Table
4.2), which we used as a gold-standard for this study. Comparisons of direct 4D ultrasound
measurements with MRI, however, demonstrated that the 4D method performed similarly to MRI,
as observed by the small percent difference depicted in Fig. 4.4. Furthermore, the interquartile
ranges for all cardiac parameters obtained using the 4D approach were considerably narrower than
those acquired from 2D Simpson’s and Teicholz techniques, suggesting that the 4D method
performed consistently compared to conventional techniques. Secondly, to compensate for
dyskinesia in necrotic myocardial tissue and reduced contractility in regions neighboring the
infarct zone, healthy regions of the left ventricle exhibit increased inotropy. This leads to LV
geometries that depart from the assumed elliptical shape used in conventional 2D techniques. The
data included here highlight the limitations of 2D ultrasound imaging, suggesting that gated
volumetric approaches should be considered in studies of complex cardiac disease models with
regional differences. It is important to note that the presented results were obtained from mice with
large and asymmetrical infarcts. Further work will focus on studying how the performance of 2D
techniques compares to the proposed method for less severe infarction models, such as the
ischemia-reperfusion model [139], or in cases where cardiac remodeling has a uniform effect on

heart structure. Taken together, the major advantage of the presented 4D technique is its ability to
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capture exact LV geometry throughout the cardiac cycle, providing a more direct approach when
evaluating LV function. This approach also opens the possibility of directly quantifying ventricular

synchronicity and 3D strain maps of murine hearts using ultrasound.

4.5.2 Aneurysm Formation Reduces Green-Lagrange Circumferential Strain

The 4D ultrasound technique was also used to study regional differences in aortic wall
kinematics. Although numerous ultrasound studies on murine dissecting AAAs have been
conducted, many still rely on linear measurements of aortic diameter to characterize disease
severity and quantify aortic wall strain [140,141]. Variations in aortic wall thickness, influenced
by dissections and the presence of intramural thrombus (Fig. 4.5), may lead to non-uniform
distensibility and radial expansion of the aortic wall. In fact, performance comparison between
planar-based ultrasound methods showed that the choice of imaging plane significantly affects the
accuracy of the parameters such as aortic diameter and stiffness [142]. Using our 4D imaging
technique, we were able to mitigate this problem by visualizing the pulsations of the AAA in 3D
(Fig A.10) and characterizing circumferential aortic wall strain by measuring cross-sectional areas
of the aorta. Fig. 4.6 demonstrates that regions proximal and distal to the aneurysm exhibit high
strain values as compared to the aneurysmal region, with the proximal regions showing higher
strain values than the distal regions. The presence of branching vessels in distal regions of the
abdominal aorta may contribute to the observed decreased strain values. This decrease in
maximum Green-Lagrange circumferential strain in the aneurysmal region is likely due to an
increase in vessel stiffness.

The results described here are consistent with previous reports showing an increase in
vessel stiffness due to the degradation of elastin and increased collagen turnover [136,143]. This
increase in vessel stiffness was also supported by previous reports demonstrating reductions in
pulse-wave velocities along the aneurysmal wall [144-146]. Previous work using 2D M-mode
ultrasound suggested that aneurysm formation typically decreased the Green-Lagrange
circumferential strain from around 15% to 3% [136]. However, strain analysis using other imaging
modalities, such as MRI, documented higher values of circumferential cyclic strain of 20% in
healthy suprarenal aorta and 10% in AAAs [143,147]. This discrepancy is potentially due to
inherent differences in imaging modalities since time-of-flight MRI has difficulty accurately

assessing lumen size in regions of slow or complex flow that are often observed in dissecting
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AAAs. Furthermore, MRI is subject to lower spatial and temporal resolution compared to
ultrasound. Using our 4D technique, we have extended the analysis of Green-Lagrange
circumferential strain from conventional 2D M-mode to diameters approximated from cross-
sections of the 4D aneurysm data to take into account for non-uniform distensibility and radial
expansion of the aortic wall. Applying a gated volumetric imaging technique to expand pulse wave
quantification to 3D could further improve the characterization of mechanical factors that lead to

aneurysm initiation, growth, and rupture.

4.5.3 Tradeoff Between Resolution, Acquisition Time, and Processing Time

One important concept to consider when acquiring 4D data is the tradeoff between image
resolution and acquisition time. Depending on the region of interest location, size, and the disease
model studied, the step size can be carefully selected to minimize acquisition and processing time
while obtaining sufficient spatiotemporal resolution. In the presented work, we acquired data using
small step sizes ranging from 80 um to 200 um and a sampling rate of 1,000 fps so that we were
able to easily identify regional differences in the contractility of infarcted LVs and pulsatility of
dissecting aneurysms. As such, the average imaging time ranged between 40 to 90 minutes for the
cardiac and aneurysm data, respectively, with image reconstruction and analysis taking an
additional 30 minutes. Although conventional 2D techniques can take on the order of 30 minutes
for both acquisition and analysis combined, the need to obtain multiple 2D views at different
positions when studying diseases exhibiting regional differences may significantly increase image
acquisition times. Taken together, the results of this study suggest that acquiring 4D data with
small step sizes and high sampling rates may not be necessary when assessing global
cardiovascular function in healthy mice. The presented volumetric technique, however, allows for
the visualization of regional differences that may be overlooked with conventional 2D approaches.
Furthermore, the presented ultrasound technique opens the possibility of mapping 3D strain,
quantifying ventricular synchrony/dyssynchrony, and estimating vascular pulse wave velocity

with high spatiotemporal resolution.

4.5.4 Limitations and Future Work

A small animal ultrasound system capable of collecting 4D data has recently been made
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commercially available (Vevo3100, FUJIFILM VisualSonics Inc. [44]). This newer imaging
platform uses the same basic image acquisition process but has integrated software to
automatically acquire 4D data, a maximum temporal resolution of 300 fps, and uses a dual-gating
technology to accelerate image acquisition time. Still, the major factors influencing total imaging
time are the choice of temporal resolution and step size. In this study, we chose a sampling rate of
1000 fps with small step sizes to allow for the collection of 4D data with both higher spatial and
temporal resolution while acknowledging the tradeoff with longer acquisition times.

A limitation of the presented technique is the need to acquire data with minimal variations
in heart rates. If large variations in heart rates are observed, temporal resampling and interpolation
techniques should be implemented to ensure that images from successive spatial positions match
in their cardiac cycle. Within an imaging session, data acquired when the mouse has a lower heart
rate will have more time points representing a single cardiac cycle and may therefore need to be
downsampled. 4D ultrasound imaging also faces several challenges in regards to data size and
processing time. Our image data sizes reached magnitudes of 2-4 gigabytes depending on the
dimensions of the structure of interest and step size between adjacent slices. While post-processing
resampling of the compiled original resolution data could mitigate this problem, it sacrifices finer
detail and requires data interpolation that may affect overall image quality. 4D imaging is also
inhibited by long processing time primarily due to the manual segmentation process. Future studies
into more robust and automated wall-tracking algorithms could reduce the segmentation time and
improve its use of 4D imaging for other applications. Other future work will be needed to use 4D
ultrasound data for computational fluid dynamic simulations and biomechanical modeling of blood

flow.

4.6 Conclusion

The presented 4D ultrasound technique employs both cardiac and respiration gating to
visualize the motion of three-dimensional structures with high spatiotemporal resolution, allowing
for the study of complex cardiovascular kinematics in small animals. Specifically, we
demonstrated the technique’s ability to directly evaluate LV function and characterize Green-
Lagrange circumferential strain in murine AAAs. Direct volumetric measurements of the LV from
4D cardiac data matched closely with gold-standard MRI results whereas 2D ultrasound

techniques are sensitive to transducer alignment relative to infarct geometry. Strain analyses of
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murine AAAs demonstrate that the aneurysmal region exhibited lower strain values when
compared to proximal and distal sections, likely due to the remodeling of the extracellular matrix
within the aortic wall. Given the current efforts in the field focused on studying regional
differences in wall motion of mouse models with myocardial infarction and AAA, a 4D ultrasound
approach could be beneficial for a wide variety of studies where direct volumetric measurements

are important.
Ethical Approval

All procedures performed in studies involving animals were in accordance with the ethical

standards of the Purdue Animal Care and Use Committee.
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S. IMPLEMENTATION OF A 3D DIRECT DEFORMATION
ESTIMATION STRAIN ALGORITHM

Now that we have established a novel ultrasound imaging technique capable of acquiring
4D cardiac data with high spatiotemporal resolution, the next step is to construct and optimize a
reliable method for estimating 3D strain from image data. This chapter highlights our collaborative
efforts in developing a regularization-free and noise-insensitive 3D strain algorithm. Specifically,
we will discuss how direct estimation of deformation gradient fields from image warping functions
leads to significant improvements in the accuracy and precision of the measured strain values
compared to existing techniques. We will then highlight the application of our 3D direct
deformation estimation (3D-DDE) strain algorithm in quantifying 3D strain of the left ventricle,
both within the chordae tendineae and the myocardium. The content presented in this chapter is
adapted from our previous work titled “Regularization-Free Strain Mapping in Three Dimensions,
with Application to Cardiac Ultrasound,” which was published in the Journal of Biomechanical
Engineering. Significant modifications to the manuscript have been made to focus on the
application of the 3D-DDE technique in quantifying myocardial strain and to highlight my
scientific contribution to the published manuscript, of which I am a second author. Additional
formatting edits have been made to produce a cohesive dissertation. The published version of this
chapter is made available under a Creative Commons Attribution License through the following

link: https://doi.org/10.1115/1.4041576.

5.1 Abstract

Accurate quantification of dynamic strain fields from time-resolved volumetric medical
imaging data is a pressing need in radiology. A critical limitation of all existing strain techniques
is regularization. Because these volumetric images are inherently noisy, current strain mapping
techniques must impose either displacement regularization and smoothing that sacrifices spatial
resolution, or material property assumptions that presuppose a material model. Here, we present,
validate, and apply the first three-dimensional (3D) method for estimating mechanical strain
directly from 3D image stacks without regularization or assumptions about the material behavior.

Specifically, we focus on its application in quantifying in vivo 3D myocardial strain from 4D
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ultrasound data of both healthy and infarcted mouse left ventricles. We were able to verify high
strain fields in healthy contractile tissue and low strain fields in diseased fibrotic scars, enabling
the regional analysis of 3D myocardial strain. Taken together, the presented method shows promise
for broad application to dynamic medical imaging modalities, including high frequency ultrasound,

tagged magnetic resonance imaging, and confocal fluorescence microscopy.

5.2 Introduction

Quantifying deformation from time-resolved volumetric image data can significantly
improve the study of diseases that alter the mechanical properties of biological tissues. For
example, following a myocardial infarction (MI), fibrotic scar tissue gradually replaces the
nonviable ischemic myocardium, leading to regional differences in stiffness that directly inhibit
normal heart function. The ability to noninvasively quantify regional differences in myocardial
contractility will provide significant information regarding the developing infarct scar, allowing
for better characterization of post-infarction cardiac remodeling. However, in vivo assessment of
spatially varying mechanical properties is challenging due to the limitations of existing image-
based strain techniques. State-of-the-art digital image correlation (DIC) techniques, which match
patterned features between pairs of images to estimate displacement fields over time, are only
accurate when estimating two-dimensional (2D) displacement fields [82,148]. Accuracy suffers
when three-dimensional (3D) motion causes image features to move into or out of the imaging
plane [106,149], which is especially prominent in an organ like the left ventricle (LV) that
undergoes significant 3D deformation [66,68]. As a result, 2D methods applied to 4D image data
often yield strain measurements with significant errors and have limited clinical application.

Digital volume correlation (DVC) techniques can overcome this challenge by tracking
displacement in 3D, but they still suffer from limitations on accuracy and precision. DVC
techniques estimate displacement fields over time via a volumetric cross correlation approach that
maximizes the similarity between groups of voxels in the initial reference volume and subsequent
deformed volumes. Strain fields calculated from these estimated displacement fields suffer from
the well-known challenge of taking numerical gradients of noisy data. This problem is exacerbated
in DVC because volumetric image data often have higher resolution within the image acquisition
plane or “slice” than between slices. Therefore, existing techniques must impose regularization,

either by smoothing or by making guesses about the mechanical properties of the tissue being
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imaged [148,150]. Even advanced regularization techniques, such as diffeomorphic smoothing
[78,151], hyperelastic warping [152,153], or finite element based methods [80,154,155], have
limitations. They either do not warp reference volumes when searching for their counterparts in
deformed imaged volumes [78,151], require imposition of strain compatibility upon averaged
fields [82], or require imposition of an assumed material model [78,152,153].

We therefore developed a novel 3D strain algorithm which reliably estimates strains within
tissue volumes without material assumptions or regularization. The method, which we term 3D
direct deformation estimation (3D-DDE), estimates deformation gradient fields directly from a
novel warping function that maps targeted regions in the reference image volumes to their
counterparts in the deformed image volumes without consideration of displacement fields,
analogous to an earlier 2D implementation [106]. To validate and benchmark the method, the 3D-
DDE algorithm was used to estimate strain fields from volumetric images that were deformed in
silico with known deformation fields; its performance was then compared to other state-of-the-art
3D strain techniques. We then demonstrated the utility of 3D-DDE on 4D ultrasound data of both
healthy and infarcted mouse LVs in performing the first full thickness strain mapping. We aim to
show that spatial variations in strain are associated with both anatomical features and disease states
of the LV. Taken together, the presented work demonstrate the feasibility of the 3D-DDE method

in enabling the quantitative analysis of 3D strain from medical image data.

5.3 Methods
5.3.1 Acquisition of 4D Cardiac Ultrasound Data

We acquired in vivo ultrasound images of mouse LVs with a high-frequency small animal
ultrasound system (Vevo2100, FUJIFILM VisualSonics Inc) and a 40 MHz linear array ultrasound
probe (MS550D). We acquired 4D cardiac data from adult male C57BL/6J wild-type mice; to
compare between disease states, images were acquired in both healthy mice (n=2) and mice with
four-week old infarcts (#=2). Permanent ligation of the left coronary artery was performed to
induce myocardial infarction. A detailed description of the 4D acquisition, data reconstruction,
and surgical procedure can be found in Chapter 4. Linear interpolation was then used to resample
the 4D data from its native voxel resolution (40pum x 90um x 193um; axial x lateral x elevational)

to isotropic 60 um voxels before implementation of the 3D-DDE strain algorithm.
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5.3.2 Finite Strain Theory

In continuum mechanics, the deformation gradient tensor, F, describes the transformation
of a material vector dX in the undeformed reference configuration at time t = 0 to the corresponding
material vector dx in the deformed configuration (t # 0). Mathematically, the relationship between

the two configurations can be represented as Eq. 5.1 below:
dx=F dX (5.1
Once F is known, the Green-Lagrange strain tensor, E, can then be calculated as follows (Eq. 5.2),
E=_(F'F-I) (5.2)

where I is the second order identity tensor. Note that, although different forms of strain measures
exist, we will only be focusing on the Green-Lagrange strain tensor in this dissertation.

When working with volumetric image data, 3D cross correlation (3D-XCOR) techniques
are traditionally used to estimate displacement fields before calculating the deformation gradient
tensor. Since XCOR calculates displacements, u, by maximizing the similarity between groups of
voxels over time, these displacements are typically bounded to the centroids of matched image

subregions. The displacements of the centroids can then be used to calculate F as follows:

X (5:3)

_i =
F_ax (X+u) X X

3D-XCOR, however, has several notable limitations. First, as mentioned previously, displacement
estimations are inherently noisy; numerical differentiation (Eq. 5.3) of these noisy data amplifies
small errors, significantly impacting the accuracy of the measured strain fields. Second, since
displacements at centroids, instead of the original image subregions, are used to estimate F, there
is an inherent loss in the spatial resolution of the measured strain. For example, in the 3D-XCOR
case shown in Fig. 5.1A-B, for every 8 image subregions analyzed, we only obtain one
deformation gradient tensor. Even more sophisticated techniques like the 3D least square fit (3D-
LSF) method, which improves upon 3D-XCOR by incorporating warping functions into the
assessment of image similarities prior to displacement estimations, still suffer from this loss in

resolution Fig. 5.1C.
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An advantage of the 3D-DDE approach is that it does not rely on displacement field
estimations to calculate strain. Instead, a novel spatially varying image warping function W3p that
best maps a single volumetric region in the template image, 7, to its deformed image, 7, was used
to directly obtain the deformation gradient tensor F. This is possible because the warping function
was carefully designed to model the affine transformation A, a 4x4 matrix with parameters p, of
the undeformed image coordinates X to the deformed image coordinate x, as shown in Eq. 5.4

below:

x 1]7= Wap(Xop) =A@ [X 1]7=| P> 17Ps Py Py (5.4)

X
Y
Z
1
A simple way to conceptualize Eq 5.4 is that the deformed image can be approximated by warping
the undeformed image using affine transformation. Since the format [x 1]T = A(p)[X 1]T is

analogous to dx = F dX, the 3D deformation gradient tensor F3p can be obtained directly from the

affine transformation matrix, as shown in Eq. 5.5.

I+p,  p, P,
F3p = pz 1+ p5 pg (5°5)
P, pe 11D

To optimize the affine matrix parameter p, an iterative image registration technique called the
Lucas Kanade (LK) inverse compositional algorithm was used. We will not go into detail regarding
the LK optimization scheme, as this work has been widely published [156]. Briefly, the LK inverse
compositional algorithm updates the warping parameter p by minimizing an energy function (Eq.
5.6), which calculates the sum of squared error between the undeformed template image 7 and the

deformed image / that has been warped back into the coordinate frame of the template image.

2 H(W(X;p)) - TX)P (3.6

As described above, we can directly estimate F3p during voxel intensity mapping by
utilizing a novel warping function that maps image subregions in the reference configuration to its
deformed state. Not only does this approach avoid the need to estimate strain from noisy

displacement data, it also does not suffer from losses in resolution. As shown in Fig. 5.1D, the 3D-
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DDE approach can independently calculate deformation fields from each image subregions
without being constrained to the centroid of these subregions. Fig 5.1 provides a detailed visual
representation of how the different strain techniques, 3D-XCOR, 3D-LSF, and 3D-DDE, estimate
F3p, highlighting the advantages and disadvantages of each approach.

A

FSD]

B 3D-XCor C 3D-LSF D 3D-DDE

Fig. 5.1: Schematic representation of how 3D-XCOR, 3D-LSF, and 3D-DDE calculate 3D
deformation gradient tensors, F3p. (A) Representation of a volumetric image divided into 8
volumes with original undeformed image (left) and deformed configuration (right). (B) 3D-
XCOR estimates how each reference volume maps to an equal number of voxels in the
deformed image. Considering the centroid of each region (green spheres, inset and bottom),
3D-XCOR finds a best fit displacement. (C) The 3D-LSF method improves on 3D-XCOR
by warping the reference regions before finding the best match in the deformed image. Like
3D-XCOR, it considers the displacements of the centroids of these regions when calculating
deformation (inset and bottom row). (D) 3D-DDE accurately calculates the deformation of
all eight regions independently (green outlines, bottom row).
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5.3.3 In Silico Validation of 3D-DDE

Now that we have described the principles behind 3D-DDE and demonstrate how, in
theory, it improves the estimation of 3D strain fields compared to traditional approaches, a
thorough validation study is necessary. Our collaborators at Washington University in Saint Louis
and Columbia University conducted all validation studies in silico. Briefly, artificially generated
image volumes were subjected to different types of deformation, including a rigid body rotation,
linear stretching, and non-linear stretching. More complicated strain fields, for which the exact
solutions are known, were also applied to artificially generated image data. The performance of
3D-DDE in estimating strain fields from these test cases were then compared to results measured
from 3D-XCOR and 3D-LSF. Specifically, the root mean square errors for all methods were
compared to benchmark the accuracy and precision of the 3D-DDE technique. Appendix B.1 of

this dissertation describes in detail the methods and results of the validation work.

5.3.4 Implementation of 3D-DDE to 4D Cardiac Ultrasound Data

Before applying the 3D-DDE method to analyze strain from 4D cardiac ultrasound data,
several key parameters need to be optimized to obtain meaningful results. These parameters, which
include the size of the investigation region and grid spacing, should be appropriately chosen
depending on several characteristics of the data. The pixel resolution of the image data, relative
size of the structure to be analyzed, and the expected displacements that the structure undergoes
between successive time steps are all important features that need to be considered when
implementing the 3D-DDE strain algorithm.

As mentioned previously, the warping function maps a single volumetric region in the
undeformed image to its deformed state by optimizing parameters in the affine transformation
matrix. The size of this volumetric region, which we will herein refer to as the investigation region
(red box, Fig. 5.2A), needs to be determined carefully based on the expected displacements of
image features used to minimize the energy function. For ultrasound data, image intensities of the
unique speckle patterns within the myocardium are used as image features. We need to ensure that
with each incremental timestep, the displacements of these speckle patterns are sufficiently small
to be captured within the vicinity of the investigation region. In practical terms, we want to avoid

a scenario where these speckle features displace significantly far away (greater than 20% in each
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dimension) from the size of the investigation region. In these cases, we observed that the LK
method often fails to converge to reliably find accurate solutions. Another important aspect to
consider when determining investigation region size is the dimensions of the structure to be
analyzed. To ensure accurate estimations of strain, the investigation region needs to be sufficiently
smaller than the analyzed structure. If the size of the investigation region is larger than the pixel
dimensions of the structure, speckle features of the surrounding tissues will be inappropriately
introduced into the calculation of the deformation gradient tensor, leading to inaccurate strain
measurements.

A second key parameter to note is grid spacing, which refers to the spacing across which
the investigation region is centered and constrained to (yellow grid lines, Fig. 5.2B). The 3D-DDE
algorithm iteratively navigates through the 3D volume to estimate the optimal warping function
for an investigation region centered at each of the grid intersections, before repeating this process
across all time points. Since grid spacing corresponds to the position at which the deformation
gradient tensor is evaluated, it controls the resolution of measured strain fields. To better resolve
strains within a structure of interest, the grid spacing should be small enough to differentiate
between tissues with different material properties. However, it is important to note that a tradeoff
exists between small grid spacing (and therefore high strain resolutions) and computational time.
Finally, since the 3D-DDE algorithm calculates strain from image pixel data, without
consideration of physical dimensions, the size of the investigation region, grid spacing, and the
interpretation of the strain results need to also reflect the resolution of each individual pixels.

To apply the 3D-DDE algorithm to our 4D ultrasound data, we first resampled the image
data to 60 pum isotropic voxels so that we do not have to consider for direction-dependent sizes of
the investigation region and grid spacing, simplifying the interpretation of the measured strains.
We also defined end-diastole as the reference timepoint where the LV is in its undeformed
configuration. From our ultrasound data, we observed that mouse LV wall thickness in its relaxed
state (i.e. end-diastole) ranged from 1.1-1.3 mm, similar to previously published results [157].
Furthermore, we also measured that, on average, the endocardial wall of a healthy mouse LV
displaced between 0.8-1.0 mm from diastole to systole. With this information, we tested several
different parameters for investigation region size and grid spacing on test data sets to determine
the optimal combination of these values. We found that a rectangular coordinate grid spaced 5

pixels apart with an 11x11x11 pixels® investigation region provided the best convergence (& <
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0.006) with reasonable computational times (~2-3 hours per dataset). Table 5.1 summarizes the

key characteristics of the 4D data and parameters of the 3D-DDE algorithm.
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Fig. 5.2: (A) Two-dimensional representation of 3D-DDE implementation to 4D cardiac
ultrasound data. Ultrasound images are divided into multiple investigation regions (red
boxes) centered and constrained to gridlines (yellow lines). (B) Warping functions that map
the corresponding investigation regions from the undeformed state at diastole to a deformed
configuration at successive timepoints are calculated by the Lucas-Kanade inverse
compositional algorithm. The 3D deformation gradient tensor F3p is extracted directly from
the optimized warping functions and used to calculate Green-Lagrange strains. Note that the
size of the evaluation region and the grid spacing are not drawn to scale.
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Table 5.1: Summary of key characteristics of the 4D data and the 3D-DDE algorithm

4D Ultrasound 3D-DDE

Parameter Value Parameter Value

Resampled Voxel Size of Investigation

3
Resolution 60 um Region Tt x 11

Temporal Resolution 1 ms Grid Spacing 5x5x5

Average Number of Convergence criteria

Frames in a Cardiac 100 + 8 g < 0.006

(€)

Cycle

5.4 Results
5.4.1 3D-DDE Enabled the First Full 3D Strain Mapping of the Papillary Muscles

The 3D-DDE method was able to map, for the first time, full 3D strain fields of the
papillary muscle, an important heart structure that assist in the opening and closing of the
atrioventricular valves (Fig. 5.3). Using end-diastole as a reference timepoint, the papillary muscle
was manually segmented from the myocardium. Throughout systolic contraction, the first principal
component of the 3D Green-Lagrange strain tensor continued to increase until it reached maximum
strains on the order of 0.5 at peak-systole, just prior to the initiation of isovolumic relaxation (Fig.
5.3C-E). As the LV began to relax during early ventricular filling, these high strain levels gradually
decreased, approaching baseline values after late ventricular filling (Fig. 5.3F-G). One important
finding that we observed was that the chordae tendineae, which connect the papillary muscle to
the atrioventricular valves, underwent lower straining throughout the entire cardiac cycle (yellow
arrows, Fig. 5.3C-G) when compared to the apical regions of the papillary muscles that attach to
the LV myocardium (white arrows, Fig. 5.3C-G). Furthermore, in the vicinity of the chordae
tendineae to papillary muscle insertion site, a substantial change in strain was noted, with a
transition from the highest to lowest tensile principal strains evident (Fig. 5.3). These regional
variations in strain could not be appropriately captured using traditional techniques such as 3D-

XCOR.
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Fig. 5.3: Peak principal strain fields estimated from 4D ultrasound imaging of a beating
mouse heart, showing spatial variations associated with the structure of the papillary muscle.
(A-B) Volumetric ultrasound data were acquired over several cycles of a beating mouse
heart and then analyzed using 3D-DDE to detect spatial variations in maximum principal 3D
Green-Lagrange strain fields. (C-G) Manual segmentation was performed to map 3D strains
onto the surface of the LV papillary muscle and to demonstrate how 3D strain fields varied
near the insertions of the chordae tendinae. (C) End diastole was taken as a reference
configuration. (D) The heart developed strains in the left ventricle as it contracted and blood
was ejected from the heart, while the papillary muscles remained unstretched. (E) As the
heart cycle reached peak-systole and entered isovolumetric relaxation, principal strains in
the heart wall reached maximum levels on the order of 0.5. (F) As the heart relaxed during
early ventricular filling, strain levels reduced, approaching baseline levels after (G) late
ventricular filling. Throughout the cardiac cycle, strains in the papillary muscles (yellow
arrows) were lower than those in the surrounding myocardium in the apex (white arrows).
LV: left ventricle, RV: right ventricle, S: skin. Scalebar: 3mm.

5.4.2 Regional Differences in LV Mechanics Can be Characterized with 3D-DDE

Regional differences in myocardial mechanics were observed between healthy mice and
mice with four-weeks old infarcts. At peak-systole, healthy LVs exhibited uniform contraction

with peak strains on the order of 0.4-0.45 (Fig. 5.4A). Regional analysis of maximum principal
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3D Green-Lagrange strains, Ei, at select markers throughout the myocardium confirmed this
behavior, as strain peaks across the different regions of the LV overlapped at the same phase of
the cardiac cycle (Fig. 5.4C). On the contrary, in infarcted LVs, significant reductions in strain
were detected at the apex of the LV (E1 < 0.1), where the stiff, non-contractile infarct scar tissue
resulted in long-term thinning of the LV wall and chamber dilation (yellow dashed lines, Fig.
5.4B). Interestingly, regions of the myocardium located at the base of the LV maintained healthy
levels of strain, which appeared to be slightly but not significantly lower than healthy controls. We
also noted non-uniform contractile patterns in the infarcted LVs. Regions of the myocardium
closer to the infarcted tissue appeared to exhibit delayed contraction, as the strain peaks emerged

at a later phase in the cardiac cycle (Fig. 5.4D).

5.5 Discussion
5.5.1 3D-DDE Outperforms Displacement-Based Methods in Estimating Strain Fields

3D-DDE provided accurate and precise local estimates of complex, non-uniform strain
fields (Appendix B.1). The algorithm was insensitive to noise compared to both 3D-XCOR and
3D-LSF, as observed by its small root mean square errors (Appendix B.1). Although other
technologies could be tailored through regularization, smoothing, or imposition of a hyperelastic
constitutive law, 3D-DDE provided improvements in strain accuracy and precision without such
ad hoc constraints or post hoc regularization. The key feature of 3D-DDE that enabled this are
unique from other cross-correlation techniques: 1) optimal 3D warping of images using the
established Lucas-Kanade algorithm [156] and 2) direct calculation of the deformation gradient
tensor without taking the numerical gradients of noisy displacement fields. The latter allowed for
robust identification of strain concentrations and strain gradients.

Out-of-plane motion and deformation are challenges for all 2D and 3D imaging modalities.
In 2D, such motion and deformation are impossible to track in the absence of additional
information [82,151-153]. In 3D, reduced resolution in the out-of-plane direction leads to reduced
resolution in displacements, which increases the error in strain estimation when the gradients of
these displacement fields are calculated. By eliminating the need for these numerical derivatives,
the current method eliminates this source of error. Taken together, the method outperforms state-

of-the-art techniques, especially when strain concentrations and gradients existed.
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Fig. 5.4: Maximum principal 3D Green-Lagrange strain maps of mouse LVs (A) before and
(B) four-weeks post-infarction surgery showed strain reductions in infarcted tissues (yellow
dashed line). (C,D) Temporal strain plots at select markers highlighted a decrease in strain
from 0.4 to 0.1 between healthy and infarcted myocardium, respectively.
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5.5.2 3D-DDE Enables Regional Assessment of Strain from 4D Ultrasound Data of Mouse
Left Ventricles

The noise-insensitivity of 3D-DDE enabled the analysis of noisy, volumetric, high
frequency ultrasound images of a beating mouse heart, resolving for the first time the local strain
patterns throughout the cardiac cycle without resorting to post hoc regularization schemes. The
peak principal strains, which in general corresponded to radial strains fields, were on the order of
those reported in a recent meta study [158].

This study presented the first analysis of strain fields associated with the insertion of the
chordae tendineae into the papillary muscle of the myocardial wall. This is a compelling
application because no other technology exists for assessing the risk of chordae tendineae rupture,
which is often lethal [159]. The low principal strains of the chordae tendineae obtained in vivo
from the 3D-DDE method yielded similar results to a previous ex vivo study, which reported a
maximum strain of 4% in a porcine chordae tendineae under physiological loading [160]. Because
the chordae tendineae are more than an order of magnitude stiffer than the papillary muscles
[160,161], this insertion site is susceptible to elevated strains. Indeed, the most common site of
papillary muscle rupture observed clinically in the setting of acute myocardial infarction is the site
where we observed a substantial transition from highest to lowest strain [162].

3D-DDE also captured strain differences between the healthy and infarcted myocardium.
The infarcted myocardium exhibited significantly attenuated strain magnitudes relative to the
healthy contractile myocardium. These attenuated strain fields indicated that the local remodeling
following myocardial infraction [163-165] produced scar tissue that was significantly stiffer than
the surrounding healthy tissue. The non-contractile scar tissue (E1 < 0.1) was relatively resistant
to extension as the surrounding myocardium maintained healthy levels of contractility (Ex > 0.4).
Standard techniques such as 3D-XCOR could not reproducibly resolve these features. We note
that the choice of reference configuration would affect the magnitudes of strains but not the
qualitative trends, as the deformation gradients calculated using any reference configuration over
the cardiac cycle can be calculated as a linear transformation of those calculated here. The current
study demonstrates that mechanical damage due to myocardial infarction can be quantified
noninvasively using high frequency ultrasound as a diagnostic tool.

The presented results provide one of the first in vivo regional quantifications of 3D strain

in tissues with both healthy and diseased components, while demonstrating that our technique can
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readily resolve small structural differences effectively. Although no gold standard exists for
comparison, the strain fields measured by 3D-DDE are qualitatively as expected. High strains in
the ventricular wall correlated with healthy ventricular contraction, and relatively small strains
were observed in the stiff chordae tendineae. These results were expected due to the high stiffness
mismatch of the chordae tendineae and the more compliant myocardium. Our results demonstrate
that mechanisms appear to be in place to limit elevations of strain at the insertion of chordae
tendineae into the papillary muscle in the wall of the heart. The absence of local strain
concentrations at the points of insertion, where gross wall strains change substantially, suggest a

future target for mechanically based diagnosis of structural pathologies related to valve function.

5.6 Conclusion

In this chapter, we have presented a reliable and accurate direct deformation estimation
approach for quantifying 3D strain from 4D image data. The method, which we termed 3D-DDE,
is an improvement to traditional image-based strain estimation techniques as it does not impose ad
hoc constraints or post hoc regularization. By calculating deformation gradient fields directly from
a novel warping function that maps targeted regions in the reference image volumes to their
counterparts in the deformed image volumes, we can circumvent the need to take numerical
gradients of noisy displacement fields before estimating strain fields. This implementation makes
the 3D-DDE method insensitive to noise compared to conventional 3D strain techniques, as
demonstrated in silico from test cases with known analytical solutions. We demonstrate the
application of the technique in mapping, for the first time, the full 3D strain fields of the papillary
muscles and LV myocardium. Specifically, we can detect regional differences between the
mechanical properties of healthy and infarcted myocardial tissues in mice subjected to infarction
surgeries. Although here we only demonstrate the application of 3D-DDE in analyzing 4D cardiac
ultrasound data, this robust strain algorithm holds tremendous potential for a variety of application

where local strain fields need to be estimated from image data.
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6. LONGITUDINAL CHARACTERIZATION OF 3D MYOCARDIAL
STRAIN

Now that we have developed the necessary tools to acquire 4D cardiac data and quantify
3D strain, we will demonstrate how integrating both techniques enable us to better characterize the
role of regional myocardial strain in driving post-infarction remodeling. This chapter highlights
one of the first reports investigating longitudinal changes in the spatial distribution of 3D
myocardial strain in murine models of acute MIs. By mapping strain profiles to animal-specific
3D geometries of the remodeling LVs, we can visualize how early changes in mechanical strain
precede structural remodeling. Furthermore, since we identified unique strain patterns between
mice with varying infarct severities, we demonstrate the feasibility of the presented strain analysis
technique in the early prediction of LV remodeling outcomes. The content presented in this chapter
is adapted from our work titled “3D Myocardial Strain Correlates with Murine Left Ventricular
Remodeling Severity Post-Infarction,” which was recently accepted for publication in the Journal
of the Royal Society Interface. Minor edits to the formatting and wording have been made to
construct a cohesive dissertation. The final published version of this chapter is made available
under a Creative Commons Attribution License through the following link:

http://dx.doi.org/10.1098/rs1f.2019.0570.

6.1 Abstract

Heart failure continues to be a common and deadly sequela of myocardial infarction (MI).
Despite strong evidence suggesting the importance of myocardial mechanics in cardiac remodeling,
many MI studies still rely on 2D analyses to estimate global left ventricular (LV) function. Here,
we integrated 4D ultrasound with 3D strain mapping to longitudinally characterize LV mechanics
within and around infarcts in order to study the post-MI remodeling process. To induce infarcts
with varying severities, we separated fifteen mice into three equal-sized groups: 1) sham, 2) 30-
minute ischemia-reperfusion, and 3) permanent ligation of the left coronary artery. 4D ultrasound
from a high frequency small animal system was used to monitor changes in LV geometry, function,
and strain over 28 days. We reconstructed 3D myocardial strain maps and showed that strain

profiles at the infarct border followed a sigmoidal behavior. We also identified that mice with mild
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remodeling had significantly higher strains in the infarcted myocardium when compared to those
with severe injury. Finally, we developed a new approach to noninvasively estimate infarct size
from strain maps, which correlated well with histological results. Taken together, the presented
work provides a thorough approach to quantify regional strain, an important component when

assessing post-MI remodeling.

6.2 Introduction

Coronary artery disease remains the leading cause of death in the United States, with over
1 million acute coronary events predicted to take place in 2019 [3]. Despite recent advances in
percutaneous coronary intervention technologies, which have improved patient survival rates,
heart failure continues to be a common long-term complication of acute myocardial infarction (MI)
with high morbidity and mortality [166]. Cardiac remodeling post-MI encompasses a series of
complex molecular, structural, and functional changes in the left ventricle (LV) driven by
inflammation, neurohormonal, and mechanical factors [4,21]. Although the short-term effects of
remodeling are vital in repairing the damaged myocardium, sustained imbalance between
increased hemodynamic load, compromised myocardial mechanics, and impaired cardiac function
feeds a pathological response that results in LV dilation and eventual heart failure [4,21].
Specifically, changes in the mechanical microenvironment regulates myofibroblast proliferation
and subsequent collagenous scar formation at the infarct border zone, providing the heart with the
structural rigidity necessary to minimize infarct expansion and prevent ventricular rupture [4,167].
The developing myocardial scar, although beneficial early in remodeling, reduces LV compliance
over time, directly inhibiting LV pumping function [14]. Taken together, the time course,
mechanical properties, and size of the myocardial scar tissue are all critical components that
determine the fate of the remodeling LV.

Despite strong evidence supporting the importance of myocardial mechanics in remodeling
post-MI [14,167,168], longitudinal assessment of regional LV mechanics proves to be challenging.
The majority of in vivo infarction studies still rely on 2D image analyses to estimate global metrics
of LV function such as ejection fraction and global longitudinal strain [169-171]. These metrics,
while valuable in evaluating the overall impact of ischemic injury on cardiac health, do not capture
regional differences in myocardial contractility. Furthermore, strain measurements derived from

2D images are sensitive to through-plane motion caused by LV twisting during contraction [90].
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Irrespective of these limitations, 2D maps highlighting regional strain differences still provide
important spatial and temporal information regarding changes in LV contractility throughout
remodeling [89,172].

Recent developments in noninvasive 4D imaging techniques have made it possible for
researchers to reconstruct volumetric maps of patient- or mouse-specific LV geometries
throughout a cardiac cycle [104,173,174], opening the possibility for 3D strain mapping of the
heart. Indeed, several groups have quantified regional differences in 3D strain in both healthy
[175,176] and ischemic LVs [177-179], with results revealing significant strain reductions within
infarcted tissue. However, these studies either evaluated strain at only sparse timepoints [177,178]
or relied on contrast agents to quantify strain in the remodeling infarct [179]. The reported strain
difference between the infarcted and remote myocardium suggests the presence of a strain gradient
near infarct border zones that may play an important role in infarct expansion.

A thorough longitudinal study investigating changes in the spatial distribution of 3D
myocardial strain in a murine model of acute MI has not yet been conducted. Here, we integrated
high resolution 4D ultrasound imaging [173] with 3D strain mapping [177] to monitor cardiac
remodeling over 28 days. By employing two surgical mouse models to induce ischemic damage
with varying severities, we identified unique remodeling patterns that differed between ischemia-
reperfusion and permanent ligation models. By expanding ultrasound strain studies to 3D, we aim
to provide further evidence that the mechanical behavior of the LV near infarct border zones

contribute to infarct expansion and ventricular remodeling.

6.3 Materials and Methods
6.3.1 Coronary Artery Ligation

We randomly assigned fifteen male, wild-type, C57BL/6J mice (age = 14+1 weeks; weight
= 2743 grams; The Jackson Laboratory, Bar Harbor, ME) into three surgical groups: 1) sham (n=5),
2) ischemia-reperfusion (I/R; n=5), and 3) permanent ligation (PL; n=5). For surgery, each mouse
was anesthetized with 1-3% isoflurane and endotracheally intubated to a small animal ventilator
(SomnoSuite, Kent Scientific, Torrington, CT). Pressure-controlled ventilation supplied air to the
lungs with a target inspiratory pressure between 16-18cm H>O and a peak-end expiratory pressure

between 3-5cm H>O. We secured the mouse to a heated surgical stage and coupled a rectal
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temperature probe to a homeothermic control module to maintain body temperatures between 36-
37°C (RightTemp, Kent Scientific, Torrington, CT). We made a small incision in the 3™ intercostal
space of the left thorax and retracted the ribs to expose the LV. The pericardium was dissected to
visualize the left coronary artery (LCA). In the sham-operated controls, an 8-0 nylon suture was
looped around the LCA without ligating the vessel. In the I/R group, we used a PE-10 tubing in
combination with a suture, to temporarily ligate the LCA for 30-minutes before restoring blood
flow to the ischemic myocardium (reperfusion) as described previously [180]. In the PL group, the
LCA was permanently ligated to induce an infarct [180]. At the end of the procedure, we sutured
the incision site and recovered the mouse. All surgical procedures were performed aseptically, and
buprenorphine (0.05 mg/kg; ip) was administered as an analgesic. All procedures were approved

by the Purdue Animal Care and Use Committee.

6.3.2 Longitudinal Ultrasound Imaging

All ultrasound images were collected with a Vevo2100 small animal ultrasound system
(FUJIFILM VisualSonics Inc., Toronto, Canada) and a 40MHz center frequency linear array
transducer (22-55MHz; MS550D). Ultrasound images of the LV were acquired at baseline and on
days 1, 2, 3, 5, 7, 14, 21, and 28 post-surgery. Fig. 6.1A summarizes the study design for the
presented work. We acquired 4D ultrasound data as described previously [173]. Briefly, successive
cardiac and respiratory-gated 2D cine loops were obtained at 1000Hz in short-axis from the apex
to the base of the heart by utilizing a linearly translating 3D motor (step size = 0.2mm; Fig. 6.1B).
Respiratory waveforms obtained during imaging were used to ensure that ultrasound images were
only acquired in between breaths to minimize breathing motion artifacts. Sequential 2D images
were then spatially registered, temporally matched based on their relative time in the cardiac cycle,
and resampled to isotropic 60um voxels in MATLAB (MathWorks Inc., Natick, MA).
Additionally, we measured mitral valve inflow velocities from the four-chamber view of the heart

with pulsed-wave Doppler.
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6.3.3 Ultrasound Image Analysis
6.3.3.1 Segmentation of Left Ventricular Boundaries

Reconstructed 4D ultrasound data were matched spatially with a custom MATLAB script
by utilizing anatomical landmarks such as the sternum, apex, and heart valves. The reoriented 4D
data were then loaded into SimVascular for segmentation [181]. First, we created a centerline path
from the aortic valve to the apex of the LV and manually segmented the endocardial and epicardial
boundaries. 2D segmentations were created at least every Imm apart, with smaller spacing for
regions showing significant changes in geometry. This process was performed at both end-diastole
and peak-systole. We also segmented sternal shadowing artifacts to identify regions where strain
could not be reliably calculated. Finally, 3D surface models of the endocardial, epicardial, and
sternal artifact boundaries at both end-diastole and peak-systole were rendered with uniform

meshing (Fig. 6.1C) and exported as STL files for further MATLAB analysis.

6.3.3.2 Assessment of Global Cardiac Function

The 3D surface models were converted to solid, volumetric meshes and spatially registered
to the 4D ultrasound data. We calculated end-diastolic volume (EDV) and peak-systolic volume
(PSV) by multiplying the number of voxels in the endocardial solid mesh at the corresponding
time point by the isotropic voxel dimensions of the 4D data. These volumes were then used to
evaluate global metrics of LV systolic function including stroke volume (SV), ejection fraction
(EF), and cardiac output (CO), which were calculated as mentioned previously (Eqs. 4.1-4.3). LV
diastolic function was also assessed using transmitral flow velocity waveforms obtained from
pulsed-wave Doppler. E- and A-wave peak velocities from five different cardiac cycles were
measured, and their corresponding averages were used to calculate E/A ratio. We used the E/A
ratio to identify whether blood flow into the LV was primarily driven by passive filling (pressure

gradient caused by LV relaxation; E-wave) or active filling (atrial contraction; A-wave).

6.3.3.3 Estimation of 3D Maximum Principal Green-Lagrange Strain

We implemented a direct deformation estimation (DDE) algorithm in MATLAB to
estimate the 3D deformation gradient tensor as described previously (Fig. 6.1D; [177]). Briefly,

we defined a rectangular coordinate grid spaced 5 pixels apart on the 4D ultrasound data. At each
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grid intersection, an 11x11x11 investigation region was assigned. Using the image at end-diastole
as a reference template, we iteratively optimized a warping function that best mapped the affine
transformation of this region from the template image to a deformed image at the next timepoint.
The warping function was optimized by best matching voxel intensities between the template and
deformed image. The warping function was designed to be analogous to the 3D deformation
gradient tensor, F3p, such that we could directly estimate F3p during voxel intensity mapping. This
process was repeated until F3p was determined at each grid intersection (7,,k) across all time points
in the cardiac cycle. We then calculated the 3D Green-Lagrange (GL) strain tensor, E;p, as shown

in Eq. 6.1, where I is the second order identity tensor.
(b 1 gtk pih
Ejpt= s (F357 F3p7 =) (6.1)
Finally, the maximum principal component of the 3D GL strain tensor was calculated and

superimposed onto the 4D ultrasound data. 3D interpolation was performed to approximate strain

values in regions between the coordinate grid points.

6.3.3.4 In Vivo Strain Comparison to Vic2D

In one animal, we compared strain values calculated from the 3D-DDE technique to those
measured from Vic2D, a commercially available digital image correlation (DIC) software that has
been previously used to quantify tissue strains from clinical images [182,183]. Briefly,
representative short-axis slices of the LV were obtained from the isotropic 4D data at baseline and
on days 1, 7, and 28 post-permanent ligation of the LCA. Myocardial strains were evaluated with
Vic2D by manually selecting a region of interest around the LV wall (ring geometry; 21x21
investigation window, step = 1 pixel). The end-diastolic image was used as the reference
configuration. The top 10% of the maximum principal strains were then averaged and compared

between the Vic2D and 3D-DDE methods along the anterior and posterior walls of the LV.

6.3.3.5 Bullseye Mapping of Myocardial Strain

We created volumetric meshes of the myocardial wall by subtracting the rendered
endocardial volumes from the epicardial volumes in order to visualize strain within the
myocardium (Fig. 6.1E). The mid-surface of the myocardium was obtained by calculating the

midpoints between paired endocardial and epicardial boundary points located in a plane normal to
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the centerline of the LV. We defined paired endocardial and epicardial boundary points as points
aligned radially from the centerline of the LV. Myocardial strain values between paired
endocardial and epicardial boundary points were averaged together to create a representative mean
strain metric. The mid-surface of the myocardium was then unwrapped to polar coordinates,
relative to the apex of the LV, to represent the averaged strain values as a bullseye map in

accordance with the American Heart Association’s 17-segment model (Fig. 6.1F, [184]).

6.3.3.6 Noninvasive Estimation of Infarct Size

Two approaches to noninvasively estimate infarct size were performed. First, we used
myocardial wall thickness at peak-systole as a criterion for determining infarct size. Wall thickness
was calculated by measuring the distance between paired endocardial and epicardial boundary
points along the LV. Regions with thickness values smaller than 0.5mm were defined to be
infarcted as used by others [185]. We then quantified infarct size as the percentage of the
myocardium with systolic thickness values below 0.5mm. Infarct size was reported as a percent of
LV size to take into account ventricular dilation. This infarct sizing method was only applicable
for mice with transmural infarcts (PL) and not for subepicardial infarcts (I/R).

In the second approach, strain profiles were used to estimate infarct size. We first plotted
bullseye maps of principal 3D GL strain throughout the cardiac cycle. The maximum strain values
at each spatial position were then extracted across all timepoints to construct a representative
bullseye map. This step was implemented to account for dyssynchrony in LV contractile patterns
in mice with ischemic injury. An initial estimate for infarct center was obtained from the center of
the wall-thinned myocardium in the PL group. In the I/R group, which did not exhibit significant
wall-thinning, we manually identified the center of low strain regions to identify the infarct center.
Strain profiles were then plotted radially from the infarct center, and a sigmoidal fit was
implemented across every 30° region (Fig. 6.2A-B). The location of the inflection point was
determined to be the boundary of the infarct zone, and spatial strain gradient at the infarct boundary
was calculated from the slope of the linear portion of the sigmoidal curve fit. In regions with
significant sternal artifacts where the inflection points could not be identified, infarct boundaries
were approximated by interpolating adjacent infarct boundaries in polar coordinates. (Fig. 6.2C).
Infarct size was then reported as an area percentage in the myocardium that fell within the strain-

estimated infarct boundary.
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Fig. 6.1: Study design. (A) Fifteen adult, male mice were randomly assigned into 3 surgical
groups: 1) sham-operated controls, 2) 30-min ischemia-reperfusion (I/R), and 3) permanent
ligation (PL) of the left coronary artery (yellow arrow). A Vevo2100 ultrasound system was
used to acquire 4D ultrasound data and flow information of the LV at baseline and on days
1,2,3,5,7, 14, 21, and 28 post-surgery. At the end of the study, the heart was stained with
hematoxylin-eosin (H&E) and Masson’s trichrome (MTC). Yellow dashed outlines
highlight the infarcted myocardium. (B) We reconstructed 4D ultrasound data from ECG
and respiratory-gated 2D short-axis ultrasound images of the LV. (C) 3D endocardial (red),
epicardial (blue), and sternal artifact (white) boundaries were segmented at end-diastole and
peak-systole. (D) Maximum principal 3D Green-Lagrange strain (Er) was calculated using
a direct deformation estimation technique. (E) Strain was then localized within the
myocardium using segmented boundaries and presented as bullseye maps (F). A: anterior,
S: septal, L: lateral; B: base. Scalebar: Imm.
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Fig. 6.2: Strain estimation of infarct size. (A) We extracted myocardial strain profiles
radially from the infarct center (black crosshair) and performed sigmoidal fitting on strain
profiles averaged across every 30° region. (B) The spatial positions of the inflection points
(square box and black dots) are defined as the infarct border and unwrapped from the infarct
center to estimate infarct boundaries in regions with sternal artifacts (C). Infarct size is
defined as the percentage of the myocardium that lies within the strain-estimated infarct
boundary.

6.3.4 Histological Analysis
6.3.4.1 Tissue Preparation for Staining

At the end of the study, we euthanized the mice and perfused 30mM KCl solution to arrest
the heart in diastole. Harvested hearts were then sliced to 3-4 uniform segments in short-axis and
fixed in 4% paraformaldehyde for 7 days at 4°C before being sent for histology. Briefly, cardiac
segments were paraffin-embedded, thin-sectioned (5um), and stained with hematoxylin-eosin
(H&E) and Masson’s trichrome (MTC). MTC stain was used to differentiate muscle fibers (red)
from collagen-rich scars (blue). We imaged stained tissues in segments at 10x magnification with
a LEICA ICC50W stereomicroscope (Leica Microsystems Inc., Buffalo Grove, IL) and quantified

collagen content and infarct size using ImagelJ [186].
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6.3.4.2 Collagen Quantification and Infarct Sizing

We stitched adjacent cardiac images from a representative slice using MosaicJ [187] and
removed image background from the rendered image. MTC images were then separated into their
RGB channels to isolate red pixels corresponding to muscle fibers from blue pixels representative

of collagen-rich scars. Percent collagen was then calculated as shown in Eq. 6.2.

# blue pixels

% Collagen = 100 (6.2)

total # of pixels

We calculated infarct size from MTC images using a midline length approach [103]. The
LV myocardial midline was traced in ImageJ by identifying the midpoints between the endocardial
and epicardial boundaries. The midline circumference corresponds to the total midline length. The
midline infarct length was measured as the midline arc length in regions where the collagen scar
encompassed more than 20% of the myocardial thickness. This 20% threshold was used to
represent infarct size in LVs with subepicardial infarcts in the I/R group. Infarct size (IS) was then
calculated by dividing the sum of the midline infarct lengths, /iurer, by the sum of the total midline

length, o1, from all cross-sectional slices of the LV, n (Eq. 6.3).

1§ = Zitlmret g0 (6.3)

:'1:1 ltutal

6.3.5 Statistical Analysis

All data were reported as mean =+ standard deviation and tested for normality using the
Shapiro-Wilk test. We implemented a log transformation on non-normal and heteroscedastic data
before running statistical tests. A repeated measures analysis of variance (ANOV A) with post-hoc
Tukey’s test was performed to study the effects of surgery on cardiac function at the different time
points. Similarly, we ran a two-way ANOVA with post-hoc Tukey’s test to study the effects of
spatial position and surgery on both maximum principal 3D GL strain and collagen content. Lastly,
linear regression analyses comparing the different methods of infarct sizing were conducted. All
statistical analyses were performed using GraphPad Prism version 8.1.1 (GraphPad Software, San

Diego, CA) with p<0.05 representing statistical significance.
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6.4 Results

6.4.1 Longitudinal Assessment of Cardiac Function

Long-axis ultrasound images of the LVs from three representative mice are presented at
peak-systole in Fig. 6.3A, highlighting geometrical differences between surgical groups. A video
of LV motion throughout the cardiac cycle is provided as supplemental material (Fig. B.1). Fig.
6.3A shows that LV geometry was preserved in the sham group, while myocardial damage was
evident in the I/R and PL groups as early as day 1. Akinetic regions, marked in dashed yellow
lines, indicated that ischemic injury was primarily localized to the apex of these LVs. A closer
inspection revealed that mice in the PL group experienced significant wall thinning and chamber
dilation by day 7 post-surgery. We did not observe this trend in mice in the I/R group.

These findings reflected longitudinal changes in global cardiac function (Fig. 6.3B-G).
Although all cardiac parameters remained unaffected in the sham group over the course of 28 days,
we identified detrimental changes in LV function in the I/R and PL groups. The LVs of mice in
the PL group progressively dilated post-surgery until they reached EDVs close to triple that of the
sham group at day 28 (EDVsham=53+£2uL vs. EDVpL = 151£39uL, p<0.01). Interestingly, minimal
dilation was observed in the I/R group when compared to the sham group (EDVyr = 68+8uL,
p=0.02). Reductions in LV contractile function due to ischemic injury were detected from day 1
as increases in PSVs that either remained stable in the I/R group or increased proportionally to LV
dilation in the PL group (PSVsham = 18+2uL vs. PSVyr =34+9uL, p<0.01; vs. PSVpL=119+46uL,
p<0.01). These resulted in immediate and significant decreases in EFs that remained depressed
throughout the study (EFsham = 664+3% vs. EFyr = 50+7%, p<0.01; vs. EFpL = 23+12%, p<0.01).
Surprisingly, we noticed transient reductions in SV and CO 7 days post-surgery before both
returned to baseline values. In addition to compromised systolic function, we also observed
significant diastolic dysfunction in the PL group that was not seen in the I/R group (E/Asham =
1.5+0.3 vs. E/Ajr = 1.3£0.2, p=0.59; vs. E/ApL = 0.5£0.4, p=0.04). Taken together, these results
revealed that mice exposed to I/R injuries exhibited smaller degrees of LV remodeling than those

subjected to permanent LCA ligation.
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Fig. 6.3: LV remodeling post-infarction. (A) Representative long-axis ultrasound images of
mouse LVs taken at peak-systole. Akinetic myocardial walls, indicative of ischemic damage,
are outlined in dashed yellow lines. Global metrics of LV function (B-G) showed that mice
in both I/R and PL groups exhibited significant reductions in LV contractile function post-
surgery, but significant dilation and diastolic dysfunction were only consistently measured
in the PL group. Taken together, mice in the PL group experienced greater degrees of cardiac
remodeling when compared to those in the I/R group. Data are shown as mean + standard
deviations (*p<0.05). I/R: ischemia-reperfusion, PL: permanent ligation. Blue asterisks: PL
vs. Sham; Red asterisks: I/R vs. Sham; Purple asterisks: PL vs. I/R. Scalebar: Imm.
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6.4.2 Spatial Distribution of 3D Myocardial Strain

Longitudinal changes in peak-systolic LV geometries and endocardial wall strains from
three representative mice are shown in Fig. 6.4. Maximum principal 3D GL strain (E1) of the
endocardial wall was visualized along the anterior and posterior walls of the LV to highlight
regional differences in strain, with yellow and blue regions corresponding to areas of high and low
strains respectively. Bullseye plots mapping the peak myocardial strain profiles of the unwrapped
LV surface are shown in Fig. 6.5, with video representations of day 28 LVs portrayed throughout
the cardiac cycle in supplemental material Fig. B.2. Sternal shadowing artifacts, commonly found
near the base of the LV and marked as dashed black lines, artificially lowered strain values in these
regions and were excluded from our analysis. Taken together, Figs. 6.4-6.5 illustrate that regions
of low strains near the LV apex remained localized in the I/R group but continued to expand
proportionally to chamber dilation in the PL group. Furthermore, LV wall thinning was only
observed in the PL group, and wall-thinned boundaries continued to expand throughout
remodeling, approaching infarct boundaries estimated from the strain profile inflection points.

Representative day 28 long-axis ultrasound images, 3D surface strains, and bullseye strain
maps of the remodeled LVs for all mice in the I/R and PL groups are included as supplemental
figures (Figs. B.3-B.4). Day 28 strains along the entire thickness of the LV wall are also provided
for one representative mouse in each surgical group in supplemental Fig. B.5. These supplemental
figures highlight substantial heterogeneity in LV remodeling across mice both within and between
groups. However, clear patterns are present, and we noticed that most mice exhibited asymmetrical
infarcts skewed towards the anterior wall. Lastly, a comparison of maximum principal strain values
between the 3D-DDE and Vic2D methods is summarized in supplemental Fig. B.6 for a
representative LV with an asymmetrical anterior infarct. Although both techniques successfully
captured strain reductions along the infarcted anterior wall when compared to the contractile
posterior wall, the 3D-DDE algorithm more appropriately tracked changes in LV boundaries
throughout a representative heartbeat, as strain values returned to 0 at end of the cardiac cycle.

Interestingly, we identified significant differences in maximum principal 3D GL strain
values within the infarcted myocardium between mice in the I/R and PL groups. Strain profiles
averaged across all five mice in each surgical group are shown in Fig. 6.6 A-E. Throughout the 28
days following surgery, we consistently observed a sigmoidal strain profile at the interface

between infarcted and remote myocardium. We also detected significantly higher strain values
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lines with infarct centers marked as black crosshairs. Wall-thinned infarct boundaries
measured from segmentation are outlined as white dotted lines, while sternal artifacts are
outlined as black dashed lines.
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within the infarcted myocardium of mice in the I/R group when compared to those in the PL group
(Day 28: Emfarct,yr = 0.224+0.10 vs. Emfarct,pr = 0.09£0.03, p=0.01), while sham-operated mice
maintained healthy strain values in the LV apex (Eapexsham = 0.40+0.03). Conversely, no
differences in strain were seen in the remote myocardium between the three groups (Egase,sham =
0.41+0.03 vs. Eremote,yr = 0.42+0.02, p=0.97; vs. Eremote,pr. = 0.40£0.02, p=0.95). We observed no
differences in the spatial strain gradient at the infarct boundary between the I/R and PL groups

across all time points (Fig. 6.6F).
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Fig. 6.6: Myocardial strain profiles of the remodeling LVs averaged across mice in each
group and plotted at (A) baseline and (B-E) on days 1, 3, 7, and 28 post-surgery. Strain
profiles in nonischemic mice (baseline and sham) are plotted radially away from the LV
apex (black x-axis). In ischemic mice, strain profiles are plotted only in regions near infarct
boundaries (r = 0; purple x-axis). Strain values averaged within the infarcted and remote
myocardium are shown as the left and right inset bar graphs respectively. (F) Strain gradients,
calculated within the linear component of the sigmoidal fit from the strain profiles, did not
show significant changes between surgical groups over the 28-day period. Data are shown
as mean + standard deviations (*p<0.05).
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6.4.3 Histological Analysis of Collagen Content and Infarct Size

Representative histology images of mouse LVs stained with MTC revealed varying
distributions of collagen-rich, fibrotic (blue) tissues between surgical groups (Fig. 6.7A-B). The
absence of fibrosis within the myocardium of sham-operated mice demonstrated that sham
surgeries contributed little to no myocardial damage. Significant scarring, however, was observed
in both the I/R and PL groups (percent collagen: Shamapex = 3+2% vs. I/Rapex = 15+8%, p<0.01;
vs. PLapex = 38+17%, p<0.01). While mice in the PL group developed transmural infarcts, as
shown by the presence of collagen spanning the entire thickness of the myocardium, mice in the
I/R group interestingly only developed subepicardial scarring. We also noticed an increase in
interstitial collagen percentage towards the infarcted apex (percent collagen: basep. = 7£3% vs.
mid-papillarypL = 23+6%, p<0.01; vs. apexpL = 38+17%, p<0.01). Finally, we compared infarct
sizes estimated from 3D strain maps with those calculated from histology and discovered a strong

correlation between the two approaches (Fig. 6.7C; R*= 0.93, p<0.01).

6.4.4 Correlation of Infarct Size

Correlation plots comparing infarct sizes (IS) estimated from three different approaches
are summarized in Fig. 6.8A-C. Although we found a strong positive correlation between all
methods (R? > 0.80, p<0.05), infarct sizes evaluated from histological staining at day 28 were
better correlated with strain-estimated infarct sizes (R? = 0.95) than those measured from wall-
thinning (R? = 0.83). Similarly, a stronger negative correlation between strain-estimated infarct
size and ejection fraction (R? = 0.69; Fig. 6.8D) was observed, while infarct size approximated
from wall-thinned regions exhibited only moderate correlation with ejection fraction (R*>= 0.41;
Fig. 6.8E). Interestingly, we identified significant differences in measured infarct size between the
strain-estimated and wall-thinned approaches between days 1-3 post-surgery (p<0.05) which

appeared to converge throughout cardiac remodeling (Fig. 6.8F).

6.5 Discussion

We have demonstrated in two mouse models of myocardial infarction that DDE, in
conjunction with 4D ultrasound, provides regional in vivo estimates of 3D myocardial strain.

Unlike 2D techniques, regional strain mapping not only helps explain the observed decrease in
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Fig. 6.7: Histological analysis of collagen content and infarct size. (A) Histology images of
mouse LVs, obtained 28 days post-surgery and stained with Masson’s Trichrome, revealed
subepicardial scarring in the I/R group and transmural infarcts in the PL group. Muscle fibers
are stained red while collagen-rich scars are stained blue. (B) Bar graphs showing percent
collagen highlighted spatial variations in collagen content relative to infarct location. (C)
Strain-estimated infarct size strongly correlated to infarct size measured from the
histological midline length approach. Data are shown as mean =+ standard deviations
(*p<0.05). Scalebar: 1mm.

global LV function post-injury, but also reveals the importance of strain profiles in driving infarct
expansion. Specifically, mice exhibiting higher strain values within infarcted tissue experienced
smaller degrees of LV remodeling. Furthermore, our initial myocardial 3D maximum principal
strain maps predicted final infarct size four weeks after ischemic injury. Taken together, these

strain data help characterize the role that mechanical strain plays in LV remodeling post-infarction.

6.5.1 Advantages of Direct 3D Strain Estimation

A significant advantage of the 3D-DDE technique is its ability to capture regional strain

differences along the entire thickness of the myocardium (Fig. B.S). Most preclinical [169,171,172]
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Fig. 6.8: Correlation of varying infarct sizing techniques with cardiac function. (A-C)
Correlation plots comparing three different infarct sizing methodologies showed that the
proposed strain-estimation technique best correlated with gold-standard histological
estimation of infarct size. Correlation of (D) strain-estimated and (E) wall-thinned infarct
size with ejection fraction. Linear regression lines are shown as solid black lines with 95%
confidence intervals shaded in gray. (F) Line graphs summarizing infarct size growth
throughout cardiac remodeling. Data are shown as mean + standard deviations (*p<0.05).
Light blue asterisks: wall-thinned PL vs. strain-estimated I/R; Dark blue asterisks: strain-

estimated PL vs. strain-estimated I/R; Black asterisks: wall-thinned PL vs. strain-estimated
PL.

and clinical [90,175] ultrasound studies to date rely on commercially available ultrasound software
packages to estimate 2D myocardial strain (¢) as mentioned previously in Eq. 2.1. The observed
change in length, either in the circumferential, longitudinal, or radial direction, is measured by
tracking the endocardial and epicardial LV boundaries throughout the entire cardiac cycle using
speckle-tracking algorithms. Since a simple change in length is used to approximate strain within
large subregions, this approach cannot resolve regional strain differences within the myocardium.
This linear approximation also does not consider the nonlinear components of strain and is only

appropriate when estimating small deformations less than 5% [66]. This is not the case in many
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soft tissues, such as the heart, where large deformations are observed in vivo. Finally, as the heart
undergoes twisting during systolic contraction, 2D techniques are negatively impacted by through-
plane motion [90]. By directly estimating 3D deformation gradient tensor from small image
subregions within 4D ultrasound data, these issues can be mitigated.

Another advantage of the presented technique lies in its ability to yield reproducible
measures of 3D strain. Unlike existing techniques, which often rely on displacement regularization
prior to strain estimation, the DDE method estimates 3D deformation gradient tensor directly
during voxel intensity mapping as reported previously [177]. This results in a noise-insensitive
algorithm that provides a more accurate and precise strain field estimation when compared to
displacement-based methods, as supported by in silico validation [177]. We demonstrate the
reproducibility of our 3D strain measurements in supplemental Fig. B.7, which highlights
similarities in the bullseye strain maps of all 15 healthy mice imaged at baseline. In all cases, we
found high strain values ranging between 0.40-0.45 throughout the LV myocardium, except in
regions with prominent sternal artifacts. This suggest that across animals, we are consistently
obtaining reproducible values of strain. Additionally, the fact that we observed 1) a consistent
sigmoidal behavior between the infarct and remote regions with similar strain values in these
regions (Fig. 6.6) and 2) reported a consistent strain-estimated infarct size for each animal at the
same location (Fig. 6.5 and Fig. 6.8F) throughout disease progression further demonstrate the
reproducibility of the technique. Taken together, these data suggest that if sternal artifacts are
minimized or avoided during image acquisition, 3D myocardial strain in remodeling LV can be

reliably quantified.

6.5.2 3D Strain Map Reveals Myocardial Tissue Heterogeneity

Through our 3D approach, we can identify regional variations in strain values and profiles
that compare well to previously published results. Many 2D ultrasound studies have reported
significant decreases in global myocardial strains in mice subjected to infarction, with the remote
myocardium exhibiting significantly higher strains than the infarcted tissue [89,169,171]. In the
radial direction, where the largest deformation is observed [68], strain values range between 25-
40% in the healthy myocardium but drop to less than 15% within the infarct [169,171]. Our 3D

strain results are consistent with these findings (Figs. 6.6A-E). Furthermore, a short-axis
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comparison of maximum principal strains between the presented 3D-DDE technique and Vic2D
yielded similar ranges of strain values (Fig. B.6).

Although LV kinematics in the remote and infarct zones have been widely studied, the
interface between these regions remains to be fully characterized as previous work has only
described intermediate strain values in this vulnerable border zone [89,172]. Unsurprisingly, given
the original ultrasound data, heterogeneity in border zone strain patterns can be identified in the
reconstructed 3D strain maps (Figs. 6.4-6.5, B.2-B.5). These strain patterns are correlated with
complex, nonuniform deposition of collagen along LV wall, clearly visualized from histological
staining of the midpapillary level of the LV in the PL group (Fig. 7A). Indeed, collagen fiber
orientations are remarkably heterogeneous in the healing myocardial scar and likely influence the
mechanical properties of the infarct border zone [188,189]. Taken together, capturing strain
heterogeneity within the infarct border zone early in remodeling may provide important insights

into the role of strain in infarct expansion and LV remodeling.

6.5.3 Correlation Between Strain Profiles and LV Remodeling Severity

Strain profiles near infarct border zones exhibit a unique sigmoidal behavior (Fig. 6.6A-
E), likely caused by a spatial decrease in collagen content away from the infarct (Fig. 6.7A-B).
Interestingly, throughout the 28 days post-infarction, we found significantly higher strain values
within the infarcted myocardium of mice in the I/R group when compared to those in the PL group
(Fig. 6.6B-E). A sustained increase in strain within the infarct zone may suggest either a higher
percentage of viable cardiomyocytes or an improved scar contractile function attributed to the
mechanoregulation of myofibroblast activity [167,190]. Within the damaged myocardium, these
elevated strains may be a unique characteristic of small infarcts, but further investigation is
necessary to determine its role on infarct expansion during early remodeling. Indeed, we measured
significant improvements in both systolic and diastolic LV functions (Fig. 6.3B-G), as well as
significantly smaller final infarct sizes (Fig. 6.7C), in the I/R group compared to the PL group.
Although direct regional strain comparisons between mice subjected to I/R and PL surgeries have
yet to be conducted within a single study, our results closely match findings from existing
ultrasound studies, which report a significant increase in infarct size and worse remodeling

outcomes with prolonged ischemic durations [191,192].
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6.5.4 Strain Profiles Provide Early Estimates of Infarct Size

A key discovery from this study is the propensity for wall-thinned myocardial regions at
early stages to expand towards the strain-estimated infarct boundaries (Fig. 6.5 and Fig. 6.8F).
Wall thinning is generally accepted to be the final product of infarct healing, and although the
majority of wall thinning in murine models occurs within the first week, this gradual process may
continue to take place up to a month post-infarction [14,193]. Additionally, wall thinning is often
used to monitor infarct expansion in vivo [14], is primarily responsible for LV rupture [193], and
directly impacts both systolic and diastolic function [167]. Thus, the ability to early predict the
extent of wall thinning noninvasively may provide critical insights into LV remodeling and
progression to heart failure.

Our data suggest that the damaged area with compromised 3D maximum principal strain
values is predictive of final infarct size as early as day one. As the strain-estimated infarct size in
the PL group remained unchanged throughout ventricular remodeling, rapid expansion of wall-
thinned regions was prevalent within the first week before converging with the strain-estimated
infarct border (Fig. 6.8F). Other previous work similarly reported that changes in 2D myocardial
principal strain also precede LV wall thinning in a genetic mouse model of dilated cardiomyopathy
[194]. A potential explanation for this observation may be related to the creation of a stiff
provisional matrix in the ischemic region early in remodeling which facilitates the gradual
formation of collagen-rich scars. As nonviable cardiomyocytes are resorbed, a provisional
granulation tissue rich in fibrin, laminin, and glycosaminoglycans are quickly formed to provide
the LV with temporary structural support [ 14]. In the presence of a stiff extracellular matrix (ECM),
transforming growth factor beta (TGF-p) is released from the latent-associated peptide complex
due to increased mechanical resistance to cell tension [23]. TGF-B then promotes the
differentiation of cardiac fibroblasts to myofibroblasts, which gradually replace the provisional
structure with collagen-rich infarct tissue [14,23]. Thus, the presence of necrotic cardiomyocytes
and a stiff provisional structure are likely detected as an immediate decrease in strain values one
day after infarction (Figs. 6.4-6.5). As these regions eventually become collagen-rich scars, a
process that take several days or weeks to fully develop, the initial changes in myocardial ECM
may explain why early strain-estimated infarct size remains unchanged throughout disease

progression and is predictive of final infarct size (Fig. 6.8F).
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Our comparison of day 28 infarct sizes calculated from three different approaches revealed
that gold-standard histology infarct size is best correlated to strain-estimated infarct size (Fig 6.8A-
C). Furthermore, we observed a better correlation with ejection fraction for the strain-estimated
infarct size when compared to the wall-thinned approach (R? = 0.69 vs. R? = 0.41). These findings
indicate that 3D principal strain profiles can be used to accurately predict final infarct size in
rodents and may have similar utility in humans. This discovery is impactful because it presents a
novel noninvasive method of estimating infarct size without the use of contrast agents or tissue
collection. Previously, infarct size can only be reliably estimated using late-gadolinium enhanced

MRI [179] or ex vivo histological staining [103].

6.5.5 Limitations

One major limitation of this study is the impact of image quality on strain estimation. Since
the 3D-DDE algorithm is a direct image-based approach, shadowing artifacts can affect the
measured strain values. As mentioned previously, sternal shadowing artifacts commonly found
near the base of the LV resulted in underestimation of strains. Although we addressed this problem
by removing these regions from our final strain analysis, care during data acquisition to minimize
shadowing artifacts is needed. Another limitation is the computational time needed for the strain
analysis. Due to the large number of investigation regions and need to spatially resolve small
differences between timepoints, the strain analysis requires 2-3 hours to complete per dataset. It is
important, however, to note that a tradeoff exists between processing times and the desired spatial
resolution of the analyzed strain. In other words, if less refined strain maps are needed, the
computational costs would be reduced dramatically. Lastly, surgical inductions of myocardial
ischemia in mice are not true reflections of the gradual series of events leading up to a heart attack
in humans. Mice experience smaller increases in collagen content post-MI [193] and undergo
substantially faster infarct healing than typically observed in patients [14], which may lead to
species-differences in the LV remodeling process. Beyond mice, however, similar strain mapping
and profiling techniques could be applied to 4D ultrasound data acquired from other rodents, large
animals, and humans.

Although the presented study focused on characterizing changes in 3D maximum principal
strain, it is important to note that other metrics including the 2" and 3™ principal strains, as well

as principal strain direction, may provide additional insights into the remodeling process. A
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previous study using tagged MR imaging of the porcine LV showed significant reductions in all
three components of principal strains post-infarction [195]. Regional differences in principal strain
directions were also detected; notably, maximum principal strain angles rotated away from the
radial direction within the infarcted myocardium and its surrounding region. Future work will be
needed to fully characterize the relationship between infarct expansion, principal strain

directionality, and other components of the 3D strain tensor.

6.6 Conclusion

In summary, we have demonstrated a novel and robust approach to noninvasively quantify
3D myocardial strain. By integrating 4D ultrasound with a 3D-DDE technique, we expanded
existing 2D ultrasound strain studies to 3D to better characterize the role of myocardial mechanics
in disease progression. To the best of our knowledge, this study is the first demonstration of the
use of 4D ultrasound to quantify 3D strain in order to characterize regional differences, instead of
global changes, between two murine models with different infarct severities. By reconstructing 3D
strain maps of the LVs, we were able to capture strain heterogeneity and characterize the sigmoidal
strain profile at infarct border zones. We discovered that mice undergoing mild LV remodeling
had significantly higher strain values within the infarcted tissue when compared to those with
severe remodeling, suggesting that a more contractile infarct scar may be a unique characteristic
of small infarcts. Finally, we described a new method to noninvasively estimate and predict final
infarct size, without the use of contrast agents, at an acute phase based on 3D strain maps. Taken
together, the findings presented in this study highlight the importance of 3D strain when studying
how the mechanical behavior of the LV near infarct border zones contributes to post-infarction
remodeling. Future work will be needed to investigate if the presented technique can be used to
better characterize the role of 3D strains in infarct expansion, infarct extension, and in cases of

multiple infarcts.
Ethics. The presented study was conducted in accordance with Purdue University’s ethical

guidelines regarding the use of animals in research. All surgical procedures have been approved

by the Purdue Animal Care and Use Committee under protocol number 1505001246.
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7. CONTRIBUTIONS TO SCIENTIFIC KNOWLEDGE

7.1 Overview and Impact of Research Findings

In this dissertation, we have demonstrated that the development of 4D ultrasound is
invaluable in monitoring patient-specific LV remodeling post-infarction, as these data provide full
information on the geometries and kinematics of the continuously remodeling structure. By
building 3D models of the LV, we can directly evaluate cardiac function without the need for
geometrical assumptions and identify features that may go unnoticed with conventional 2D
techniques. In fact, we have shown through a rigorous analysis that our 4D measurements
significantly improved the assessment of cardiovascular health.

We also discussed how our 3D-DDE algorithm outperforms commonly used displacement-
based strain methods. By calculating deformation gradient tensors directly from optimized image
warping functions, we can circumvent the need to take numerical gradients of noisy displacement
fields before estimating strain, improving the accuracy of the 3D-DDE method as validated in
silico. The ability to accurately quantify and detect regional strain differences in vivo is a pressing
need in the study of LV remodeling, where the mechanical properties of infarcted tissue contribute
to its expansion and remodeling outcomes.

Therefore, by integrating our two recently developed technologies, we can now explore the
role that myocardial mechanics play in LV remodeling post-infarction. To the best of our
knowledge, this dissertation presents the first thorough longitudinal study where 4D ultrasound
data is used to quantify regional differences, instead of global changes, in 3D myocardial strain
between two murine models with different infarct severities. By spatially mapping the maximum
principal 3D Green-Lagrange strain fields to animal-specific LV geometries, we were able to
investigate how early changes in myocardial strain correlated with structural remodeling outcomes,
such as wall-thinning, LV dilation, and final infarct size. Notably, we were able to capture
significant strain heterogeneity and characterize the sigmoidal strain profile at infarct border zones.
We discovered that mice undergoing mild LV remodeling had significantly higher strain values
within the infarcted tissue when compared to those with severe remodeling, suggesting that a more
contractile infarct scar may be a unique characteristic of small infarcts. Finally, we described a

new method to noninvasively estimate and predict final infarct size, without the use of contrast
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agents, at an acute phase based on 3D strain maps. Taken together, the findings of this dissertation
have significant impact to the scientific community, as the ability to establish early metrics for the
prediction of post-infarction remodeling outcomes may allow physicians to identify patients at

high-risk of developing heart failure and better manage treatment.

7.2 Directions for Future Research

Future work can expand upon the technologies and findings presented in this dissertation
to better understand the LV remodeling process post-infarction. The first principal component of
the 3D Green-Lagrange strain tensor reported here is certainly an important but nonetheless
simplified perspective of LV mechanics. An in-depth analysis investigating other strain
components, such as the shear, 2", and 3™ principal components of strain, may provide further
insight into the role of mechanics in infarct expansion. A study looking at how the heterogeneity
of collagen orientation in the healing infarct scars influence its development and impact strain
measurements may also be interesting. Finally, although this dissertation focuses on characterizing
the role of myocardial mechanics, many other properties of the myocardium can influence LV
remodeling outcomes post-infarction. An investigation into the oxygenation state of the
myocardium to monitor collateral vessel formation, or perhaps understanding how spatial
variations in the electrical activity of the infarcted LV affects contractility may provide more

insights into the complex remodeling process that occur post-infarction.
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APPENDIX A. SUPPLEMENTAL DATA TO CHAPTER 4

Fig. A.1: Surgical procedures and confirmation of disease states. (a) The left anterior-
descending (LAD) coronary artery (black arrow) was permanently ligated with 8-0 sutures
(red arrows) to induce myocardial infarction in mice. (b) A representative in situ image of a
left ventricle, acquired 4 weeks post-LAD ligation, showed a large area of necrotic, infarcted
myocardium outlined in dashed-yellow lines. (¢) Mini-osmotic pumps containing
angiotensin-II were implanted subcutaneously in apolipoprotein-E deficient mice to induce
dissecting aneurysms in the abdominal aorta. (d) A representative in situ image of a mouse
abdominal aorta, acquired 2 weeks post-aneurysm formation, showed a dissecting aneurysm
outlined in dashed-yellow lines. Scalebar = Imm.
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Fig. A.2: A three-axis view cine loop of a healthy mouse left ventricle (top) and a left
ventricle with an anterior apical infarct (bottom). Ultrasound images of the remodeled and
infarcted left ventricle were obtained four-weeks post-coronary artery ligation. Note that the
infarcted and necrotic myocardial tissue, outlined in red, exhibits akinesia and is associated
with wall thinning. Papillary muscles are clearly seen in the short-axis view as extensions
into the lumen (yellow arrows) with green crosshairs highlighting the center of the visualized
structure. AO = aortic outflow. Scalebar = Imm.
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Fig. A.3: A three-axis view MRI cine loop of a mouse left ventricle with a four weeks old
anterior apical infarct. Scalebar = Imm.
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Fig. A.4: 3D renderings of the left ventricular lumen (red) and myocardial wall (blue) of
healthy mice hearts, shown at end-diastole and peak-systole, demonstrate that each mouse
heart has its own unique geometries (n=11). Papillary muscles can be clearly observed as
indentations in the lumen. S = superior; I = inferior, P = posterior, A = anterior, R = right; L
= left. Scalebar = Imm.
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Fig. A.5: 3D renderings of the left ventricular lumen (red) and myocardial wall (blue) of
remodeled mice hearts with varying degrees of myocardial infarction acquired four-weeks
post coronary artery ligation (n=6). Comparisons of left ventricular geometries at end-
diastole and peak-systole showed regions of necrotic myocardium with akinesia and wall
thinning. S = superior; I = inferior, P = posterior, A = anterior, R = right; L = left. Scalebar

= Ilmm.
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Fig. A.6: Linear regression plots comparing the contributions of papillary muscles on the
direct evaluation of different cardiac parameters using the 4D technique. Here, the term
papillary exclusion means that the volume contribution of the papillary muscles is not
included in the determination of left ventricular volumes. EDV = end-diastolic volume; PSV
= peak-systolic volume; SV = stroke volume; EF = ejection fraction; CO = cardiac output.
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Fig. A.7: Percent difference Bland-Altman plots of cardiac parameters in healthy and
infarcted left ventricles. To calculate percent difference for the healthy case, the difference
between cardiac parameter values from the 4D technique and the corresponding labeled
technique was divided by their averaged values. For the infarcted case, cardiac parameter
values obtained from MRI was subtracted by those obtained from the corresponding labeled
technique before their difference was divided by their averaged values. Note that compared
to values obtained from gold-standard MRI, results acquired directly from the 4D technique
aligned much more closely than those approximated from the 2D techniques when
evaluating infarcted left ventricles. EDV = end-diastolic volume; PSV = peak-systolic
volume; SV = stroke volume; EF = ejection fraction; CO = cardiac output. Solid lines =
median; dashed lines = first and third quartile lines.
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Fig. A.8: Correlation plots of cardiac parameters in healthy and infarcted left ventricles
between the different analysis techniques. EDV = end-diastolic volume; PSV = peak-systolic
volume; SV = stroke volume; EF = ejection fraction; CO = cardiac output.
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Fig. A.9: 4D ultrasound analysis of mouse AAA data (n=7). 3D volume renderings of mouse
AAAs during systole are shown in red with the aneurysm positioned at the center. Green-
Lagrange maximum circumferential strain, plotted relative to the abdominal aorta positions,

are shown to the right of each AAAs, highlighting elastic walls located proximal and distal
to the stiff aneurysm. S = superior; I = inferior, R = right; L = left. Scalebar = 1mm.
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Fig. A.10: A three-axis view cine loop of a mouse abdominal aorta with a dissecting
aneurysm. Ultrasound images of the aneurysm, outlined in red, were obtained two-weeks
post-aneurysm formation. Note that regions proximal and distal to the aneurysm exhibit
higher pulsatility that regions within the stiff aneurysm. Black arrows point to the formation
of intraluminal thrombus, while yellow arrow points to the true lumen position. Green
crosshairs highlight the center of the visualized structure. S = superior; I = inferior, R = right,
L =left. Scalebar = Imm.
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APPENDIX B. SUPPLEMENTAL DATA TO CHAPTER 5

Appendix B.1: Validation and Benchmarking of 3D-DDE

Comparison to state of the art methods showed that 3D-DDE was more accurate and precise
than displacement-based methods

To test 3D-DDE in silico, we first resolved non-uniform strain fields arising in an artificial
image volume from a spatially- and temporally-varying deformation gradient tensor, F, in an

orthogonal Cartesian (X,Y,Z) frame defined relative to the reference image volume:
F(X, 0)=l+AtX’e®e (B.1)

where 4 controlled amplitude, time ¢ ranged from 0 to 1, I is the second-order identity tensor, and
e is a unit vector in the X-direction. This spatially quadratic field was chosen as a best-case scenario
for competing XCOR methods because, under these conditions, XCOR’s imposition of
displacement compatibility on strain fields can converge to the exact strain fields [106]. When a
random 3D texture was deformed according to Eq. B.1, 3D-DDE was more accurate and more
precise than both standard 3D-XCOR and displacement-based tracking (3D-LSF) for all parameter
choices (Fig. B.1). Although displacement-based approaches were just as accurate as 3D-DDE for

uniform strain fields, 3D-DDE was superior for all cases involving strain gradients (Fig. B.1).

3D-DDE accurately estimated strains in representative 3D strain fields

Next, to benchmark 3D-DDE against other methods on representative data for which the
true strain fields were known, displacement fields of an Eshelby inclusion were used to nonlinearly
warp a volumetric image in silico. Using closed form solutions for a full field 3D Eshelby inclusion,
true values of deformation were known a priori at every location in time and space for this problem
(Fig. B.2 A) [196]. 3D-DDE was accurate and precise, with 3D-LSF and 3D-XCOR each
performing successively worse (Figs. B.2 C,D,E,F). The challenge of distinguishing tracking
errors from true regions of elevated strain was overcome through 3D-SIMPLE, which identified

the regions of high strain gradient and elevated strain surrounding the inclusion (Fig. B.2 B).
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Fig. B.1: Accuracy and precision of 3D-DDE relative to other strain mapping techniques.
3D-DDE was over an order of magnitude more accurate and substantially more precise than
other methods for estimating spatially varying strain fields in artificial images. (A) For a 3D
rigid body rotated an angle ® in one plane, 3D-XCOR failed to correctly predict the strain
field, with error that was nearly unbounded for large rotation angles (inset). (B) 3D-LSF and
3D-DDE had negligible errors for rigid body rotations. (C) RMS error for a uniaxial stretch
E11 scaled with strain for 3D-XCOR. (D) 3D-LSF and 3D-DDE had negligible error for
linear, uniform straining. (E) RMS error increased with stretch level A for both 3D-XCOR
and 3D-LSF in a 3D body undergoing non-linear stretch. (F) However, 3D-DDE again
estimated strains with minimal error for these nonlinear, nonuniform strain fields. Note that
panels B, D, and F contain data from panels A, C, and E, respectively, zoomed in to focus
on results comparing only 3D-LSF and 3D-XCOR.
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True 3D-DDE 3D-LSF 3D-XCOR

Fig. B.2: Principal stretch ratio estimations around image volumes of a contracting Eshelby
inclusion, generated in silico. (A) Schematic of the Eshelby problem. (B) 3D-SIMPLE
detected strain elevation surrounding the inclusion. (C) True values of the stretch ratio in the
z-direction matched (D) the 3D-DDE estimated values, while (E) 3D-LSF- and (F) 3D-
XCOR-estimates were successively worse.

3D-DDE and 3D-SIMPLE identified and characterized singular strain fields

To benchmark 3D-DDE against other methods on a more complicated strain field for which
the exact solutions were known, displacement fields surrounding a penny-shaped crack were used
to nonlinearly warp a volumetric image in silico following the procedures used for the Eshelby
solution (Fig. B.3 A) [197]. During loading, the crack, initially ellipsoidal due to a pre-load,
extended into a more spherical ellipsoid. Again, 3D-DDE identified the input strain field faithfully,
with 3D-LSF and 3D-XCOR performing successively worse (Fig. B.3 C-F). 3D-SIMPLE
identified regions of elevated strain and high strain gradient, including both the singular crack tips

and the displacing fracture surfaces (Fig. B.3 B).
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Fig. B.3: Principal stretch ratios for image volumes of a pre-loaded, penny-shaped crack
generated in silico. (A) Schematic. (B) 3D-SIMPLE detected the developing crack, (C-D)
3D-DDE estimates matched the actual fields, while 3D-LSF (E) and 3D-XCOR (F) were
successively less accurate.
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Fig. B.4: Strain patterns in control versus post-myocardial infarction hearts, demonstrating
dramatically reduced strains in infarcted heart tissue. (A,B) Magnetic resonance images of
mouse hearts showing the anatomical planes studied using 3D-DDE of ultrasound imaging
volumes. (C) A schematic of the heart demonstrating the orientation of the short and long
axis as well as the location of the infarction. (D,E) Peak principal strain at a specific
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timepoint in control hearts. (F,G) Peak principal strain at this same timepoint in hearts
following myocardial infarction, showing distinctly different strain patterns in both the long
and short axis views. (H) Strain as a function of position along the midline of the long-axis
view of the heart, showing strain attenuation in the infarcted tissue. Line corresponds to
different times; position is measured from the base of the arrow in panel F. (I) Strain as a
function of position along the midline of the short-axis view of the heart, showing strain
attenuation in the infarcted tissue, and elevated strain in the tissue surrounding the infarct
region. Lines again correspond to different times; position is measured from the base of the
arrow in panel G. Scalebar: 1mm.
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APPENDIX C. SUPPLEMENTAL DATA TO CHAPTER 6
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Fig. C.1: Representative long-axis videos of the remodeling mouse LVs. Cine loop data are
resampled to temporally match timestamps throughout the entire cardiac cycle. Akinetic
regions of the myocardial wall are outlined in dashed yellow lines. Scalebar: Imm.
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Fig. C.2: Video representations of LV bullseye strain maps throughout the cardiac cycle,
taken at baseline and day 28, for a representative mouse in each surgical group.
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Fig. C.3: Representative day 28 long-axis ultrasound images (top), 3D surface strains
(middle), and bullseye strain maps (bottom) of the remodeled LVs for all five mice in the
I/R group. The akinetic myocardium is marked in dashed yellow lines, and the strain
estimated infarct size is outlined in solid black line. Sternal artifact is shaded in gray with
black dashed border. Scalebar: 1mm.
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Fig. C.4: Representative day 28 long-axis ultrasound images (top), 3D surface strains
(middle), and bullseye strain maps (bottom) of the remodeled LVs for all five mice in the
PL group. The akinetic myocardium is marked in dashed yellow lines, the strain estimated
infarct boundary is outlined in solid black line, and the wall-thinned infarct boundary is
marked in dotted white line. Sternal artifact is shaded in gray with black dashed border.
Scalebar: 1mm.
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Fig. C.5: Representative day-28 maximum principal 3D strains are presented along the
entire thickness of the LV wall for each surgical group. Yellow and blue regions correspond
to areas of high and low strains respectively. A: anterior, S: septal, L: lateral; B: base.
Scalebar: 1mm.
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Fig. C.6: Comparison of maximum principal strains estimated with 3D Direct Deformation
Estimation (DDE, solid lines) and Vic2D (dashed lines). Short-axis ultrasound strain data
along the anterior (red) and posterior (blue) myocardial walls are shown at baseline and at
day 28 post-permanent ligation. Although both 3D-DDE and Vic2D demonstrated
significantly lower strain values along the infarcted, anterior myocardium post-surgery, the
3D-DDE method more appropriately tracked changes in myocardial strain, as strain values
returned to 0 at the end of the cardiac cycle.
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Fig. C.7: Bullseye maps of the maximum principal 3D Green-Lagrange strain (Ei) for all 15
mice at baseline. Consistent high strain values throughout the LV myocardium across all
animals highlight the reproducibility of the 3D strain technique.

Table C.1: Summary of LV end-diastolic volumes for mice subjected to the different
surgical procedures over 28-days.

End Diastolic Volume (L)

Baseline Day1 Day2 Day3 Day5 Day7 Day14 Day21 Day28

Sham 533 531 522 53+2 532 52 +1 53+1 532 53 £1

I/IR 52+2 52+2 53 %1 54 +£2 54+3 57 +4 617 64 +8 688

PL 52+2 65+ 3 70x8 76+£12 95+£20 108+24 13037 142+31 151+38

Data presented as mean * standard deviations. I/R: ischemia-reperfusion, PL: permanent ligation.
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Table C.2: Summary of LV peak-systolic volumes for mice subjected to the different
surgical procedures over 28-days.

Peak Systolic Volume (L)

Baseline Day1 Day2 Day3 Day$5 Day7 Day14 Day21 Day28

Sham 16+ 1 18 £1 17 £ 1 16 £ 1 17 1 17+2 17 £ 1 17 £1 18 + 1

PL 172 47+6 48x12 53x14 72+24 8130 10140 109+36 11946

Data presented as mean + standard deviations. I/R: ischemia-reperfusion, PL: permanent ligation.

Table C.3: Summary of LV stroke volumes for mice subjected to the different surgical
procedures over 28-days.

Stroke Volume (uL)

Baseline Day1 Day2 Day3 Day5 Day7 Day14 Day21 Day28

Sham 36+3 35+1 351 36+£2 36+2 35+£2 35+ 1 36+2 35+2

PL 352 19+6 22+6 22+4 24+5 27+6 29+9  33+£11 3213

Data presented as mean * standard deviations. I/R: ischemia-reperfusion, PL: permanent ligation.

Table C.4: Summary of LV ejection fraction for mice subjected to the different surgical
procedures over 28-days.

Ejection Fraction (%)

Baseline Day1 Day2 Day3 Day5 Day7 Day14 Day21 Day28

Sham 693 67 + 2 67 £1 60 +3 68+2 67 £ 4 67 +3 68 £ 2 663

PL 673 20+9 3311 31£9  26+10 2712 24+10 2511 23+12

Data presented as mean + standard deviations. I/R: ischemia-reperfusion, PL: permanent ligation.
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Table C.5: Summary of LV cardiac output for mice subjected to the different surgical
procedures over 28-days.

Cardiac Output (mL/min)

Baseline Day1 Day2 Day3 Day$5 Day7 Day14 Day21 Day28

Sham 201 203 212 22 £1 21+£2 222 21+1 232 213

I/IR 204 132 1613 16 £ 1 1712 173 203 212 193

PL 19+£1 12+3 13+4 132 15+£3 18+3 17+£5 206 177

Data presented as mean + standard deviations. I/R: ischemia-reperfusion, PL: permanent ligation.

Table C.6: Summary of LV infarct size, as calculated by the strain-estimated or wall-thinned
criteria, for mice subjected to the different surgical procedures over 28-days.

Infarct Size (% of LV)

Baseline Day1 Day2 Day3 Day5 Day7 Day14 Day21 Day28

o
£ IR N/A 4+3 32 3+2 712 8+3 9+4 10+3 114
@
s £
‘”E PL N/A - 43+13 46+8 42+13 48+20 49+19 46117 49114 46116
.
§_§ PL N/A 14+6 17+7 19+5 22+8 35410 3411 40+12 4111
£
[

Data presented as mean + standard deviations. I/R: ischemia-reperfusion, PL: permanent ligation.

Table C.7: Summary of LV collagen content, as measured from Masson’s Trichrome
histological staining, for the different regions of the LV.

Collagen Content (%)

Mid
Base Papillary Apex
Sham 2+1 241 312
I/IR 7+2 11+3 15+8
PL 7+3 23+6 38+19

Data presented as mean t standard deviations. I/R: ischemia-reperfusion,
PL: permanent ligation.
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