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A B S T R A C T

Sudden cardiac death is the leading cause of death, accounting for
230,000 to 350,000 deaths per year in the United States alone. Ventricu-
lar tachycardia (VT), often occurring after myocardial infarction, is one
of the leading causes of sudden cardiac death. In post-infarcted hearts,
previous evidence suggests that conduction channels of surviving
tissue in areas of dense scar are responsible for the underlying VT
mechanism. Due to the critical role myocardial fibrosis and infarction
play in the development of VT, non-invasive imaging biomarkers to
identify the VT substrate are desirable. This thesis investigates novel
cardiovascular magnetic resonance (CMR) imaging techniques to iden-
tify the arrhythmogenic substrate. In the first study, a multimodal
data approach investigates the association between non-invasive CMR
imaging features and conduction velocity, as estimated from invasive
clinical electrophysiology studies. In the second study, the arrhythmo-
genic structure within a scar is reconstructed by three-dimensional
(3D) structural modeling. In the third study, 3D holographic visu-
alization of the complex scar structure improves the 3D anatomical
mechanism of a VT ablation. This thesis demonstrates that advanced
CMR imaging techniques enable identification of arrhythmogenic
scarring and fibrosis in the heart, offering non-invasive CMR imag-
ing biomarkers to support VT diagnosis and treatment, ultimately
enhancing risk-stratification of sudden cardiac death.
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A B S T R A C T

Der plötzliche Herztod ist eine der häufigsten natürlichen Todesursa-
chen, mit 230000 bis 350000 jährlichen Todesfällen alleine in den USA.
Ventrikuläre Tachykardien (VT), die häufig nach Herzinfarkten auftre-
ten, sind eine der häufigsten Ursachen für den plötzlichen Herztod. Im
post-Infarkt Stadium des Herzens sollen überlebende Zellen umgeben
von dichten Narbengewebe Leitungskanäle bilden, welche das Substrat
für die VT Entstehung darstellen. Aufgrund der kritischen Rolle von
myokardialer Fibrose und Herzinfarkten für die Entstehung von VT
sind Biomarker der nicht-invasiver Bildgebung zur VT Identifizierung
klinisch notwending. Diese Arbeit untersucht neue Bildgebungs- und
Verarbeitungsverfahren der Magnetresonanztomographie (MRT) zur
Identifizierung von arrhythmogenischen Substraten. In der ersten Stu-
die wurde ein multimodaler Datenverarbeitungs-Ansatz angewendet
um nicht-invasive Herz-MRT Bildmerkmale mit elektrophysiologisch
invasive gemessenen Leitungsgeschwindigkeit zu assoziieren. In der
zweiten Studie wurden dreidimensionale (3D) Strukturen modelliert
um das arrhythmogenischen Substrat im Narbengewebe zu identifizie-
ren. In der dritten Studie wurden holographische 3D Visualisierungen
von komplexen Narben-Strukturen dazu verwendet, 3D Erkennung
und das anatomische Verständnis während VT Ablationen zu verbes-
sern. Diese Arbeit demonstriert, dass neue MRT Bildgebungsverfahren
des Herzens zur Identifizierung von arrhythmogenischen Narben und
Fibrose im Herzenmuskel benutzt werden können. Folgerichtig nicht-
invasive Biomarker für MRT Bildgebungsverfahren unterstützen die
Diagnose und Therapie von VT, was letztendlich die Risiken des
plötzlichem Herztod senkt.
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Part I

I N T R O D U C T I O N A N D B A C K G R O U N D





1
I N T R O D U C T I O N

1.1 problem statement

Sudden cardiac death (SCD) is the leading cause of death, which
accounts for approximately 230,000 to 350,000 deaths per year in the
United States alone [4, 18]. The societal burden of SCD is high relative
to other major causes of death, and optimizing and monitoring SCD
prevention and treatment should be a high priority [113]. Ventricular
tachycardia (VT) is one of the main causes of SCD, in particular in
patients with structural heart disease with a prior myocardial infarc-
tion [25]. Due to a critical role of scar and fibrosis involved in the
development of VT, non-invasive imaging biomarkers to identify the
underlying arrhythmogenic structure is desirable. Imaging biomarkers
to identify arrhythmogenic scar and fibrosis will help to identify VT
substrate, ultimately improve risk stratification for SCD.

1.2 contribution of the thesis

The overall objective of this thesis is to identify non-invasive imaging
biomarkers of the arrhythmogenic substrate of VT using cardiovascular
magnetic resonance (CMR) imaging and computer vision techniques.
This thesis presents novel CMR imaging techniques to investigate
and understand better the anatomical structure of the arrhythmogenic
heart, which provides a basis for cardiac electrical conduction and
underlying structural mechanism of VT.

The first study presented in this thesis performs multimodal data
processing to associate various non-invasive CMR imaging features
with conduction velocity. Conduction velocity was estimated using
a triangulation technique from invasive electroanatomic mapping.
This study offers a structural understanding of the slowing of cardiac
conduction, which is an important clinical parameter for the initiation
and maintenance of VT.

In the second study, 3D structural modeling was performed to
reconstruct the arrhythmogenic structure within a myocardial scar.
Skeletonization was implemented to simplify the structure and au-
tomate the characterization of structural properties to pinpoint the
heterogeneous structure, which causes a slowing of conduction and is
susceptible to VT.

The last study demonstrated 3D holographic visualization of the
complex scar structure to improve 3D perception and understanding
of the scar architecture and support VT intervention. The ventricular
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4 introduction

shape was modeled with Poisson surface reconstruction, and scar
structures were rendered voxel-wise. Mixed-reality visualization offers
enhanced 3D perception and interaction while maintaining a sterile
environment.

This thesis contributes to improving our understanding of arrhyth-
mogenic VT substrate by characterizing the relationship between CMR
imaging features (anatomical) vs. invasive electroanatomic mapping
(electrical). Suggested imaging-based risk factors improve our current
risk stratification for VT, and visualization techniques enable the effec-
tive presentation of arrhythmogenic heart to support diagnosis and
treatment of VT.

1.3 structure of the thesis

This thesis is structured as follows:
In Chapter 2, the relevant technical and clinical background of the
thesis will be introduced.
In Chapter 3, a study of a non-invasive CMR imaging identification of
the region of slow conduction will be presented.
In Chapter 4, a study of a 3D structural modeling of arrhythmogenic
structure will be presented.
In Chapter 5, a study of a 3D holographic visualization of a myocardial
scar to support VT intervention will be presented.
In Chapter 6, presented works will be summarized and assessed.
In Chapter 7, future works and outlook will be discussed.



2
B A C K G R O U N D

2.1 structure and conduction system of the heart

The heart plays a crucial role in maintaining our life. The heart gen-
erates freshly oxygenated blood and supplies them to our body. The
heart keeps beating due to a conduction system, which stimulates
the heart to beat and maintains a regular heart rhythm. An abnormal
function of a heart just for a few seconds can risk our life. In this thesis,
we study both the structure and conduction system of the heart by
cardiovascular magnetic resonance (CMR) imaging and electrophysi-
ology studies to understand the associations between them in patients
with abnormal heart rhythm.

2.1.1 Structure of the Heart

The primary function of the heart is to take deoxygenated blood from
the body, send it to the lungs to re-oxygenate it, and send this fresh
blood from the lung again to the body. The deoxygenated blood comes
from superior and inferior vena cava to the right atrium, and right
atrium sends blood into the right ventricle. Then, right ventricle sends
the blood to the lungs through the Pulmonary artery. Oxygenation
of the blood happens in the lungs by exchanging the oxygen and
carbon dioxide in the blood, which sends oxygenated blood to the left
atrium through the pulmonary vein. Left atrium sends blood to the
left ventricle, and left ventricle contracts to push and send oxygenated
blood to the whole body through the aorta. The structure of the heart
is illustrated in Figure 2.1.

As both of ventricles require durable contraction power to pump
out the blood, ventricles have a muscular wall. Three layers are con-
sisting the wall of the heart: myocardium is a thick middle layer, the
epicardium is the outer layer, and the endocardium is the inner layer
of the heart (Figure 2.2). Cardiomyocytes, individual heart muscle
cells, joined together by intercalated discs, encased by collagen fibers
and other substances and form the extracellular matrix.

2.1.2 Conduction System of the Heart

The heart is contracted regularly from the electrical stimulus. A con-
duction system of the heart controls the electrical stimulus of the
heart and regulates the heart rhythm. An initial electrical stimulation
happens at the sinoatrial node (SA), and then the electrical signal is

5
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Figure 2.1: Anatomy of the heart [62].

sent to the atrioventricular (AV) node. From the AV node, the electrical
signal travels to left and right ventricles, from His bundle to the left
and right bundle branch, and spreads through myocardium through
Purkinje fibers. The conduction system of the heart is illustrated in
Figure 2.3.

2.2 ventricular arrhythmias and electrophysiology study

2.2.1 Ventricular Arrhythmias

Ventricular arrhythmias refer to irregular heartbeats which originate
from ventricles of the heart and can threaten one’s life in a second.
Ventricular tachycardia (VT) is a regular but fast heartbeat usually
faster than 120 bpm. Ventricular fibrillation (VF) is when the heart
beats with rapid and erratic electrical impulses so that it quivers
instead of pumping. The most common cause of VF is acute coronary
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Figure 2.2: The wall of the heart [92].

ischemia, whereas the most common cause of sustained monomorphic
VT in patients with structural heart disease is a myocardial scar from
prior infarct [25]. VT after previous myocardial infarction is the focus
of this thesis.

We can classify VT according to duration, morphology, and hemo-
dynamic effect. Nonsustained VT terminates spontaneously without
substantial hemodynamic compromise. Sustained VT lasts longer than
30 seconds requires intervention to terminate before severe hemo-
dynamic compromise or syncope. VT is described as monomorphic
when each QRS complex resembles the next one. Polymorphic VT is
when QRS complexes vary in appearance from beat to beat during
tachycardia (Figure 2.4).

2.2.2 Electrophysiology Study

Electrophysiology (EP) study is performed to identify the origin of
arrhythmias and to treat the arrhythmogenic regions in the heart. EP
study is an extensively long and invasive procedure. The patient is
put general anesthesia before EP study. The heart is accessed using
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Figure 2.3: Conduction system of the heart [56].

catheters via the femoral vein (Figure 2.5). Different types of catheters
are used to access the different parts of the heart. Often, left ventri-
cle (LV) is accessed using a basket catheter, which the 64-electrode
catheters are opened and contacted to endocardium when reached
within LV. Each electrode records the electrical signal where it contacts
within a single heartbeat. When recording a bipolar signal, we consider
the ground reference electrode concerning its neighbor electrode. For
a unipolar signal, we locate the ground reference electrode at inferior
vena cava (IVC). We also record the spatial location of each electrode
by using a location magnet, where three magnetic coils, beneath the
patient and table, are used as a reference to calculate the location of
the third magnetic coil within the catheter. It allows reconstruction of
the cardiac chamber geometry and provides an electrical signal map
overlaid on this geometry.

2.2.2.1 VT Ablation

VT ablation is a procedure to eliminate the areas of the heart where
erratic electrical signals arise such can cause one’s heart to beat inef-
fectively. The goal of VT ablation procedure is to stop the incorrect
electrical signals and restore a normal heart rhythm. If the abnormal
heartbeat is coming from inside of the heart, catheters are used to
damage and block the electrical signals of the tissue which contributes
to VT, by transmitting radio-frequency electrical energy (Figure 2.6).
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Figure 2.4: Normal heart rhythm vs. ventricular tachycardia [29].

2.3 cardiovascular magnetic resonance imaging

The main method of this thesis is cardiovascular magnetic resonance
imaging (MRI). Cardiovascular MRI is used to assess the anatomy and
function of the heart to detect or monitor various cardiovascular dis-
eases. Cardiovascular MRI has become the reference standard imaging
test for many cardiovascular conditions based on the extensive and
growing evidence [97].

2.3.1 Principles of Magnetic Resonance Imaging

The human body consists of over 80% of water- and water consists of
2 hydrogens and one oxygen atom. MRI uses hydrogen as a source
of contrast, which is abundant in the human body and generates an
image via physical and mathematical formulations [20].

2.3.1.1 Magnetization

The proton is electrically charged, and rotates around its axis, like
earth. When we put a person in a magnet with a strong magnetic field,
the hydrogen protons in the human body align with the magnetic
field, and they start precession at their Larmor frequency due to the
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Figure 2.5: Catheter for recording electrical activity of the heart [114].

Figure 2.6: Cardiac ablation therapy for arrhythmias [10].

magnetic momentum of the atom. In the end, a net magnetization
sums up in the same direction as the MRI scanner’s magnetic field
(Figure 2.7).

2.3.1.2 Excitation

The center frequency of the MRI system is 63.855 MHz in 1.5T magnet.
By sending a radio frequency (RF) pulse with a frequency that matches
the center frequency of the system, we can create resonance, and
only protons which spin with the same frequency will respond to
that RF pulse. By transmitting an RF pulse at the center frequency
with a certain strength and period, it is possible to rotate the net
magnetization with a specific flip angle of 0 180 degree, which is
called excitation (Figure 2.8).
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Figure 2.7: Magnetization [81].

Figure 2.8: Excitation [81].

2.3.1.3 Relaxation

We rotate the protons to the direction of a net magnetization by
performing excitation. It causes protons to be in a higher energy state
by absorbing energy from the RF pulse. Protons, therefore, want to go
back to their original energy state, called equilibrium, by releasing the
absorbed energy. This process is called relaxation, and consists of two
parts, depending on the directions: T1 and T2 relaxation.

T1 Relaxation T1 relaxation is called Spin-Lattice relaxation and
describes what happens in the Z direction (spin-lattice relaxation).
Each tissue differently bounded in their molecules; for example, fat
tissue has tighter bound, and the water tissue has looser bound. Tightly
bound protons will release energy to their surroundings quicker than
loosely bound protons. It provides a source of T1 contrast in MRI -
Every tissue has different T1 time. T1 relaxation time is a time for the
longitudinal magnetization (Mz) to reach back to 63% of their original
magnetization (Figure 2.9).

T2 Relaxation T2 relaxation describes the relaxation in the X-Y plane
(spin-spin relaxation) and is an independent process with a T1 relax-
ation. Depending on the tissue and pathophysiology, bound of proton
in its molecule and rate of de-phasing are different. Fat tissue will
de-phase more quickly, and water will de-phase slower. T2 time is
the time it takes for the spins to de-phase to 37% of their original
transverse magnetization (Mt) (Figure 2.10).
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Figure 2.9: T1 relaxation [81].

Figure 2.10: T2 relaxation [81].

2.3.1.4 Signal Encoding

Signal encoding is a process to determine where the signal is coming
from so that we can generate an image.

Figure 2.11: Signal encoding [81].

Imaging Slice: Z Direction The first step is to select a slice for imaging.
Z-gradient is switched on, and it generates an additional magnetic
field in the Z-direction, superimposed on B0. As a result, along the
entire slope of the gradient, there will be a different B0 field, and
consequently, the spin of the proton will be at slightly different fre-
quencies. Now, we apply an RF pulse with a frequency of the protons
in the imaging slice, and only the protons in this selected slice with
the same frequency will respond.
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Imaging Plane: X-Y Direction Similar to the Z-direction spatial en-
coding, the Gy gradient is switched on, and it creates an additional
gradient magnetic field in the Y-direction. It results in protons to spin
slightly faster or slower throughout Y-direction. When the Gy gradient
is switched off, each proton in the Y-direction spins with the same
frequency, but with different phase. Subsequently, the last Gx gradient
is switched on, and it creates an additional gradient magnetic field and
different frequencies in the X-direction, while maintaining previously
acquired phase difference from the Gy gradient. Finally, each voxel
within the same imaging slice has a unique combination of frequency
and phase in X- and Y-directions, and we can know the exact location
where the signal comes from (Figure 2.11).

2.3.1.5 Acquisition & Image Formation

During the relaxation process, the spins release their excess energy, in
the shape of radio-frequency waves. MRI image acquisition proceeds
by receiving these energies by using a receiver coil - When a magnetic
field goes through the loop, it induces a current due to Faraday’s
Law. The received signal is then sent to a computer, and a 2D Fourier
transform is performed to calculate the exact location and signal
intensity of each voxel. Finally, the image is generated (Figure 2.12).

Figure 2.12: Acquisition and image formation [81].

2.3.2 Myocardial Tissue Characterization

Late Gadolinium Enhancement (LGE) Late gadolinium enhancement
(LGE) is a clinical gold standard for imaging myocardial scar. T1 relax-
ation is the basis of LGE imaging. After 15-20 min of the Gadolinium
injection, it stays in the scarred tissue, and decrease the T1 time of
the scarred tissue, but not healthy and normal myocardial tissue. By
imaging at this time point, we can achieve the highest image con-
trast between scar and healthy normal tissue. An inversion pulse is
applied, and we perform the imaging when the signal of healthy my-
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ocardium is nulled to maximize the contrast between scar and normal
myocardium (Figure 2.13).

Figure 2.13: Late gadolinium enhancement imaging to maximize contrast
between scar and healthy myocardium signal.

Myocardial Parametric Mapping CMR parametric mapping allows
quantification of biopathological changes in myocardium based on
the myocardial parameters, such as T1, T2, T2* and ECV. Unlike
qualitative imaging, quantitative mapping permits both visualization
and quantification of the disease process, independent of whether the
myocardial disease is focal or diffuse. Myocardial parametric mapping
is performed by acquiring a series of T1-, T2-, or T2*-weighted images
at different time points and fitting them in physical models of T1, T2,
or T2* time in a voxel-wise manner, as illustrated in Figure 2.14.

Figure 2.14: Myocardial T1 mapping imaging for tissue characterization.



2.4 visualizing the heart 15

2.4 visualizing the heart

2.4.1 Merging Multi-modal Data

In this thesis, we perform various spatial alignment approach to
investigate multimodal data from CMR and electrophysiology studies
simultaneously.

2.4.1.1 Fiducial Based Registration

We used fiducial-based registration as the first step of spatial alignment
of two 3D objects. Several landmarks are first manually defined in two
independent data, and we perform spatial alignment based on these
landmarks by minimizing the distance between each pair of fiducials.
It is a rigid registration, where we fix the distance of all points in
each 3D objects, and two objects are aligned based on the landmarks
(Figure 2.15). We perform finer registration in the next steps.

Figure 2.15: Fiducial based registration to merge multimodal data.

2.4.1.2 Iterative Closest Point Algorithm

Iterative closest point (ICP) algorithm aligns two 2D/3D point clouds
by minimizing the distance between two point clouds iteratively (Fig-
ure 2.16). ICP is non-rigid and point-to-point surface registration,
where it estimates rotation and translation for each point to match
the source to the closest point in the reference point cloud. A mini-
mization technique is applied to minimize a distance metric such as
root-mean-square.

2.4.1.3 2D Projection of 3D Data

We aligned multimodal data into the same spatial coordinate system
3-dimensionally. Another way to bring two different data is a 2D
projection of each data into the same coordinate system.
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Figure 2.16: Iterative closest point algorithm to align two point clouds.

For left ventricle (LV), hammer mapping is a simple yet powerful
approach to visualize the complete ventricles on a 2D coordinate. LV
has a shape of 3D semi-sphere, and therefore, we can imagine to
open the LV through a transmural cut in one of the wall and put
down on a surface according to mathematically formulated projection
(Figure 2.17). Hammer projection is designed initially to map the earth
on a 2D hemisphere while minimizing the surface area distortion.

Figure 2.17: Hammer projection in left ventricle to minimize surface area
distortion [55].

2.4.2 Visualizing in Three-dimension

In 3D computer graphics, 3D modeling is the process of developing
a mathematical representation of any surface of an object in three
dimensions. 3D rendering displays objects as two-dimensional images
based on a computer simulation of physical phenomena.

2.4.2.1 Volume Ray Casting

One of the most standard ways for direct volume rendering is ray
casting. Ray casting is to directly render every voxel with RGBA
transfer function (RGB color and alpha transparency) from a fixed
point of the camera. Figure 2.18 shows an example of volume ray
casting rendering ex-vivo CMR images of left and right ventricles
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with myocardial infarction. For the ex-vivo images, the background
voxels (non-myocardium voxels) have low signal, and can be set to be
transparent (alpha = 0). For in-vivo imaging, myocardial contours can
be delineated before volume rendering to separate the heart structure
from the background signal.

Figure 2.18: Volume ray casting of the heart with myocardial infarction.

2.4.2.2 Surface Rendering

A direct volume rendering can be a computationally exhausting pro-
cess. Another way of rendering volume in 3D is the isosurface extrac-
tion. We can extract isosurfaces (surfaces with equal value) and render
the surface using polygonal meshes (Figure 2.19). To render multiple
tissue structures, we can render isosurface of each tissue into a sin-
gle volume, and render different tissue into another volume. These
multiple layers of volumes can be aligned and rendered in one view.
Each surface-rendered volume can have its color and transparency. Iso-
surface rendering reduces computational power and allows separate
control of each tissue structure.

Figure 2.19: Isosurface rendering of myocardial surface and the scar.



18 background

2.5 pre-clinical validation

In this thesis, pre-clinical animal studies were performed to validate
the hypotheses in a controlled experimental setup.

2.5.1 Animal Model of Human Disease

Human ventricular tachycardia (VT) after myocardial infarction usu-
ally occurs due to subendocardial reentrant circuits originating in scar
tissue which borders surviving myocardial bundles. We used a well-
characterized swine model of scar-related subendocardial reentrant
VT, which serves as the basis for investigation in the physiology and
therapeutics of humanlike post-infarction reentrant VT (Figure 2.20).

Figure 2.20: Swine model of myocardial infarction via percutaneous balloon
occlusion of the left anterior descending (LAD) coronary artery
[119].

2.5.2 In-vivo and Ex-vivo CMR Imaging

2.5.2.1 In-vivo CMR Imaging

For in-vivo imaging, the animal was put under anesthesia, and venti-
lated with oxygen (Figure 2.21). We located the animal on the scanner
bed and placed a cardiac coil on the chest. We monitored ECG and
oximetry throughout the scan. For all scans, we performed cardiac gat-
ing. For breath-hold scans, we manually paused the ventilator during
the breath-hold periods and proceeded the imaging.

2.5.2.2 Ex-vivo CMR Imaging

Ex-vivo imaging was performed to provide detailed high-resolution
reference scar images. To administer contrast in the scar tissue, we
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Figure 2.21: A swine research subject undergoing a cardiac MRI scanning
under general anesthesia [117].

performed intravenous (IV) injection of 0.2 mmol/kg gadobenate
dimeglumine, 15 minutes before animal euthanasia. Then, the heart
was harvested and excised along the atrioventricular groove. As the
ex-vivo heart has no blood filled in anymore, there is no volume in
the ventricles. To maintain the geometry of the heart, the left and
right ventricular shapes were 3D printed using previously scanned in-
vivo images, and was inserted into ventricles before ex-vivo imaging
(Figure 2.22). It allows the geometry of ex-vivo images to match well
with the one from in-vivo images. Both clay and kinetic sand also offers
flexible filling of ventricles and maintain the basic geometry while
providing a low signal for CMR imaging. We placed the geometry-
maintained ex-vivo heart in a plastic box and filled up Saline to
cover the entire heart to minimize air-water interface artifacts while
imaging. For scar imaging, we performed T1-weighted imaging with
an isotropic spatial resolution of 0.4mm.

Figure 2.22: 3D printed models of left and right ventricles inserted in the
ex-vivo heart to maintain the basic geometry.
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2.5.3 Histopathological Analysis

Histopathological analysis was performed to validate the findings in
the imaging studies. After the ex-vivo CMR study, the hearts were
placed in a 10 % buffered formalin solution for >1-week for tissue
fixation, then serially sectioned parallel to the atrioventricular groove
into 5-mm thick slices starting from the apex. Tissue samples were
paraffin-embedded using large tissue histology cassettes. We further
sectioned the tissue with a 5-um thickness, and stained the slides with
Masson’s trichrome for collagen detection. The slides were then digi-
tized. Figure 2.23 shows CMR imaging slices identified and compared
to pathological and histological regions of interest of the heart.

Figure 2.23: CMR and histopathological images of a swine heart with my-
ocardial infarction.
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3
C M R I M A G I N G F E AT U R E S A N D C O N D U C T I O N
V E L O C I T Y

3.1 introduction

Cardiovascular magnetic resonance (CMR) late gadolinium enhance-
ment (LGE) imaging is the gold standard for visualizing and iden-
tifying the extent, volume, and characteristics of myocardial scar in
patients with prior myocardial infarction (MI) [31, 51]. The extent of
LGE has been reported as a predictor for the arrhythmogenic substrate,
adverse outcome, and appropriate implantable cardioverter defibrilla-
tor therapy in patients with ventricular arrhythmias [52, 94, 128]. The
presence of the scar border zone, as defined by LGE, correlates with
inducibility and mortality in ventricular tachycardia (VT) [14, 19, 21,
83, 88, 104, 110]. Studies have also shown that decreased relative wall
thickness is associated with an increased risk of ventricular arrhyth-
mias [58]. The association between the extent and the heterogeneity
of myocardial fibrosis and decreased wall thickness with adverse out-
comes in patients with arrhythmias [14, 19, 21, 31, 51, 52, 58, 83, 86,
88, 94, 104, 110, 128] are likely to reflect the importance of myocardial
tissue structure on conduction of the heart.

Conduction velocity (CV) describes the speed and direction of car-
diac electrical propagation within the myocardium and is an im-
portant property that contributes to the substrate arrhythmogenicity
[100]. Slow conduction regions are necessary for the initiation and
maintenance of re-entrant arrhythmias [5, 64–66, 105], and are there-
fore critical components of pathological re-entrant circuits. Re-entry
mechanism is the main cause of monomorphic VT observed in tissue
damaged by prior MI, and is a major cause for sudden cardiac death.

Various factors can affect CV in post-infarction ventricular tissue.
Myocardial fibrosis reduces connectivity in myocyte-myocyte and
myocyte-fibroblast couplings and therefore slows CV [32, 36, 59, 66].
Tortuous or ‘zig-zag’ conduction through isolated bundles of surviv-
ing myocytes in and around infarcted regions represent a structural
mechanism responsible for slow conduction in the scarred ventricular
myocardium [35, 125]. Wavefront curvature also affects CV; A convex
wavefront propagates more slowly than a planar wavefront due to
a source-sink mismatch [93], a key mechanism responsible for the
reduced CV observed around the infarcted border zone [12, 93, 105,
130]. Other factors including differences in transmembrane currents in
the infarcted border zone resulting in excitability changes at a cellular

23



24 cmr imaging features and conduction velocity

level causing a slower upstroke of the cardiac action potential, may
also contribute to local differences in CV [63].

Due to the importance of cardiac conduction properties in deter-
mining the arrhythmogenicity of tissue, various studies have assessed
CV [100]. Prior investigators have directly estimated CV by using reg-
ularly spaced microelectrode arrays on exposed and smooth (usually
epicardial) surfaces, where the distance between two microelectrodes
is defined and the activation time is manually measured [33, 37]. CV
can also be estimated in experimental settings using optical mapping
systems [90, 126]. In the clinical setting, CV can be estimated based
on planar wavefront propagation by applying a fit model based on
the neighboring electrodes’ spatial locations and local activation times.
The fitting can be performed either based on a pre-defined arrange-
ment of measurement points depending on catheter design [27, 82] or
more generalizable techniques such as polynomial surface fitting [16,
74] or triangulation [72, 101, 127]. However, these CV measurements
are intrinsically invasive since the electrodes require direct myocar-
dial contact. Non-invasive techniques to identify regions of altered
myocardial CV may offer a valuable tool for pre-procedural planning
and identification of the arrhythmogenic substrate, thereby reducing
procedural duration and complexity.

The association between LGE and CV has been studied in the human
left atrium [26, 60], where a negative association between LGE signal
intensity and CV was shown during the sinus rhythm when clustered
by patient, and adjusted for left atrial wall thickness [60]. In the left
ventricle (LV), LGE and wall thickness was reported to independently
be associated with local intracardiac electrogram (EGM) duration and
deflections, suggesting slower conduction in regions with higher scar
transmurality [85]. However, the association between CV and LGE or
wall thickness in the LV has not yet been studied. Finally, although
prior studies have reported association between LGE heterogeneity or
wall thickness with adverse outcomes for arrhythmia [14, 19, 21, 83,
88, 104, 110], no study has investigated the direct association between
CV and LGE heterogeneity or wall thickness gradient with CV.

In this study, we sought to investigate the association between
CV and LGE, wall thinning, LGE heterogeneity, and wall thickness
gradient in a swine model of healed anterior MI. With its ability to
visualize and quantify myocardial fibrosis and wall thickness, CMR
may offer a non-invasive imaging surrogate for identifing areas of
reduced local CV and therefore arrhythmogenic substrate after MI.
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3.2 methods

3.2.1 Animal Study

The protocol was approved by the Institutional Animal Care and Use
Committee (IACUC) and conformed to the Position of the American
Heart Association on Research Animal Use. All experiments were per-
formed under general anesthesia with isoflurane inhalation (1.5-2.5%)
and mechanical ventilation (12-16 breaths/min with tidal volumes
between 300-400ml), and animals were euthanized with pentobarbital
sodium. The animal study outline is summarized in Figure 3.1. In
brief, ischemia-reperfusion MI was created by 180-minute balloon
occlusion of the left anterior descending (LAD) coronary artery. Fol-
lowing a 9-week recovery, each animal underwent in-vivo CMR. Zero
to five days following in-vivo CMR, invasive electrophysiology (EP)
studies were performed as described below to collect activation maps
during RV apical pacing at cycle length of 400 ms. Inclusion criteria
for enrollment into the study was defined as animals who completed
the EP study protocol, and was set before the study. CMR and elec-
troanatomic mapping (EAM) data were processed to extract CMR
derived tissue characteristics and to estimate CV. CMR and EAM data
were spatially registered to study their associations.

3.2.2 Animal Model

Five male and three female Yorkshire pigs from Parsons (3.5 – 4 months
old; 35 – 40 kg) underwent balloon occlusion of the mid-LAD artery as
previously described [102, 123]. One female pig died at 15 days post-MI
during its first cardiac MR scan from an anesthetic-related bradycardic
arrest and was excluded from the study. An angioplasty balloon
was inflated in the mid-LAD under fluoroscopic guidance. After 180-
minutes, the balloon was deflated and withdrawn, in order to create
an ischemia-reperfusion mediated MI. Animals were treated with
800 mg twice daily oral amiodarone for 4 days following MI which
was then decreased to 400 mg once daily throughout the survival
period to minimize the risk of death from spontaneous ventricular
arrhythmias. To establish the baseline CV, two healthy control animals
of comparable weights underwent the EP study using the identical
protocol – one animal was medicated with oral amiodarone as per
infarcted animal protocol (controlmedicated), and another animal was
not medicated (controlnon�medicated).

3.2.3 CMR Imaging

CMR imaging was performed using a 1.5T scanner (Philips Achieva,
Best, The Netherlands) with a 32-element cardiac phased-array receiver
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Figure 3.1: Study flowchart. Animal model of healed myocardial infarction
(MI) was created by mid left anterior descending (LAD) coronary
artery ischemia-reperfusion. After 9 weeks of surviving periods,
in-vivo cardiovascular magnetic resonance (CMR) was performed.
After 0-5 days of recovery, an electrophysiology (EP) study was
performed and electroanatomic maps were acquired while pacing
from the RV apex (RVA) at cycle length of 400 ms. CMR and
EP data were processed to extract CMR features including late
gadolinium enhancement (LGE) and left ventricular wall thick-
ness. Conduction velocity (CV) was estimated using triangulation
technique. CMR and CV data were spatially registered to study
their associations.

coil. Scar imaging was performed using a dark-blood LGE sequence
with an optimized joint inversion preparation and T2 magnetiza-
tion preparation to simultaneously suppress myocardial and blood
signal and enhance blood-scar contrast [89, 115]. Imaging was per-
formed 15-25 minutes after injection of 0.15–0.2 mmol/kg gadobenate
dimeglumine (MultiHance; Bracco Imaging, Milan, Italy). A respira-
tory navigator with an adaptive acquisition window [30] was used
for prospective motion correction. Imaging was performed in short-
axis with the following parameters: gradient echo imaging sequence;
spatial resolution = 1.3⇥1.3⇥1.3 mm3; field-of-view = 320⇥335⇥90

mm3; TR/TE/flip angle = 2.6/1.3ms/55

�; sensitivity encoding rate =
2; centric phase-encoding order.

3.2.4 Electrophysiology Study

EP study was performed using the CARTO3 EAM system (Biosense
Webster, Diamond Bar, California, USA) and standard electrophysio-
logical recording system (LabSystem Pro, Bard, Lowell, Massachusetts,
USA). 12 lead surface electrocardiogram (ECG) was recorded through-
out all cases. High frequency (30 Hz) and low frequency (0.5Hz)
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filters were applied to all surface ECG signals. Filters were applied
to unipolar (low frequency filter: 0.5Hz; high frequency filter 250Hz)
and bipolar (low frequency filter: 30Hz; high frequency filter: 250Hz)
intracardiac EGMs prior to analysis. A sensor-enabled Thermocool
(Biosense-Webster) ablation catheter was advanced to the aorta via the
right femoral arterial sheath and used to acquire the aortic root and
coronary ostia geometry prior to gaining retrograde LV access across
the aortic valve. LV endocardial geometry was acquired using the fast
anatomic mapping function within CARTO.

LV endocardial activation maps were acquired using a 5-spline 20-
electrode mapping catheter (Pentaray, Biosense-Webster), with 1mm
electrodes and 2-6-2mm electrode spacing introduced into the LV
using a retrograde approach while pacing from the RV apex at a cycle
length of 400ms. A reference bipolar electrode pair was selected on the
RV catheter and activation times of each acquired LV activation point
assigned relative to the reference EGM. Individual activation times
were automatically assigned within the EAM at the point of the highest
rate of negative deflection of the bipolar EGM (-dV/dtmax). Individual
activation times were manually reviewed and reassigned following
review of bipolar and unipolar EGM when necessary. Maps were
considered complete when the point density allowed interpolation to
be limited to <15 mm in normal region and <5 mm in regions of low
bipolar voltage <1.5 mV [122]. One animal did not complete the study
protocol due to the repeated and prolonged episode of VT which
resulted in metabolic state deterioration and was not recovered, and
was excluded from the study.

3.2.5 Local Conduction Velocity Estimation

CV was estimated based on triangulation techniques [100, 101] (Fig-
ure 3.2A). We used a triangular mesh of local activation time (LAT)
exported from the EAM system, after manual annotation as needed.
LAT maps were automatically generated within CARTO using interpo-
lation that was limited to a maximum of 15 mm from an acquired data
point. An edge collapse decimation was performed to simplify and re-
triangulate meshes to improve triangular mesh quality. Triangulation
techniques are based on the rules of trigonometry, and the coordinates
of three points and their activation times were used to estimate the
average CV within the triangle. When a wavefront is approximated
as locally planar, from the earliest activation point to the next two
points, the conduction speed and the direction is decided based on
the activation time of the remaining two points. For example, when
the earliest activation point is p, and the other points are q and r, the
activation time difference between p to q is ta, and the orthogonal
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distance between p to q can be notated as acosa. Then the CV can be
defined as follows:

v =
acosa

ta

Likewise, for the third point, the activation time difference between
p to r can be noted as tb, and the orthogonal distance separating the
points can be noted as bcosb, and the CV can be defined as follows as
well:

v =
bcosb

tb

Constraints were imposed on distance between each pair of points (1
< d < 20 mm), the difference in activation times (50 ms > LAT > 1

ms) to minimize measurement errors, and the ratio of circumcircle
area to triangle area (< 10) to penalize elongated triangles [101].

Figure 3.2: Analysis pipeline for investigating association between CMR fea-
tures and conduction velocity (CV). (A) CV was estimated based
on the local activation time (LAT) map using triangulation tech-
nique. (B) Endo-/epicardial contours were delineated to perform
CMR feature projection on left ventricular endocardial surface
model. (C) CV and CMR data were then spatially registered using
fiducial registration based on right coronary artery (RCA), left
main stem (LMS), and apex. CV and CMR data were then 2D
projected on the semi-hemisphere map to minimize the surface
area distortion using a Hammer mapping.
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3.2.6 CMR Image Analysis

CMR images were processed to generate LV endocardial surface pro-
jected CMR imaging feature maps shown in Figure 3.2B. Endo- and epi-
cardial contours were manually delineated by an experienced reader
with guidance from cine balanced steady-state free-precession images.
For each slice, the center of the endocardial contour was selected, and
the equiangular chord lines were drawn from endo- to epicardial con-
tours based on the number of pixels on the endocardial contour. Local
tissue characterization parameters were defined for each chord line
and were projected back the endocardial points. Endocardial points
from each slice were merged into a single point cloud data set, and a
Poisson surface reconstruction [95] was performed to reconstruct the
LV endocardial surface. A second reader delineated endo- and epicar-
dial contours independently to study the inter-observer reproducibility
of the CMR measurements.

3.2.6.1 Late Gadolinium Enhancement

For LGE data, endocardial signal intensity was defined using suben-
docardial lines automatically identified as one third from endo to
epicardial chord lines. The LGE signal intensity (SI) was then bimodal
fitted, and LGE SI was normalized using the mean (µremote) and stan-
dard deviation (SD) (sremote) of remote regions, such that 0 in the
normalized signal distribution was denoted as µremote and 1 as sremote.
LGE+ was defined as any voxel with SI higher than µremote + 2sremote
[61].

3.2.6.2 Myocardial Wall Thickness

Myocardial wall thickness was calculated as the Euclidean distance
between endo- and epicardial contours of each chord line and was
projected back to the endocardial points. wall thickness was presented
as the absolute value in mm. wall thickness was bimodal fitted to
define a region with wall thinning. Wall thinning+ was defined per
chord line as wall thickness thinner than µremote � 2sremote, such that
95% of the regions of remote wall thickness are thresholded.

3.2.6.3 LGE Heterogeneity

LGE heterogeneity was defined as the SD of the LGE SI of local
neighbors in voxels that were within an Euclidean distance of 5 mm
for each point, based on the minimal point density of EAM [122]:

LGE heterogeneity

= SDLGE5mm =

r
Â |LGE5mm � ¯LGE5mm|2

n
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3.2.6.4 Wall Thickness Gradient

Wall thickness gradient was defined as the SD of the wall thickness of
neighbors that were within an Euclidean distance of 5 mm for each
point as follows:

Wall thickness gradient

= SDwall thickness5mm =

s
Â |wall thickness5mm � ¯wall thickness5mm|2

n

3.2.7 Data Registration

Imaging and EAM data were spatially aligned to study their associa-
tions as shown in Figure 3.2C. For spatial reference, the right coronary
artery (RCA) ostium, left main stem (LMS) coronary artery ostium, and
apex were manually marked both on EAM and CMR. Based on these
three spatial reference points, fiducial registration was performed to
align imaging and EAM data on the same spatial coordinates. Spatially
registered EAM and imaging data were then 2D projected onto the
semi-hemisphere map to minimize surface area distortion using Ham-
mer mapping (Figure 3.2C) [112]. All hammer maps were orientated
consistently with the RCA to apex axis along the center line. EAM
and imaging data were projected onto the same hammer map, and for
each data-containing EAM location, the closest point of imaging data
was selected, and these spatially correlated values were paired for
further analyses. All data processing analyses were performed using
MATLAB (MathWorks, Natick, Massachusetts, USA) and Meshlab
(Visual Computing Lab – ISTI – CNR, Rome, Italy) [24].

3.2.8 Statistical Analyses

Statistical analyses were performed to assess the association between
CV and the other four parameters of 1) LGE, 2) wall thinning, 3)
LGE heterogeneity, and 4) wall thickness gradient. First, we used the
general linear models [118] to analyze data for each animal. In each of
these models, we reported the model coefficient and its 95% confidence
interval (CI). For LGE and wall thinning where we dichotomized the
data, the model coefficient represents the estimated mean difference
of CV for each category (+/-). For LGE heterogeneity and wall thick-
ness gradient, the model coefficient represents the slope (the change
of the mean of CV per unit change of LGE heterogeneity or wall
thickness gradient). For the modeling of all animals, we used hierar-
chical models (linear mixed effects models) where we captured the
within-animal repeated/longitudinal measurements by modeling the
within-animal correlation using the compound symmetry structure
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for the variance-covariance matrix of CV. The estimated variance-
covariance parameters were used in the estimated fixed effects of
the independent variables (LGE, wall thinning, LGE heterogeneity,
wall thickness gradient) and the models yielded the estimated mean
difference (LGE, wall thinning) or the slope (LGE heterogeneity, wall
thickness gradient). All statistical analyses were performed using SAS
software (SAS Institute Inc, Cary, North Carolina, USA).

3.3 results

Six swine (4 male; median 82.9 kg (range 74.9 – 93.1 kg)) with healed
MI 63.5 (63 – 64) days after infarction, and two healthy control ani-
mals (controlmedicated; controlnon�medicated) were included in the study.
The median number of data points per LV map was 296 (range
232 – 540) for post-MI animals, 265 for controlmedicated, and 140 for
controlnon�medicated. EAM and CMR data were successfully registered,
and examples of CV and CMR features including LGE, wall thick-
ness, LGE heterogeneity, and wall thickness gradient are shown in
Figure 3.3. Scatter plots of CV vs. LGE, CV vs. wall thickness, CV vs.
LGE heterogeneity, and CV vs. wall thickness gradient of all animals
are shown in Figure 3.4, where smoothing splines of each scatter plots
are overlaid. Inter-observer reproducibility of CMR measurements
were high with intraclass correlation coefficient of 0.95 for LGE scar
volume, and 0.86 for LV wall thickness.

3.3.1 CV vs. LGE

Extensive antero-septal scarring was observed in all post-MI animals
on in-vivo CMR. LGE distribution was mostly transmural with sparing
of the sub-endocardium. Overall, the LGE scar volume was 24.0 ±
7.8 % of the entire LV myocardial volume. The endocardial LGE scar
volume was 29.0 ± 10.7 % of the entire endocardial volume.

CV in post-MI animals was 0.38 ± 0.28 m/s in the presence of
LGE (LGE+) and 0.58 ± 0.38 m/s in remote regions (LGE�) (Fig-
ure 3.5; Table 3.1). CV was 0.65 m/s in the controlmedicated, and 0.85

m/s in the controlnon�medicated. For all animals, significantly lower
CV was observed in LGE+ regions compared to LGE� regions with
the estimated mean difference of -0.15 m/s (CI: -0.18, -0.13; p<0.001,
Table 3.1).

3.3.2 CV vs. Wall Thinning

The average LV wall thickness in CMR was 6.9 ± 1.1 mm with sub-
stantial wall thinning observed in scarred regions (minimum wall
thickness 1.2 ± 0.7 mm). The average wall thickness was 5.1 ± 1.2 mm
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Figure 3.3: Conduction velocity (CV) and CMR features from 2 animals. CV
was estimated based on the local activation time (LAT). CV and
CMR data were registered in the same spatial coordinates. Slower
CV was observed in the region of hyperenhancement on LGE and
wall thinning. The pattern of CV was inhomogeneous throughout
the scar with maximal slowing in the region of dense scar with
higher LGE heterogeneity or wall thickness gradient.

in the region of hyperenhancement on LGE, and 7.4 ± 1.0 mm in the
remote region.

CV in the post-MI animals were 0.38 ± 0.28 m/s in the presence
of wall thinning (wall thinning+) and 0.55 ± 0.37 m/s in remote
regions (wall thinning-) (Figure 3.6; Table 3.2). CV in the controlmedicated
was 0.65 ± 0.36 m/s, and 0.85 ± 0.45 m/s in the controlnon�medicated
(Figure 3.6). Significantly slower CVs were observed in the presence
of wall thinning with the estimated mean difference of -0.07 m/s (CI:
-0.09, -0.04; p<0.001; Table 3.2).

3.3.3 CV vs. LGE Heterogeneity and Wall Thickness Gradient

LGE heterogeneity and CV were negatively associated, where CV
decreases 0.02 m/s per unit increase in LGE heterogeneity (CI: -0.04,
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CV in LGE+
(m/s)

CV in LGE-
(m/s)

Estimated Mean
Difference (m/s) 95% CI p-value

All Animals 0.38±0.28 0.58±0.38 -0.15 (-0.18, -0.13) <0.001

Animal #1 0.33±0.24 0.59±0.37 -0.09 (-0.14, -0.03) <0.001

Animal #2 0.35±0.29 0.58±0.37 -0.21 (-0.28, -0.13) <0.001

Animal #3 0.35±0.28 0.58±0.40 -0.23 (-0.28, -0.19) <0.001

Animal #4 0.43±0.27 0.57±0.33 -0.03 (-0.10, 0.03) 0.36

Animal #5 0.43±0.26 0.58±0.38 -0.16 (-0.24, -0.09) <0.001

Animal #6 0.46±0.30 0.65±0.43 -0.15 (-0.21, -0.09) <0.001

Table 3.1: Estimated mean differences in CV between LGE+ and LGE-, 95%
confidence interval (CI), and p-value of general linear modeling
and of multilevel model of all animals and each individual animal.
The model: CV = b0LGE + b1wall thinning + #.

CV in wall
thinning+ (m/s)

CV in wall
thinning- (m/s)

Estimated Mean
Difference (m/s) 95% CI p-value

All Animals 0.38±0.28 0.55±0.37 -0.07 (-0.09, -0.04) <0.001

Animal #1 0.30±0.23 0.48±0.35 -0.13 (-0.18, -0.07) <0.001

Animal #2 0.37±0.32 0.56±0.37 -0.04 (-0.13, 0.04) 0.32

Animal #3 0.37±0.31 0.50±0.37 -0.01 (-0.07, 0.05) 0.69

Animal #4 0.37±0.22 0.58±0.33 -0.18 (-0.26, -0.11) <0.001

Animal #5 0.46±0.29 0.56±0.37 0.02 (-0.05, 0.10) 0.52

Animal #6 0.43±0.29 0.62±0.41 -0.12 (-0.19, -0.05) <0.001

Table 3.2: Estimated mean difference in CV between wall thinning+ and wall
thinning-, 95% confidence interval (CI), and p-value of general
linear modeling and of multilevel model of all animals and each
individual animal. The model: CV = b0LGE+ b1wall thinning+ #.
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Figure 3.4: Scatter plots of LGE, wall thickness, LGE heterogeneity, and wall
thickness gradient vs. conduction velocity (CV) of all 6 animals.
Smoothing splines of each animal are overlaid on the scatter plots.

-0.01; p<0.001, Table 3.3). A negative relationship between CV and wall
thickness gradient was also observed, where CV decreases 0.05 m/s
per unit increase in wall thickness gradient (CI: -0.07, -0.03; p<0.001,
Table 3.4). The pattern of the CV was inhomogeneous throughout the
scar, and the maximal slowing occurred in the area of dense scar with
higher LGE heterogeneity or wall thickness gradient.

3.4 discussion

We investigated the association between EAM defined CV with CMR
defined LGE and wall thickness in a swine model of healed LV in-
farction. We found that during steady state pacing from the RV apex
1) CV is lower in LGE+ regions, 2) is lower in regions of wall thin-
ning, and 3) is lower in regions with high LGE heterogeneity and
steeper wall thickness gradient. CV exhibited inhomogeneous pattern
with maximal slowing in the region of dense scar with higher LGE
heterogeneity or wall thickness gradient.

Previous studies have reported associations between the extent and
heterogeneity of LGE/ wall thickness and adverse outcomes in pa-
tients with arrhythmias [14, 19, 21, 31, 51, 52, 58, 83, 88, 94, 104, 110,
128]. Our study adds valuable insights by confirming a direct associa-
tion between LGE/wall thickness with CV, highlighting an important
mechanism by which CMR-defined tissue structural characteristics
may promote arrhythmogenesis. This contributes to a deeper under-
standing of the previously reported association between the extent
or heterogeneity of LGE/ wall thickness and outcomes in patients
with arrhythmias. CMR may offer a valuable imaging surrogate for
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LGE Heterogeneity (normalized SI)

Slope 95% CI p-value

All Animals -0.02 (-0.04, -0.01) <0.001

Animal #1 -0.03 (-0.07, 0.01) 0.18

Animal #2 -0.06 (-0.10, -0.02) <0.001

Animal #3 0.02 (-0.01, 0.04) 0.27

Animal #4 -0.01 (-0.04, 0.02) 0.39

Animal #5 -0.05 (-0.09, -0.02) 0.01

Animal #6 -0.06 (-0.10, -0.01) 0.02

Table 3.3: The regression slope, 95% confidence interval (CI) and p-value
of generalized linear modeling of CV vs. LGE heterogeneity of
multilevel model of all animals and each individual animal. The
model: CV = b0LGE + b1LGE heterogeneity + b2wall thickness +
b3wall thickness gradient + #.

Wall thickness gradient (mm)

Slope 95% CI p-value

All Animals -0.05 (-0.07, -0.03) <0.001

Animal #1 0 (-0.07, 0.06) 0.94

Animal #2 0.01 (-0.06, 0.08) 0.84

Animal #3 -0.18 (-0.23, -0.13) <0.001

Animal #4 0.05 (-0.01, 0.12) 0.11

Animal #5 0.05 (-0.03, 0.13) 0.26

Animal #6 -0.05 (-0.12, 0.02) 0.13

Table 3.4: The regression slope, 95% confidence interval (CI) and p-value of
generalized linear modeling of CV vs. wall thickness gradient of
multilevel model of all animals and each individual animal. The
model: CV = b0LGE + b1LGE heterogeneity + b2wall thickness +
b3wall thickness gradient + #.
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Figure 3.5: Conduction velocity (CV) in the presence and absence of LGE
averages over all animals (A) and for each individual animal (B).
Slower CV was observed in the areas of hyperenhancement on
LGE (LGE+).

estimating CV, which may support non-invasive identification of the
arrhythmogenic substrate.

We found significantly slower CV in LGE+ regions, which is con-
sistent with previous reports showing slower CV in the presence of
myocardial fibrosis due to reduced connectivity in myocyte couplings
[32, 36, 59, 66]. Our study shows significantly slower CV in the pres-
ence of wall thinning, which is as expected from previous studies
using multidetector computed tomography [103]. Our result shows
significantly slower CV in regions of high LGE heterogeneity, confirm-
ing slowing of CV in the presence of tissue heterogeneity, which is
likely due to branching and merging bundles of surviving myocytes
within infarcted tissue [125]. Regions of steeper wall thickness gradi-
ent primarily represent the infarct border zone where the wavefront
curvature changes, resulting in significantly slower CV as previously
reported [12, 93, 105, 130].

Our CVs are similar to those reported LV CV ranges in swine. In the
swine ventricle, a range of 0.5 ± 0.02 m/s in the longitudinal direction
to the fiber orientation, and 0.21 ± 0.01 m/s in the transverse direction
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Figure 3.6: Conduction velocity (CV) in the presence and absence of wall
thinning averages over all animals (A) and for each individual
animal (B). Significantly slower CV was observed in areas of wall
thinning+ compared to regions of wall thinning-.

was reported in Langendorff-perfused hearts where CV was measured
with multiple terminal electrodes in epicardial surface of the anterolat-
eral LV wall [68]. In another swine study during open-heart surgery,
CV was estimated using polynomial surface fitting from 1.58 ± 0.83

to 1.82 ± 0.85 m/s depending on the sampling rate and activation
threshold during sinus rhythm; and 0.70 ± 0.31 to 0.72 ± 0.34 m/s
during pacing with cycle length of 300 ms from RV epicardium [74].
In a swine LV where CV was measured using high-resolution basket
catheter and triangulation technique, absolute conduction velocities
in the infarct and peri-infarct zone ranged from 0.10 m/s in areas of
conduction block to 0.88 m/s in healthy myocardium and conduction
bundles [78]. The CV estimated in our study was as low as 0.04 m/s
in infarcted regions and 0.58 m/s in remote regions with pacing at
cycle length of 400 ms, which lies within the expected range from the
previous reports.

Our study has several limitations. The number of animals was small,
though consistent with pre-clinical studies with large animal models.
We did not study any factors that may contribute to functional aspects
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of CV such as restitution properties. Using EAM, LAT was measured
only for voltage amplitude > 0.1mV. We did not acquire identical
number of data points in all our animals during EAM. Only one
control animal underwent CMR imaging, although we did not observe
either LGE or wall thinning in this animal.



4
3 D S T R U C T U R A L M O D E L I N G O F T H E
A R R H Y T H M O G E N I C H E A RT

4.1 introduction

The importance of the myocardial structure to understand arrhyth-
mias has led cardiovascular magnetic resonance (CMR) to a promising
technique to identify arrhythmogenic substrate. In infarct hearts, sur-
viving tissues within the scar create heterogeneous tissue structures
that cause slow conduction [42] and contribute to arrhythmogenesis.
Late gadolinium enhancement (LGE) CMR allows accurate imaging
of the extent and location of the myocardial infarction [75, 76] and
can identify substrate in the scar-related ventricular tachycardia (VT).
Studies have shown that scar border/ heterogeneous zone defined
in LGE are associated with VT inducibility [106] and spontaneous
ventricular arrhythmias [47, 98, 109].

Studies have identified conduction channels in CMR and correlated
with those defined in electroanatomic mapping [6, 8, 11, 44, 45, 48, 91].
In in-vivo setting, multiple 2D slices of LGE images or endo-to-epi
myocardial shells of LGE have been reviewed to identify conduc-
tion channels [8, 48, 91]. In ex-vivo setting, where higher-resolution
imaging is possible, 3D reconstruction of the myocardial scar was
performed to identify the conduction channels [11, 45]. However, these
data are mainly based on the qualitative identification of the channels
without streamlined workflow – different readers may identify con-
duction channels differently given the identical LGE scar/ myocardial
images. Furthermore, histological validation in these data is limited.

Despite the potential of CMR for characterizing arrhythmogenic
substrate, there is currently no standard approach to identify potential
conduction channels. Therefore, in this study, we sought to develop
a workflow to identify heterogeneous tissue (HT) channel, defined
as narrow pathway consisting of healthy tissue, surrounded by scar
or electrically non-excitable medium (e.g., fat, blood) and connected
to healthy myocardium located within the areas of dense scar. The
proposed technique was tested in high-resolution ex-vivo CMR images
in 20 swine models with VT following myocardial infarction, and
was validated in the electrophysiology study and histopathological
analyses.

39
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4.2 methods

We propose a technique for 3D HT channel detection based on the 3D
structural modeling of the viable myocardium using high-resolution
ex-vivo CMR Figure 4.1A. We propose a workflow which takes seg-
mentation of scar and myocardium from CMR images and perform
an automated detection of HT channels Figure 4.1B. In particular, we
focus on detecting a macro-level HT channels. The overall process-
ing pipeline consists of 3 steps, 1) 3D structural modeling of viable
myocardium, 2) 3D skeletonization of viable myocardium, and 3)
automated HT channel detection. The first step is to extract viable
myocardium within the areas of dense scar where a cardiac electri-
cal signal propagates. The second step is to simplify the geometry
of the viable myocardium and enable automated characterization of
the structures of the viable myocardium model. The last step is to
identify HT channels based on the 3D structural properties of viable
myocardium. Each step is detailed in the following sections.

Figure 4.1: (A) A 3D volume rendered view of the 3D ex-vivo cardiovascular
magnetic resonance (CMR) (yellow, scar; red, viable myocardium)
and 3D structural model of viable myocardium in and around
the scar generated with triangular surface meshes (yellow, scar;
red, viable myocardium). (B) Proposed workflow for detection
of a macro-level heterogeneous tissue (HT) channel uses scar
and myocardium segmentation from CMR images as input and
performs the following steps. Step 1: A 3D structural model of
viable myocardium is generated from 3D CMR images to visualize
the propagation pathway of a cardiac electrical signal. Step 2: 3D
skeletonization of viable myocardium is performed to extract the
simplified geometry of the viable tissue and automatize structural
model characterization. Step 3: HT channels are automatically
detected based on the 3D skeleton segmental analysis that identify
HT channels with a high 3D structural complexity.
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4.2.1 3D Structural Modeling

Viable myocardium in and around scar border plays important role
in VT substrate. To explore structural characteristics of viable my-
ocardium within the dense scar, we performed 3D structural mod-
eling using high-resolution ex-vivo CMR images. An experienced
reader performed segmentation of the scar and myocardium from
CMR images Figure 4.2A. A second reader independently performed
scar/myocardium segmentation in the subset of 6 animals to assess
inter-observer variability. As we are interested in extracting surviving
myocardium near the scar, the first step was to perform the spatial
growth operation to localize myocardial volume neighboring the scar
Figure 4.2B. We extracted any myocardium 30 mm isotropically around
the scar as a good trade-off between skeletonization and discriminat-
ing normal myocardium. Segmented scar was then removed from the
myocardial volume to extract only viable myocardium around the
scar Figure 4.2C. Before subtraction, scar volume was expanded 1mm
isotropically to remove partial volume errors. The aforementioned
processing was performed using the 3D Slicer [46].

Figure 4.2: The proposed pipeline for building the 3D structural viable my-
ocardium model. Upper panels show ex-vivo cardiovascular mag-
netic resonance images with overlaid myocardial segmentation
(red), and the 3D structural model view of the corresponding
segmentation (red) is represented in the lower panels. The whole
ventricular 3D volume is shown in transparent gray. A) Scar and
myocardium segmentation are used as an input to the system. B)
Myocardium in and around the scar was extracted by expanding
the 3D volume of the segmented scar to include neighboring
myocardium. C) The scar was removed from the myocardium
to exclude scarred tissues and to focus only on the viable my-
ocardium where electrical signals propagate. Scar volume was
expanded 1mm before subtracting to remove partial volume er-
rors.
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4.2.2 3D Skeletonization

3D skeletonization was performed to simplify the geometry of the
complex 3D structures of viable myocardium and enable automated
characterization of the 3D structural model. Before performing 3D
skeletonization, the 3D structural model was first reduced to a smaller
number of faces and vertices to reduce processing time and mem-
ory allocations Figure 4.3A, which followed by removing duplicated
faces. As we are interested in the connected pathway of the cardiac
conduction through viable myocardium, any non-connected isolated
myocardium of less than 100 triangles, which was typically considered
as noise, was removed. A curved 3D skeleton was then extracted from
the 3D viable myocardium model using a Point Cloud Skeletons via
Laplacian-Based Contraction [13, 28]. 3D models were first normalized
such that all models were located at the center of unit-sized cubes. The
point cloud contraction was first performed to smooth and contract
the 3D model into an approximate zero-volume mesh that abstracts
the given shape and topology. The Laplacian-based maximal voluntary
contraction (MVC) was first performed via local Delaunay triangula-
tion Figure 4.3B, which was further contracted using the Conformal
Laplacian operation Figure 4.3C. A final 3D skeletal graph consisting
of points (nodes) and connecting lines (edges) was created by topo-
logical thinning Figure 4.3D. During the skeletonization process, each
segment of the structural model was contracted into nodes of the 3D
skeletal graph, and the connection of each segment was represented
as connecting edges of the 3D skeletal graph Figure 4.3E.

4.2.3 Heterogeneous Myocardial Channel Detection

A skeletal graph enables automated characterization of structural prop-
erties of each segment and their connectivity. Anatomical, structural
HT channel was defined as narrow pathway consisting of healthy
tissue surrounded by scar or electrically non-excitable medium and
connected to healthy myocardium. As the first step of HT channel
detection, any narrow strip of tissue channel, which was defined as
connected thin tissue segments, was detected. For each node of the
skeletal graph, its orthogonal axis was computed based on the di-
rection of its two adjacent nodes, and its cross-sectional plane was
calculated. Skeletal node segments with a cross-sectional area less than
90 mm2 were automatically detected to discriminate narrow channels
from normal myocardium, as determined by the typical thin RV wall
thickness ([90 mm2] = [3 mm minimal RV wall thickness in normal
[54, 124]] ⇥ [30 mm neighboring volume expansion]) Figure 4.4A.
The minimal number of connected segments were set to 3 to mini-
mize detection of any segments from the normal myocardium (LV,
RV, and septum). As heterogeneous myocardium is often a mixture
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Figure 4.3: The proposed pipeline for 3D skeletonization to simplify viable
myocardium geometry and enable automated quantification of
the 3D viable myocardium model (A). Laplacian-based maximal
voluntary contraction (MVC) (B) and conformal contraction (C)
were performed to abstract and smooth the shape of the complex
structures of the 3D model. 3D skeletonization was performed by
topological thinning, resulting in a 3D skeleton with its simplified
geometry represented by lines (D). During the skeletonization
process, each segment of the structural model is contracted as a
point on the 3D skeletal graph, so that the structural properties of
the model can be automatically characterized using the skeletal
graph (E).

of preserved and scarred tissue, it forms a complex 3D structure com-
pared to smooth normal tissue. Therefore, as a second step, viable
myocardial channels with high 3D structural complexity were detected.
Structurally complex objects require a higher number of faces to model
the finer details. Therefore, we defined HT index as the number of
triangular faces per unit length (mm) Figure 4.4B. The HT index was
set to 26 to discriminate smooth vs. heterogeneous myocardial tis-
sue channels. The proposed algorithm was implemented in MATLAB
(MathWorks, Natick, MA).

4.2.4 Animal Study

Animal study was performed to test the proposed techniques in the
animal model with scar-related VT using high-resolution ex-vivo CMR
images in 20 animals. The study was carried out in strict accordance
with the recommendations in the Guide for the Care and Use of Lab-
oratory Animals of the National Institutes of Health. The protocol
was approved by the Institutional Animal Care and Use Committee
(Protocol Number: 100-2014). All experiments were performed under
general anesthesia with isoflurane inhalation (1.5-2.5 %) and mechani-
cal ventilation (12-16 breaths/min with tidal volumes between 300-400

ml), and animal was euthanized with pentobarbital sodium.
The twenty pigs (30 – 35 kg) underwent 180-minute balloon occlu-

sion of the mid-left anterior descending (LAD) artery as previously
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Figure 4.4: The proposed algorithm for automated heterogeneous tissue (HT)
channel detection. The algorithm consists of two steps: 1) skeleton
segmental analysis of the cross-sectional area to detect narrow and
connected segments to identify viable myocardial channels, and
2) HT channel detection based on the 3D structural complexity to
detect HT channels that are known to cause slow conduction. A)
For each skeletal point, its orthogonal axis is computed based on
its two adjacent nodes, and the cross-sectional plane is calculated.
Any connected segments with a cross-sectional area less than 90

mm2 are automatically detected to identify narrow strips of tissue.
B) Detected myocardial channels are further evaluated for tissue
heterogeneity based on the 3D structural complexity defined as
the unit number of triangular faces. Any myocardial channel with
a heterogeneity index (unit number of triangular faces) greater
than 26 was identified as an HT channel.

described [120, 129]. An angioplasty balloon was inflated in the mid-
LAD under fluoroscopic guidance. After 180 minutes the balloon was
deflated and withdrawn, in order to create an ischemia-reperfusion
mediated myocardial infarction.

4.2.5 CMR Imaging

CMR imaging was performed using a 1.5T scanner (Philips Achieva,
Best, The Netherlands) with a 32-element cardiac phased-array receiver
coil. Upon completion of the electrophysiology study, the animal was
euthanized and the heart was explanted. Intravenous injection of 0.15-
0.2 mmol/L gadobenate dimeglumine was performed 15 minutes
before euthanasia. Atria was excised and ventricles were filled with
kinetic sand to maintain basic geometry. Scar imaging was performed
using high-resolution 3D gradient echo sequence. Typical imaging
parameters were as follows: spatial resolution = 0.4⇥0.4⇥0.5 mm3;
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FOV = 130⇥130⇥100 mm3; TR/TE = 16/7.4 ms; flip angle = 25

�;
low-high phase-encoding order; signal averaging = 4.

4.2.6 Electrophysiology Study

All animals underwent electrophysiology study after an 8-week sur-
vival period. Percutaneous femoral arterial and venous access were
obtained. Under fluoroscopic guidance, a 6Fr pentapolar diagnostic
catheter (Bard EP, Lowell, MA) was placed in the right ventricular
(RV) apex to allow pacing. The proximal electrode was positioned in
the inferior vena cava and served as an indifferent unipolar electrode.
Electrical stimulation was performed from the RV apex using a cur-
rent strength twice the capture threshold and pulse width of 2 ms.
Programmed ventricular stimulation at paced cycle lengths of 600 and
400 ms with 1-4 extra-stimuli down to ventricular effective refractory
period were performed to induce VT. If electrical stimulation from
the RV apex failed to induce VT, stimulation was repeated from the
LV endocardium and epicardium near the infarct region until the
animal was inducible. Animals were only considered non-inducible if
VT could not be induced despite stimulation from all sites. Sustained
monomorphic VT was defined on 12-lead ECG as the tachycardia
lasting >30 seconds with a consistent morphology. A macroscopic
localization of the site of origin of VT was identified using a surface
12-lead ECG [70, 71] to compare with the region of detected HT chan-
nels. Furthermore, activation mapping during VT was attempted to
identify detailed site of origin of VT.

4.2.7 Histopathological Analysis

After the ex-vivo CMR study, the hearts were placed in a 10 % buffered
formalin solution for >1-week for tissue fixation, then were serially
sectioned parallel to the atrioventricular groove into 5-mm thick slices
starting from the apex. Tissue samples were paraffin embedded by
using large tissue histology cassettes. Tissue was sectioned with a
5-µm thickness, and slides were stained with Masson’s trichrome for
collagen detection, and was digitized. The corresponding CMR slides
were identified, and compared to the histological regions of infarction
for characterization of myocardial fibrosis and surviving tissue in the
region of detected HT channels.

4.2.8 Statistical Analyses

To test the null hypothesis that there are no non-random associations
between VT inducibility and the existence of the detected HT channel,
Fisher’s exact test was performed. A result was considered statistically
significant at P<0.05.
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4.3 results

4.3.1 Animal Model

All animals had extensive anterior-septal LGE in 8 weeks-post my-
ocardial infarction. VT was inducible in 15 animals. The remaining 5

post-infarct animals were non-inducible.

4.3.2 3D Structural Modeling and HT Channel Detection

The 3D structural modeling enabled visualization of surviving my-
ocardium in and around the scar region in a true 3D manner. Examples
of 3D structural models are shown in animals with inducible VTs Fig-
ure 4.5A and non-inducible VTs Figure 4.5B.

Figure 4.5: Example of 3D structural viable myocardium models, 3D skele-
tons, and detected heterogeneous tissue (HT) channel in an animal
with an inducible ventricular tachycardia (VT) and an animal with
a non-inducible VT. The 3D viable myocardium model was able
to represent surviving and viable myocardium in and around the
scar in a true 3D manner for each case (A-B). 3D skeletonization
enabled simplification of the geometry of the viable myocardium
(C-D). An HT channel was detected in the animal with the in-
ducible VT (E), whereas it was not detected in the animal with
the non-inducible VT (F).

The skeletal graph simplified the complex 3D structure and enabled
quantification of structural properties of the 3D model which allowed
automated identification of the HT channels. Figure 4.5C-D show the
results of 3D skeletonization, represented by red lines in all animals.

HT channels were detected in all inducible VT animals and high-
lighted in red (Figure 4.5E), whereas such structure was mostly not
detected in the animal with non-inducible VT (Figure 4.5F). The inter-
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observer agreement was strong with Dice index of scar segmentation
between two independent readers of 0.79±0.07.

4.3.3 HT Channel and VT Inducibility

In 15 animals with inducible VT, 22 viable myocardial channels were
detected (an average of 1.5 per animal). Among the 22 viable myocar-
dial channels, 16 myocardial channels were detected as heterogeneous
myocardial channels (average of 1.1 per animal). In 5 animals with
non-inducible VT, 3 viable myocardial channels were detected (aver-
age 0.6 per animal), which resulted in only 1 HT channel (average
0.2 per animal). HT channel showed a heterogeneous myocardium
feature mingled with scar, which was typically located along with the
anterior side of interventricular groove, at the subepicardium and/or
mid-myocardium underneath epicardial fat surrounding the LAD.

Animals with inducible VTs were more likely to have HT channels
detected than animals with non-inducible VTs (P < 0.01, Fisher’s exact
test; Figure 4.6A). One non-inducible VT animal with an HT channel
had a shorter channel length compared to animals with inducible VT
(inducible-VT animals: 35 ± 14 mm vs. non-inducible VT animal: 9.94

mm; Figure 4.6B).

Figure 4.6: Results of heterogeneous tissue (HT) channel detection. A) HT
channel was detected in all animals with inducible ventricular
tachycardias (VT), whereas it was only detected in one animal
with a non-inducible VT. Animals with inducible VTs were more
likely to have HT channels detected than animals with non-
inducible VTs (P<0.01, Fisher’s exact test). B) Of all animals with
detected HT channels, only one non-inducible VT animal had
a shorter channel length (inducible-VT animals: 35±14 mm vs.
non-inducible VT animal: 9.94 mm).

4.3.4 Site of Origin of VT

Among 20 animals with prior myocardial infarction, VTs were induced
in 15 animals (75%) by a programmed stimulation or spontaneous
premature ventricular contractions. One animal was excluded from
the analysis for the site of origin of VT due to the lack of ECG data.
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A total of 31 monomorphic VTs were induced in 14 swine and the
average number of induced VTs were 2.2 per animal. Since previous
studies showed that LBBB pattern VT arose from the RV or the inter-
ventricular septum (IVS) and RBBB patter VT did from the LV [71],
we further analyzed whether the site of origin of VT could be related
to the location of detected HT channels. The mean cycle length of VTs
was 244 ± 38 ms and the duration of QRS was 126 ± 23 ms. 90 %
(28/31 VTs) had LBBB pattern, while only 10 % (3/31 VTs) did RBBB
pattern. All animals with LBBB VTs had structural breakthrough sites
at the RV or IVS, at the RV apex and the anteroseptum of the mid-LV,
which corresponded to the distal end and the proximal end of the HT
channels, respectively.

More detailed localization of VT origin was identified in EAM by
activation mapping during VT, which was compared to the location
of the detected HT channels. VT exit sites were identified as the
earliest activation points. Bipolar voltage maps of both left and right
ventricles during sinus rhythm were compared to localize exit sites
on the VT activation maps. For all animals, VT exits were located
near the anterior side of interventricular groove, where HT channels
were predominantly detected (Figure 4.7), which suggests potential
involvement of detected HT channels in the VT.

4.3.5 Comparison to Histology

Histopathological analysis revealed complex viable myocardium struc-
ture in the anterior wall post-infarction due to the involvement of the
RV and IVS. The overall architecture and distribution of scar were
consistent with the CMR data (Figure 4.8). Analysis of the scar dis-
tribution showed heterogeneous distribution of collagen within the
infarct and particularly along the anterior side of interventricular
groove, consistent with typical location of HT channels (Figure 4.8).

4.4 discussion

We developed a workflow to identify HT channels within the areas of
dense scar from high-resolution ex-vivo T1-weighted CMR images. 3D
structural modeling was performed to extract viable myocardium in
and around the scar. The 3D skeleton was created to automate char-
acterization of structural properties of the viable myocardium model.
Based on the skeleton, the cross-sectional area and tissue heterogeneity
were characterized to detect HT channels, which are of interest for
causing slow conduction. The proposed technique was successfully
tested in 20 animals with prior myocardial infarction, 15 of which had
scar-related VT and 5 which did not. Our results suggest that animals
with inducible VT are more likely have detected HT channels than
animals with non-inducible VT. We used 12-lead ECG and EAM to
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Figure 4.7: 3D viable tissue model and detected HT channels compared to
the electroanatomic mapping data in 3 animals with inducible
VT. Bipolar voltage maps during sinus rhythm in both right and
left ventricles show similar scar distribution compared to the
CMR 3D model. VT exits identified in the activation maps during
VT are located near the anterior side of interventricular groove,
consistent with where HT channels were detected.

identify the site of origin during VT, which preferred LBBB pattern,
consistent with the structural breakthrough site observed at hinge
point of HT channels located at interventricular groove anchored to
two different regions of intact healthy myocardium. Histopathological
analyses confirmed heterogeneous distribution of the viable tissue
along the anterior side of interventricular groove, where HT channels
were predominantly detected.

We have focused on the modeling of viable tissue rather than the
scar where electrical signal travel across. 3D modeling of the viable
myocardium enables us to understand cardiac impulse propagation in
a true 3D manner. 3D skeletonization enables visualization of potential
reentrant circuits based on the anatomical structure, reducing physi-
cians burden to imagine potential anatomical electrical pathways in
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Figure 4.8: Comparison between CMR and histopathological analyses. A 5-
µm histological slide with Masson’s trichrome staining are shown
in an anterior-posterior projection. The histological specimen
shows complex scar architecture with areas of transmural scar
and subendocardial preservation, along with extensive RV and
interventricular septum involvement. The overall architecture and
distribution of scar were consistent with the LGE data.

their minds. Visualizing anatomical circuits may further improve our
understanding of structural and anatomical substrate for arrhythmias.

The proposed technique allows automated quantification of the 3D
structural properties based on the segmented skeletal analysis. 3D
skeletal graph consists of nodes and edges, which abstract a shape
of the structural model. 3D graph representation of the structure
allows automated quantification of the structural properties of each
segment and their connectivity. Therefore the structural characteristics
of the model, such as length, area, or thickness can be automatically
quantified based on the simplified graph. It may be useful to quantify
the length of the anatomical pathway, as reentry is only initiated when
the length of the anatomical circuit is greater than the wavelength
[132]. Automated quantification of the anatomical isthmus may offer
an automated diagnosis of VT vulnerability. This technique can be
further extended to detect any desired structure with certain structural
properties.

The proposed technique allows automated pinpointing of HT chan-
nels and can be applied to any region of the heart to localize any
heterogeneous structures or anatomical isthmus that may be suscep-
tible to slow conduction. If merged with electroanatomic data or
computer simulation, it will improve our understanding of the VT
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mechanism and may support personalized planning for VT ablation.
VT ablation outcome of effective removal of such structures identified
on the proposed technique should be studied further.

Our study has several limitations. The proposed technique in this
study is purely an anatomical approach and is not applicable to
functional mechanisms of arrhythmias. We did not study whether
ablation of anatomic regions identified with the proposed technique
would improve VT ablation outcome. The correlation between HT
channels, the site of VT origin, and histology was made as carefully
as possible; however, it is based on gross estimation. The technique
was not tested in-vivo, although it is expected to be applicable with
the advancement of high-resolution in-vivo CMR imaging technique.
This study focused on macro tissue structures, future studies will have
to account for micro tissue structures by generating the 3D model in
higher resolution and performing image segmentation and structural
modeling in finer detail.





5
3 D H O L O G R A P H I C V I S UA L I Z AT I O N O F
M Y O C A R D I A L S C A R

5.1 introduction

Late gadolinium enhancement (LGE) imaging in cardiovascular mag-
netic resonance (CMR) is a clinical gold standard for imaging of the
myocardial scar [77]. In structural heart disease, ventricular tachycar-
dia (VT) is usually caused by re-entry, involving an arrhythmogenic
substrate in the region of ventricular scar from a prior myocardial
infarction [69]. The extent of LGE has been reported to identify the
arrhythmogenic substrate [17], and improves a risk stratification for
implantable cardioverter defibrillator therapy [67, 79] in patients with
ventricular arrhythmias. Scar border zone defined in LGE has shown
good correlation with VT inducibility [107] and spontaneous ventricu-
lar arrhythmias [49, 99, 108]. The detailed scar depiction of the LGE
has been suggested to be useful for planning and guiding scar-related
VT ablation by characterizing location and extent of the scar [7, 43].
Understanding the 3D scar architecture is particularly important in
the assessment of the VT substrate.

In the histological study, conduction channels have been described
as surviving fiber bundles embedded in myocardial scar areas that
can be located at any level of the myocardial wall, with a variable
thickness and 3D structure [41, 50]. In electrophysiology study, volt-
age mapping is performed to identify “conduction channels” in and
around the scar that could represent the VT isthmus. 3D LGE provides
a better understanding of the complex scar anatomy compared with
voltage mapping alone for guiding the radio-frequency (RF) ablation
for VT [43]. Therefore, visualization of the 3D scar is important for
identification of VT substrate and guidance of RF ablation for VT
treatment.

Augmented reality has been emerging for visualizing complex med-
ical data, particularly during and planning medical procedures [57].
In particular, HoloLens (Microsoft, Redmond, WA) [116] has enabled
visualization of complex medical data that can provide immersive
experience to interactively explore the data in 3D space in the mixed-
reality environment, and has been tested in various clinical scenarios
[38, 80]. Augmented reality allows true 3D visualization that provides
3D depth perception, and opens up the possibility for interacting with
the medical data without physical contact to assist while maintaining
sterile environment and reduce the risk of infection.

53
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Augmented reality shows promise for supporting interventional
procedures. After the first in-human example of creation of dynamic
interactive holograms from intraprocedural data [23], various studies
have explored the use of holographic augmentation in various inter-
ventional procedures such as invasive structural cardiac procedures
[22], ultrasound-guided transcatheter aortic valve implantation [39],
neurosurgery [84], endovascular intervention [80], and near-infrared
fluorescence based image guided surgery [38]. In the field of elec-
trophysiology, a recent study reports first in-human experience of
projecting intra-procedural electrophysiology data into an interactive
holographic display [111].

In this study, we sought to develop a framework for 3D holographic
visualization of the LGE images on augmented reality HoloLens to
provide a true 3D perception of the scar architecture with a direct
physician interaction in a sterile environment. A pilot animal study
was performed to demonstrate the feasibility of using 3D HoloLens
visualization of scar in electrophysiology study.

5.2 methods

We propose a framework for 3D holographic visualization based on
the high-resolution 3D LGE images to generate a 3D myocardial
scar model and visualize on HoloLens (Microsoft, Redmond, WA).
An overview of the proposed framework is presented in Figure 5.1,
and detailed processing pipelines for 3D volumetric and endocardial
projection of the scar are presented in the following sections.

Figure 5.1: A framework for holographic visualization of the 3D late gadolin-
ium enhancement (LGE) data. Endo- and epicardial contours are
delineated in LGE images and surface-projected scar and voxel-
wise 3D scar models are generated. 3D models are converted to
Filmbox (FBX) file format to be able to load on 3D Viewer Beta
(Microsoft, Redmond, WA). 3D scar LGE models are holograph-
ically visualized in the 3D mixed-reality space, which provides
true 3D perception of the complex scar architecture with immer-
sive experience to explore the 3D LGE images with a touchless
interaction while maintaining sterile environment.
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5.2.1 Myocardial Geometry Reconstruction

The initial step of the framework is reconstructing endo and/or epi-
cardial surface meshes. Previous study showed that reconstructing
ventricular geometry using variational implicit function-based method
provides the most accurate model [96], therefore we used Poisson
surface reconstruction which uses an implicit function framework [73].
Endocardial and epicardial contours were manually delineated from
LGE images in all slices. Contours in all slices were merged into a
set of point clouds for each surface. Clustering decimation was per-
formed to organize point clouds based on the cell of 3D grid, followed
by computing the surface orientation of all vertices based on the 10

nearest neighboring points in the point clouds. Endo/ epicardial tri-
angular surface meshes were then generated using a Poisson surface
reconstruction [34, 73].

5.2.2 Voxel-wise 3D Scar Rendering

Proposed framework for voxel-wise 3D scar rendered holographic
visualization of the high-resolution LGE data is described in Fig-
ure 5.2. Endo and epicardial surface meshes were reconstructed as
described in the previous section. Scar tissue was defined as voxels in
the myocardium with a signal intensity greater than a full-width at
half-maximum (FWHM) [53]. To preserve high-resolution information
of LGE voxels, every single voxel of the scar was rendered into a cube
which carries the actual resolution of the LGE scan. Any duplicated
vertices and faces were removed to reduce the size of the rendered
scar mesh. All layers of rendered surface and scar mesh were then
blended with different transparency and color to enhance visibility
and perception.

5.2.3 Surface Projection of the Scar

The framework for holographic scar visualization of projected sur-
face model is described in Figure 5.3. Endocardial surface mesh was
first created using a Poisson surface reconstruction as described in
the previous section. LGE voxels in the subendocardial region (0-33%
from endocardial to epicardial) was projected onto the endocardial
points. Endocardial points with projected scar information were then
transferred to a texture, which was followed by a texture mapping
performed on the parametrized Poisson surface of the endocardial
mesh. The proposed framework was implemented in Matlab (Math-
Works, Natick, MA) and MeshLab (Visual Computing Lab – ISTI –
CNR, Rome, Italy) [34].
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Figure 5.2: A framework for holographic visualization of the 3D late gadolin-
ium enhancement (LGE) data. Left/ right ventricular (LV/ RV)
endo-/ epicardial contours are manually delineated on short-axis
view, and LV/RV endo-/ epicardial surfaces are estimated using
Poisson surface reconstruction. Scar tissue was defined as voxels
in the myocardium with signal intensity greater than a full-width
at half-maximum (FWHM). Every voxel was then rendered into a
single cube with the actual resolution of the LGE scan. All surface
and scar layers were blended with different transparency and
color to enhance visibility and perception.

5.2.4 Augmented Reality System

Voxel-wise 3D scar rendered model and surface-projected scar model
were generated as described in the previous section, which were then
exported to Filmbox (FBX) file format on Blender (Blender Foun-
dation, Amsterdam, Netherland) and was imported onto HoloLens
using OneDrive (Microsoft, Redmond, WA) and visualized using a 3D
Viewer Beta (Microsoft, Redmond, WA).

5.2.4.1 System Performance

The system performance of the HoloLens while running the generated
voxel-wise 3D scar and surface projected scar model were compared
with the baseline performance on HoloLens while nothing was run-
ning. System on a chip (SoC) power, system power, frame rate, CPU
and GPU usage percentage were reported for each case.

5.2.5 Pilot Animal Study

A pilot animal study was performed to test feasibility of using holo-
graphic 3D LGE visualization in an electrophysiology study. This
study was carried out in strict accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals of the Na-
tional Institutes of Health. The protocol was approved by the Beth
Israel Deaconess Medical Center’s Institutional Animal Care and Use
Committee (Protocol Number: 100-2014; Boston, MA, USA). All ex-
periments were performed under general anesthesia with isoflurane
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Figure 5.3: A framework for holographic visualization of endocardial surface
with scar projection. LV endo-/ epicardial contours are manually
delineated on short-axis view. Endocardial surface is then gener-
ated using a Poisson surface reconstruction by first performing
clustering decimation followed by the surface orientation estima-
tion based on the 10 neighboring points. To project color-coded
scar information on the reconstructed endocardial surface, my-
ocardium was divided into subendo, mid, subepicardial regions,
and the subendocardial scar information was projected onto the
endocardial surface mesh.

inhalation (1.5-2.5%) and mechanical ventilation (12-16 breaths/min
with tidal volumes between 300-400ml), and animal was euthanized
with pentobarbital sodium.

A flowchart of the pilot animal experiment is presented in Figure 5.4.
Five swines underwent 180 minute balloon occlusion of the mid left
anterior descending artery to create an ischaemia-reperfusion medi-
ated myocardial infarction model [121]. After the infarction, animals
were recovered and survived for 8 weeks and underwent in-vivo
CMR. High-resolution 3D LGE image was acquired with the low-
dimensional-structure self-learning and thresholding reconstruction
technique [1–3, 15]. Detailed CMR imaging parameters are reported
in the next section. Holographic 3D LGE models were created as
proposed using the in-vivo CMR, and after several days of recovery,
animals underwent electrophysiology study where VT substrate map-
ping was performed. After the procedure, ex-vivo CMR imaging was
performed and higher-resolution holographic model was generated
using the ex-vivo CMR.

In the electrophysiology study, electroanatomic mapping was per-
formed to define the arrhythmogenic VT substrate. Prior to the map-
ping procedure, both operator and mapping specialist used HoloLens
3D LGE data to review ventricular geometry and myocardial scar
architecture, the size and extent of the scar from the voxel-wise 3D
scar model and endocardial surface-scar projected model. Upon com-
pletion of the study, operator and mapping specialist independently
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Figure 5.4: A flowchart of the pilot animal experiment. Myocardial infarction
was created by occluding the mid left anterior descending artery.
After 8 weeks of recovery and survival periods, animals under-
went in-vivo CMR with high-resolution 3D LGE sequence. Based
on the in-vivo CMR images, HoloLens 3D LGE model was gener-
ated and tested with the electroanatomic substrate mapping. After
the electrophysiology study, ex-vivo imaging was performed to
create higher-resolution HoloLens 3D LGE model.

completed the perceived usefulness questionnaire [40] to assess the
perceived usefulness of the HoloLens 3D LGE consisting of 6 items
on a seven-point Likert scale (1: extremely unlikely – 7: extremely
likely). The overall usefulness rating is reported as a mean score of all
6 usefulness items for both the operator and the mapping specialist.

5.2.6 CMR Imaging

In-vivo and ex-vivo CMR imaging were performed to generate holo-
graphic 3D LGE models as described in the previous section. CMR
imaging was performed using a 1.5 T Philips scanner (Philips Achieva,
Best, Netherland) with a 32-element cardiac phased-array receiver
coil. For in-vivo imaging, high-resolution 3D LGE images with ran-
dom under-sampled accelerated acquisition [1–3, 15] were acquired
15-25 minutes after injection of 0.2 mmol/kg gadobenate dimeglumine
(MultiHance; Bracco Imaging, Milan, Italy). A respiratory navigator
with adaptive acquisition window [87] was used for prospective mo-
tion correction. Imaging parameters were as follows: gradient echo
imaging sequence; TR/TE = 6.1/2.7 ms; field of view = 270⇥270⇥112

- 280⇥280⇥112 mm3; flip angle = 25

�; isotropic spatial resolution
= 1.0⇥1.0⇥1.0 mm3. Ex-vivo imaging was performed using high-
resolution 3D gradient echo sequence with the following imaging
parameters: TR/TE = 17/8 ms; field of view = 130⇥130⇥100 mm3; flip
angle = 25

�, isotropic spatial resolution = 0.4⇥0.4⇥0.5 mm3.
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5.3 results

5.3.1 Animal Model

An extensive LGE was observed in the anterior-septal regions in 8

weeks-post myocardial infarction swine. The distribution of the LGE
was complex, with the areas of transmural or near transmural scar
and subendocardial sparring. The overall LGE volume was 9.2 ± 7.5 %
of the entire left ventricular myocardial volume, with the endocardial
portion of the LGE corresponds to 34.8 ± 8.6 % of the total scar volume.
The percentage of the LGE area projected on the endocardial surface
was 13.8 ± 9.4 %. The endocardial LGE surface regions corresponded
to the bipolar voltage amplitude < 1.5 mV in the electroanatomic
mapping.

5.3.2 Augmented Reality System Performance

For the in-vivo voxel-wise 3D LGE models, the number of vertices
were 19,849 ± 13,216 and the number of faces were 81,035 ± 58,794.
For the ex-vivo voxel-wise models, the number of vertices were 300,308

± 382,670 and the number of faces were 962,480 ± 1,311,111. For the
surface rendered LGE models, the number of vertices were 7,217 ±
2,381 and the number of faces were 14,263 ± 4,737. The typical pro-
cessing time of all models for a single animal was about 1-2 hours,
most of which was used for performing manual delineation of endo-
and epicardial contours. Except for the contour delineation, no pro-
cess takes longer than several minutes. The overall processing time
therefore can be significantly reduced by using automated left and
right ventricle segmentation techniques.

The system performance of the HoloLens while running the gen-
erated 3D holographic LGE model was compared with the baseline
and summarized in Table 5.1. Surface model that was used for the
performance test consists of 7,586 vertices and 2 materials were lo-
cated. Voxel-wise 3D model that was used for the performance test
consists of 290,506 vertices and 3 materials were located. SoC and
system power were slightly increased with voxel-wise whole-heart 3D
model, but CPU, and GPU usage stayed at the similar level.

5.3.3 Holographic Visualization of 3D LGE

The demonstration of the holographic visualization of the 3D LGE
data using the proposed frameworks was recorded on HoloLens and
presented in Figure 5.5. The 3D holographic visualization of the whole-
heart voxel-wise 3D scar rendering and scar projected endocardial
surface mesh are demonstrated in Figure 5.5A. The user could interac-
tively explore 3D LGE myocardial scar by scaling, rotating, moving,
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Baseline Surface-projected Model Voxel-wise 3D Model

SoC Power (%) 56 65 73

System Power (%) 60 70 74

Frame Rate (fps) 60.05 60.1 60.05

CPU (%) 35 34 44

GPU (%) 16.81 28.76 25.12

Table 5.1: System Performance of HoloLens with the 3D LGE Models. Base-
line (when nothing is running on the HoloLens), surface-projected
model (when surface projected scar model is running on the
HoloLens), and voxel-wise 3D model (when voxel-wise 3D model
is running on the HoloLens) were compared for system on a chip
(SoC) power, system power, frame rate, CPU, and GPU usage.

and viewing from any perspective in the augmented reality environ-
ment that allows for the combination of holographic 3D LGE data
interacting with any real-world environments, such as a surgical suite
or patient’s body. Holographic 3D LGE data can be viewed in any
environment.

Figure 5.5B represents the endoscopic view of the holographic 3D
LGE with the whole-heart voxel-wise 3D LGE model. The user can
view the scar from inside of the ventricular chambers. As user steps
into the heart, the transparent epicardial surface layer becomes in-
visible and the inner scar architecture can be explored more in de-
tail. Figure 5.6 shows operator and mapping specialist view during
the electrophysiology study. Both operator and mapping specialist
found HoloLens 3D LGE useful (overall usefulness rating: operator,
5.8; mapping specialist, 5.5, on a scale from 1: extremely unlikely
useful to 7: extremely likely useful; Figure 5.7) in the VT substrate
mapping and RF ablation procedures. The operator could directly
review holographic 3D LGE data with a touchless interaction in sterile
environment, and without additional hardware installations. The op-
erator could visually compare the detailed 3D scar information with
electroanatomic mapping data by overlaying the holographic scar on
the electroanatomic map or viewing side by side (Figure 5.6A). The
mapping specialist could review scar information for navigating the
electroanatomic mapping (Figure 5.6B).

5.4 discussion

We present a framework for 3D visualization of the high-resolution 3D
LGE of myocardial scar in a holographic manner on the augmented-
reality glass HoloLens. High-resolution 3D LGE sequence was used to
image the myocardial scar, and 3D rendered LGE model was gener-
ated and visualized on HoloLens 3D Viewer Beta. HoloLens 3D LGE
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Figure 5.5: Demonstration of the 3D holographic visualization of the voxel-
wise 3D scar rendering and scar projected endocardial surface
mesh from 3D LGE data that are generated based on the proposed
framework. User can interactively explore 3D LGE myocardial
scar by scaling, rotation, moving, and viewing from any perspec-
tive in the augmented reality environment (A). In the 3D scar
rendered model, as user walks closer to the model, the transpar-
ent epicardial surface layer becomes invisible and the inner scar
volumes can be explored more in detail (B). Augmented reality
representation of the 3D LGE data provides embodied experience
to explore the clinical standard LGE images in a more interactive,
and interpretable way.

was tested in the swine model of myocardial infarction with electro-
physiology study of arrhythmogenic substrate mapping. Operator and
mapping specialist interacted with HoloLens 3D LGE to review the
extent and the structure of 3D myocardial scar and compared with the
electroanatomic mapping data. Both operator and mapping specialist
found HoloLens 3D LGE useful with a usefulness rating of 5.8 and
5.5, on a scale from 1 to 7, respectively. Holographic visualization of
the 3D LGE images provides a true 3D perception of the complex scar
architecture with immersive experience to explore the 3D LGE in a
more interactive and interpretable way.

Holographic visualization of the LGE images allows to attain touch-
less interaction with the clinical data in sterile environments, thereby
permitting the operator to have increased control and manipulation
over pre- or intra-procedural information. Due to a robust gesture
tracking using a depth sensor and camera, a user can also operate a
HoloLens with a gloved and soiled hand. The availability of such aug-
mented reality technologies to potentially improve procedural efficacy
may be useful in the future for complex procedures, and the proposed
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Figure 5.6: Demonstration of the HoloLens 3D LGE during the elec-
troanatomic mapping and radio-frequency ablation of ventricular
tachycardia in the pilot animal study. Holographic voxel-wise
3D LGE was created as proposed using the in-vivo CMR high-
resolution 3D LGE images. The holographic LGE models were
tested during the electrophysiology procedure. In the operator
view, holographic scar can be compared with the electroanatomic
data by overlaying holograms on the mapping system (A). The
scar information facilitates navigation of electroanatomic map-
ping procedures (B).

framework can also be applied in other interventional and surgical
procedures.

HoloLens 3D LGE allows detailed scar depiction with a 3D per-
ception. Flat-screen visualizations of the complex three-dimensional
myocardial scar structure limit our understanding due to the lack of
the depth perception. Understanding the complex 3D scar anatomy
using stereoscopic 3D visualization enables operator and mapping
specialist to have a clear plan for VT substrate mapping and RF ab-
lation. The endoscopic view further assist operator for a detailed
pre-procedural plan for the endocardial catheter mapping. The cur-
rent electrophysiology procedures are usually performed as a team of
operator and a mapping specialist. Due to the sterility concerns, the
operator does not have access to the mapping system inputs, which
limits operator’s ability to directly interact with maps during the
intervention.

HoloLens will provide the operator a higher level of control and
visibility and reduce the frustrations of miscommunication between
the operator and the mapping specialist by offering touchless inter-
action. Furthermore, if integrated with the real-time electroanatomic
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Figure 5.7: The perceived usefulness questionnaire results from operator
and mapping specialist. The usefulness rating is reported as a
mean rating of all 6 usefulness items in the questionnaire. Both
operator and mapping specialist found HoloLens 3D LGE useful
(usefulness rating: operator, 5.8; mapping specialist, 5.5, on a scale
from 1 to 7).

data and the catheter position, it will improve image-based guidance
and VT ablation outcome.

Augmented reality allows us to combine holographic 3D LGE data
interacting with any real-world environments, and may in the future
facilitate data fusion and exploration of the LGE and electroanatomic
data to support planning and performing VT ablation. HoloLens also
offers unique interactive capabilities between multiple individuals,
which may support pre-procedural planning in a group.

Recent study reports significantly reduced procedural and fluo-
roscopy time when merging LGE into the clinical mapping system
to perform VT ablation [9], although another study report no differ-
ences in procedural or fluoroscopy time [131]. We did not measure the
procedural or fluoroscopy time in this study, however, the impact on
having additional information about the myocardial scar may provide
similar experience to operators.

We used ex-vivo imaging only for the development phase, and
did not test during the intervention or evaluate for the usefulness.
Modeling of ex-vivo images can be challenging due to very high
spatial resolution (400⇥400⇥500 µm3 in the current study) and large
data size. We showed that three-dimensional holographic visualization
of high-resolution ex-vivo images of 400 µm is feasible on HoloLens.
Further improvement of the in-vivo CMR imaging techniques will
enable higher-resolution imaging and offer a detailed depiction of
the myocardial scar in the augmented reality environment during the
intervention.

Our animal study was a pilot study towards demonstrating the
feasibility of data visualization, and we did not use HoloLens 3D LGE
for guiding ablation in real-time. We did not use ablation success as
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an endpoint in our study. The questionnaire was performed by one
operator and one mapping specialist; however, neither of the inves-
tigators were involved in developing the technology. The weight of
the HoloLens is 579 g which may hamper interventional applications,
and further design modification should be done to reduce weight and
thereby improve comfort level during the intervention.
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6
D I S C U S S I O N

This thesis demonstrates that CMR imaging and computer vision
techniques can identify the arrhythmogenic scar and fibrosis of the
underlying VT substrate:

• CMR allows non-invasive imaging-based identification of slow
conduction region

• CMR allows 3D structural reconstruction of an arrhythmogenic
heart structure

• CMR allows the effective presentation of complex myocardial
scar in a 3D mixed-reality environment

Slow conduction regions are necessary for the initiation and mainte-
nance of re-entrant arrhythmias, which are responsible for the majority
of arrhythmias observed in tissue damaged by prior myocardial in-
farction. In the first study, CMR imaging features in the region of
slow conduction was investigated by spatially aligning CMR and
electrophysiology data. The study showed that slow conduction mea-
sured using invasive catheter mapping is exhibited in the areas of
the presence of LGE and wall thinning, and the region with higher
LGE heterogeneity and wall thickness gradient. CMR offers a valuable
imaging surrogate for estimating conduction velocity, which enables
non-invasive imaging identification of the arrhythmogenic substrate.

The second study demonstrated a workflow to identify heteroge-
neous tissue channel based on the structural 3D modeling of the viable
myocardium within areas of a dense scar. The geometrical structure of
the myocardium plays an essential role in understanding the initiation
of arrhythmias. In particular, a heterogeneous tissue channel defined
in CMR has been suggested to correlate with conduction channels
defined in electroanatomic mapping in VT. Our results indicate that
animals with inducible VT are more likely to have heterogeneous
tissue channels than animals with non-inducible VT. The proposed
technique allows automated pinpointing of heterogeneous tissue chan-
nels and can be expanded to localize any region of the heart with
specific structural properties.

The last study demonstrated a framework for 3D holographic visual-
ization of myocardial scar using the high-resolution 3D LGE images in
mixed-reality. 3D holographic visualization provides an enhanced 3D
perception of the complex scar architecture with immersive experience
to explore scar in an interactive and interpretable 3D approach. It
allows assessment of the complex 3D scar architecture with touchless
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interaction while maintaining a sterile environment and facilitates
CMR-guided VT ablation. Furthermore, any imaging features and
structures can be effectively presented in the mixed-reality environ-
ment to support VT intervention.

In our studies, we did not study whether ablation of anatomic
regions identified with the proposed techniques would improve VT
ablation outcome, neither not used ablation success as an endpoint.
Therefore, future clinical studies are warranted to confirm the role of
the proposed techniques in clinical settings.



7
O U T L O O K

This thesis demonstrates that advanced CMR imaging techniques can
enable identification of the arrhythmogenic scar and fibrosis of the
heart, offering a non-invasive CMR imaging biomarker to support
diagnosis and treatment of VT, ultimately enhancing risk-stratification
of sudden cardiac death. The studies presented in this thesis shows
exciting opportunities and role of CMR to identify the risk of VT, and
opened up future research questions to explore.

Generating Images. Imaging quality matters. High-quality images
make the analysis easier and post-processing steps less painful. There-
fore, improvement of the generation of the image to enhance the
quality and reduce imaging artifacts should be the foremost priority.
Advancement of hardware as well as software such as the deployment
of machine learning/ artificial intelligence (AI) in image reconstruction
is enhancing the image quality.

Information in 3D. The electrical activity of the heart is complex,
and the underlying 3D structure plays a crucial role. Therefore, under-
standing the complete cardiac electric circuit in 3D is imperative. By
looking at the 2D projected view of images only, we may miss abun-
dant information hidden in 3D. Future efforts should be continued to
investigate the complex architecture of the heart in 3D.

Automated Segmentation. The current gold standard for delin-
eating myocardium is manual segmentation, which can be time-
consuming and introduce inter-observer variability. Automated seg-
mentation has the potential to substantially save time for post-processing
and image analysis, as well as improve robustness and reduce observer
dependency. The advancement of AI is paving the way for automated
segmentation for more robust image analysis.

Role of AI in Medical Imaging. Many of the preclinical imaging
works are hypothesis-driven and based on a priori clinical under-
standing of specific diseases. Making implicit modeling and feature
extraction would, therefore, be an exciting future direction to inves-
tigate. Using AI to learn and model the features implicitly could
fundamentally improve our understanding of the images, which can
be missed from the naked human eye.
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