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ABSTRACT OF THE DISSERTATION

Atlas-Based Strategies for Identifying Novel Markers of Left Ventricular Remodeling in
Repaired Tetralogy of Fallot

by

Nickolas Ivan Forsch

Doctor of Philosophy in Bioengineering with a Specialization in Multi-Scale Biology

University of California San Diego, 2020

Professor Andrew D. McCulloch, Chair

Tetralogy of Fallot (TOF) is the most common form of cyanotic congenital heart disease
(CHD), occurring in approximately 1 out of every 3,500 births. Innovative surgical strategies
have significantly improved early survival, but patients with repaired TOF are at risk of late
complications due to residual structural and electromechanical cardiac malformations. Chronic
right ventricular (RV) volume overload due to pulmonary valve incompetency is a common
problem in repaired TOF, and pulmonary valve replacement can alleviate regurgitation and
normalize RV volume and function. However, left ventricular (LV) systolic dysfunction can

develop in the long-term and has been identified as a risk factor for early morbidity and mortality.
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Traditional assessment of LV remodeling and dysfunction for prognostic purposes is limited due
to the complex inter-patient variability of LV morphology and the compounding effects of RV
dilatation and dysfunction.

In this thesis, we seek to help address the challenges with clinical management of repaired
TOF by elucidating patterns of LV remodeling that associate with systolic dysfunction and can
provide an indication of further LV deterioration. To this purpose, we use statistical shape
analysis to quantify inter- and intra-population variation of LV morphology and systolic function.

The aims of this dissertation are to:

1. Characterize the statistical variation of end-diastolic (ED) shape and systolic function in
a large cohort of patients with repaired TOF using routinely acquired cardiac magnetic

resonance image data;

2. Identify novel features of ED morphology that associate with systolic dysfunction using

computational models of LV mechanics informed by patterns discovered in patient data;

3. Test the hypothesis that novel atlas-based features of remodeling are predictive of func-

tional deterioration of the LV.

Here we demonstrated the first derivation and use of an atlas of LV shape of a large cohort
of repaired TOF from multi-center cardiac magnetic resonance image data. Abnormal shape
features from an asymptomatic reference population associated with global systolic function in
our TOF cohort, but were inadequate for assessment of LV functional deterioration; conversely,
we found novel LV shape features from the repaired TOF atlas, rather than standard CMR
measures or shape features from the reference atlas, to be associated with the change in global
systolic function in a longitudinal study. Mechanistic models of systolic mechanics informed by
statistical atlases were capable of systematically testing for shape determinants of LV dysfunction,
and were used to generate hypotheses of disease mechanisms that would otherwise need to be

measured invasively. A more comprehensive assessment of LV morphology in repaired TOF
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using statistical shape atlas techniques has the potential to discover hidden patterns of adverse

remodeling that contain mechanistic insight and prove valuable for clinical decision-making.
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Introduction to the Dissertation

0.1 Abstract

Increased availability and access to medical image data has enabled more quantitative
approaches to clinical diagnosis, prognosis, and treatment planning for congenital heart dis-
ease. Here we present an overview of long-term clinical management of tetralogy of Fallot
(TOF) and its intersection with novel computational and data science approaches to discovering
biomarkers of functional and prognostic importance. Efforts in translational medicine that seek
to address the clinical challenges associated with cardiovascular diseases using personalized and
precision-based approaches are then discussed. The considerations and challenges of transla-
tional cardiovascular medicine are reviewed, and examples of digital platforms with collaborative,

cloud-based, and scalable design are provided.



0.2 Introduction

The wide-scale availability of large, heterogeneous patient datasets brings new oppor-
tunities and challenges to addressing complex problems in clinical medicine. In the field of
cardiology, advances in cardiovascular imaging have the potential to enable more quantitative
approaches to diagnosis, surgical planning and medical therapies, but much of the informa-
tion in clinical cardiac imaging data goes under-utilized by routine clinical image assessment
methods. In diagnostics, cardiac magnetic resonance (CMR) imaging is not routine in acquired
heart diseases but is common in congenital heart disease (CHD), where patients are often very
young and repeated exposure to ionizing radiation is contraindicated. Improved availability
of clinical datasets for research is accelerating the intersection of medicine and computational
science, fostering collaborations within and between the biomedical science, computational
science, and clinical communities. Anecdotal and empirical clinical practice is evolving towards
evidence-based precision medicine. New innovations and discoveries arising from interdisci-
plinary collaborations on research that aims to translate from bench to bedside involve technical,
regulatory, and ethical hurdles. In this chapter, we discuss the breadth of clinical challenges,
research strategies, processes, and impact of translational computational science in the context

of clinical management in CHD.

0.3 Tetralogy of Fallot

Tetralogy of Fallot (TOF) is the most common form of cyanotic CHD and is characterized
by a specific combination of four anatomic malformations. Originally described by Louis Arthur
Etienne Fallot in 1888, the defining features consist of a ventricular septal defect (VSD), a
biventricular connection of the aortic root (overriding aorta), obstruction of the right ventricular
(RV) outflow tract, and RV hypertrophy [1, 2]. Cardiac malformations present in TOF can have a
varying degree of type and severity, which directly impacts the manifestation of the disease and

its clinical management. Treatment of TOF in the modern era has evolved from palliative surgery,



involving a systemic artery-to-pulmonary artery shunt during infancy, to complete intracardiac
repair, the purpose of which is to improve blood flow to the lungs and preserve separation of
oxygenated and deoxygenated blood. Specifically, complete intracardiac repair involves the
widening of the narrowed pulmonary blood vessels and closure of the VSD using an atriotomy
or ventriculotomy approach. The widening of the RV outflow tract is commonly achieved by
performing a transannular patch repair to enlarge the pulmonary annulus, however, patients are
prone to a weakening of the pulmonary valve. As an alternative, valve-sparing techniques can be
performed to preserve the tissue of the pulmonary annulus by surgical resection of the pulmonary
valve tissue in a procedure called a commissurotomy. In some patients, a conduit between the RV
and the pulmonary arteries is needed to support pulmonary blood flow. Complete intracardiac
repair is typically performed in the first year of life; in cases where the neonate is too weak or
small to perform a complete repair, a palliative systemic artery-to-pulmonary artery shunt is
placed to increase blood flow to the lungs.

Patients with TOF can develop complications after repair due to residual structural and
electromechanical cardiac malformations, including pulmonary valve incompetency, residual
VSDs, and RV conduction delay as a result of the altered electrophysiological properties of
a VSD patch and surrounding scar tissue. Complications that can arise include arrhythmias,
RV aneurysms, and pulmonary regurgitation with subsequent RV volume overload. Long-
term monitoring of repaired TOF primarily focuses on RV remodeling as a consequence of
RV volume overload. RV dilatation can develop in the presence of pulmonary regurgitation
and chronic volume overload, which has been associated with exercise intolerance, atrial and
ventricular arrhythmia, and sudden cardiac death [3]. While patients can tolerate RV volume
load without symptoms for many years, the risk of heart failure increases in the third and fourth
decades of life [4]. The RV under chronic volume load initially undergoes a compensatory
response characterized by an increase in end-diastolic (ED) volume and myocardial hypertrophy,
followed by a failure of compensatory mechanisms, resulting in continued dilatation and a lack

of further hypertrophy. If left untreated, myocardial remodeling can progress into RV failure due



to impaired contractility and irreversible myocardial injury. Patients with chronic pulmonary
regurgitation can undergo pulmonary valve replacement (PVR) to alleviate RV volume overload
and halt and reverse RV dilatation.

RV dysfunction is a consequence of adverse RV remodeling and can also contribute to
left ventricular (LV) dysfunction due to adverse ventricular-ventricular interactions [5]. Direct
mechanical interactions occur due to a shared interventricular septum (IVS), myofibers, peri-
cardium, and coronary blood flow. Studies have demonstrated a leftward shift in the IVS due
to interactions at the IVS [6, 7]. Furthermore, a causal relationship has been demonstrated in
studies where alleviation of RV volume loading via PVR has resulted in improved LV function
[8]. While clinical management of repaired TOF is fundamentally focused on the RV, long-term
biventricular consequences of the disease demand a comprehensive monitoring of biventricular

remodeling and function.

0.4 Computational Analysis of Congenital Heart Disease

Clinical management of CHD, characterized by the presence of cardiac malformations at
birth, has transformed greatly over the past few decades. Clinical innovations for complex CHD
over several decades have resulted in a shift to more definitive treatment strategies that have
increased early survival rates and extended life expectancy into adulthood. Complete surgical
repair of complex cardiac malformations in diseases such as TOF has resulted in twenty-five-year
survival of upwards of 95% [9]. In spite of the abundance of successful outcomes after complete
repair, patients with TOF are commonly burdened with chronic pulmonary valve insufficiency
and RV volume overload owing to residual structural and electromechanical malformations [10].
Interventions such as pulmonary valve replacement (PVR) can help alleviate pulmonary insuffi-
ciency, but surgical procedures carry risk, and long-term outcomes after PVR remain inconsistent
[11, 12, 13, 14]. To closely monitor the long-term sequelae in TOF, clinical management depends

on the routine use of non-invasive medical imaging, including echocardiography and CMR [15].



Imaging enables the quantitative assessment of regional and global cardiac structure and function,
and with its greater accessibility and use in practice, measurable indices with prognostic value
have been derived and used to assess adverse remodeling of the heart and guide therapy [16, 17].

In spite of the wealth of information available from a single CMR image dataset, its
value towards clinical decision-making has limitations. Assessment of medical image data
requires specialized technical personnel, accurate and reliable software to analyze images, and
time to perform the analysis and interpret the results. Additionally, current standards for the
quantitative assessment of cardiac structure and function have been under-utilized for prognostic
purposes. It is clear that clinical practice surrounding the treatment and management of CHD
could benefit from the translation of computational tools that: 1) accelerate the process of
extracting relevant information from image data; 2) condense complex cardiac features into
interpretable and quantifiable measures; and 3) provide new insight into disease mechanisms and
clinical outcome predictors.

Various computational techniques exist to extract three-dimensional (3D) measurements
of cardiac anatomy and morphology from medical images commonly by image segmentation.
These techniques can be entirely manual, requiring a human analyst to trace features of interest
from a set of images, semi-automated, such as guide-point modeling, or entirely automated, such
as via deep learning-based algorithms. Fully manual techniques are time-consuming but can be
highly accurate depending on the training of the analyst, whereas fully automated techniques are
faster but are prone to error depending on the training of the algorithm. Compared with fully
automated techniques, manual or semi-automated segmentation methods often require significant
local expert knowledge to achieve an acceptable accuracy; in clinical practice, this translates
to extra costs and time. In contrast, once a reliable automated algorithm has been trained and
validated, its use can support local expertise and can be scaled up for widespread deployment.

CMR imaging is highly suitable for quantitative cardiac analysis and many advances in
semi-automated and fully automated segmentation have been based on data from this imaging

modality due to its widespread use [18]. Previously, semi-automated techniques such as guide-



point modeling relied on the interactive placement of “guide-points” to anatomical landmarks or
features of an image to constrain the alignment of a 3D model to a patient-specific anatomy [19].
More recent efforts have focused on cardiac image segmentation using deep learning, enabled
by more advanced computer hardware and the increased availability of training data. Deep
learning-based models typically use artificial neural networks (e.g., CNNs, FCNs, U-nets, and
RNNs) to develop a general-purpose learning procedure in end-to-end fashion [20]. However,
the accuracy and reliability of deep learning models is contingent on access to a large image
dataset that is representative of the clinical cohort of interest. Rigorous validation methods
are essential for the translation of machine learning for cardiac image analysis into clinical
practice, and significant coordinated effort has been made. For example, Bhuva et al. [21]
compared the precision of machine learning and humans across multiple diseases, institutions,
scanner manufacturers, and scanner types. Additionally, while automated and semi-automated
segmentation methods have already reached clinical CMR analysis software programs, validation
is still in-progress for anatomically challenging regions of the heart, such as the RV and atria,
but recent studies have made strong advances [22, 23, 24]. These segmentation methods are
even more limited in the analysis of complex CHD anatomies, such as dextro-transposition
of the great arteries where the RV is the system ventricle. Development of large databases of
both anatomically normal and abnormal hearts will help solve these challenges by providing
training and validation data for deep learning models. Segmentation and analysis methods
have been successfully developed using large pre-clinical epidemiological studies including the
Multi-Ethnic Study of Atherosclerosis and the UK Biobank [25, 26]. In order to translate these
methods to specific clinical cohorts, some adaptation and retraining is required to cope with the
altered geometry and function seen in CHD patients.

Large enough collections of cardiac image segmentations can be used to generate statisti-
cal atlases of morphological and functional variations within a population using unsupervised
machine learning methods such as principal component analysis (PCA). PCA, when used on

anatomically co-registered models of cardiac shape, can reduce thousands of input variables



into a much smaller set by decomposing the variability of the data into a set of orthogonal
components ranked by the amount of variance explained. As a result, a collection of models
from a patient population is characterized by a reduced set of orthogonal components and their
associated variance. In turn, each patient’s cardiac shape can be represented by a condensed
set of statistical measures (e.g., Z-scores) that each quantify the distance from the population
mean and individually represent the variation of hundreds of input variables. This process
has advantages from a clinical, technical, and physiological perspective: the simplification of
complex, multi-dimensional data from CMR images into interpretable features allows for more
quantitative assessment of potentially important markers of patient status and outcomes while
providing qualitative representations of biological phenomena that may contain mechanistic
insight. Furthermore, patient-specific measures derived from statistical atlases of cardiac struc-
ture and function allow for inter- and intra-cohort comparisons that can assess how abnormal an
individual is relative to a healthy population and any differences from patients with the same
disease and similar interventions. Technically, databases can be composed of much smaller files
with numeric data type rather than hundreds to thousands of gigabytes of image data.
Patient-specific metrics quantified from statistical cardiac atlases can also be used to
discriminate other relevant clinical factors, such as global ventricular function, specific disease
phenotypes, and differences in treatment strategies using unsupervised learning algorithms, in-
cluding K-means clustering and partial least squares regression (see Figure 0.1 for an overview).
These analyses can provide the foundation by which new hypotheses are generated and can
be used to discover valuable predictors of clinical outcomes that can be validated using su-
pervised learning methods, such as regularized kernel learning algorithms [27, 28]. All of
the aforementioned machine learning tools can be easily implemented using Python bindings
to well-known machine learning libraries, e.g. Tensorflow (https://www.tensorflow.org) and
PyTorch (https://pytorch.org). In practice, cardiac atlases of ventricular geometry have been used
in healthy, CHD, and cardiovascular disease populations to associate shape and structure with

cardiovascular risk factors [29, 30, 25, 31, 26]. In studies of TOF, statistical atlases have been



used to investigate the 3D shape of the RV and predict ventricular remodeling [32, 33].

The statistical atlas-based approach is just one of many being undertaken in the field of
computational cardiac modeling. Multi-scale models of biomechanics and electrophysiology can
build on the information gained from statistical atlases to further test for relationships between
observable features of cardiac structure and function from imaging and intrinsic myocardial
material properties and electrical activation patterns, which can otherwise only be measured
invasively [34]. This analysis enables the exploration of the mechanisms that give rise to
differences in patient outcomes that are either resultant or independent from easily measurable
markers. The ““Your Personal Virtual Heart” project takes another approach that aims to employ
patient-specific computational models rather than population-based models to improve ventricular
tachycardia risk stratification in TOF patients via simulated electrophysiological pacing studies
[35, 36]. Others are modeling the great vessels and adjacent vasculature rather than the heart
itself using computational fluid dynamics with fluid-structure interactions to quantify how
hemodynamics are altered as a result of surgical interventions, such as a Fontan procedure or
placement of a shunt, in a variety of CHD patient cohorts [37]. These models are made with the
open-source software package SimVascular, which provides a complete pipeline from image
segmentation to patient-specific blood flow simulation and analysis [38]. Strategies such as
the “digital twin” that synergize mechanistic and statistical approaches have the potential to

accelerate the translation of discovery to precision medicine in the clinic [39].

0.5 Translation Process

An overview of the translation process in cardiovascular medicine is shown in Figure
0.2. Data acquisition and hosting are at the core of computational research and have several
additional requirements in the context of translational medicine. These requirements primarily
involve the security and privacy of any collected human subject data, e.g. medical images,

medical reports, lab reports, and omics data. The Health Insurance Portability and Account-



ability Act (HIPAA) maintains that all patient data must be anonymized such that original
patient data is unlinked to data presented in research. Accomplishing this requires significant
resources particularly when accounting for the numerous data types involved, each of which have
their own data format and associated metadata that may also vary between medical institutions
[40, 41]. Additionally, re-identification of patient data may be necessary to relate any discoveries
back to the patient, which poses its own challenges [42]. There are several publicly available
tools to remove identifying information from patient datasets (e.g., electronic medical records)
such as Google’s Cloud Healthcare API (https://cloud.google.com) and the Anonymization
toward De-identification (deid) Python module (https://pypi.org); however, the lack of a single
tool endorsed at the community level makes it difficult to maintain a consistent standard for
anonymization between research groups and clinical institutions around the world. In addi-
tion to data acquisition, several cloud-based platforms with HIPA A-compliant, data-sharing
capabilities and collaborative code generation are being developed to accelerate the discovery
and dissemination of landmark findings from computational studies. Platforms such as iDASH
(integrating data for analysis, anonymization, and sharing), previously supported by the NIH Na-
tional Center for Biomedical Computing, aim to provide computational biomedical researchers
access to data, software, and a high-performance computing environment for studies that focus
on various health conditions spanning multiscale biology [43]. Another such platform funded
by the American Heart Association Precision Medicine Platform is the Cardiac Atlas Project
(https://www.cardiacatlas.org), which is a large-scale database of cardiac images and associated
clinical data that facilitates collaborative statistical analysis of regional heart shape and wall
motion for normal and pathological patient populations [44]. The Cardiac Atlas Project database
also promotes public standards for data anonymization by providing tools for de-identification
of DICOM, the standard file format of medical images. Merging data repositories and tools for
CMR image analysis, cloud-based platform Arterys allows for rapid analysis of image data using
advanced computational algorithms. Using the cloud-based platform and computing resources,

clinicians are able to quantitatively analyze four-dimensional blood flow in approximately ten



minutes (https://arterys.com). In order to establish these digital platforms, privacy-protecting
analytics and secure data-sharing methods must be implemented such that all data contributed
and accessed have a minimal risk of disclosure of sensitive information. One of the biggest
limitations in scaling up these endeavors, however, is that all collaborating institutions have to
ensure that any contributed or accessed data is approved by each local IRB and other institutional
guidelines, and conforms to the standards set by the platform.

Successful implementation of new initiatives for knowledge discovery and data-driven
decision-making inevitably improves the clinical understanding of disease outcomes and asso-
ciated risk factors while also illuminating the mechanisms of disease progression. Altogether,
these platforms contribute to precision medicine, an approach that relies on scientifically-derived
biomarkers via machine learning techniques applied to large-scale datasets, rather than classical
diagnostic markers. The integration of these platforms and associated workflows in the clinic,
however, is a more complicated endeavor. Typically, big-data population studies in translational
computational science are conducted with retrospective data, often resulting in heterogeneous
datasets. While any novel discoveries or insights from these studies may be scientifically val-
idated, they need to be clinically validated through prospective clinical studies to ensure that
patient outcomes are significantly improved. Consenting and enrolling patients at scale to assess
the effectiveness of novel biomarkers requires significant resources both in time, as the follow-up
time period for these patients could be several years, and funding, to cover the costs of inter-
mittent exams during this period [45, 46]. After demonstrating success in small clinical studies,
these software-based workflows may be subject to FDA approval via the Software as a Medical
Device (SaMD) pathway prior to widespread use (https://www.fda.gov). Only after passing all
of these regulatory hurdles can the discoveries and insights from these platforms be integrated
with clinical workflows and hospital-side technologies, such as the electronic medical record and
PACS (photo archiving and communication system) information systems. This integration will
also require significant community effort in order to ensure that distributed systems are able to

interact with each other efficiently while maintaining HIPAA-compliance. The effort will also
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require the development of extensive documentation and training seminars to educate clinicians
on how to use platform tools, interpret results, and communicate results back to patients in a

comprehensible way.

0.6 Impacts and Lessons Learned

The impact of this work on the fields of biomedical engineering and computational
sciences 1s traditionally measured by the number of high-impact publications, adoption of
methods by other research groups and institutions, and the securing of funding by national
agencies to continue improving the technology towards shareable industry standards [47]. In the
context of translational medicine, however, there are additional ways to measure impact that are
clinically motivated, including impact on patient management and outcomes, changes to the gold
standard of care, and widespread adoption of these tools and techniques across hospital networks
[48]. In the case of platform technologies such as Arterys and the Cardiac Atlas Project, impact
can also be measured by overall size of the data repositories, the number and variety of data
contributors and users, and the robustness of software-based tools and documentation.

One of the main challenges when it comes to performing translational research is that its
two primary components — the development of technology in the lab and the implementation of
that technology in the locale — are often considered in isolation rather than as a single, complete
strategy. Typically, scientific funding sources for the development of technology is provided to
answer important questions with novel approaches, while funding for its implementation and
continual support is typically left out. This is partially influenced by the difference in timelines
and incentives of these two components of translational computational science. The timeline
for technology development is often much shorter and has a more immediate observed impact
by way of publications and conferencing within the scientific community. The timeline for the
implementation of the technology, however, can take much longer and requires significantly

more resources for expansion and continual support, such as web-based hosting fees in the case
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of platform technologies. Furthermore, the measurable impact on health and healthcare is far
more drawn out considering the regulatory hurdles that have to be crossed prior to adoption at the
bedside. One way to encourage the implementation of a technology alongside its development
with the potential to generate sustainable revenue is by funding agencies prioritizing research
projects that have a high potential to generate and protect intellectual property, such as via
patenting, and ensure that the funding agency retains exclusive licensing rights to the technology.
In this manner, the successful implementation of the technology in a healthcare system can be
financially sustainable and has potential to generate revenue for supporting similar endeavors.
The key to the success of this approach is an emphasis on observed impact both scientifically
and medically.

The emergence of translational computational science in the field of cardiology can
transform clinical decision-making. Computational modeling of individual or population-wide
cardiac structure and function has allowed us to capture more relevant and quantifiable informa-
tion from routinely-collected health data that is normally unrecognized. While technological and
scientific validation is ubiquitous in the laboratory, significant resources and effort are required
to interface new technology within the medical community, gain acceptance, and integrate with
clinical practice. Research planning with a clear strategy and pathway to translation can help
focus efforts across scientific and medical communities towards the common goal of redirecting

and improving medical practice.

0.7 Aims of the Dissertation

The goal of this dissertation was to gain new insight into the markers, mechanisms, and
predictors of LV systolic dysfunction in repaired TOF. A deeper understanding of remodeling
patterns and mechanisms in TOF will translate to improved clinical prognosis and, ultimately,
prevention of poor late outcomes. For this purpose, we used statistical shape analysis of patient-

specific models derived from CMR image data to qualitatively and quantitatively characterize the
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Figure 0.1. Overview of the process of discovering novel predictors of clinical outcome from routinely acquired
image data. (a) Cardiac MRI datasets are used to generate (b) patient-specific models of ventricular shape and
function via guide-point modeling or automated image segmentation techniques. (c) Principal component analysis
can be used to quantify the statistical variation of cardiac shape in a patient population and derive novel markers
of remodeling. (d) Machine learning methods can be used to discover associations of atlas-derived markers with
patient outcomes and support clinical decision-making. MR, magnetic resonance.

variation in LV ED shape and associate baseline measures with longitudinal changes in systolic

function.
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Chapter 1

A Novel Atlas-Based Strategy for Under-
standing Cardiac Dysfunction in Patients
with Congenital Heart Disease

1.1 Abstract

Tetralogy of Fallot (TOF) is the most common form of cyanotic congenital heart disease.
Infants diagnosed with TOF require surgical interventions to survive into adulthood. However,
as a result of postoperative structural malformations and long-term ventricular remodeling,
further interventions are often required later in life. To help identify those at risk of disease
progression, serial cardiac magnetic resonance (CMR) imaging is used to monitor these patients.
However, most of the detailed information on cardiac shape and biomechanics contained in
these large four-dimensional (4D) data sets goes unused in clinical practice for lack of efficient
and comprehensive quantitative analysis tools. While current global metrics of cardiac size
and function, such as indexed ventricular mass and volumes, can identify patients at risk of
further complications, they are not adequate to explain the underlying mechanisms causing
the postoperative malfunctions, and help cardiologists plan optimal personalized treatments.
We are proposing a novel approach that uses 4D ventricular shape models derived from CMR
imaging exams to generate statistical atlases of ventricular shape and finite-element models

of ventricular biomechanics to identify specific features of cardiac shape and biomechanical
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properties that explain variations in ventricular function. This study has the potential to discover

novel biomarkers that precede adverse ventricular remodeling and dysfunction.
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1.2 Introduction

Congenital heart disease (CHD) is the most common type of birth defect. With the
improvements in the management of CHD, infants born with these cardiac malformations
can now survive into adulthood [49]. Among these congenital heart defects, tetralogy of
Fallot (TOF), characterized by four anatomical defects (pulmonary stenosis, right ventricular
hypertrophy, ventricular septal defect, and an overriding aorta), is the most common heart lesion
accounting for approximately 10% of all congenital cardiac malformations [5S0]. These issues are
typically addressed by surgery after birth, however, these surgical repairs often lead to pulmonary
regurgitation (PR) by the second or third decade of life that can lead to right ventricular (RV)
enlargement and dysfunction, consequent left ventricular (LV) remodeling and, ultimately, heart
failure [51, 52, 53, 54].

In patients with repaired tetralogy of Fallot (TOF), cardiac magnetic resonance (CMR)
imaging is the gold standard for clinical decision support because of its ability to quantify
ventricular size and function [55]. Despite the wealth of information available in four-dimensional
(4D) cardiac shape and wall motion in CMR, only a small set of measurements of global cardiac
volume and size are used by cardiologists for determining the time of further interventions in
repaired TOF patients. Shape atlases derived from surface registration methods provide a high
spatial resolution of cardiac morphology. The application of dimensionality-reduction techniques,
such as principal component analysis (PCA), to three-dimensional (3D) ventricular shape can
derive orthogonal modes of shape and function in an unbiased framework. Recent studies of
ventricular morphology and function have adopted statistical shape modeling as a method of
atlas generation in both congenital and asymptomatic cohorts, demonstrating an association of
atlas-based shapes to risk factors and dysfunction [26, 30, 34].

This chapter is a demonstration of the methods developed to understand the underlying
mechanisms causing the postoperative malfunctions in repaired TOF by using the 4D information

in CMR. In section 2, the statistical atlas approach and ventricular finite-element (FE) modeling
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are briefly described. In section 3, preliminary results related to the clinical application of
statistical shape atlases have been included. The results of the ventricular FE modeling and more
elaborate and advanced results of the statistical atlases of ventricular shape will be included in

our future publications.

1.3 Methods
1.3.1 Study Cohort and Clinical Data

CMR image data of patients with repaired TOF were obtained from the CHD Cardiac
Atlas Project (CAP) database (http://www.cardiacatlas.org), which integrates clinical data and
derived shape models of patients with congenital defects. This study used retrospective CMR
data from 99 patients with repaired TOF. CMR datasets were obtained with informed consent
and de-identified and contributed to the CHD CAP database following approval of the local
institutional review boards at the University of California San Diego (La Jolla, CA, USA) and
University of Auckland (Auckland, New Zealand). CMR measurements of the LV were made
using custom software (CIM, Auckland, New Zealand). RV volume and function data from CMR

measurements were collected for a subset of 11 patients with TOF who had serial CMR data.

1.3.2 Statistical Atlases of LV Shape

Methods for generating shape models of the LV and statistical atlases of ED shape
variation have been previously described in [26] and [30]. The process involves a geometric
fit analysis using guide-point modeling software (CIM, Auckland, New Zealand). For each
case, a 3D shape model is fit to endocardial and epicardial surface contours, and overall model
alignment is achieved using fiducial anatomical landmarks. An atlas of LV ED shape was derived
by applying PCA to 3D coordinate points from the endocardial and epicardial surfaces of the
shape models from the TOF patient group. This study used a previously derived atlas of LV ED

shape in an asymptomatic reference population for comparison to the congenital atlas [26].
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1.3.3 Analysis of Shape Atlas and Clinical Data

To quantify differences between ED shape modes derived in the atlas of patients with
TOF and those from the asymptomatic reference atlas, we used an analysis from Krzanowski
to calculate vector projections between the first twenty principal components of both atlases
[56]. This calculation produces a scalar between 0, indicating orthogonal shape modes, and 1,
indicating equivalent shape modes.

A subset of 11 TOF patients were used in a longitudinal study of LV and RV remodeling.
To explore the potential value of novel atlas-based shape modes in predicting changes in LV and
RV volume and function, regression analysis was used to test for correlations between various
baseline parameters and the change in indexed RV and LV end-diastolic volume (EDVi), end-
systolic volume (ESVi), stroke volume (SVi), and ejection fraction (EF). The baseline parameters
consisted of RV and LV CMR parameters as well as shape mode z-scores from the TOF ED atlas.

Statistical analyses were performed using R Studio (R Studio Inc., Boston, MA).

1.3.4 Finite-Element Models of Ventricular Biomechanics

Ventricular FE models enable the estimation of muscle passive stiffness, active proper-
ties, and wall stresses. In this study, ventricular geometry was generated from epicardial and
endocardial surfaces of the atlas-based shapes, and cubic-Hermite FE meshes were generated
accordingly. The load-free geometry and passive material properties of the average TOF patient
were estimated using the iterative method proposed in [57]. In the strained ED configuration,
the active forces will be adjusted such that the ventricular shape and volume from the FE model
will match the measured end-systole shape and volume. In this model, the first mode of ED
shape from the TOF atlas will be varied to test for potential mechanisms of dysfunction due to

variations in this TOF-specific shape mode.
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1.4 Results

1.4.1 Comparison Between ED Shape Atlases of the TOF and Reference
Groups

An atlas of statistical shape variation at ED was derived using PCA of the LV shapes of
the TOF patients, resulting in five shape modes explaining over 75% of total variation in the TOF
patients. Systematic comparison of the first twenty ED shape modes of the TOF and control
atlases identified the first mode of the TOF group (Figure 1.1) as having the lowest similarity to
an ED mode of the control atlas; TOF mode 1 had the highest degree of orthogonality to modes
of the reference atlas with a maximum vector projection value of 0.16. This first mode explained

26% of all ED shape variation in the TOF patients.

1.4.2 Prediction of LV and RV Remodeling

The first shape mode of the TOF atlas was the best correlate among all baseline variables
for three of the eight response variables (ALVESVi, ALVEF, and ARVESVi) and significantly
correlated with four of the eight (ALVESVi1, ALVEF, ARVEDVi, and ARVESVi; p < 0.05) after
controlling for age and time between CMR examinations (Table 1.1). The strongest associations
were between baseline TOF shape mode 1 and ALVESVi (R? = 0.80, p < 0.01) and baseline

LVESVi and ARVEDVi (R? = 0.80, p < 0.01).

1.5 Conclusions

Shape modeling of the LV in repaired TOF revealed unique modes of ED shape that were
often better than conventional CMR parameters in predicting RV and LV remodeling. This study
demonstrates the clinical utility of statistical shape modeling in the context of CHD, the ultimate
goal of which is to discover novel biomarkers of shape and function that precede long-term

adverse ventricular remodeling and dysfunction.
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-3SD Mean +3 SD

Figure 1.1. Shape variation of the first mode of the TOF end-diastolic atlas. The mean shape and the variation of -3
and +3 standard deviations from the mean are represented. SD is standard deviation.
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Table 1.1. Correlation of baseline parameters with changes in ventricular volumes and function
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Chapter 2

Statistical Shape Features Associated with
Progression of Left Ventricular Systolic
Dysfunction in Repaired Tetralogy of Fal-
lot

2.1 Abstract
2.1.1 Background

Patients with repaired tetralogy of Fallot (TOF) are at risk of developing left ventric-
ular (LV) systolic dysfunction late after surgical repair, the mechanisms of which are poorly
understood. Although the need for management of long-term right-ventricular (RV) disease is
common in TOF, patients would also benefit from better assessment of LV remodeling before
overt systolic dysfunction becomes manifest. The objective of this study was to identify novel
markers of LV remodeling that associate with deterioration of LV systolic function in a cohort of

repaired TOF subjects with cardiac magnetic resonance (CMR) evaluation.

2.1.2 Methods

We analyzed cross-sectional CMR imaging data of 99 subjects with repaired TOF (22
+ 15 years, 63% male) and a sub-cohort of 20 subjects at longitudinal follow-up (median

inter-study duration 2.1 years). All subjects were assigned scores for modes of LV end-diastolic
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(ED) geometric variation from separate statistical shape atlases generated from two populations:
1) an asymptomatic reference population (61.5 £ 10.2 years, 48% male) with normal cardiac
anatomy and 2) the TOF cohort. Subject-specific scores of shape modes were used to discover

by regression analysis LV shape abnormalities that predict changes in LV ejection fraction (EF).

2.1.3 Results

Compared to the reference population, TOF subjects showed highly significant abnor-
malities in indices of sphericity, wall mass, atrioventricular valve plane orientation, and septal
wall morphology (p < 0.0001). These abnormalities were also associated with differences in
TOF subject LVEFs (p < 0.01). Two shape modes derived from the TOF-specific shape atlas
were markedly better correlates of decreased LVEF (p = 0.013) than standard CMR parameters
of remodeling or any shape mode derived from the reference atlas. Subjects with a more conical
overall LV shape, greater curvature of the septal wall and apex, and lower wall mass near the

apex were more likely to experience subsequent longitudinal deterioration of LVEF.

2.1.4 Conclusions

Novel shape markers of LV remodeling from a statistical atlas of CMR-derived models
of repaired TOF subjects were better correlates of reduced LV systolic function than standard
clinical indices in a repaired TOF cohort. While further studies are required to validate these
findings in an independent cohort, atlas-based metrics of LV shape may help to identify patients

at risk of deterioration of LV function and shed light on RV-LV interactions in TOF.
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2.2 Background

Long-term management of repaired tetralogy of Fallot (TOF) remains a challenge due to
residual electromechanical and structural lesions [58]. Monitoring and management of the right
ventricle (RV) is typically the primary clinical focus, as persistent pulmonary regurgitation and
subsequent RV dilatation are common [15, 59]. Although RV disease is a well-established poten-
tial consequence of TOF, left ventricular (LV) systolic dysfunction, manifested by diminished
LV ejection fraction (LVEF) and regional function, is also prevalent in this population after years
of subclinical development [52, 60, 61]. Furthermore, LV systolic dysfunction is associated with
poor outcomes, including death and sustained ventricular tachyarrhythmia [54, 62, 63, 64, 65].
As overt LV systolic dysfunction may be a late finding with potentially irreversible remodeling,
there is a need for an earlier and more sensitive means of disease detection and predictors of
disease progression.

Adpverse structural remodeling of the LV may precede systolic dysfunction, but it is poorly
detected by standard indicators of myocardial remodeling, such as indexed volume and mass
[66, 67, 68, 69]. A more comprehensive and quantitative assessment of LV shape that takes better
advantage of the three-dimensional information in cardiac magnetic resonance (CMR) imaging
could improve prediction of disease progression more than conventional CMR-derived metrics.
Statistical cardiac shape atlases provide an unbiased and efficient method for quantifying regional
variations in cardiac shape and function by condensing complex features from high-dimensional,
image-based datasets into interpretable features. Statistical distributions of atlas-based features,
used to quantify remodeling and characteristics of asymptomatic and disease populations, have
been applied to congenital heart disease (CHD) [26, 70, 25, 34, 30]. The present study uses
a shape atlas approach to discover new relationships between LV geometric remodeling and
systolic dysfunction in repaired TOF.

The objectives of the study were: (1) quantify specific and novel features of adverse

LV remodeling in subjects with repaired TOF using statistical shape atlases; and (2) determine
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whether these novel features are predictive of subsequent deterioration of LV systolic function. To
achieve these objectives, we created a CMR image dataset from a cross-sectional and longitudinal

cohort of subjects with TOF for analysis.

2.3 Methods
2.3.1 Subjects and Data Collection

This study analyzed retrospective CMR datasets from subjects with repaired tetralogy
of Fallot acquired for clinical purposes at Rady Children’s Hospital San Diego (San Diego,
California, USA) and the Auckland Heart Center (Auckland, New Zealand). All images and
data were obtained as part of the Cardia Atlas Project (CAP) and used in accordance with local
institutional review boards (IRB) at the University of California, San Diego (“The Cardiac Atlas
Project”, La Jolla, California, USA) and the University of Auckland (Auckland, New Zealand)
[44]. Serial CMR data was obtained for a subset of subjects with TOF to analyze longitudinal
changes in LV shape and function. Only subjects with two CMR examinations at least six months
apart without interval pulmonary valve replacement (PVR) between examinations were included
in the longitudinal study. Data from a reference population of 1,991 asymptomatic adults with
anatomically normal hearts were used for comparison [26].

Standardized procedures from the Cardiac Atlas Project were used for the contribution,
de-identification, classification, and sharing of image data. Relevant demographic and clinical
data were obtained and de-identified for each subject from medical records associated with CMR
datasets. CMR image data obtained from the Auckland Heart Center did not have additional

clinical data, and the timing and type of primary repair was unknown in these subjects.

2.3.2 Cardiac MR Image Acquisition and Analysis

Images were acquired using 1.5 T magnetic resonance imaging scanners, including

Phillips Intera (Phillips Healthcare, Best, The Netherlands), Siemens Avanto (Siemens Medical
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Systems, Erlangen, Germany), and GE Discovery and Signa (GE Healthcare, Milwaukee, USA).
Each subject underwent standard functional CMR examination within the scope of clinical
practice. Two-dimensional cine images used in this study were acquired using steady state free
precession imaging and were prospectively or retrospectively gated with acquisition of at least
thirty reconstructed phases per RR interval. Short axis slices spanning from the base to the
apex were acquired. At least two long-axis imaging planes (two-chamber, four-chamber, or LV
outflow tract) were acquired through valve annuli.

Quantitative measurements of the LV from CMR images were obtained using custom
guide-point modeling software (CIM, Auckland, New Zealand). Methods for generating shape
models of the LV for asymptomatic and congenital cases have been previously described [26, 30].
Briefly, a geometric fit analysis was performed for each subject by an expert analyst. A 3D shape
model was interactively customized by least-squares optimization to a combination of guide
points provided by the analyst and computer-generated points from an edge detection algorithm.
Overall alignment of the model to each case was achieved using fiducial anatomical landmarks at
the mitral valve and the insertion points of the RV free wall at the inter-ventricular septum. In all
cases, papillary muscle mass was excluded from the LV mass. For the longitudinal sub-cohort,
both RV and LV volumes were re-analyzed using standard contouring methods (Medis Suite
3.1, Leiden, The Netherlands), secondary to LV measurements obtained using custom software
for validation purposes. RV volumes derived from standard methods are reported in this study.
Additionally, pulmonary insufficiency was assessed by a pulmonary regurgitant (PR) volume

fraction derived from phase contrast flow imaging.

2.3.3 Analysis of Left Ventricular Shape Using Statistical Shape Atlases

Principal component analysis (PCA) was used to extract “modes” of LV geometry in
each clinical population based on the statistical variation of the input data. The collective set of
shape modes derived from PCA define a statistical shape atlas. To prepare the PCA input data,

the fitted LV shape models were sampled at the endocardial and epicardial surfaces to generate a
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set of unique 3D coordinate points per model. Registration of the model to fiducial landmarks
eliminates any variations due to cardiac position and orientation. Variations in LV size due to
height are removed using a normalizing scale factor. More details on PCA atlas creation can
be found in Farrar er al. [30]. Subject-specific scores obtained for each principal component
quantitatively represented the distance of each shape from the mean. This study used both a
previously derived atlas of LV ED geometry from an asymptomatic adult population as well as
an LV atlas of ED geometry from ninety-nine TOF subjects to quantify the statistical variation
within our cohort [26, 30]. LV models of ED shape from the TOF subjects were projected onto
the atlas of the asymptomatic reference population to generate subject-specific Z-scores for each
mode, yielding an indication of geometric abnormalities. Similarly, Z-scores were derived from
projecting LV models of TOF subjects onto the TOF LV shape to quantify how much a subject’s
LV differed from the TOF group mean.

In order to assess whether differences in ED shape between the repaired TOF and
reference groups were due to age-related factors, the distributions of mode scores between
TOF subjects with ages overlapping with the reference group (ages 45 to 73 years) and an
age-matched sample of subjects from the reference group (ages 45 to 73 years) were compared.
Random sampling was used to generate an age-matched group from the reference population;
briefly, for each subject with TOF, a subject from the reference group with a similar age was
randomly sampled. This procedure was repeated thirty times and mode scores were averaged
over repetitions to obtain a mean shape for each age-matched reference subject. Z-scores from
these groups were also compared to shape distributions for TOF subjects of age less than 45

years to determine differences in shape by age within the TOF group.

2.3.4 Statistical Analysis

Characteristics and measured CMR parameters of the asymptomatic and TOF subjects
were summarized using descriptive statistics. Continuous variables were described as means

and standard deviations (SD) or as medians and ranges, unless otherwise indicated. Normality
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of data was assessed using the Shapiro-Wilk test. An F'-test was used to determine equality of
variances between the TOF and reference population for modes of ED shape. An unpaired ¢-test
was used to test for equality of group means for atlas mode scores; if group variances were not
assumed to be equal, a Welch’s unpaired z-test was used.

Statistical correlation among variables in this study was assessed using Pearson’s r
correlation coefficient between two independent variables or using linear regression analysis
for multiple independent variables. One-way ANOVA was used to test for differences in means
between LVEF classes for various LV measurements, including standard remodeling indices and
shape mode Z-scores. LVEF class for TOF subjects was designated based on quartiles of the
TOF subjects: below 25" percentile (below Q1, low LVEF), between 25 and 50" percentiles
(QI to Q2), between 50" and 75" percentiles (Q2 to Q3), and above the 75" percentile of LVEF
(above Q3, high LVEF).

In the longitudinal study of the TOF sub-cohort, one-way ANOVA was used to test for
differences in CMR parameters between subjects whose LVEF improved versus those whose
function deteriorated over the inter-study period. Multiple linear regression was used to test
for correlations between various baseline parameters from CMR and the change in indexed
LV volumes and mass between the two measured time points. The baseline variables included
standard clinical indices of volume and mass and atlas-based modes of ED shape. Age at initial
examination and the time between examinations were included in the regression models to
control for differences. To test whether modes of ED shape derived from the statistical variation
of a larger sample of TOF subjects would be more informative of the long-term changes in global
systolic function, we included these modes in the analysis and compared them to the standard
clinical indices and shape modes from the control atlas.

Statistical analyses were performed using the SciPy Python library (https://www.scipy.
org). Statistical significance was assessed at the 0.05 level, except for tests with multiple
comparisons of independent measures in which there was no pre-established hypothesis of

significant associations. In these cases, a post hoc Holm-Bonferroni correction was used with a
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0.01 level of significance in which hypotheses are rejected one at a time based on o divided by

the number of remaining hypothesis tests [71]. All statistical tests were two-sided.

2.3.5 Calculation of the Difference in Shape Between the TOF and
Reference Populations

For each ED shape mode, the fraction of total shape difference between TOF and
reference subjects was calculated by dividing the mean score for a mode by the sum of the mean
scores for all modes. This allows for ranking of shape modes based on the proportion of shape
difference explained by each mode. The mean difference in overall ED shape for each TOF
subject was calculated as the Mahalanobis distance metric, shown in Equation 1 [72]. This metric
represents the distance between a point and a distribution; here, the LV shape of an TOF subject
and the shape distribution of the reference population. This distance metric, d, is calculated for

each patient, with N = 1,990, as follows:

2.1)

where sy, is the score and o is the variance for principal component k.

2.4 Results
2.4.1 Study Population

This study included a total of 99 subjects with repaired TOF (mean age 22.4 + 15.4 years;
63% male). A summary of clinical characteristics and CMR measurements for the reference and
TOF groups is shown in Table 2.1. Compared to the reference population (mean age 61.5 4= 10.2
years; 48% male), global LV function was lower in the TOF group (mean LVEF 63% versus
52%). For the sub-cohort in the longitudinal study, mean age at time of imaging and at time of
primary repair was similar to the entire TOF group mean. Pulmonary insufficiency was high in

this sub-cohort on average, as indicated by a high mean PR fraction of 37% (Table 2.1).
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2.4.2 TOF Atlas of Left Ventricular End-Diastolic Shape

The geometric variation of the first five modes of the repaired TOF ED atlas are shown
in Figure 2.1. These modes explained 69% of the total shape variation in the TOF cohort.
Qualitatively, the first mode represents variation in wall thickness and the antero-septal wall
morphology; the second mode represents variation in overall LV size and conicity; the third mode
primarily represents variation in the diameter of the base; the fourth mode represents variation in
septal wall morphology (concave versus convex); and the fifth mode represents variation in the

wall volume of the interventricular septum and the valve plane orientation.

2.4.3 Analysis of End-Diastolic Shape in TOF Relative to the Reference
Atlas

Out of the twelve modes of the reference atlas that explain 30% of the average differences
in TOF subjects, shape mode variances were significantly larger than asymptomatic subjects for
all but three (p < 0.01; Figure 2.2). Furthermore, mean ED shape mode scores were significantly
different from the reference population mean for all but the first mode, which generally represents
overall LV size (p < 0.01). The third ED mode (“ED3”), which is visually associated with
sphericity (defined by the ratio of the long axis to the short axis) and valve plane orientation,
accounted for 10% of the total difference in TOF ED shape from the reference group mean.

The first five shape modes from the reference atlas that account for the highest proportion
of difference from the reference mean are represented in Figure 2.2B. The primary observable
differences relative to the control mean were related to overall LV sphericity (ED3), conicity
(ED9), wall thickness (EDS8), valve plane orientation (ED2 and ED3), and overall curvature of
the long axes between the base and apex (ED8 and ED10). On average, the LVs of TOF subjects
are more spherical, have a more antero-lateral facing valve plane, have a flatter septal wall, and
have reduced wall mass, particularly of the septal wall and apex.

Age-related differences in ED shape were analyzed for modes accounting for the largest

difference between the TOF and reference groups (Figure 2.3). Significant differences in shape
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mode 1, representing overall LV size, were found between the youngest TOF group and the older
TOF and reference groups. However, this mode was not different between the age-matched TOF
and reference groups. For modes 3, 9, and 10, significant differences in shape were still present
between the TOF and reference sample groups after removing age differences, and no significant
differences were found between the youngest and oldest TOF groups (p < 0.05). For mode 8,
no significant difference was found between the age-matched TOF and reference groups. In
contrast, significant differences were found between the youngest and oldest TOF groups and the

age-matched TOF and reference groups for mode 2.

2.4.4 Differences Between the TOF and Reference Atlases

Shape modes from the reference atlas were insufficient to explain the variation in LV
ED shape in TOF: the first twenty modes of the normal atlas explained 93% of variance in the
normal subjects but only explained 50% of variance in the TOF subjects. Additionally, TOF
LVs contained 73% more variance in ED shape than the reference group. Differences were
observed in the features of shape variation, particularly of septal wall morphology and wall
volume, between the top-ranked modes of the TOF atlas and the most abnormal modes of the

reference atlas (Figure 2.1; Figure 2.2B).

2.4.5 Association of Shape Atlas Modes with Global Systolic Function in
TOF

On average, TOF subjects with LVEF below the median (52.4%) had a greater difference
in ED shape from the reference group mean than subjects with LVEF above the median. The
difference in LV shape for subjects in the high (>75" percentile) and low (<25 percentile)
LVEF groups was greater: the Mahalanobis distance metric was 29.5 versus 24.2, respectively,
although the differences in LVEF means were not statistically significant (p = 0.061). The mean
shape mode Z-scores of the high and low LVEF groups were also compared (Figure 2.4). For the

majority of shape modes, subjects with a low LVEF had more normal shape mode scores than
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those with a high LVEF on average. Of the twenty most abnormal ED modes in TOF subjects,
mode 3 and mode 20 had statistically significant differences in mode score means (p = 0.010 and
0.0042, respectively; Figure 2.4B-C). Out of the first ten shape modes from the TOF atlas, only
mode 6 was associated with LVEF group (p < 0.01; Figure 2.4D). A lower LVEF was associated
with increased sphericity, higher wall mass, a more lateral-facing valve plane, greater curvature
along the septal wall, and bulging of the anterior wall. Differences in standard clinical indices of
remodeling were analyzed for the low and high LVEF groups (Figure 2.4A). Of the four indices
studied (LV end-diastolic volume index (LVEDVi), LV end-systolic volume index (LVESVi), LV
mass index (LVMi), and LV mass-to-volume ratio), the only significant difference found was of

LVESVi (p < 0.0001).

2.4.6 Longitudinal Changes in TOF Sub-Cohort

A summary of the differences in age and CMR parameters over the follow-up period
is provided in Table 2.2. The mean inter-study duration was 2.8 4 1.6 years. The change in
RV and LV ejection fraction was mixed in TOF subjects, with ranges of -15 to 16 and -14.6 to
5.3%, respectively. Changes in LVEF strongly correlated with changes in LVESVi (r = -0.89,
p < 0.0001) but did not significantly correlate with changes in LVEDVi (r =-0.34, p =0.14) or
PR fraction (r = 0.31, p = 0.19).

No significant differences in baseline clinical or CMR variables were found between
subjects whose LVEF increased and those whose LVEF decreased over the inter-study period
(Table 2.3). In contrast, differences in ED shape related to mitral valve annulus diameter and
orientation as well as regional wall volume near the base and apex showed differences between
these subjects (Figure 2.5). Those whose LVEF decreased qualitatively showed a larger degree of
geometric changes over time, despite a similar mean time between CMR examinations between
the positive and negative ALVEF groups (2.6 and 2.9 years, respectively). Visually, primary
changes in LV shape for subjects whose LVEF decreased were a reduced tilt in the valve plane

relative to the long axis, reduced septal wall curvature, and increased conicity, in addition to
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overall increased wall mass (Figure 2.5). Of the standard CMR parameters measured, the change
in LVEDVi (p = 0.04), LVESVi (p < 0.001), and LVEF (p < 0.001) were significantly different

between groups (Table 2.3).

2.4.7 Association of Diminishing Left Ventricular Function with Atlas
Scores

Changes in LVEF were best explained by an ED shape mode from the TOF atlas at
baseline, rather than a conventional global measure of volume or mass or a mode of shape from
the reference atlas (Table 2.4). The best correlate of the change in LVEF from the set of standard
CMR parameters was baseline LVEF (p = 0.309), whereas the best correlates from the set of
shape atlas predictor variables was the baseline Z-score for shape mode 7 of the TOF atlas (p =
0.018) followed by the baseline Z-score for mode 8 of the TOF atlas (p = 0.024). Additionally,
combining both TOF atlas modes 7 and 8 in a multiple regression model improved the prediction
of the change in LVEF (adjusted R? = 0.43; p = 0.013). The LVs of subjects whose LVEF
decreased over the follow-up duration had more conical shape overall, a more pointed apex
morphology, a flatter antero-septal wall, and lower wall mass from the mid-ventricle to the apex
(Figure 2.6).

In addition to the baseline Z-score, changes in LVEF over time also correlated with
changes in the Z-score of TOF atlas mode 7 (r = -0.57, p = 0.008). The LVs of subjects who
experienced a decrease in EF became more spherical rather than conical, developed a flatter apex,
increased in wall mass from the mid-ventricle to the apex, and decreased in wall mass from the

mid-ventricle to the base.

2.5 Discussion

The causes of left ventricular systolic dysfunction in patients with repaired TOF are
poorly understood, despite a 20% prevalence of acquired impaired LVEF and an association

with poor outcomes [52, 54, 62]. In this study, statistical atlases of LV ED shape were applied to
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subjects with repaired TOF to quantify specific abnormal features of LV remodeling relative to
a reference group of clinically asymptomatic adults with normal heart anatomy and within the
TOF group itself. Features of ED shape related to sphericity, conicity, septal wall morphology,
and orientation of the valve plane were associated with LVEF in subjects with TOF. In our
longitudinal study of a sub-cohort of subjects with serial CMR data, we found the best baseline
predictor of the future change in LVEF was a mode of shape from a TOF LV atlas, rather than
standard clinical indices of remodeling or modes of shape from the asymptomatic reference atlas.
These findings suggest that quantification of LV shape and function in repaired TOF using novel
atlas-based measures may provide earlier, more sensitive markers of adverse remodeling that

precede significant LV systolic dysfunction.

2.5.1 Left Ventricular Structure and Function in Repaired Tetralogy of
Fallot

This study demonstrates a novel approach to fully characterizing specific quantifiable
abnormalities of LV shape in TOF relative to an asymptomatic population. We found that over
30% of the average geometric differences from the normal control mean were explained by just
five ED shape modes. The primary observable differences from normal were increased sphericity,
increased conicity, septal wall morphology, and reduced wall mass, particularly of the septal wall
and apex (Figure 2.1). LV sphericity is well-characterized feature of adverse remodeling in both
asymptomatic and cardiovascular disease (CVD) populations [29, 73, 74]. Similarly, LV conicity
has been shown to predict adverse remodeling following acute myocardial infarction, with higher
baseline conicity associated with increasing LVEDV and decreasing LVEF [75]. Overall lower
wall mass and thickness, combined with higher ED volume compared to the normal group could
indicate a failure of compensatory remodeling mechanisms, such as concentric or eccentric
hypertrophy, to maintain systolic pump function in many of the TOF subjects. Interestingly,
the observed locality of reduced wall volume of the inter-ventricular septum and apex overlaps

with studies of myocardial fibrosis, both replacement and interstitial, in repaired TOF. Discrete
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replacement fibrosis is typically observed in the RV outflow tract and ventricular septal defect in
repaired TOF, but has also been reported in the septal insertion points and the LV apex [76, 77].
Additionally, studies of adults with repaired TOF found elevated LV extracellular volume in 13%
and 29% of patients, suggesting the presence of myocyte atrophy and diffuse interstitial fibrosis
[78, 79]. While fibrosis can be expected after surgical repair, its presence at the septal insertion
points implicates adverse interventricular coupling mechanics as a potential mechanism, which
may be reflected by our observed shape variations.

In this study, approximately two thirds of subjects with repaired TOF had at least mild
LV systolic dysfunction (<55%), similar to a study by Andrade et al. [69]. The association of
specific modes of ED shape from the normal atlas with LVEF highlights the interplay of LV
structure and function. Z-scores for specific shape modes showed differences in TOF between
high and low LVEF groups. On average, features of ED shape related to sphericity, septal
wall morphology, and orientation of the valve plane were significantly different between these
subjects. Those with lower LVEF had more abnormal shapes, as indicated by Z-scores further
from the mean. Higher sphericity in TOF subjects was associated with lower EF, which has also
been observed in a population free of known CVD [29].

We discovered additional morphometric features associated with lower EF that may be
specific to this CHD population; an ED shape mode which primarily captures variation in septal
wall curvature and overall morphology associated with LVEF class in the subjects with TOF
(Figure 2.2). Greater septal wall curvature relative to the LV long axis associated with a lower
EF. Qualitatively, this is in contrast to a study by Li et al. who found reduced septal curvature, as
measured from a short axis view at ED, to be related to adverse LV systolic strain, mechanical
dyssynchrony, and twist [80]. Variations in septal wall morphology may be attributable in part
to variations in RV volume loading and the degree of interventricular dyssynchrony. Whether
global systolic dysfunction is a result of structural ventricular remodeling or the dysfunction
perpetuates adverse remodeling remains unknown and warrants further investigation.

A clear linear relationship exists between RVEF and LVEF [3]. Interactions at the
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interventricular septum (IVS) affected by shared myofibers, pericardium, and coronary blood
flow can cause a leftward shift in the IVS [6, 7]. A causal relationship has been demonstrated
in studies where alleviation of RV volume loading via pulmonary valve replacement (PVR)
has resulted in improved LV function [8]. While the goal of this study was not to directly
investigate this interaction, the underlying mechanisms appear to manifest as variations in the
shape and systolic function of the LV that were measured. Mechanical and electromechanical
aberrations in TOF have been implicated in impaired LV diastolic and systolic function due to

LV-RV interactions.

2.5.2 Deterioration of LV Function in Repaired TOF

Several prior longitudinal studies of ventricular remodeling and systolic dysfunction
in patients with repaired TOF have been unsuccessful at identifying baseline predictors of
diminishing RV and LV EF. We found baseline Z-scores of modes of ED shape from the TOF
LV atlas most strongly predicted the change in LVEF. In a study by Wald et al., baseline clinical
parameters and CMR imaging data did not differentiate between patients whose ventricular
function was unchanged from those whose function deteriorated over a median time span of
2.2 years [67]. Jing et al. examined additional CMR parameters including cardiac strain and
mechanical dyssynchrony but did not identify predictors of ventricular deterioration over a
mean follow-up duration of 2.9 years [68]. A similar conclusion was found in a more recent
study of ventricular strain parameters [81]. Using the same clinical cohort as in Wald ez al., in
combination with machine learning tools, Samad et al. found parameters related to LV function
and PR fraction to be the best baseline predictors of subsequent ventricular deterioration [82].
The discovery of parameters of LV function being the most useful for predicting deterioration in
both the RV and LV is interesting, as it highlights the value of monitoring the LV in a primarily
right-sided disease. In this study and others, an inverse relationship was found between baseline
LVEEF and deterioration of function, i.e., higher baseline LVEF more commonly resulted in a

decrease of global systolic function [68, 82]. Clinical management may benefit from additional,
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novel measures of LV remodeling, such as those identified through computational cardiac atlases

in this study.

2.5.3 Cardiac Atlases

Development of computational cardiac atlases is enabled by greater accessibility to rich
CMR datasets, particularly in the growing TOF and CHD patient population. In this study, we
utilized both a normal and a TOF-specific LV atlas to analyze shape in patients with repaired
TOF. Reliance solely on a normal atlas to observe primary features of remodeling in a CHD
or CVD population can be flawed. This is clearly shown in our TOF cohort, where a shape
mode explaining less than 2% of variation in the asymptomatic subjects was highly abnormal
and contained nearly six times more variance in TOF. Furthermore, we found that only half of
the variance in ED shape in subjects with TOF was explained by the first twenty modes of the
reference atlas despite explaining 93% of variance in normal subjects. Nevertheless, comparison
of patients with TOF to the reference LV atlas enabled quantification of abnormalities that did
associate with LVEF, exemplifying the value of inter-group comparisons as a means to assess

function-preserving morphology.

2.5.4 Limitations

Assessment of LV shape is limited by the techniques in our guide-point modeling analysis.
The template prolate spheroidal model is based on LV shape and anatomy in a normal population.
Development of a more robust template, or one that is specific to TOF morphology, will enable
more accurate assessment of 4D (3D+t) shape. Indeed, progress is being made to develop bi-
ventricular computational cardiac atlas templates that are specific to CHD populations [34, 83].

The use of a large LV atlas from nearly two-thousand clinically asymptomatic subjects
allowed for the characterization of distinct abnormalities in TOF patients. However, subjects from
the reference atlas were significantly older on average, and differences in LV shape and systolic

mechanics may be convoluted by age differences. While we tested for age-based differences in

40



shape, the development of a large, normative atlas of LV shape will enable more reliable analyses
of individuals who may be at risk of developing LV dysfunction during the early decades of life.

The longitudinal study of a subset of TOF subjects with serial CMR image data used a
relatively small sample size, due to limitations of available data. Additionally, there may exist
a clinical bias towards patients who are worse off when more frequent CMR examinations are
performed. However, we found a fairly even separation of patients whose LV function improved
and those whose LV function got worse. The LV volumes and mass for this sub-cohort were
measured using two different methods for validation. While we found consistent differences
in measured LVEF between the two methods, we concluded that the differences in measured
values could be attributed to differences in contouring techniques and measurement error and

uncertainty.

2.6 Conclusions

In this cross-sectional cohort of subjects with repaired TOF, abnormalities of LV end-
diastolic shape relative to an asymptomatic reference population were associated with global
LV systolic dysfunction. In our longitudinal study of twenty TOF subjects, the best baseline
correlate with the change in LVEF was an ED shape mode of a repaired TOF LV atlas, rather
than standard clinical indices of global remodeling or modes of LV shape from the reference
atlas. Shape markers derived from statistical shape atlases may drive hypotheses of disease
mechanisms that can be tested with organ-level models of cardiac biomechanics, on an individual
or population level. Altogether, the findings of this study highlight the potential importance of
monitoring LV morphological remodeling in the presence of repaired TOF as a means to predict

and, ultimately, prevent development of systolic dysfunction.
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Table 2.1. Clinical characteristics and CMR measurements for subjects in the reference and repaired TOF groups.

Reference Repaired TOF
All subjects  All subjects Sub-cohort*
(n=1,991) (n=99) (n=20)
Characteristics

Age,y 61.5£10.2 224 +£154 192 £12.3
Age range, y 44 - 84 2-73 3.8-48.9
Sex, male 957 (48%) 62 (63%) 13 (65%)
Height, m 1.66 £+ 0.01 1.54 £ 0.24 1.53 +0.23
Weight, kg 76.8 = 16.5 59.2 +29.2 55.0 +28.2
BSA, m? 1.84 £0.22 1.56 £ 0.50 1.50 £ 0.49
Age at primary repair, y - 0.81 £+ 0.87 0.78 £ 0.7
Type of primary repair

Transannular patch (TAP) - 23

Valve sparing (VS) - 3

Unknown - 73 10

CMR parameters

LV end-diastolic volume, mL 1254 £31.2 1295 +£53.0 121.5453.5
LV end-diastolic volume index, mL/m? 67.8 + 13.3 81.5+169 79.7 & 19.0
LV end-systolic volume, mL. 47.5 £ 18.7 63.4 +31.0 61.7 +29.7
LV end-systolic volume index, mL/m? 255+ 8.7 395+ 11.3 402+ 114
LV mass, g 126.2 + 36 97.6 £ 46 90.4 £ 46
LV mass index, g/m? 679 + 14.8 60.3 + 14.2 57.8 £ 14.0
LV mass-to-volume ratio, g/mL 1.02 £ 0.22 0.75 £ 0.18 0.74 £0.18
LV ejection fraction, % 63 +7 5247 50£5
RV end-diastolic volume, mL - - 2029 £ 79
RV end-diastolic volume index, mL/m? - - 135.0 &+ 33
RV end-systolic volume, mL - - 103.7 £+ 44
RV end-systolic volume index, mL/m?> - - 68.1 =17
RV ejection fraction, % - - 49 £+ 8
Pulmonary regurgitant fraction, % - - 37+ 18

*Subjects with repaired TOF with serial CMR data.

TAge calculated from twenty-six out of ninety-nine subjects with available data.

Values provided are taken from the first CMR examination.

Values are shown as count (%), mean + SD, or n, unless otherwise indicated.

TOF is tetralogy of Fallot; BSA, body surface area; LV, left ventricle; RV, right ventricle; EF, ejection fraction.
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Table 2.2. Summary of differences in LV and RV measurements between the baseline and follow-up CMR

examinations.

Variable Mean Difference + Median Difference
SD (Range)

Age,y 28+ 1.6 2.1(1.1-7)
LV end-diastolic volume index, mL/m? 49+7.8 4.6 (-8.8-19.1)
LV end-systolic volume index, mL/m? 3.74+9.7 4.1 (-11.6 -23.3)
LV mass index, g/m2 6.2+ 10.9 4.1 (-10.7 - 25.6)
LV mass-to-volume ratio, g/mL 0.028 £0.15 -0.010 (-0.28 - 0.34)
LVEF, % 02+£75 0.1 (-15-16)
RV end-diastolic volume index, mL/m? 7.5+234 3.0(-25-71)
RV LV end-systolic volume index, mL/m?> 4.6+ 14.0 0.3(-16-41)
RVEEF, % -0.7 +4.3 -0.7 (-14.6 - 5.3)
Pulmonary regurgitant fraction, % -04+£6.3 0.2 (-20.5-5.4)

LV, left ventricle; RV, right ventricle; EF, ejection fraction; SD, standard deviation
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Table 2.3. Differences in CMR parameters between subjects with an increase or decrease in ejection fraction over
the follow-up duration.
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Table 2.4. Correlation of standard and novel parameters at baseline with changes in global measures of left
ventricular volume and mass.
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Figure 2.1. Statistical variation of the top-ranked modes of the TOF atlas of LV end-diastolic shape. Color indicates
the percentage difference in regional wall volume relative to the TOF mean. LV orientation indicated by anatomical
axis labels: septal (S), lateral (L), anterior (A), and inferior (I). TOF is tetralogy of Fallot; ED, end-diastole; SD,
standard deviation.
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Figure 2.3. Age-related differences in LV end-diastolic shapes. A) Distribution of ages in the TOF and reference
groups. Distributions of shape mode Z-scores by age groups for modes of the reference atlas reflecting B) overall
LV size and C) modes that accounted for the largest proportion of difference between the TOF and reference groups.
Lines indicate significant differences in mode scores between groups (p < 0.05). TOF is tetralogy of Fallot; ED,

end-diastolic.

51



p<0.0001
10
c
>
[e]
O 5

2 40 60 100
LVEDVi (mL/m) LVESVi (mL/m?)  LVMi (g/m) LV MV ( g/mL

o

B Reference Atlas ED3
15
p<0.001
<10
>
<}
O s
0 o 2 4 -1.0 SD Mean ED3 +4.2 SD
Z-Score < Higher LVEF Lower LVEF >
C Reference Atlas ED20
8
p<0.001
6
g
o4
(&)
0 -4.9 SD Mean +2.4 SD
-4 Z_-ZSc;]re 2 < Lower LVEF Higher LVEF >
D TOF Atlas ED6
10
g
o 5
(&)
0 -2.4 SD Mean +2.9 SD
___ Higher LVEF Lower LVEF
| —]

Figure 2.4. Association of parameters of end-diastolic shape to left ventricular ejection fraction for subjects with
repaired TOF. A) Distributions of standard indexed CMR parameters of remodeling and B-D) shape mode Z-scores
for high (red bars) and low (blue bars) LVEF groups. P-values correspond to differences in group means between
subjects below the 25" (lower quartile, Q1) and above the 75 (upper quartile, Q3) percentiles of LVEF. Shape
and regional wall volume representations of ED modes that are associated with LVEF show the mean and range of
shape for subjects with TOF. Arrows indicate direction of shape variation associated with a high or low LVEF in
TOF subjects. Colors indicate the percentage difference in wall volume from the mean LV shape. Orientation of LV
indicated by anatomical axes: septal (S), lateral (L), anterior (A), and inferior (I). ED is end-diastolic; LVEF, left

ventricular ejection fraction; EDVi, end-diastolic volume index; ESVi, end-systolic volume index; Mi, mass index;
M/V, mass-to-volume ratio; and SD, standard deviation.
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Figure 2.5. Shape and wall volume differences between subjects with an increase or decrease in ejection fraction
over time. Colors denote the percentage difference in wall volume from the mean shape at baseline. Anatomical
orientation of each row indicated by the baseline mean shape: septal (S), lateral (L), anterior (A), and inferior (I).
LVEEF, left ventricular ejection fraction; At, time between the first and second CMR examination.
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Figure 2.6. Statistical variation of end-diastolic shapes that best predicted the change in global systolic function.
Mode score distributions and representations of shape and wall volume for A) TOF atlas A) mode 7 and B) mode 8.
The shape corresponding to the minimum, mean, and maximum Z-score for each mode is represented. Wall volume
difference projected on the endocardial surface is relative to the mean shape (center). Orientation of LV indicated by

anatomical axes: septal (S), lateral (L), anterior (A), and inferior (I). TOF, tetralogy of Fallot; LVEF, left ventricular
ejection fraction; SD, standard deviation
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Chapter 3

Morphological Markers and Determinants
of Left Ventricular Systolic Dysfunction in
Repaired Tetralogy of Fallot

3.1 Abstract

Patients with repaired tetralogy of Fallot (TOF) are at risk of long-term left ventricular
(LV) dysfunction with associated poor outcomes. While adverse inter-ventricular interactions
in the presence of right ventricular volume overload and dyssynchrony have been implicated,
morphological remodeling of the LV may contribute to LV systolic dysfunction. In this study,
we examined the association of LV end-diastolic (ED) shape with components of systolic wall
motion (SWM) that contribute to global systolic dysfunction. Features of LV shape associated
with sphericity, wall thickness, and valve plane orientation correlated with components of SWM.
The effect of ED shape perturbations on SWM were examined in a finite element analysis of
systolic ventricular mechanics. The combination of ED shape and myocardial contractility
were able to explain and match predicted measures of SWM. From the results of this study, we
hypothesize that greater LV conicity, a tilted valve plane orientation, and a flatter septal wall
are markers of reduced myocardial contractility and should be examined further for clinical

prognostic utility to improve patient outcomes.
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3.2 Introduction

Despite a clinical focus on preserving right ventricular (RV) structure and function,
patients with repaired tetralogy of Fallot (TOF) are at risk of developing left ventricular (LV) sys-
tolic dysfunction in the long term. LV dysfunction is prevalent in 20% of patients with repaired
TOF and has been linked to risk of heart failure and mortality [52]. Improvements in surgical
strategy to preserve the pulmonary valve and prevent the detrimental effects of pulmonary regur-
gitation have been shown to reduce RV dysfunction and interventricular dyssynchrony; however,
this strategy potentially leads to reduced LV longitudinal shortening and LV intraventricular
dyssynchrony [84]. Patients are also at risk of adverse morphological remodeling of the LV,
and this may worsen global systolic function. There exists a clear need to better understand the
mechanisms of LV dysfunction in order to better evaluate, predict, and prevent poor long-term
outcomes.

Cardiac magnetic resonance (CMR) imaging is considered the gold standard for quanti-
tative assessment of cardiac structure and function, but conventional strategies do not take full
advantage of the four-dimensional (4D) information in a single dataset. Standard assessment
relies on measurements derived from a priori knowledge of cardiac anatomy and function, but
patient prognosis remains limited and much of the information in a CMR dataset is underuti-
lized. Better assessment of the complex features of LV systolic function has the potential to
discover important patterns with mechanistic insight that are otherwise hidden. Additionally,
computational modeling of cardiac mechanics has the ability to test various mechanisms of
pathophysiology in repaired TOF.

In this study, we used a large, cross-sectional cohort of subjects with repaired TOF to
identify end-diastolic (ED) shape features that correlated with components of systolic dysfunction.
We tested for the mechanistic dependency of systolic function on targeted shape features using
finite element models of LV mechanics with the goal of identifying shape determinants and

markers of myocardial dysfunction.

56



3.3 Methods
3.3.1 Subjects and Data Collection

This study analyzed retrospective CMR datasets from subjects with repaired tetralogy
of Fallot acquired for clinical purposes at Rady Children’s Hospital San Diego (San Diego,
California, USA) and the Centre for Advanced MRI (Auckland, New Zealand). All images
and data were obtained as part of the Cardia Atlas Project (CAP) and used in accordance with
local institutional review boards (IRB) at the University of California, San Diego (“The Cardiac
Atlas Project”, La Jolla, California, USA) and the University of Auckland (Auckland, New
Zealand) [44]. Data from a reference population comprising 1,991 asymptomatic adults with
anatomically normal hearts were used for comparison [26]. Clinically acquired LV pressure data
from intracardiac catheterization were obtained and de-identified for a portion of study subjects

from medical records associated with CMR datasets.

3.3.2 Cardiac MR Image Acquisition

Images used in this study were acquired using 1.5 T magnetic resonance imaging scanners,
including Phillips Intera (Phillips Healthcare, Best, The Netherlands), Siemens Avanto (Siemens
Medical Systems, Erlangen, Germany), and GE Discovery and Signa (GE Healthcare, Milwaukee,
USA). Each subject underwent standard functional CMR examination within the scope of clinical
practice. Two-dimensional cine images used in this study were acquired using steady state free
precession imaging and were prospectively or retrospectively gated with acquisition of at least
thirty reconstructed phases per RR interval. Short axis slices spanning from the base to the
apex were acquired. At least two long-axis imaging planes (two-chamber, four-chamber, or LV

outflow tract) were acquired through valve annuli.
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3.3.3 Atlas-Based Analysis of Systolic Wall Motion

This study used a statistical atlas of systolic wall motion (SWM) derived from the
reference population to quantify SWM in the TOF group. The atlas of SWM was derived from
principal component analysis (PCA) of a set of 1,991 models of three-dimensional (3D) ED and
ES shape. Briefly, SWM was calculated as the displacement of 3D points from ED to ES (ES -
ED). The set of displacements for all cases were combined into an N by P matrix as input to the
PCA algorithm for N cases and P points per case. PCA extracted 1,990 orthogonal components,
or “modes”, of SWM ranked by the amount of variance explained by each mode.

Individual models of SWM were generated for each subject using a guide-point modeling
process. Guide-point modeling involves fitting a 3D template model to a set of short and long
axis CMR images by aligning to anatomical landmarks of the mitral valve and insertion points
of the RV free wall at the interventricular septum. The model is fit to subject-specific ventricular
geometry by least-squares optimization in a semi-automated process that relies on a combination
of automated contour edge detection and manually placed guide-points defined by the analyst.
Fitted shape models at ED and ES are sampled at the endocardial and epicardial surfaces and
scaled according to subject height. For each case, the set of sampled points were projected onto

the reference atlas of SWM to calculate subject-specific Z-scores for each mode.

3.3.4 Sensitivity of Global Function to Components of Systolic Wall
Motion

The effect of atlas modes of SWM on global systolic function was analyzed by varying
individual modes and computing the resulting LV ejection fraction (EF). For each mode of SWM,
wall motion displacements, D;, for altered mode score i were generated and added to the mean
ED shape of TOF subjects to calculate the resulting ES shape, st (Equation 3.1). ED and ES

model volumes, V;, were used to calculate EF; (Equation 3.2).

SES — uEP 4+ p; (3.1
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V-ED . V~ES
EF, = % (3.2)

1

3.3.5 Correlation Between Left Ventricular Shape and Systolic Wall
Motion

This study tested for correlations between atlas modes of ED shape with modes of SWM.
ED shape modes were part of an atlas of LV ED shape derived from the same population of
reference subjects used for the SWM atlas. Pearson correlation analysis was used to test for
significant correlations between Z-scores of ED shape and SWM. Multivariate linear regression

analysis was used to assess the correlation between an ED shape mode and a set of SWM modes.

3.3.6 Finite Element Analysis of Left Ventricular Systolic Mechanics

Finite element (FE) analysis was used to test for the mechanistic dependency of SWM
on ED geometries of the TOF group. An overview of the process for running a FE simulation
of systolic mechanics for various ED geometries is shown in Figure 3.1. A cubic-Hermite
FE mesh template was fit to a unique set of 3D coordinate points from the LV ED shape
atlas for each tested geometry. An incompressible, nonlinearly elastic material model was
used to define the passive constitutive properties of the myocardium (Holzapfel and Ogden
2009).This constitutive model uses a structurally based definition of material properties in the
fiber, sheet, and cross-fiber directions. Mesh fiber directions were assigned using a rule-based
approximation, which were defined as -60 degrees relative to the circumferential direction of
the LV at the epicardium and +60 degrees at the endocardium. Fiber directions varied linearly
from the epicardium to the endocardium to define a physiologically realistic transmural gradient.
Systolic myocardial dynamics were modeled using a time-varying elastance framework where
active force is generated using a length-dependent activation model. An iterative algorithm was
used to approximate the unloaded, stress-free geometry as in Krishnamurthy et al. [57]. The

unloaded geometry approximation was validated by calculating the root mean square (RMS) error
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between the fitted ED geometry and the geometry of the unloaded mesh inflated to ED pressure.
Nodal boundary conditions were implemented to constrain the longitudinal and circumferential
displacement of the epicardium at the base. Additionally, a pressure boundary condition was
applied normal to the endocardial surface. Pressure was modeled as a linear increase from
ED pressure to ES pressure based on intracardiac pressures estimated from TOF subjects with
available data.

Passive material properties for the average TOF subject were approximated by first
estimating the unloaded volume, Vj, using the Klotz empirical formula for estimation of the ED

pressure-volume relationship [85]:

V() = VED(O.6—0.006>I<PED) (3.3)

Values from average human were used for six out of the eight material constants (b, ay, by,
by, ays, and byg). The remaining constants, a and a7, were estimated by altering these parameters
until the unloaded volume was achieved in the unloaded geometry approximation. The material

anisotropy ratio of a to ay was maintained so that only a single parameter was estimated. Active

max

material properties were approximated by altering parameter 7,75,

— the peak active tension
generated — until the mean ES volume was reached after contraction of the mean ED model.
Additional FE simulations were repeated with perturbations of ED geometry correspond-
ing to the 5" and 95" percentile Z-score of tested shape modes. For each model, the same active
and passive material parameters estimated for the base model representing the TOF average were
used. The endocardial and epicardial surfaces of the initial and deformed mesh geometry were
sampled in order to calculate wall motion displacements. The resulting sampled displacements
were projected onto the atlas of SWM to compute Z-scores for each mode. SWM Z-scores from

FE model simulations were compared with those predicted from linear regression models fit to

subject data.
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3.3.7 Statistical Analysis

Mean scores of SWM modes between the TOF and reference groups were tested for
differences using an unpaired z-test; if group variances were not assumed to be equal, a Welch’s
unpaired 7-test was used. Statistical analysis was performed using the SciPy Python library
(https://www.scipy.org). Statistical significance was evaluated at the 0.05 level. For repeated
tests, a post hoc Holm-Bonferroni correction was used to adjust the significance level and correct

for the likelihood of making a Type I error.

3.4 Results
3.4.1 Reference Atlas of Systolic Wall Motion

The variation in the first five modes of the reference atlas of SWM and the mean for
TOF subjects are shown in Figure 3.2. These modes explain over 70% of variation in the
reference population. Qualitatively, the first mode (SWM1) represents variation in longitudinal
wall motion; the second mode (SWM2) represents variation in wall thickening; the third mode
(SWM3) represents variation in the deviation of the valve plane normal; the fourth mode (SWM4)
represents variation in the radial and longitudinal wall motion, with an inverse relationship
between wall thickening and longitudinal shortening; and the fifth mode (SWMS5) represents

variation in the degree of valve plane widening or narrowing.

3.4.2 Analysis of Systolic Function in TOF

This study used a TOF cohort of ninety-nine subjects used in a prior study (median age,
age range). The mean LVEF was 52%, and global systolic dysfunction (LVEF < 55%) was
present in 66% of subjects. The most abnormal modes of SWM are shown in Figure 3.3. Across
the TOF cohort, nine out of the ten most abnormal modes had a significant difference in mean
compared to the asymptomatic reference population (Figure 3.3A). Primary SWM abnormalities

were reduced longitudinal and radial wall motion, and diminished radial wall motion of the
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septal wall.

The association of modes of SWM with LVEF are shown in Figure 3.4. LVEF was most
sensitive to SWM modes 2 through 7. For the average TOF subject, the largest contributors to
diminished LVEF were modes 2, 3, and 4, in order. These same modes correlated with several
modes of ED shape from the reference ED atlas (Figure 3.5). Multivariate regression analysis
revealed ED modes 3, 5, 2, and 9 were most strongly correlated with SWM, in order. The
strongest correlation was between ED mode 2, representing variation in apical wall mass, septal
wall morphology, and valve plane orientation, and SWM mode 3, representing variation in valve
plane motion (r = -0.45, p < 0.0001). In summary, features of LV shape related to conicity, basal
wall mass, and valve plane diameter correlated with the wall thickening mode of SWM (SWM2).
Features of LV sphericity and valve plane orientation correlated with systolic deviation of the

valve plane normal and longitudinal shortening (SWM3 and SWM4).

3.4.3 Analysis of Systolic Wall Motion Using Finite-Element Analysis

A summary of the accuracy of the FE model for the TOF mean is shown in Figure 3.6.
Parameterization of the material properties of the base model resulted in a root mean square error
(RMSE) of 3.39 mm between the inflated unloaded geometry (simulated ED shape) compared to
the mean ED shape derived from the data (Table 3.2). The deformed mesh from the mechanics
model was analyzed after optimization of the active contractility of the base model to achieve
the target EF of 52%. The resulting SWM Z-scores of the simulated model were calculated and
compared to the mean SWM of the data for the four SWM modes of interest (Figure 3.6). The
largest difference in Z-score was for SWM mode 2, with a Z-score difference of 0.67.

The perturbed ED shapes and their resulting deformed ES shape from FE simulations are
shown in Figure 3.7. For several modes, shape perturbation resulted in a marked deviation of
LVEF from the mean of the base model (Table 3.2). LVEF was most sensitive to variations of ED
shape modes 5 and 9. Increasing the Z-score to the 95/ percentile shape for ED mode 5, which

decreased the valve plane diameter and apical wall mass, resulted in a lower LVEF. Similarly,
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for ED mode 9, a lower LVEF resulted from altering shape to the 95/ percentile Z-score, i.e.,
greater LV conicity and a more pointed apex resulted in a lower LVEF.

Comparison of the resulting SWM due to variation of ED shape with that predicted from
significant correlations in the data are shown in Figure 3.8. The closest agreement between data
and simulation was found for the relationship between SWM mode 3 and ED mode 3. The slope
of the simulated relationship was 0.16 compared to 0.28 in the data. Simulated SWM Z-scores
were outside of the 95% confidence interval of the predicted values for the 5 percentile and
mean ED shape for ED3, but within the error of the predicted value for the 95" percentile shape.
For the relationship between SWM mode 2 and ED mode 5 from the FE model, the sign of
the slope was opposite to the regression model from the data but matched the predicted SWW
mode 2 Z-score for the 5 percentile shape. For ED mode 2 versus SWM mode 3, only the 5"
percentile of ED mode 2 matched the predicted Z-score of the regression model.

For FE models that did not match the predicted SWM, the contractility parameter was
adjusted until the SWM was within the 95% confidence interval of the predicted value. The
direction of shape mode variation that associated with lower contractility is indicated in Figure
3.9. For ED mode 2, greater apical wall mass, reduced infero-septal wall mass, flatter septal wall,
and a more lateral facing valve plane were associated with lower contractility (Figure 3.9B). For
ED mode 3, greater sphericity, rounder apex, greater overall wall mass, and more lateral facing
valve plane were associated with lower contractility (Figure 3.9C). For ED mode 5, greater
conicity, greater basal wall mass, and larger valve plane diameter were associated with lower

contractility (Figure 3.9D).

3.5 Discussion

Patients with repaired TOF are at risk of developing LV dysfunction despite being
burdened by a primarily right-sided disease. In this study, we sought to determine the effect

of LV morphology on systolic mechanics by systematically altering ED geometry in models
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of FE mechanics. Abnormal features of ED shape were significantly correlated with modes of
SWM from a reference atlas of asymptomatic adults that were the largest contributors to global
dysfunction. In simulations of systolic mechanics, variations in ED geometry partially explained
variation in SWM. Modification of model contractility was able to adjust resultant components
of SWM to match predictions from TOF subject data. ED shapes that were more abnormal
relative to the reference population mean were associated with lower contractility. Specifically,
greater overall conicity, a rounder apex, a flatter septal wall morphology, and a tilted valve plane
orientation were associated with lower contractility. Altogether, these results present features
of LV shape which are determinants of systolic dysfunction and potential markers of impaired
myocardial contractility. Routine clinical assessment of patients with repaired TOF may benefit

from an atlas-based analysis of shape and function to improve patient prognosis.

3.5.1 Determinants of Left Ventricular Dysfunction in Repaired TOF

We compared our cohort of TOF subjects to a reference population of asymptomatic
adults to quantify abnormal components of SWM. We found that the most significant contributors
to global dysfunction in TOF were components of SWM related to wall thickening, transverse
basal motion, and, to a lesser extent, longitudinal shortening. Several studies have demonstrated
decreased radial, circumferential, and longitudinal deformation in TOF [86, 87, 63, 80, 88, 84, 64,
60, 89]. Furthermore, CMR analysis has identified myocardial deformation parameters that relate
to symptoms and clinical deterioration in patients with repaired TOF, and are strongly associated
with long-term outcomes [64, 63]. Routine clinical assessment of ventricular dysfunction,
especially of the LV, is an important strategy as mortality and morbidity typically depend on LV
function [54, 66, 90, 65].

Possible causes of LV dysfunction could be related to electromechanical dyssynchrony,
abnormal septal defects and motion, and altered hemodynamic preload or afterload in the
presence of moderate to severe pulmonary regurgitation. Studies of LV dysfunction and dyssyn-

chrony have shown a link to QRS duration, septal curvature, and RV function and dilation
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[90, 87, 89, 61, 80, 60]. Few studies have associated systolic function with complex measures of
ventricular morphology beyond traditional patterns of remodeling that are based on indexed ED
mass and relative wall thickness [17, 91, 92]. We found significant correlations between modes
of ED shape and modes of SWM in our cohort of TOF subjects: features of LV shape related to
conicity, basal wall mass, and valve plane diameter correlated with the wall thickening mode;
features of LV sphericity and valve plane orientation correlated with systolic deviation of the
valve plane normal and longitudinal shortening.

Much of the analysis of LV dysfunction in TOF is focused on adverse interactions with the
RV, since there exists a well-studied correlation between LV and RV ejection fraction. However,
there is little knowledge about the coupled effect of RV dysfunction on long-term LV remodeling
and function. MRI-based studies showed that reduced RV EF due to severe PR is linked to
areduced LV EF [91, 93]. Additionally, ventricular fibrosis and pulmonary regurgitation are
known to cause adverse remodeling, and have been related to LV and RV dysfunction in repaired
TOF [94, 93]. Generally, these studies lack insights into the mechanisms of ventricular coupling.
Here, we sought to discover measurable factors associated with LV dysfunction as well as
determinants of dysfunction that are significantly altered in repaired TOF.

In our FE analysis of systolic mechanics, we found variations in ED shape features
related to the length-to-width ratio and valve plane orientation (ED2 and ED3) were capable of
partially explaining the relationship between these shape modes and modes of SWM. However,
the resultant model SWM did not match values predicted from correlations in the data for all
tested shape variations. For example, altering ED mode 3 resulted in a sensitivity slope of 0.16
for SWM mode 3, while linear regression of the subject-specific scores predicted a slope of 0.28.
Modification of model contractility was able to correct the relationship between ED mode 3
and SWM mode 3 (Figure 3.9C). This suggests that approximately 60% of variation in SWM
mode 3 can be attributed to variation in ED mode 3, while the rest is potentially attributable
to altered passive and active material properties. We found altered contractility to be a likely

factor since changing it in the model resulted in more accurate systolic deformations. In our FE
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analysis of ED mode 5 and SWM mode 2, we found a positive correlation that was opposite to
that predicted by data, i.e., greater conicity and a larger valve plane diameter correlated with
greater wall thickening (Figure 3.9D). This result suggests shape features associated with ED
mode 5 may reflect a compensatory remodeling mechanism to preserve systolic function in the

presence of adverse passive or active myocardial properties.

3.5.2 Limitations

Analysis of systolic wall motion was limited to radial, circumferential, and longitudinal
components since our shape modeling process does not track material point displacements. As
a result, we were unable to assess torsional components of LV function. In the future, this can
be addressed by modifying shape modeling software to be compatible with tagged magnetic
resonance imaging datasets, for example. Furthermore, the shape model template used to fit
to the unique geometry of each subject was based on normal LV anatomy and shape. Use of
a template that is based on the complex ventricular anatomy specific to TOF may be better at
capturing important regions of shape variation, and warrants further investigation.

The finite element models used in our analysis of systolic mechanics used several
simplifications. Namely, material properties were assumed to be homogeneous throughout
the myocardium, rather than incorporating regional heterogeneities that might be present due
to scarring or fibrosis. Additionally, myocardial fiber architecture was simplified as a linear
transmural gradient, rather than using more realistic properties. This was primarily due to
the lack of fiber property data in repaired TOF. We also prescribed a simple hemodynamic
pressure boundary condition, rather than using a closed-loop, lumped parameter circulatory
model. However, as we were only concerned with measuring deformed mesh geometry at ES,
a complex circulatory model was not necessary for our analysis. Finally, our models did not
incorporate boundary conditions related to interactions with the RV, pericardium, atria, or any
fluid-structure interactions. Further effort should be made towards developing methods for

statistical and mechanical analysis of biventricular geometries, potentially incorporating a full,
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four-chamber anatomy.

3.5.3 Conclusions

Using a novel framework that incorporated statistical atlas data with computational
models of systolic mechanics, this study demonstrated the dependence of LV systolic function
on ED shape in a cohort of repaired TOF. Significant correlations between highly abnormal
features of ED shape and components of systolic wall motion were discovered and examined
using FE models of systolic mechanics. Wall motion components related to wall thickening and
tilting of the valve plane were sensitive to variations in ED sphericity, conicity, wall mass near
the base, and valve plane diameter. Adjustment of myocardial contractility was sufficient to
match predicted SWM to ED shape, identifying shape markers which associated with altered
contractility. Markers of shape and function from statistical atlases have the potential to provide
more precise indicators of adverse remodeling in repaired TOF and can be more closely examined

through models incorporating detailed mechanisms of pathophysiology.
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Table 3.1. Summary of finite element model properties

Model Component

Specifications

Element Mesh

Cubic Hermite elements
ED geometry from inflated unloaded geometry estima-
tion

Passive material model

Nonlinearly elastic orthotropic model with fiber, sheet,
and cross-fiber parameters [95]

Active model

Time-varying, length-dependent active tension

Boundary conditions

Linearly increasing endocardial pressure
Longitudinal and circumferential baseplane displace-
ment constraints
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Table 3.2. Finite element model geometries tested in simulations of systolic mechanics

Model End-diastolic geometry End-diastolic mesh RMS Ejection frac-
error (mm) tion (%)

0 | Mean of TOF | 3.39 | 52%

1 | ED mode 2 Z =-2.91 | 4.24 | 50.1%
2 | ED mode 2 Z = 1.41 | 3.01 | 51.7%
3 | ED mode 3 Z =-0.40 | 3.90 | 51.5%
4 | ED mode 3 Z = 3.53 | 3.13 | 49.8%
5 | ED mode 5Z =-2.01 | 2.27 | 54.6%
6 | ED mode 5 Z =2.20 | 4.28 | 48.2%
7 | ED mode 9 Z = -0.80 | 2.81 | 54.5%
8 | ED mode 9 Z = 4.40 | 423 | 44.3%

69



4 ™)
Geometry from Finite Element Projection onto

ED Atlas Mechanics SWM Atlas

J

Figure 3.1. Process of simulating left ventricular mechanics from atlas geometries. A) Geometries from the
statistical distribution of an end-diastolic shape atlas are varied in a finite element analysis framework. B) Deformed
end-systolic meshes from models of mechanics are extracted and C) projected into an atlas of systolic wall motion to
compute resulting Z-scores for each case. This process is repeated for each model perturbation. ED is end-diastolic;
SWM, systolic wall motion.
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Reference Mean TOF Mean

SWM5 |

Z,, =0.33

Figure 3.2. Top-ranked PCA modes of systolic wall motion of the reference population showing the mean of the
TOF group. Systolic wall motion is represented as an overlay of end-systolic shape (red) on the mean end-diastolic
shape (black wireframe). The mean TOF systolic wall motion for each mode is shown between the variation of -3 to
+3 SD relative to the reference mean. SWM is systolic wall motion; TOF, tetralogy of Fallot; SD, standard deviation.
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Figure 3.4. Association of systolic wall motion modes with LV ejection fraction. A) Difference in LV ejection
fraction from the mean for variations in modes of systolic wall motion. Positive values indicate gain of function
(red) and negative values indicate loss of function (blue). B) Estimated net effect of modes of systolic wall motion
on LV ejection fraction for the average TOF subject. Modes are ranked from most negative to most positive effect
on LVEF. SWM is systolic wall motion; EF, ejection fraction
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Figure 3.5. Correlation of modes of systolic wall motion with modes of end-diastolic shape. Heatmap indicates the
multivariate correlation R? value for each end-diastolic mode with the set of systolic wall motion modes 2, 3, and 4,
as well as Pearson r correlation coefficients between individual modes. End-diastolic shape modes are ranked by
overall correlation with the set of systolic wall motion modes. Symbols indicate statistically significant correlations
(*p <0.05). SWM is systolic wall motion; ED, end-diastolic.
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Figure 3.6. Accuracy of the base finite element model relative to data. A) The mean end-diastolic and end-systolic
shapes of the TOF cohort are shown next to shapes of the simulated base model. Color indicates percentage wall
volume difference of the simulated model relative to the data. B) Comparison of the resulting systolic wall motion
mode Z-scores of the simulated model versus the data for the TOF mean. ED is end-diastolic; ES, end-systolic;
SWM, systolic wall motion; EF, ejection fraction.
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Figure 3.7. End-diastolic perturbations and resulting deformed end-systolic shape for finite element models. The
end-diastolic shape of the finite element model is shown next to the resulting simulated end-systolic shape of the
model. Models are oriented with the antero-septal wall towards the front. ED is end-diastolic; ES, end-systolic; EF,
ejection fraction.
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Figure 3.9. Correction of resultant systolic wall motion by alteration of myocardial contractility. A) Demonstration
of the effect of altered contractility on end-systolic geometry. B-D) Changes in systolic wall motion due to altered
contractility indicating the direction of ED shape mode variation associated with lower model contractility. Model
line shading represents the error in calculation of SWM Z-scores. Representative variation of systolic wall motion is
shown alongside the y-axis. Orientation of the LV indicated by anatomical axis labels: septal (S), lateral (L), anterior
(A), and inferior (I). ED is end-diastole; ES, end-systole; SWM, systolic wall motion; CI, confidence interval.
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Chapter 4

Conclusion of the Dissertation

We have successfully demonstrated the use of statistical shape atlases for the characteri-
zation of left ventricular (LV) morphology and systolic function in repaired tetralogy of Fallot
(TOF) to gain new insights into disease markers and mechanisms of adverse LV remodeling.

In Chapter 1, we derived an atlas of LV end-diastolic (ED) shape from ninety-nine
patients to qualitatively and quantitatively describe the statistical variation within this cohort.
We used guide-point modeling techniques to capture the three-dimensional (3D) LV shape using
cardiac magnetic resonance (CMR) image data and applied dimensionality reduction techniques
to extract orthogonal modes of LV shape variation and compute patient-specific metrics. We
tested whether novel shape atlas markers would have clinical prognostic relevance by correlating
baseline measures of shape with changes in LV function over time in a small patient sub-cohort
and found a significant correlation between a TOF atlas shape mode and the change in LV
ejection fraction. We also outlined the process of using models of finite element mechanics to
examine associations of ED shape patterns with systolic function. The findings in this chapter
present the first use of a statistical shape atlas of the LV in this clinical population. By taking full
advantage of the 3D data contained in cardiac magnetic resonance (CMR) image data, the TOF
LV atlas can better characterize variations in LV shape than standard CMR assessment. When
tested alongside standard clinical indices of LV remodeling in a small study, shape atlas features

more strongly associated with a measure of LV deterioration, demonstrating the potential to
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supplement clinical prognostic assessment.

Next, we expanded our analysis of LV morphology in repaired TOF by comparing patients
with an atlas derived from an asymptomatic reference population (Chapter 2). The reference
atlas revealed highly significant abnormalities but was unable to explain a large portion of shape
variation in TOF. We discovered modes of ED shape from both atlases that were associated with
global systolic function. Furthermore, in a test cohort of twenty patients, we found that the best
correlate with the change in LV ejection fraction (EF) were modes of ED shape from the TOF
atlas, rather than a mode of shape from the asymptomatic reference atlas or a standard clinical
index of remodeling. These significant features represented variations in LV conicity, apex
morphology, and antero-septal wall curvature, which may contain mechanistic insight. Taken
together, the results of this chapter compare and validate the use of distinct statistical LV atlases
for a comprehensive assessment of a TOF patient group. A reference atlas of normal cardiac
anatomy derived from a population free of known cardiovascular disease can inform adverse
remodeling with functional consequences across many cardiovascular disease types. However,
for prognostic purposes, shape features derived from the atlas of the congenital group were the
only measures to associate with LV deterioration. This discovery suggests that standard CMR
assessment and statistical features of shape variation from asymptomatic populations may be
insufficient for monitoring disease progression in a patient cohort.

Based on associations between shape and LVEF that we observed, we used an atlas of
systolic wall motion to identify components of function which were the largest contributors to
diminished LVEF in repaired TOF. We found significant correlations between ED shape and
systolic wall motion that we tested in a finite element analysis framework. We measured a
partial dependence of systolic function on ED shape and hypothesized that several shape features
were markers of impaired myocardial contractility. These findings are a demonstration of the
convergence and co-utility of statistical and mechanistic modeling approaches for elucidation
of disease mechanisms. In the presence of measurement error and uncertainty, mechanistic

models can be parameterized based on the statistical variation of a population to determine
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pathophysiological mechanisms of a clinical group such as TOF without needing to rely on
patient-specific measurements. Additionally, mechanistic model frameworks can leverage atlases
of cardiac physiology (e.g., shape, electrical activation, and fiber architecture) to assess model
sensitivity to parameters based on the variation measured in a population.

Future work can address several issues with atlas construction from clinical image data,
as outlined in the chapters above. Methods would benefit from the use of data from other
imaging modalities, such as 2D or 3D echocardiography, as this data can be more easily acquired
in clinical practice. Furthermore, atlas-based analyses would benefit from more standardized
intervals of imaging in congenital heart disease (CHD) patients, to minimize the heterogeneity
of data and to better assess long-term changes. The process of atlas construction can leverage
advanced machine learning techniques to automate image segmentation and patient-specific
model generation. Indeed, collaborators involved with this work are developing novel methods
to train machine learning algorithms on the complex anatomy of various forms of CHD.

The hypothesis that shape atlas modes measured and presented in this dissertation are
markers of myocardial contractility can be further tested with more detailed computational models
of finite element mechanics. These models should incorporate biventricular anatomy to observe
and measure the impact of the right ventricle on LV systolic mechanics and include more realistic
boundary conditions to more accurately match measured myocardial deformations. In general, we
found the reported literature on myocardial fiber architecture in TOF to be lacking, highlighting
the need for a more rigorous and comprehensive analysis of this property. Additionally, models
should incorporate regional heterogenities in passive and contractile material properties to
account for scarring and akinetic regions of the myocardium as these may account for dysfunction
measured in patients.

Finally, continuous effort should be made to aggregate additional CMR and associated
clinical data and increase the sample size of statistical atlases in order to better represent the
variability of the TOF population. The differences observed in the TOF group presented in

this thesis my be attributable to other patient factors, including diagnoses and clinical sub-
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types, the surgical approach used for repair, interventions such as pulmonary valve replacement
or systemic artery-to-pulmonary artery shunt, gender, genetics, and co-morbidities. Atlases
can be constructed of subclinical populations, such as of TOF patients with pulmonary valve
replacement or of patients with different forms of surgical repair, once enough data is collected
and analyzed. The results of Chapter 2 should be validated in a large, independent test cohort of
patients once sufficient additional data is made available.

As shown by the work in this dissertation, quantitative assessment of LV morphology and
function by utilizing statistical cardiac atlases has the potential to supplement clinical decision
support by identifying more specific markers of adverse remodeling. This approach can help
generate hypotheses of the physiological mechanisms of remodeling and holds great promise
as a valuable clinical tool to assist cardiologists and other healthcare practitioners in delivering

personalized care for the individual patient.
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