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Abstract

Heart failure (HF) is a progressive and complex syndrome with poor prognosis, characterized by
a wide array of cardiac structural and functional abnormalities. Patients are typically categorized
according to left ventricular ejection fraction (LVEF), with reduced ejection fraction defined as
LVEF<40% (HFrEF), mid-range LVEEF in the span of 40%-49% (HFmrEF) and those with heart
failure with preserved LVEF>50% (HFpEF). Since LVEF has poor prognostic value in patients
with HF and presents unsatisfactory diagnostic value in patients with HFpEF, more insightful
imaging biomarkers have been intensively investigated. Global longitudinal strain (GLS)
conventionally measured at the endocardium has been shown to be superior to LVEF in
distinguishing patients with HFpEF patients from healthy subjects and predicting adverse
outcomes in patients with acute HF. However, the potential incremental value of layer-specific

strain has not been investigated in patients with HF.

As HF tends to be progressive, cardiac imaging is a common surveillance strategy for
patients with chronic HF and LVEF still the predominant biomarker of interest that physicians
pay attention to in serial testing. Prior imaging studies of HF have often been limited to single
time-points. In particular, there is a lack of literature evaluating the temporal changes in cardiac
structure and function and their clinical relevance in patients with chronic HF. Notably, patients
with chronic stable HF generally have a progressive course with high morbidity and mortality.

Thus far, no study has investigated longitudinal cardiac changes in patients with stable HF.

While there have been advances in the treatment of HF, overall prognosis remains poor.
Earlier identification of HF patients with higher risk to develop long-term adverse outcome helps
physicians initiate, intensify and adjust the management strategy. The majority of the validated

risk predicting models predominantly focus on clinical information including demographics,
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disease history and risk factors. As cardiac imaging plays an essential role in evaluating patients
with HF, it is important to incorporate valuable imaging biomarkers in the risk predicting model.

To our knowledge, there has been no validated imaging predictive model in patients with HF.

Cardiac magnetic resonance (CMR) is the gold standard for non-invasive cardiac
measures. Its high accuracy and reproducibility make CMR well suited for delineating epi- and
endomyocardial border in order to analyze layer-specific strains, and identify temporal changes
during serial testing. Furthermore, it enables us to comprehensively collect state-of-the-art

information on cardiac function, volume and tissue characterization as a one-stop test.

Our studies aim to utilize CMR in patients with chronic heart failure to: 1) investigate the
diagnostic and prognostic value of CMR-derived layer-specific strain; 2) evaluate the prevalence
and prognostic significance of serial changes in cardiac structure and function ; 3) develop and

validate comprehensive predictive models incorporating clinical and imaging data.
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Chapter 1: Introduction

1.1 Heart failure: definition, classification, and stages

Heart failure (HF) is a complex and progressive clinical syndrome characterized by cardiac
structural and functional abnormalities,' ? and results either indirectly from deleterious changes
to the cardiovascular system or directly from cardiomyopathic processeses.> # Clinical
manifestations of HF include symptoms related to: (i) low cardiac output such as ,fatigue, and/or
exercise intolerance and (ii) fluid retention such as dyspnea and/or peripheral edema. HF
significantly decreases health-related quality of life, especially in the areas of physical

functioning and vitality.’

The classification of HF is most commonly based on left ventricular ejection fraction
(LVEF) including HF with preserved EF (HFpEF, LVEF > 50%), HF with middle-range EF
(HFmrEF, LVEF 41%-49%) and HF with reduced EF (HFrEF, LVEF < 40%), respectively
(Table 1.1).> ¢ LVEF is the most widely a used imaging parameters for cardiac function and is
linked to clinical demographics, comorbid conditions, and dictates response to therapies.
Additionally, most clinical trials of HF select patients based on LVEF. HFrEF comprises
approximately half of patients with HF and its structure is characterized by LV enlargement and
ventricular wall thinning. HFpEF comprises up to 50% of HF patients, and is characterized by
increased wall thickness, left atrium enlargement and diastolic dysfunction. In the GWTG-HF
(Get with The Guidelines—Heart Failure) study of 39,982 patients admitted for HF, 46% had
HFpEF, 8.2% had HFmrEF, and 46% had HFrEF.” Patients with HFpEF tend to be older and
female with higher incidence of hypertension, diabetes mellitus, obesity, hyperlipidemia and
atrial fibrillation. Patients with HFmrEF manifest clinical phenotypes of HFrEF or HFpEF

however the prognosis resembles patients with HFpEF 8.°



Table 1.1 Definition of heart failure with preserved (HFpEF), mid-range (HFmrEF) and reduced
ejection fraction (HFrEF) (2016 ESC Guidelines for the diagnosis and treatment of acute and

chronic heart failure)®

Type of HF HFrEF HFmrEF HFpEF
1 | Symptoms + Signs* Symptoms * Signs® Symptoms * Signs®

< 2 | LVEF <40% LVEF 40-49% LVEF =50%

-

E 3 |_ |. Elevated levels of natriuretic peptides®; |. Elevated levels of natriuretic peptides®;

T 2. At least one additional criterion: 2. At least one additional criterion:

v a. relevant structural heart disease (LVH and/or LAE), a. relevant structural heart disease (LVH and/or LAE),
b. diastolic dysfunction (for details see Section 4.3.2). b. diastolic dysfunction (for details see Section 4.3.2).

BNP = B-type natriuretic peptide; HF = heart failure; HFmrEF = heart failure with mid-range
ejection fraction; HFpEF = heart failure with preserved ejection fraction; HFrEF = heart failure
with reduced ejection fraction; LAE = left atrial enlargement; LVEF = left ventricular ejection
fraction; LVH = left ventricular hypertrophy; NT-proBNP = N-terminal pro-B type natriuretic
peptide.

aSigns may not be present in the early stages of HF (especially in HFpEF) and in patients treated
with diuretics.

®BNP.35 pg/ml and/or NT-proBNP.125 pg/mL.

Heart Failure is graded clinically according to the ACC/AHA HF stages and the New
York Heart Association (NYHA) functional classification.! The former consists of four stages,
including patients at risk for HF (Stage A), those with asymptomatic structural heart disease
(Stage B); symptomatic HF (Stage C) and refractory HF (Stage D) (Table 1.2). Therefore, it not
only emphasizes the development and progression of disease, but also emphasizes tailored
management within each stage, including modifying cardiovascular risk factors at Stage A,
treating structural heart disease or reversing cardiac remodeling at Stage B, and pharmacologic
and non-pharmacologic therapies to improve symptoms and prognosis at Stage C and Stage D.
The NYHA classification is based on exercise capacity relative to usual daily activities. (Table

1.2).



Table 1.2. Comparison of ACCF/AHA Stages of HF and NYHA Functional Classifications.
From 2013 ACC/AHA Guideline for the Management of Heart Failure.'

ACCF/AHA Stages of HF*® NYHA Functional Classification*

A At high risk for HF but without structural heart None
disease or symptoms of HF

B Structural heart disease but without signs or No limitation of physical activity. Ordinary physical activity does not cause symptoms of HF.
symptoms of HF

C Structural heart disease with prior or current | No limitation of physical activity. Ordinary physical activity does not cause symptoms of HF.
symptoms of HF I Slight limitation of physical activity. Comfortable at rest, but ordinary physical activity results

in symptoms of HF.

I Marked limitation of physical activity. Comfortable at rest, but less than ordinary activity
causes symptoms of HF.

v Unable to carry on any physical activity without symptoms of HF, or symptoms of HF at rest.

D Refractory HF requiring specialized interventions v Unable to carry on any physical activity without symptoms of HF, or symptoms of HF at rest.

ACCF/ACCEF indicates American College of Cardiology Foundation; AHA, American Heart
Association; HF, heart failure; and NYHA, New York Heart Association.

1.2 Heart failure: epidemiology and prognosis

HF has become a significant public health issue in Canada and worldwide. HF affects an
estimated 600,000 Canadians'® and 26 million worldwide, with an estimated incidence of 1% at
age 65 that approximately doubles with each decade of age thereafter.!! Annual costs related with
the management of HF have been estimated at $2.8 billion in Canada, $31 billion in the United
States in 2012 with a projected increase to $70 billion in 2030.5 10

Previous studies showed a 23.6 % mortality for acute HF and a 6.4% mortality for chronic

HF at 1-year follow-up,'?

as well as a 19.9% and 75% mortality rate of chronic HF in a 2-year
follow up and a 5-year follow up. 13 A combined endpoint of mortality or HF hospitalisation

within 1 year were 36 % for acute HF and 14.5 % for chronic HF.!?

HF is a major cause of morbidity and mortality, frequent emergency room visits, and
hospitalization, especially in older adults.!” It also causes physical and emotional exhaustion in
patients, an overwhelming psychological and physical burden for caregivers, and a huge financial

burden for both family and the health care system.

The prognosis of HF is improving but still remains poor. Notably, HFrEF has favorable

therapeutic responses to a number of pharmacotherapies including angiotensin converting
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enzyme inhibitors (ACEI),!'* !° angiotensin receptor blockers (ARB),'* ¢ B-blockades,'> 7,
mineralocorticoid antagonists and the combination of hydralazine and nitrates.'® The application
of cardiac resynchronization therapy (CRT) and implantable cardioverter-defibrillator (ICD) in
advanced stage HF also improve the clinical outcome.'” But HFrEF still has similar or slightly
worse prognosis than patients with HFpEF in terms of mortality and rehospitalizations.?* 2! The
incidence of HFpEF is increasing, in part due to standardization of diagnosis, however the
prognosis remains unchanged.?? Patients with HFpEF or HFmrEF have no proven medical

therapies.” 1> 2324,

Consequently, the identification of patients with early stage HF would potentially allow

treatment intensification and improved health outcomes.

1.3 Heart failure: Challenges in diagnosis

The poor prognosis of HF results from ongoing challenges in early diagnosis, and management,
the impact of multiple co-morbidities, and difficulties of treating the underlying etiological
disease.

For diagnosis of HF, no single diagnostic test can be used for HF because it is syndrome
based on a careful history and physical examination according to the Framingham or Boston
criteria.?> 26 The difficulties of early diagnosis are due to the absence of symptoms, presence of
nonspecific symptoms and a lack of sensitive and specific biomarkers of HF and/or cardiac
dysfunction. As HF is progressive, the delayed diagnosis potentially yields more adverse cardiac
remodeling and results in worse outcome.

The evaluation of HF progression is also challenging since there is no established
sensitive biomarkers for serial assessment during ambulatory follow-up visits or re-admissions to
hospitals. Failure to identify disease progression prevents physicians from initiating or adjusting
effective management strategies.

Co-morbidities contribute significantly to the rising HF prevalence?’ and increasing
difficulties with management, with more patients characterized as older, taking more medication,
having a higher burden of comorbid coronary artery disease, hypertension, diabetes mellitus,
renal dysfunction, and/or chronic obstructive pulmonary disease.?® ?° This substantially increases

the complexity and difficulty with treatment, as well as the adverse effects of polypharmacy.
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1.4 Cardiac imaging modalities in HF

Most patients with HF have symptoms due to impaired left ventricular (LV) function. However,
it should be emphasized that several possible structural or functional reasons may exist before the
development of HF and the phenotypes may range from patients with normal LV size and
preserved LVEF to those with severe dilatation and/or markedly reduced EF. In most patients,

abnormalities of systolic and diastolic dysfunction coexist, irrespective of EF.!

Cardiac imaging, as a non-invasive strategy, is a growing component of the provision of
medical care for individuals with HF and plays an important role in diagnosis, monitoring and
prognosis of patients with HF. Echocardiography is widely used due to availability, low cost and
diagnostic quality. Echocardiography is still the foundational imaging technique in the
investigation of HF. However, its relatively low resolution, acoustic window restriction, reliance
on geometric assumption and operator dependence limit its performance (Figure 1.1).° Other
cardiac imaging modalities are increasingly considered essential because of their utility in
identifying underlying causes, risk stratification, and selection of therapies. In patients with HF,
nuclear imaging is mainly used to assesses myocardial perfusion and viability to identify an
ischemic etiology.>! However the limited scopes of application and radiation exposure greatly
limit its widespread use. In cases of heart failure, cardiac computed tomography (CT) is mainly

used to assess the major coronary arteries for stenosis and calcification. *2

Cardiac magnetic resonance imaging (CMR) provides comprehensive and state-of-the-art
information on cardiac structure, function, tissue characterization and metabolism. Similar to
echocardiography, it evaluates the presence and the severity of cardiac morphological and
functional abnormalities. However, it is considered the gold standard imaging modality due to
high reproducibility. Importantly, the relatively high temporal and spatial resolution of CMR
acquisition and the volumetric evaluation without geometric assumptions provide precise
measurements of cardiac anatomy and function (Figure 1.1). Thus, CMR enables clinicians to
differentiate normal from pathological. For example, CMR has been shown to be more sensitive
and accurate in the evaluation of cardiac remodeling due to mitral regurgitation.*® Similarly, the
right ventricle (RV) has a complex shape and its echocardiographic evaluation is limited due to
restricted acoustic windows especially in obese subjects or patients with chronic obstructive

pulmonary disease. CMR provides effective and precise measurements of RV function and



volume due to its high resolution and anatomical, volumetric imaging. Furthermore, CMR
provides detailed information regarding the underlying HF etiology. Notably, CMR qualitatively
and quantitatively evaluates myocardial tissue characteristics such as ischemic and non-ischemic
fibrosis on late gadolinium enhancement imaging and T1 and T2 mapping to identify
inflammation, T2* mapping for iron overload. In many cases, CMR provides definitive
diagnostic information.** Therefore, CMR can capture comprehensive information on cardiac
geometry as well as potential myocardial pathology. Moreover, the absence of ionizing radiation
eliminates CMR testing without ionization exposure related damage, especially for the
longitudinal assessment of HF progression or response to therapy. Last but not least, the high
reproducibility of CMR examination makes CMR well suited for longitudinal monitoring of
specific cardiac functional or structural parameters and decreases the sample size of patients

required to achieve expected significance in clinical studies.

For prognosis, tissue characteristics derived from CMR provides unique and robust

prognostic value. For instance, myocardial scar is an independent predictor of major adverse

35,36 7 38

outcomes in patients with heart failure, myocardial infarction,’” severe aortic stenosis,
Chronic Chagas Cardiomyopathy,*® older adults,*’ and atrial fibrillation*! Extracellular volume
and native T1 mapping derived from CMR also predicts outcome in patients with HF.**** Strain
derived by echo and CMR have each been shown to predict outcome in cardiovascular disease.*>
46 However, as CMR image has much higher resolution images than echocardiography, CMR is
capable to delineate endocardial boarder and epicardial boarder more accurately and therefore is

more suitable to measure feature tracking lay-specific strain.



Figure 1.1 Illustrative case on methodology and intertechnique difference of cardiac
measurements in an elite athletic male. Cardiac MRI: septal and wall thickness 11 mm; left
ventricle (LV) long-axis internal diameter at end-diastole 66 mm; LV posterior wall thickness 12
mm; LV inflow tract diameter at end-diastole 62 mm; right ventricle (RV) inflow tract diameter
at end-diastole 53 mm and echocardiography: septal and wall thickness 13 mm; LV long-axis
internal diameter at end-diastole 54 mm; LV posterior wall thickness 12 mm; LV inflow tract
diameter at end-diastole 49 mm; RV inflow tract diameter at end-diastole 40 mm, from Prakken

et al Br J Sports Med 2012%7.



1.5 Cardiac imaging strategies for disease detection and monitoring in HF

As previously mentioned, despite ongoing advances, HF continues to be a challenging syndrome
with a poor prognosis. Beyond medical history and physical examination, cardiac imaging plays
a tremendously important role in the diagnosis, disease monitoring and prediction of clinical

outcome. However, there are still important knowledge gaps that have not yet been addressed.

1.5.1 Imaging strategies for measuring systolic function

Many studies have investigated the diagnostic and prognostic performance of cardiac imaging in
patients with HF. LVEF is the percentage change of the left ventricular volume from left
ventricular end-diastole to end-systole. It is the most conventional measure of the left ventricular
systolic function in routine clinical care used to evaluate cardiac function. It is also the most
commonly used imaging parameter in follow-up assessments identifying disease progression or
regression; LVEF is widely used to subgroups HF patients into HFpEF, HFmrEF and HFrEF, in
order to assess appropriate management strategies. LVEF is also a common criterion used to

recruit patients into clinical trials.

However, using LVEF to categorize the pathophysiology of HF may be misleading.*®
LVEEF does not provide insight into diastolic function, therefore, it does not provide information
on disease severity in patients with HFpEF. LVEF alone cannot distinguish between healthy
subjects, patients at risk for HF (AHA ACC/AHA stage A and B), and patients with HFpEF
(ACC/AHA stage C). Therefore, cardiac imaging detailing diastolic function or perhaps a more
sensitive imaging biomarker of systolic dysfunction is necessary. Furthermore, LVEF also has
poor prognostic predictive value in patients with HF.”-* Similar 5 year mortality rates have been
observed among patients with HFpEF, HFmrEF and HFrEF.” Therefore, better surrogate imaging

biomarkers with better diagnostic and predictive value are preferable.

Global longitudinal strain (GLS), is an alternative measure of systolic function, and is
defined as the percentage change of the length of the left ventricle from end-diastole to end-
systole. GLS is often measured at the endocardium has been shown to be superior to LVEF in
distinguishing HF patients from healthy subjects* and is also superior to LVEF in predicting

adverse outcomes in patients with acute HF.**



However, myocardial structure and function are heterogeneous, with layer-specific fiber
orientations ranging from largely circumferential at the mid-wall to more oblique at the
endocardium and epicardium.*® The potential added value of layer-specific strain has been
illustrated in various cardiovascular diseases but not in patients with HF. Layer-specific strains,
may have distinct value of diagnosis and prognosis from strain measured at the endocardium

only. Therefore, it may be preferable to investigate layer-specific strain in HF.
1.5.2 Identification of progression and the prognosis in HF

Beyond HF symptoms and serum biomarkers, the progression of HF is conventionally assessed
by the serial assessment of LVEF.? Notably, cancer therapy related cardiac dysfunction in
patients with breast cancer is defined as an absolute decrease in LVEF>10% to a LVEF < 53%.°!
In the field of HF, serial cardiac imaging has been predominantly reported in studies post

52,53

myocardial infarction, as well as interventional trials of pharmacotherapy,’* valve

t>4, revascularization,’ and implantable electronic devices ® >"*%, However, a large

replacemen
proportion of patients with HF, i.e. those with chronic stable disease, have been underrepresented
in cardiac imaging studies. Patients with chronic stable HF likely have silent disease progression
at tissue, cellular and subcellular level.>” In patients with chronic HF, no study has investigated
longitudinal changes in cardiac structure, function and myocardial tissue characteristics in order

to elucidate the natural history of HF.

To date, the prognostic value of a dynamic change in cardiac structure or function in
patients with HF has been rarely reported. A previous study of patients with HF reported serial
measurements of LVEF at a mean interval of 3.1 years and its prognostic value.®® However, the
majority of imaging studies of chronic HF have been cross-sectional and have associated
prognosis with single-time point LV measurements.*>: ¢!-62 Although one-time point LV
measurement appears to yield important prognostic information, longitudinal cardiac changes
would better reflect hemodynamic alterations in preload and afterload, and effects from
neurohormonal activation.®® Thus, incremental prognostic information may be derived from

dynamic changes in cardiac structure and function.

As HF is a progressive clinical syndrome, patients tend to undergo follow-up imaging
testing.” However, there is little data informing on the nature and relevance of temporal changes

in cardiac structure and function, especially in patients with stable disease without changes to HF
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therapy. As CMR is highly accurate and reproducible, and is multiparametric test, it is preferable

to analyze the serial change of cardiac geometry and function using this imaging modality.

Furthermore, some patients with HF undergo serial cardiac imaging tests based on
guideline and clinical needs. Longitudinal cardiac imaging assessments are still not
recommended by expert opinions.' Serial testing may identify HF progression or response to
therapy. Surveillance imaging strategies predominantly focuses on LVEF re-evaluation.
Additional studies are needed to explore the value of other cardiac imaging biomarkers. Thus, it
is meaningful to objectively identify the most clinically relevant cardiac imaging biomarker(s)

during serial testing to aid with disease management.
1.5.3 Establishing a validated imaging risk prediction model

As patients with HF have multiple comorbidities, it is necessary to incorporate cardiovascular
risk factors and other diseases in risk prediction models of outcome. Thus far, prediction models
of HF have been established using demographics, concomitant diseases, cardiovascular risk
factors, medication usage.®*’° However, these clinical risk characteristics only partially
contribute to or interact with HF, they do not provide specific information about cardiac structure
and function which determines the presence, severity, progression or even etiology of HF.
Consequently, there is the potential for remarkable additive value of incorporating the imaging

biomarkers beyond the clinical information used in risk prediction models of HF.

So far, most risk prediction models of HF have included only one imaging parameter,
predominantly LVEF, in addition to clinical information, which is not comprehensive enough to
reflect cardiac structure and function. CMR enables multi-parametric assessment of cardiac
function, volume and tissue characterization all at once. Multiple CMR-derived biomarkers have
the potential to reflect different characteristics of cardiac geometry and function and more
systemically predict the outcome. Therein, a methodologically solid and externally valid risk
model may be incorporated in routine care to help physician better capture the overall risk to
patients with HF. Furthermore, there is little information regarding externally validated risk

prediction models incorporating multiparametric cardiac imaging biomarkers.
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1.6 The Alberta HEART Study

The Alberta Heart Failure Etiology and Analysis Research Team (HEART) study is a multi-
center (University of Alberta and University of Calgary) prospective study of patients with heart
failure funded by Alberta Innovates-Health Solutions. Alberta HEART has the primary objective
to define new diagnostic criteria for patients with HFpEF. Recruitment included the full spectrum
of patients with HF, patients at risk for HF and healthy controls. Patients with HF included
HFrEF, HFmrEF and HFpEF; patients at risk for HF were those having high-risk of developing
HFpEF but no symptom of HF. These high risk features included hypertension, diabetes, atrial
fibrillation; or obesity.”! The study design is illustrated in Figure 1.2. Particularly, one of the
major goals of this study was to evaluate a wider array of imaging tests to devise new criteria

characterizing HFpEF. Cardiac imaging tests included CMR and echocardiography.

In all subjects, CMR scans were performed on a 1.5 T magnet (Sonata, Siemens and
Avanto, Siemens) and included an assessment of: (1) atrial and ventricular volumes and function
using steady state free precession (SSFP) cines, (2) myocardial tissue characterization using late
gadolinium enhancement (LGE) as well as quantitative T1 and T2 imaging, (3) estimation of
ventricular and vascular stiffness using SSFP, phase contrast and tagging techniques and (4)

pulmonary water content.

Most CMR studies of prognosis have been single site experiences with no external
validation, and the available clinical information including baseline clinical risk and serum
biomarkers were not comprehensive enough to build a robust base model to test the independent
predicting power of CMR measures. However, the Alberta HEART study is a multi-site study
and has collected comprehensive clinical information. This high-quality multi-center data forms

the basis for my thesis.
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Figure 1.2 Alberta HEART study design, from Ezekowitz et al BMC CV Disorder 20147!.

1.7 Thesis Rationale, Hypotheses and Objectives
1.7.1 Rationale

As outlined in the previous sections, HF management is challenged by: (1) lack of early
detection;(i1) limited scope of imaging assessments of HF progression; (ii1) poorly characterized
risk models of HF prognosis. Consequently, it is preferable to establish cardiac imaging strategies
to improve early detection, determine optimal imaging biomarkers for serial testing and identify
patients with HF at greatest risk of adverse outcomes. Earlier identification of disease presence or
progression will pave the way for earlier intervention and may ultimately improve long-term

outcomes.
1.7.2 Objectives and Hypotheses

Objective 1: to determine if global LV strains assessed at different layers of the myocardium by
CMR using feature-tracking approach, would have distinct performance of diagnosis and

prognosis in patients with chronic HF.

Hypothesis 1: Layer-specific global strains have superior diagnostic and predictive performance

to myocardial strain measured at endocardium alone in patients with HF.
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Hypothesis 1 is investigated in Chapter 2.

Objective 2: to investigate the prevalence of cardiac remodeling assessed by serial CMR
assessments in patients with chronic stable HF and to evaluate prognostic value of cardiac

remodeling.

Hypothesis 2: Cardiac remodeling is prevalent in patients with chronic stable heart failure; the
prognostic value of cardiac remodeling by serial CMR measurement is incremental to clinical

data and single-time point measurements.

Hypothesis 2 is investigated in Chapter 3.

Objective 3.1: to develop a comprehensive risk prediction model incorporating clinical

information and CMR-derived measurement of cardiac structure and function,;
Objective 3.2: to evaluate the applicability and validity of the model in an external cohort.

Hypothesis 3: A multiparametric imaging risk model is more robust than the risk model with
clinical information alone and has excellent applicability and validity across different heart

failure datasets.

Hypothesis 3 is investigated in Chapter 4.
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Chapter 2: Layer-Specific Strain in Patients with
Heart Failure using Cardiac MRI: Not All Layers are

the Same

2.1 INTRODUCTION

Heart failure (HF) is a complex clinical syndrome with a wide array of characteristic cardiac
structural and functional abnormalities. ' Patients are typically categorized according to left
ventricular ejection fraction (LVEF), with reduced ejection fraction defined as LVEF<40%
(HFrEF), mid-range LVEF in the span of 40%-49% (HFmrEF) and those with heart failure with
preserved LVEF>50% (HFpEF) > ¢. However, LVEF has an inconsistent relationship with

outcomes 772

and does not distinguish those with preserved LVEF from those without cardiac
disease **. Global longitudinal strain (GLS) provides an alternate measure of systolic dysfunction
that has been shown to be superior to LVEF in distinguishing HF patients from healthy subjects

49 and predicting adverse outcomes in patients with acute heart failure +°.

However, myocardial structure and function are heterogeneous, with layer-specific fiber
orientations ranging from largely circumferential at the mid-wall to more oblique at the
endocardium and epicardium *. There is a gradient in myocardial strain across the wall, with

decreasing values from endocardium to epicardium 74

which makes reported values dependent
on measurement layer, with endocardial values being most commonly reported *>* 4% 7576 The
potential added value of layer-specific strain has been illustrated in various cardiovascular
diseases. In those with suspected coronary artery disease, endocardial strains were shown to be
superior to epicardial strains for diagnosis ’’. Other studies of ischemic heart disease have shown
the superior performance of endocardial strain for the prediction of outcomes " 7°. Conversely,
epicardial longitudinal strain has been shown to provide incremental prognostic information for
acute coronary syndrome *° and hypertension *!, and improved diagnostic performance for

myocarditis #2. Finally, the epicardial, mid-wall and endocardial GLS were shown to have similar

predictive performance in population-based cohort *.

Layer-specific strains were recently reported in a small heart failure cohort, to characterize group

and layers-specific differences. However, the reported four groups had distinct LVEF, even
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between healthy control and patients with HFpEF. Therefore, it was not ideal to compare the
diagnostic value between strains and LVEF 7* The aims of the current study were to compare the
utility of global strains assessed at different layers of the myocardium, measured with
cardiovascular magnetic resonance imaging (CMR) feature-tracking, to detect systolic
dysfunction among three groups of subjects with normal LVEF and to predict outcomes in

patients with HF.

2.2 METHODS
2.2.1 Study Population

The study was approved by the University of Alberta and University of Calgary Health Research
Ethics Boards and all study participants provided written informed consent. We excluded those
unable to provide informed consent or with a contraindication to CMR. Patient recruitment and
testing has previously been reported . Briefly, we recruited patients with HF and those at-risk for
HF from ambulatory clinics and all subjects underwent comprehensive phenotyping that included
a detailed history and physical examination, serum biomarkers and a multi-parametric CMR exam.
Individuals at-risk for HF had a history of coronary artery disease, diabetes mellitus, hypertension,
atrial fibrillation, and/or obesity without a diagnosis of heart failure (AHA/ACC class A and B) 7',
Heart failure patients (AHA/ACC Class C), were sub-grouped into those with preserved (HFpEF,
LVEF > 55%), midrange (HFmrEF, 40% < LVEF < 55%) or reduced ejection fraction (HFrEF,

LVEF < 40%) %°. Healthy controls were also recruited and underwent identical testing.
2.2.2 CMR Protocol

All subjects underwent a CMR examination on Siemens Sonata or Avanto 1.5 T MRI scanners
(Siemens Healthcare, Erlangen, Germany) at the University of Alberta or University of Calgary
sites, respectively. To quantify cardiac structure and function, the CMR exam included standard
balanced steady state free precession (bSSFP) cine imaging, with 10-14 short axis slices covering
the entire ventricle, as well as two-chamber, three-chamber and four-chamber long axis views.
Typical acquisition parameters: Repetition time/echo time (TR/TE) 2.8/1.4 ms, 50-70 degree flip
angle, 8 mm slice thickness with a 2 mm gap for short axis slices, 256 x 192 matrix, 380 x 285 mm

field of view, 10 views per segment with 25 or 30 reconstructed cardiac phases over the cardiac
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cycle. All cardiac images were acquired with ECG gating within an 8-12 second breath-hold per

slice.
2.2.3 Image Analysis

Left and right ventricular end-diastolic volume (LVEDV, RVEDV) and end-systolic volume
(LVESV, RVESV), ejection fraction (LVEF, RVEF) and left ventricular mass were measured
using Syngo Argus, (Siemens Healthcare, Erlangen, Germany) or CVI42 (Circle, Calgary, Canada).
Volumes and mass were normalized to body surface area, calculated using idealized weight for the
given subject height ®. Relative wall thickness (RWT) was calculated from short-axis slices as
average end-diastolic wall thickness divided by average left ventricular end-diastolic diameter from

two mid-ventricular short-axis slices. LV Mass/LVEDV (concentricity) was also calculated.

Strain was measured from bSSFP short and long axis cine images using a feature
tracking approach based on b-spline non-rigid registration. 3 First, in-plane displacement fields
were calculated from registration of all images in each cine image series to the reference end-
diastolic image frame, separately for each short-axis and long-axis slice (step 1). Endocardial
(red) and epicardial (green) borders (Figures 1 and 2) were manually traced only on the end-
diastolic image frames by an experienced interpreter for all subjects (LX) who was blinded to
clinical data and conventional CMR measures (step 2). Equally spaced contours between the
endocardial and epicardial contours (blue) were automatically generated at the end-diastolic
frame. Subsequently, the end-diastolic contours at all layers were automatically propagated to
all image frames over the full cardiac cycle using the previously calculated feature tracking
displacement fields (step 3). Strain in each slice was calculated independently for all contours as
the fractional change in length of the contour from end-diastole (Lo) to end-systole (L) relative
to end-diastolic length, reported as a percentage, (L-Lo)/Lo*100 (Lagrangian strain). 3687
Global longitudinal systolic strain (GLS) was calculated separately for the endocardium
(GLS_ENDO), the epicardium (GLS_EPI) and the average of all contours (GLS _AVE). Peak
systolic strain from all long axis slices were averaged to provide the reported global values
(Figures 1, right panels). The ratio, GLS ENDO/GLS EPI, as well as the absolute and relative
differences between GLS ENDO and GLS_EPI were also calculated for each subject.
Similarly, global circumferential systolic strains (GCS_ENDO, GCS_MID, GCS_AVE) were

calculated as the average of the peak strains from two mid-ventricular short-axis slices (Figure
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2). The ratio, GCS_ENDO/GCS_EPI, as well as the absolute and relative differences between
GCS_ENDO and GCS_EPI were also calculated for each subject. Finally, global radial strains
(GRS) were calculated separately from both long axis (GRS LAX) and short axis slices

(GRS _SAX). Contour lengths for the calculation of radial strains were measured as the
distance between the endocardial and epicardial borders at end-diastole and end-systole. Radial
strain for each slice was calculated as the average of regional radial strains, and GRS as the

average from all slices, for short-axis (GRS SAX) and long-axis slices (GRS LAX).

GLS and GCS strains at all layers were also calculated using commercially available
CMR feature tracking software (CVI42, Circle Cardiovascular Imaging, Calgary, Canada) in a

subset of 202 subjects, for a comparison of feature tracking methodology in current study.
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Figure 2.1. Layer-specific contours in long axis CINE images, at endocardial (red), epicardial
(green) and equal spaced intramyocardial contours (blue) at end-diastole and end-systole used for
the calculation of layer-specific strain. Sample tracings for a four-chamber view are shown for a
health control (top) and a patient with HFpEF (bottom). Strain values at each layer over the full

cardiac cycle are shown on the right. See Table 2 for abbreviations.
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Figure 2.2. Layer-specific contours in short axis CINE images, at endocardial (red), epicardial
(green) and equal spaced intramyocardial contours (blue) at end-diastole and end-systole used for
the calculation of layer-specific strain. Sample tracings for a mid-ventricular short-axis view are

shown for a health control (top) and a patient with HFpEF (bottom). Strain values at each layer

over the full cardiac cycle are shown on the right. See Table 2 for abbreviations.

2.2.4 Statistical Approach

Continuous variables were expressed as mean+standard deviation or median (25, 75
percentile), as appropriate. Categorical variables were expressed as frequency and percentage.
For missing data, the data was assumed to be missing at random. Our cohort had missing values
for N-terminal prohormone of b-type natriuretic peptide (NT-proBNP, 11.0% in total, including
2.3% in healthy control, 3.5% in patients at risk for HF, 5.2% for patients with HF) and creatinine
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(8.6% % in total, including 3.1% in healthy control, 1.3% in patients at risk, 4.2% in patients with
HF). Multiple imputation by chained equations with 50 imputed data sets was used to generate
missing data based on all candidate predictors and outcomes. We averaged results from the 50

imputations %,

Two sample t-test (or Mann-Whitney U test) or one-way analysis of variances with
Bonferroni post-hoc correction (or Dunn’s test) were used to compare continuous variables
among groups of patients, as appropriate. Chi-square was used to compare the categorical
baseline characteristics. The normal distribution of continuous variables was tested by the
Shapiro-Wilk normality test. We applied logarithmic transformation to NT-proBNP and

creatinine. Correlation between continuous variables was tested by Pearson correlation.

Clinical outcome was all-cause mortality over a 5-year follow-up. Univariable Cox
proportional regression was performed for all demographic parameters, cardiovascular risk
factors, cardiovascular disease history, concomitant diseases, and CMR-derived imaging
parameters. Sex and the parameters with univariable p value<0.2, including age, systolic blood
pressure, current smoker, presence of heart failure, coronary artery disease, atrial fibrillation or
atrial flutter, chronic obstructive pulmonary disease, log (NT-proBNP) and log (creatinine)
entered the forward selection approach based on Akaike Information Criterion (AIC) to build the
optimal set of predictors as the base model for adjustment. In the multivariable Cox proportional
hazard analysis conventional LV measurements, GRS, and layer-specific strains for GLS, GCS
were each adjusted with the base model to test their independent association with the outcome.
Additionally, the association of layer-specific strains and conventional LV measurements with
clinical outcomes were quantified using the AIC values, where the lowest AIC score (AICminimum)
indicates the best outcomes model. Each compared model included the base model and a single
evaluated CMR parameter. For comparison of AIC values (between CMR parameters), A, = AIC;
— AlCminimum 18 the difference between Model; and best fit model. If A; <2, there is substantial
support for similar predictive performance of the best fit model and the i-th model; for 4<A; <7
there is considerably less support for i-th model; for A; >10 there is no support for i-th model *.
Finally, the incremental value of outcomes prediction by layer-specific strain over the other CMR

variables was evaluated using the likelihood ratio test.
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Intra-observer and inter-observer reproducibility of all strain parameters were evaluated
by intra-class correlation coefficient and coefficient of variation in 20 randomly selected subjects
with blinding to clinical data. Statistical analyses were performed using STATA 16.0 software
(StataCorp LP, College Station, Texas). A p-value less than 0.05 was considered significant for

all tests.

2.3. RESULTS
2.3.1 Demographics

From 466 subjects who underwent CMR exams, 453 subjects with analyzable images were
identified: controls (n=77), at-risk (n=143), HFpEF (n=87), HFmrEF (n=88), and HFrEF (n=58).
To explore whether strains can differentiate the 3 subgroups with preserved LVEF (controls, at-
risk and HFpEF), only healthy controls (n=70) and patients at risk for HF (n=126) and HFpEF
(n=87) with normal LVEF > 55% were included in group comparison (Table 1 & Table 2), but all
patients at risk or with HF were all included in the survival analysis. Those with HFpEF were
older and had higher body mass index, higher medication use, more concomitant disease and
higher serum NT-proBNP, as compared to controls and those at-risk (all ps<0.001, Table 1).
Among the three heart failure groups, all had similar serum creatinine and concomitant disease,
however those with HFpEF were slightly older with a larger proportion of females, slightly
higher body mass index, and lower rate of beta blocker use (all ps<0.05) and those with HFrEF
had higher level of serum NT-proBNP with lower systolic blood pressure (both ps <0.05). (Table
2.1)

2.3.2 Ventricular Structure and Function

Within the heart failure groups, there was significantly lower LVEF, lower strains and larger
ventricular mass and volumes from HFpEF to HFmrEF and to HFrEF groups, respectively (Table
2, all ps<0.001). Within the preserved LVEF groups (controls, at-risk and HFpEF), LVEF was
statically identical between healthy controls and patients with HFpEF (median 63% vs 63%,
p=0.84) and slightly lower than patients at risk for HF (median 66%, both ps<0.05 with post-hoc
correction). All circumferential strain components, as well as LV and RV volume were similar in

all three groups. GLS _ENDO was also similar in all preserved LVEF groups, and thus also did
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not identify systolic dysfunction in patients with HFpEF. However, GLS EPI was the only strain
measurement distinguishing all three groups with preserved LVEF in post-hoc analysis, with
incrementally reduced systolic function (-16.5+2.4% vs. -15.5£2.7% vs. -14.1+3.0%, p<0.001)
from controls, to those at-risk to HFpEF. Both LV Massi and LV Mass/LVEDYV also had
significant stepwise increase from controls, to those at-risk to HFpEF. Other parameters also
identified systolic dysfunction in the HFpEF group, with significantly reduced values versus
controls and at-risk groups but no difference between the latter two groups, including GLS AVE
and GRS (Table 2). HFpHF patients also had significantly larger differences (absolute and
relative) between endocardial and epicardial strains as compared to healthy controls, for both

GLS and GCS.

Comparison of LVEF and GLS EPI values for all study subjects illustrates the significant
overlap of GLS_EPI values among the three HF subgroups (grouped by LVEF), for which
GLS_EPI values are generally reduced and overlapping regardless of LVEF (Figure 2.3A and
2.3B). Using the 90™ percentile in the control group as a cutoff for identification of systolic
dysfunction, GLS EPI identified 35/87 HFpEF patients (GLS EPI >-11.4% cutoff in males (Fig.
2.3D), >-14.2% cutoff in females (Fig. 3F)), while GLS _ENDO identified a much smaller
subgroup of 18/87 with reduced function (GLS _ENDO >-16.0% cutoff in males, >-18.7% cutoff

in females). Similar scatter plots are shown for all strain components (Figure 2.4).

GLS and GCS values were significantly reduced from endocardial to epicardial layers in
all groups, as shown by the ratio of strains on these layers as well as by the absolute and relative
strain differences (Table 2.2). Also, the differences between endocardial and epicardial strains

(absolute and relative) were significantly reduced from HFpEF to HFmrEF to HFrEF.
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Table 2.1. Baseline Characteristics in the 5 Subgroups of Subjects

Healthy control ht;rl;ii'l;ilf:::e HFpEF p-value HFmrEF HFrEF v;;le
(n=70) (n=126) (n=87) ] (n=88) (n=58) 2
Preserved Ejection Fraction
Age, year 59(52,69)* 1 65(60,72)* | 73(6481) | <0.001 | 70(60,75)] | 66(59,77) | 0.005
Male 29(37.1%) S3(2.1%) | 34(39.1%) | 078 | 61(693%) | 40(69.0%) | <0.001
BML, kg/m? 28(24.30)*1 20(25,34)* 30(2835) | <0.001 | 29(2633) | 292632 | 0.013
Systolic BP, mmHg | 128(116,140)7 | 137(123,151) | 130(121,146) | 0.070 | 125(115,136)f | 124(111,133)] | 0.006
Heart rate, bpm 67(60,76) 63(61,76) 64(60,76) | 0.16 64(60,75) 68(60,76) | 030
NYHA Class 2.1+0.7 N/A 1.9+0.7 2.0+£0.7 0.30
CAD 0 2(175%) | 37(42.5%) | <0.001 | 40(45.5%) 29(50%) | 0.68
HTN 0 100(79.4%) | 75(86.2%) | <0.001 | 56(63.6%) | 37(63.8%) | 0.001
ATAFL 0 19(15.1%) | 34(39.1%) | <0.001 | 36(409%) | 23(39.7%) | 0.98
COPD 0 8(6.4%) 1820.1%) | <0.001 | 15(17.1%) | 12(20.7%) | 0.79
CKD 0 07.1%) | 22(253%) | <0.001 | 17(193%) | 11(19.0%) | 055
Beta blocker 0 34(27.0%) | 64(73.6%) | <0.001 | 79(89.8%) | 54(93.1%)T | 0.001
ACEi or ARB 0 86(683%) | 73(83.9%) | <0.001 | 76(83.6%) | 50(862%) | 088
NT-proBNP, pmol/l | 5(3,10)*1 7(@,16) 66(19,132) | <0.001 | 57(24,147) | 104(52,253)1§ | 0.003
Creatinine, mol/l 78(67.86)" 767,89 | 96(76.123) | <0.001 | 97(80.122) | 93(77.110) | 0.49

P-values 1 were derived from comparison among the three subgroups with preserved ejection

fraction and P-values 2 for the three subgroups of patients with heart failure. Continuous

variables were expressed as meanzstandard deviation or median (25, 75 percentile), as

appropriate. Abbreviations: HFpEF=heart failure with preserved ejection fraction;

HFmrEF=heart failure with midrange ejection fraction; HFrEF=heart failure with reduced

ejection fraction; BMI=body mass index; BP=blood pressure; NYHA=New York Heart

Association Classification; CAD=coronary heart disease; HTN=hypertension; Af/AFL=atrial

fibrillation/flutter; DM=diabetes mellitus; COPD=chronic obstructive pulmonary disease;
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CKD=Chronic kidney disease; ACEI=Angiotensin converting enzyme inhibitor;
ARB=Angiotensin II receptor blocker; NT-proBNP=N-terminal pro b-type natriuretic peptide;

*significantly different from HFpEF in comparison among 3 subgroups with preserved LVEF.

tsignificantly different from patients at risk for heart failure in comparison among three

subgroups with preserved LVEF.
q significantly different from HFpEF in comparison among three subgroups with heart failure.

§ significantly different from HFmrEF in comparison among three subgroups with heart failure.
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Table 2.2. Cardiac Structure and Functions in the 5 Subgroups of Subjects

Healthy At risk for HFpEF p- HFmrEF HFrEF p-
control (n=70) heart_ failure _ value _ _ value
(n=126) (n=87) 1 (n=88) (n=58) 2
Preserved Ejection Fraction
LVEF,% 63(61,67)t 66(62,70)* 63(59,68) 0.008 | 48(44,52) 9 32(25,38)18 <0.001
LVEDVi, mim® | 2 g g3 75(65.87) 76(68,86) 0.73 1 10081,114) é34(100,165)'ﬂ =001
LVESVi, ml/m? 27(23,31) 25(21,31) 28(22,33) 0.16 | 51(40,62)f 90(64,121)Y§ | <0.001
LV Massi, g/m? 55(49,61)*t 61(51,71)* 66(56,79) <0.001 | 76(63,88)] 91(74,110)§ | <0.001
LV Mass/L VEDV $;?2(0.66,0.79 0.80(0.70.0.91)* (83585(0.73,0.9 <0.001 0.79(0.66.0.55)] ;)1.]27(0.60,0.76 <0.001
RWT ;)*3 1(0.27,0.34 0.32(0.25.0.37)" 8.)34(0.29,0.4 0.019 0320027037 ;)1%8(0.24,0.32 <0.001
RVEF 58(55,64)t 62(57,67) * 60(52,64) 0.021 | 52(46,58)] 49(41,56)18 <0.001
RVEDVi, ml/m? 74(63,83) 75(61,88) 71(63,91) 0.74 | 81(67,97) 79(68,108) 0.070
RVESVi, ml/m? 30(23,35) 28(22,35) 31(24,39) 0.27 | 38(28,48)f 39(31,57) <0.001
GLS EPL% -16.5+2.4%*F -15.5£2.7* -14.1£3.0 <0.001 | -11.6£2.19 -8.2+£2.298 <0.001
GLS AVE.,% 19.6+2.5* 19.243.1* 17.9+3.3 <0.001 | 14.0£2.34 9.4+2.79§ <0.001
GLS_ENDO,% -21.1£2.6 -21.2+43.4 -20.1£3.7 0.050 [ -15.3£2.99 -10.0£3.29[§ <0.001
GLS_ENDO/GLS_EP 0,001 <0.001
I 1.3(1.2,1.4)*1 | 1.4(1.3,1.5)* 1.4(1.3,1.5) 1.3 (1.2,1.4) 1.2(1.2,1.4)7§
Absolute GLS layer -4.7(-5.8,- -5.6(-7.5.- <0.001 -2.1(-2.7.- <0.001
difference, % 3.3)*1 5.7(-74,-4.1) | 4.3) 3.5(-5.1,-2.3)9§ | 1.0)9$
Relqtive GLS layer 21.9(16.5,27.0 28.9(23.4,34. <0.001 25.4(16.1,29.9) | 17.9(13.4,25.8 | <0.001
difference, % )*t 27.3(20.4,32.5)* | 4) § Wik
GCS_EPL% -11.1+£2.8 -10.242.5 -10.243.4 0.072 [ -7.8+2.44 -5.7+£2.298 <0.001
GCS_AVE,% 19.9+3.4 19.9+3.3 19.3+4.0 0.40 | 13.9+3.19 9.3+3.198 <0.001
GCS_ENDO,% -29.9+4.7 -31.1£5.3 -29.9+6.1 0.17 | -21.1£4.99 -13.1+4.69§ <0.001
GCS_ENDO/GCS_EP 0.004 2.31(1.90,2.85 | <0.001
I 2.6(24,3.1)*t | 3.0(2.6,3.6) 2.9(2.4,4.0) ’ 2.63(2.33,3.25)] | )18
Absolute GCS layer | -18.8(-21.1,- | -20.8(-24.3,- -19.0(23.1- | 00y | -13:0C-162- -7.5(-8.7,- <0.001
difference, % 16.3)T 17.8)* 16.1) ) 9.8)4 5.8
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Relative GCS layer | 61.8(58.4,67.5 65.4(578,74. | o 004 56.8(47.4,64.9 | <0.001
difference, % ) *t 67.0(62.1,72.1) | 8) ' 62.0(57.1,69.2)% | )I§
GRS_LAX 0.49£0.11* 0.47+0.13* 0.41£0.14 | <0.001 | 0.28+0.097 0.19+0.087§ | <0.001
GRS _SAX 0.46+0.13* 0.46+0.15* 0.39+0.15 | <0.001 | 0.27+0.097 0.18+0.087§ | <0.001

Absolute strain layer difference=endocardial strain - epicardial strain; relative strain layer

difference= (endocardial strain - epicardial strain)/endocardial strain

P-values 1 were derived from comparison among the three subgroups with preserved ejection

fraction and P-value 2 for the three subgroups of patients with heart failure.

*significantly different from HFpEF in comparison among three subgroups with preserved

LVEF.

tsignificantly different from patients at risk for heart failure in comparison among three

subgroups with preserved LVEF.
q significantly different from HFpEF in comparison among three subgroups with heart failure.
§ significantly different from HFmrEF in comparison among three subgroups with heart failure.

Continuous variables were expressed as mean+standard deviation or median (25%, 75%

percentile), as appropriate.

Abbreviations: HFpEF=heart failure with preserved ejection fraction, HFmrEF=heart failure with
midrange ejection fraction; HFrEF=heart failure with reduced ejection fraction;
L(R)VEF=left(right) ventricular ejection fraction; L(R)VEDVi=left(right) ventricular end-
diastolic volume indexed to ideal body surface area; L(R)VESVi=left(right) ventricular end-
systolic volume indexed to ideal body surface area; LV Massi= left ventricular mass indexed to
ideal body surface area; RWT=relative wall thickness; GLS EPI=epicardial global longitudinal
strain; GLS AVE=average global longitudinal strain, GLS ENDO=endocardial global
longitudinal strain, GCS_EPI=epicardial global circumferential strain, GCS_AVE=average global
circumferential strain, GCS_ENDO=endocardial global circumferential strain, GRS=global radial

strain, LAX=long axis; SAX=short axis.
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Figure 2.3. Scatter and box plots of LVEF (A) and GLS_EPI (B) in all five groups. Box plots
show the median value, 25™ and 75" percentiles and the full extent of the data, excluding outliers.
Corresponding scatter plots are shown for LVEF (C and E) and GLS _EPI (D and F) in the
preserved LVEF groups, with grouping by sex. Individuals with reduced GLS EPI values were
highlighted in the dashed boxes in D) (males: 11% in controls, 17% in at risk group, 32% in
HFpEF) and F) (females: 9% in controls, 14% in at risk group, 45% in HFpEF). All subjects in
the preserved LVEF groups have normal LVEF by definition. See Table 2.2 for abbreviations.
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Figure 2.4. Scatter and box plots for LVEF and all strain components for all five groups. See

Table 2 for abbreviations. Box plots show the median value, 25" and 75" percentiles and the full

extent of the data, excluding outliers. See Table 2.2 for abbreviations.
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GLS and GCS values were significantly reduced from endocardial to epicardial layers in
all groups, as shown by the ratio of strains on these layers as well as by the absolute and relative
strain differences (Table 2.2). Also, the differences between endocardial and epicardial strains

(absolute and relative) were significantly reduced from HFpEF to HFmrEF to HFrEF.

The relationship between strain and LV structure in the preserved LVEF groups is
illustrated by comparison of GRS (GRS SAX) and LV Mass/LVEDYV values in all individuals,
with separate results by sex (Figure 2.5). Similar significant negative correlations were found in
the HFpEF group alone (Fig. 2.5A and B), and also when including all subjects with preserved
LVEF (Fig. 2.5C and D). Similar significant correlations were observed when comparing

GLS _EPI and LV Mass/LVEDV (not shown).

A) B)

HFpEF (Female)

HFpEF (Malc)

y=-43x+79 y=-43x+74
R=-049,P<0.001 R =-0.00.P<0.001
0 0
0.4 0.6 0.8 1 1.2 0.4 0.6 0.8 | 1.2
LV Mass / LVEDV (g/ml) LV Mass / LVEDV (g/ml)
) D)
Preserved LVEF Groups (Female) Preserved LVEF Groups (Male)

80

y=-37x+78 y=38%+72 ° o,
R=-047,P<0.001 R =-0.59, P <0.001

0 0

0.4 0.6 0.8 1 1.2 0.4 0.6 0.8 1 1.2
LV MASS / LVEDV (g/ml) LV Mass / LVEDV (g/ml)

Figure 2.5. Relationship between GRS and LV Mass / LVEDV (concentricity) in HFpEF
patients (A and B) and in all subjects with preserved LVEF (C and D). See Table 2.2 for
abbreviations.
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2.3.3 Layer-specific strain in healthy controls

Among the 77 healthy controls subjects (29 male, median age 59 years), male subjects had lower
strains than females at all locations except for GCS  ENDO which were similar in men and
women (Table 2.3). For both GLS and GCS, values were lowest at the epicardium with a
stepwise increase from the average value in myocardium to the endocardium (all ps<0.001). The
magnitude of GRS values measured from long axis (GRS LAX) and short axis slices

(GRS _SAX) were similar.
2.3.4 Clinical outcomes

During a 5-year follow-up for the at-risk and HF subgroups, there were 33 events of all-cause
mortality. The base model included age and log (NT-proBNP) for multivariable analysis. After
adjustment with the base model, GLS AVE and GRS (for both LAX and SAX-derived GRS)
were the only independent predictors of mortality, with adjusted hazard ratio 1.10, 1.03 and 1.03,
respectively, for 1% absolute decrease of strains, all ps<0.05. However, LVEF (adjusted hazard
ratio 1.22 for 10% decrease, p=0.12) and GLS_ENDO (adjusted hazard ratio 1.06 for 1%
absolute decrease, p=0.15) were unable to independently predict outcome (Table 2.4).
Additionally, AIC values for the layer-specific GLSs, GCSs and conventional LV measurements
were compared to evaluate the relative strength of their association with clinical outcomes.

GLS AVE and GRS had the lowest AIC values, which demonstrates the strongest association
with the clinical outcome (Table 2.5). For the remaining parameters, GLS ENDO, GLS EPI, all
GCS components and conventional LV measures (LVEF, LVEDVi, LVESVi and LV Massi) had
considerably less support for similar performance as GLS AVE and GRS for outcomes
prediction, with AAIC values of 3.5 to 6.1 ¥. The use of GLS_AVE had significant incremental
value for prediction of outcomes over LVEF and GLS_ENDO (y* = 5.1 and 7.4, respectively,
both ps<0.05), by the likelihood ratio test. GRS both at short axis and long axis had incremental
value over LVEF (y? = 4.4 and 4.8, respectively, both ps<0.05).
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Table 2.3. Comparison of layer-specific strain, LV mass and relative wall thickness between two

sexes in healthy controls

Male(n=29) Female(n=48) | p-value
LVEF.,% 62(59,65) 63(60,67) 0.50
GLS EPL% -15.0+2.4 -17.1+2.3 <0.001
GLS AVE.,% -18.7£2.6 -20.5+2.5 0.006
GLS ENDO.,% -19.6+2.6 -21.4+2.7 0.005
GLS_ENDO/GLS_EPI 1.324+0.12 1.26+0.11 0.035
Absolute GLS layer difference, % -5.0(-5.6,-3.8) -4.2(-5.6,-3.2) 0.33
Relative GLS layer difference, % 24.2(20.1,28.0) 19.7(15.6,25.7) 0.030
GCS_EPL% -9.6£2.6 -11.6£2.7 0.002
GCS_AVE,% -18.5+£3.3 -20.1+3.4 0.051
GCS_ENDO,% -28.9+4.7 -29.7+4.9 0.50
GCS_ENDO/GCS_EPI 2.97(2.61,3.47) 2.56(2.32,2.86) 0.001
Absolute GCS layer difference, % | -18.7(-21.7,-16.6) | -18.3(-20.4,-15.8) | 0.29
Relative GCS layer difference, % 66.3(61.6,71.2) 61.0(56.9,65.1) 0.001
GRS _LAX 0.44+0.11 0.51+0.10 0.006
GRS _SAX 0.40+0.12 0.49+0.12 0.001
LV Massi, g/m? 60(57,71) 52(47,57) 0.005
LV Mass/LVEDV 0.81(0.70,0.93) 0.74(0.64,0.83) | <0.001
RWT 0.34(0.30,0.37) 0.30(0.26,0.32) | <0.001

See Table 2.2 for abbreviations. Continuous variables were expressed as mean+standard

deviation or median (25", 75" percentile), as appropriate. P-values were derived from

comparison between two sexes.
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Table 2.4. Cox Proportional Hazard Regression Analysis for the Outcome of 5-Year All-Cause

Mortality
Patients with HF or at risk for HF- 376 subjects (33 events)
Univariable analysis Multivariable analysis
HR(95% CI) | p-value M;fel HR(95% CI) | p-value
Age at MRI, per 10 year increase 2.37(1.58,3.56) <0.001 | 21.5
Male gender 0.66(0.32,1.34) 0.25 1.4
BMI, per 1kg/m? increase 1.00(0.94,1.06) 0.99 0.1
Systolic BP, per 10 mmHg increase 0.80(0.66,0.98) 0.031 0.2
Current smoker 1.34(0.93,1.91) 0.12 2.6
History of heart failure 6.43(1.96,21.08) 0.002 15.3
HTN 1.07(0.48,2.38) 0.86 0.1
CAD 2.15(1.11,4.17) 0.023 5.1
Af/AFL 2.81(1.42,5.58) 0.003 8.6
DM 0.81(0.39,1.70) 0.58 0.3
COPD 1.92(0.87,4.26) 0.11 2.3
CKD 1.20(0.50,2.91) 0.69 0.2
Log(NT-proBNP) 1.84(1.44,2.36) | <0.001 | 27.5
Log(Creatinine) 3.20(1.37,7.49) 0.007 6.2
LVEF, per 10% decrease 1.37(1.10,1.71) 0.004 7.6 1.22 (0.95,1.58) 0.12
LVEDVi, per 10 ml/m? increase 1.09(1.00,1.18) 0.043 3.5 1.06(0.97,1.15) 0.19
LVESVi, per 10 ml/m? increase 1.11(1.02,1.20) 0.013 5.0 1.07(0.97,1.17) 0.16
LVMassi, per 10 g/m? increase 1.14(1.00,1.29) 0.051 33 1.09(0.95,1.25) 0.25
LVMass/LVEDV, per 0.1 increase 0.98(0.82,1.17) 0.82 0.1 0.92(0.81,1.03) 0.14
GLS_EPI, per 1% absolute decrease 1.11(1.04,1.18) 0.002 9.4 1.09(0.98,1.22) 0.11
GLS_AVE, per 1% absolute decrease 1.14(1.06,1.23) <0.001 | 12.5 1.10(1.01,1.20) 0.023
GLS_ENDQO, per 1% absolute decrease 1.10(1.04, 1.18) 0.002 9.2 1.06(0.98, 1.15) 0.15
GCS_EPI, per 1% absolute decrease 1.01(0.91,1.13) 0.83 0.1 0.99(0.90,1.10) 0.87
GCS_AVE, per 1% absolute decrease 1.05(0.99, 1.12) 0.10 2.6 1.02(0.95,1.09) 0.57
GCS_ENDO, per 1% absolute decrease 1.04(1.00,1.08) 0.044 4.0 1.02(0.98,1.06) 0.41
GRS _LAX, per 1% decrease 1.03(1.01,1.05) 0.001 12.2 1.03(1.00,1.05) 0.024
GRS_SAX, per 1% decrease 1.03(1.01,1.05) 0.002 11.9 1.03(1.00,1.05) 0.019

Base model: age+log (NT-proBNP). See Table 2.1&2.2 for abbreviations.
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Table 2.5. Discrimination performance of layer-specific Strains by Akaike
information Criterion (AIC) for Death at 5 Years

AlIC AAIC
BM + LVEF 355.7 3.7
BM + LVEDVi 356.5 4.5
BM + LVESVi 356.4 4.4
BM + LVMassi 356.9 4.9
BM + GLS_EPI 355.5 3.5
BM + GLS AVE 352.8 0.8
BM + GLS ENDO 355.7 3.7
BM + GCS_EPI 358.1 6.1
BM + GCS_AVE 357.5 5.5
BM + GCS_ENDO 357.4 54
BM + GRS LAX 352.3 0.3
BM + GRS _SAX 352.0 0

BM-=base model, including age and log (NT-proBNP).

AAIC = AIC; - AIChinimum (AlCnminimum=AlCagrs_sax). The model with lowest AIC score
(AICminimum) indicates the best model. See Table 2.2 for abbreviations.

2.3.5 Reproducibility

The intra-observer reproducibility of all layer-specific strains was excellent; CoV values ranged
from 2.7% to 5.4%, with 4.3% for GLS EPI and 2.7% for GLS _ENDO, and ICC values ranging
from 0.97 to 0.99, with 0.98 for GLS EPI and 0.99 for GLS ENDO. The inter-observer
reproducibility of all layer-specific strains was also excellent; CoV values ranged from 4.9% to
9%, with 4.9% for GLS EPI and 8.7% for GLS _ENDO, and ICC ranged from 0.92 to 0.98, with
0.92 for GLS _EPI and 0.98 for GLS ENDO. Bland and Altman plots illustrate good agreement
between all GLS and GCS components between the reported custom feature tracking methods
and a feature tracking approach by a commercial software CVi 42 in 202 subjects (Supplemental

Figure 2.1).
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Supplemental Figure 2.1. Comparison of feature tracking software (custom software used in
the current study versus CVI42) for calculation of longitudinal and circumferential strains in a

subset of 202 subjects. See Table 2 for abbreviations.

2.4 DISCUSSION

The main findings of the current study are that consideration of measurement layer for
global strain is necessary for optimal identification of dysfunction and outcomes prediction in
heart failure. The endocardium-specific strains were shown to have poorest performance both for

detection of systolic dysfunction and outcomes prediction.
Layer-Dependence of Systolic Dysfunction and Association with Remodeling in HFpEF

In subjects with preserved ejection fraction, GLS EPI distinguished all three groups with
preserved ejection fraction and identified ~40% of HFpEF patients as having reduced systolic
function. In contrast, circumferential strain components at all layers and GLS _ENDO performed
similarly to LVEF (i.e. values were comparable in healthy controls, those with risk factors for HF
and HFpEF). Similar to recent studies in healthy subjects 7 *°! and in heart failure (19), GLS

and GCS values were incrementally decreased from endocardium to epicardium in all groups. In
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the current study, it was also found that the difference between endocardial and epicardial strains
in individuals (relative and absolute differences) were significantly higher in HFpEF as compared
to healthy controls. This is in agreement with the patterns of preserved endocardial strains and

reduced GLS EPI in this heart failure group.

Additionally, indexed LV mass and LV Mass/LVEDV were significantly increased in the
HFpEF group as compared to at-risk and healthy controls. Together, these findings describe a
HFpEF phenotype with preserved endocardial function, paralleling LVEF, but with increased
strain reduction across the wall, potentially associated with increased LV mass and concentricity
(mass/volume). GRS was also significantly reduced in the HFpEF group as compared to healthy
controls, and was shown to be associated with increased concentricity. A similar relationship was
observed for GLS EPI, with more impaired function in those with increased concentricity.

These observed associations between strains and structure also exist in comparison of the healthy
men and women, where men had larger LV mass, larger LV Mass/LVEDV, lower GLS EPI,

lower GRS and larger differences between endocardial and epicardial strains.

In the current study, the use of a higher cutoff of 55% for preserved LVEF %% as
compared to the more commonly used 50%, was used to reflect the larger number of heart failure
patients in the 50%-55% range but very small proportion of at-risk or control subjects in this
range. A 50% cutoff would result in significantly reduced LVEF in the HFpEF group, compared
to at-risk and healthy controls, and a large number of individuals that are outside of the normal

range of LVEF values from the control group and literature values.

For many of the reported structural and functional parameters that distinguish HFpEF
from controls, the values in the at-risk group were intermediate, between the control and HFpEF
groups, with significant group differences on post-hoc analysis, suggesting early changes in these

parameters may contribute to or be associated with future development of heart failure.

When comparing the three heart failure groups alone (preserved, mid-range and reduced
LVEF), all CMR parameters were significantly different between all groups, with larger volumes,
increased LV mass and reduced strain (all components) from HFpEF to HFrEF. The differences
between endocardial and epicardial strains also followed this pattern, with reduced differences
between the layers from HFpEF to HFrEF, paralleling the reduction in concentricity

(mass/volume).
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Heart Failure Outcomes

Among all strain components, only GLS AVE and GRS were significantly predictive of
mortality in HF patients and those at risk when including the key factors of age and NT-proBNP
in the outcomes model. Both parameters had superior outcomes prediction performance as
compared to commonly reported GLS ENDO. 4% 4% 75:76 Not surprisingly, LVEF was also not
predictive of outcomes, in agreement with large studies showing that HF outcomes are
independent of LVEF, being similar for HFpEF, HFmrEF and HFrEF groups. ’ Similar to our
findings, a recent study of 463 patients with HFpEF showed no association between endocardial
GLS and mortality or a composite of mortality or rehospitalization at 1 year. °* While reduced
GLS _ENDO has previously been shown to have incremental value over LVEF in outcomes
prediction in acute heart failure, NT-proBNP, a robust and widely available predictor of
95,96

mortality,
study, GLS ENDO, GLS AVE and GLS EPI and even LVEF were all significantly predictive

was not included in the reported outcomes model. Case in point, in the current

of outcomes in univariable analysis, but of these only GLS AVE remained independently

associated with clinical outcomes when including NT-proBNP and age in the outcomes model.

The limited improvement in endocardial-specific strain over LVEF for detection of
dysfunction or prognosis might be expected given the strong relationship between volumetric
function, from which LVEF is defined, and deformations of the endocardial surface. Recently,
Stokke et al highlighted the direct relationship between endocardial strains and LVEF, and that
LV wall thickness becomes a modulator of this relationship when considering average strains,
measured across the wall thickness.?” Specifically, their mathematical model showed how
thicker ventricles can have reduced average strains across the wall thickness in the presence of
preserved LVEF. Similarly, Maclver ef al illustrated the mechanism by which mid-wall global
strains can be reduced in the presence of normal ejection fraction as a result of increased wall
thickness, based solely on geometry.”® Similar geometric models linking wall thickness, LVEF
and strains, with similar conclusions, have previously been described.”® It is thus possible that
the superior prognostic performance of GLS AVE over endocardial strains reflects its
dependence on both systolic strain and LV mass, where LV mass itself is predictive of
cardiovascular outcomes. %11 GRS had similar good outcomes prediction performance as

compared to GLS AVE. Like GLS AVE, GRS directly incorporates geometric information
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from the full thickness of the myocardium. Additionally, reduced GRS was shown to be
associated with increased concentricity (LV mass/LVEDV), so like GLS AVE, may integrate
structural remodeling and reduced function. Global radial strains measured from short axis

(GRS _SAX) or long axis (GRS LAX) images had similar values in all groups and similar
outcomes prediction performance. It is unclear why GLS EPI was not significantly predictive of
outcomes, given its sensitivity to systolic dysfunction in heart failure in the current study, and its
association with structural remodeling, similar to GRS. It is possible that increased
measurement variability at the epicardium has contributed to this finding. Similar to previous
studies, reproducibility of endocardial strain was superior to those measured on the

epicardium.'%?

It should be acknowledged that the conventional strain components, longitudinally or
circumferentially, are not along the direction of fiber shortening. Fibers are helically orientated
at the endocardium and epicardium.* It is possible that reduced strain along a single direction at
the epicardium, for example, could reflect changes in fiber orientations and function across the

thickness of the heart wall.'®

Dependence on Sex

73,91

Similar to previous studies , men were shown to have lower absolute strain values than

women for most strain components, necessitating the definition of sex-specific normal values.
Study Limitations

Our study has a modest sample size and number of events for outcomes analysis, a reflection of
the clinical stability of our HF cohort, which may limit the generalizability of the reported
findings. However, based on the suggested 10 outcome events per predictor, our use of age, log
(NT-proBNP) with each CMR parameter separately (i.e. 3 predictors in the composite model),
our observed 33 events (mortality at 5 years) are sufficient. The base model, while only including
age and NT-proBNP was established based on AIC forward selection including all cardiovascular
risk factors and disease history with p-values <0.2 and is thus robust and representative. Also, age
and NT-proBNP have previously been reported to be the strongest predictors of mortality among
clinical characteristics in patients with HF or without HF. *® An additional limitation is the

generalizability of the reported findings given the heterogeneity of the underlying pathologies of
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heart failure, some of which may not follow the trends reported in the current study. For
example, endocardial strains have been shown to have superior prognostic performance in
ischemic disease ’® 7. Nonetheless, the overall significant findings for GLS_EPI, GLS AVE and
GRS speak to the robustness of these metrics across a wide spectrum of functional abnormalities.
The calculation of average strain across the wall is limited by the relatively poor contrast within
the myocardium, which may lead to errors in this strain component. This is an intrinsic limitation
of CMR feature tracking with conventional cine imaging, for which the myocardium has
relatively uniform signal intensity. The HFpEF group in the current study was slightly older than
the healthy control and at-risk groups, which may contribute to the lower observed strains in this
group, however, the relatively small expected decline in strains beyond 50 years of age *°
suggests these effects will be negligible. Age was also included as a co-factor in all statistical
analyses to address potential age effects. CMR has lower availability than echocardiography for
the measurement of strain. However, recent speckle tracking study of healthy subjects reported
similar GLS layer-specific values to those reported in the controls in the current study * !,
suggesting that current echocardiographic methods are similar to CMR for layer specific stain
evaluation. Also, direct comparison of strain measured with CMR feature tracking and speckle
tracking echocardiography has shown good inter-technique agreement ', Finally, the reported

findings remain to be verified in an independent validation cohort.

CONCLUSION

Global strains measured on endocardium, epicardium or average across the wall thickness are not
equivalent for the identification of dysfunction or outcomes prediction in heart failure. The
endocardium-specific strains were shown to have poorest all-around performance. GLS AVE
and GRS were the only CMR parameters to be significantly associated with 5-year all-cause
mortality. GLS EPI, GLS AVE, GRS and the relative difference in endocardial and epicardial
strains differentiated HFpEF patients from healthy controls, and increased LV mass and LV
Mass/LVEDYV were generally associated with reduced strain in those with preserved LVEF.
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Chapter 3: Cardiac remodeling is prevalent in patients
with chronic heart failure and predicts clinical

outcomes — results from the Alberta HEART study

3.1 INTRODUCTION

Heart failure (HF) is a progressive and complex syndrome with poor prognosis.! Cardiac
remodeling clinically manifests as a change in size, shape and function of the heart, and plays a
crucial role in the development!'® and progression of HF.!%® Changes in cardiac geometry have
been shown to predict outcome in pre-clinical'’” and clinical HF!'%® and can be used to assess
response to therapy.!® °%19-112 Cardiac imaging is a common surveillance strategy for patients
with HF'!® however this approach is not supported by expert opinion, principally due to concerns
of cost, access and measurable impact on patient care.!'* Nevertheless, there is limited data
characterizing temporal changes in cardiac structure and function and their clinical relevance in
patients with chronic HF. To date, imaging studies of cardiac remodeling have largely been
limited to patients with heart failure and reduced ejection fraction and are complicated by

variable definitions of reverse and adverse remodeling.'!>

Cardiac magnetic resonance (CMR) is well suited for longitudinal study of remodeling
due to high reproducibility of cardiac volumes and function. To date, no CMR studies have

evaluated serial changes in cardiac geometry and function in patients with chronic HF.

We hypothesized that cardiac remodeling assessed longitudinally by serial CMR is

common among patients with chronic HF and is predictive of clinical outcomes.

3.2 METHODS
3.2.1 Study Population

Institutional approval for this study was acquired from the Health Research Ethics Boards at the
University of Alberta and University of Calgary. Written informed consent was obtained from all

study participants. Recruitment and examination procedures have been previously described.”! In

38



brief, patients with HF and those at-risk for HF were recruited from adult ambulatory clinics and
underwent comprehensive phenotyping that included a detailed medical history and physical
examination, serum biomarkers and a multi-parametric CMR exam. Individuals at-risk for HF
had a history of coronary artery disease, diabetes mellitus, hypertension, atrial fibrillation, and/or
obesity without a diagnosis of HF (AHA/ACC class A and B). Patients with HF (AHA/ACC
Class C), were sub-grouped into those with preserved (HFpEF, LVEF >50%) or reduced ejection
fraction (HFrEF, LVEF <50%).! Baseline clinical parameters were used to calculate the
MAGGIC risk score®? as a measure of HF burden. Screened patients with HF < 6 months

duration or with a contraindication to magnetic resonance imaging were excluded.
3.2.2 CMR Protocol

All subjects underwent a baseline and 1-year CMR scan on Siemens Sonata or Avanto 1.5 T system
(Siemens Healthcare, Erlangen, Germany). Imaging sequences included steady-state free
precession (SSFP) cine imaging in long-axis and short-axis projections to determine ventricular
volumes and function as well as late gadolinium enhancement (LGE) imaging with 0.15mmol/kg
of gadolinium contrast to assess for the presence of myocardial scar. Typical imaging parameters
for SSFP cines: repetition time/echo time 2.8ms/1.4 ms, 50-70 degree flip angle, 8 mm slice
thickness with a 2 mm gap for short axis slices, 256 x 192 matrix, 380 x 285 mm field of view, 10
views per segment with 25 or 30 reconstructed cardiac phases per cardiac cycle and for LGE
imaging: 380 x 285mm field of view, 256 x 173 matrix, repetition time/echo time 14.7ms/4.2ms,
flip angle 25° and inversion time of 300ms. All cardiac images were acquired with ECG gating,

using 8mm slice thickness and 2mm gap within 8-12 second breath-holds.
3.2.3 Image Analysis

Ventricular volumes and mass were quantified by a single interpreter (DIP) from short-axis SSFP
cines using commercially available image analysis software: Syngo Argus, (Siemens Healthcare,
Erlangen, Germany) or CVI42 (Circle, Calgary, Canada). Volumes and mass were normalized to
body surface area. Myocardial trabeculations were included in RV and LV end-diastolic volumes
and were excluded from LV mass. Left atrial volume was calculated by the area-length biplane
method. Strain was measured at a mid-wall contour generated as the mid-point of endocardial and
epicardial borders, both of which were traced at end-diastole and propagated to all image frames

over the full cardiac cycle using the calculated feature tracking displacement fields, similar to
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previous reports.®® Strain in each slice was calculated as the fractional change of the mid-wall
contour in length relative to the end-diastolic cardiac phase using customized analysis software
(MATLAB 2017.a). Global circumferential systolic strain (GCS) was calculated as the average of
the peak strains from two-mid-ventricular short-axis slices. Similarly, global longitudinal systolic

strain (GLS) was calculated as the average of the peak strains from the three long-axis slices.

Myocardial scar quantification was measured from magnitude LGE images using
commercially available software (CVI42, Circle Cardiovascular Inc., Calgary, Canada). A
threshold of 5 standard deviations (SD) from the mean signal of a reference normal region of
interest was used to define the scar signal.''® 7 Total scar mass was expressed as the absolute
value in grams and the relative value as a percentage of the LV mass. Furthermore, baseline
myocardial scar was classified into 5 categories: no scar, ischemic scar, minor non-ischemic scar,

major non-ischemic scar or no contrast given.*
3.2.4 Cardiac Remodeling

LV volumes and mass were remeasured in 20 patients from the overall cohort selected at random
to determine intra-observer variability and coefficient of variation (CoV). Cardiac remodeling
was calculated using the reference change value (RCV), a measure of test variability due to
biological variation and observer reproducibility.!'s RCV = kx\2 x average CoV, where k=1.65
for a one-tailed test. ''? Indices of adverse remodeling were defined as a 1 year increase in LV
volume, LV mass, RV volume or left atrial volume greater than RCV or a 1 year worsening of
cardiac function (a decrease in LV ejection fraction (EF) or RVEF or increase in global strain)
greater than RCV. Indices of reverse remodeling were defined as a 1 year reduction in LV
volume, LV mass, RV volume, left atrial volume greater than RCV or a 1 year improvement in

cardiac function (an increase in LVEF or RVEF or decrease in global strain) greater than RCV.
3.2.5 Clinical Outcomes

Clinical events were identified from electronic health records (International Classification of
Diseases codes version 10) and direct patient contact during 4 year follow up from 1-year scan and
the primary outcome was a time to first composite of all-cause mortality, cardiovascular disease

related hospitalization and /or emergency department visit.
3.2.6 Statistical Approach
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Continuous variables were expressed as mean + standard deviation or median (25%, 75%
percentile), as appropriate. Categorical variables were expressed as frequency and percentage.
Missing data was assumed to be missing at random. Multiple imputation with chained equation

was used to generate missing data by taking the average of 50 imputations.®®

Chi-square testing was used to compare categorical variables at baseline and McNemar’s
test was used to compare medication use at baseline and 1 year. The normal distribution of
continuous variables was tested by Shapiro-Wilk normality test. A logarithmic transformation
was applied to N-terminal prohormone of b-type brain natriuretic peptide (NT-proBNP) and
creatinine. Two sample t-test (or Mann-Whitney U test) or oneway analysis of variances with
post-hoc correction (or Dunn's test) was used to compare continuous variables among groups of
patients, as appropriate. Paired t-test (or Wilcoxon signed-rank test) was used to compare

continuous CMR measures at baseline and 1-year.

The Kaplan-Meier method was used to plot time to clinical events. Univariable Cox
proportional regression of outcome was performed in all CMR-derived imaging parameters.
Positive multicollinearity of continuous variables was defined as variance inflation factor >10. In
the multivariable Cox proportional hazard analysis, all non-collinear CMR parameters of interest
with univariable p-value<0.2 were independently tested for their association with composite
outcome after adjustment for the base model consisting of the MAGGIC score and log (NT-
proBNP).% To further assess the association of CMR metrics with clinical outcomes, two
statistical approaches were applied: Akaike Information Criterion (AIC) analysis of candidate
Cox regression models and likelihood ratio test. For AIC testing, the model with lowest score
indicates the best model; with a difference (AAIC) >10 indicating a clear advantage for the lower

scoring model.®

A p value less than 0.05 was considered significant for all tests. Statistical analyses were

performed using STATA version 16.0 software (StataCorp LP, College Station, Texas).

3.3 RESULTS

3.3.1 Clinical Findings
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The study cohort comprised 262 patients (median age: 68 years, 57% male) and included
96 at-risk for HF, 97 with HFpEF, and 69 with HFrEF. Patients with HFpEF were older and had
higher serum creatinine compared to those with HFTEF but otherwise had similar disease, mean
MAGGIC score 19+7 vs. 1748 respectively, p = 0.08. Only 5/262 patients had been hospitalized
or visited the emergency department within 30 days of the baseline scan (Table 3.1). Medication
use at | year for the overall cohort was similar to baseline with 80% on an angiotensin converting
enzyme inhibitor or angiotensin receptor blocker, 62% on a beta blocker and 17% on a

mineralocorticoid antagonist, p > 0.05 for paired comparison in each case.
3.3.2 Cardiac Magnetic Resonance parameters at baseline and 1 year

Baseline CMR findings are reported in Table 2. Late gadolinium enhancement imaging
was acquired at baseline in 205/262 patients. Major non-ischemic scar was found in 14 patients,

minor non-ischemic scar in 33, ischemic scar in 30 and no scar in 128.

At 1 year, right ventricular volumes decreased in all 3 patient groups (Table 3.2).
Otherwise, cardiac volumes and function remained stable at 1 year in patients at risk for HF.
Comparatively at 1 year, patients with HFpEF had more impaired GLS, mean -17.2% vs.-18.0%
at baseline, p= 0.03, and a borderline increase in LV mass index, median 58 g/m? vs. 56 g/m at
baseline, p = 0.05. Conversely, at 1 year patients with HFrEF showed improved cardiac function
with a median LVEF 46% vs. 42% at baseline, p<0.001, mean GLS -12.8% vs -11.9% at
baseline, p=0.01, and median LVESV index 45 ml/m? vs. 55 ml/m? at baseline, p<0.001.

Cardiac remodeling was prevalent in all 3 patient groups (Figure 3.1, Table 3.3). Reverse
remodeling of LVEDV index was observed in >30% of patients. Reverse remodeling of LVEF
was also common but more prevalent in the HFrEF group, 41%, than HFpEF, 13%, and at
patients at risk, 10%, p<0.001. Adverse remodeling of LV mass index was more common in the

HFpEF group, 33% compared to patients with HFrEF, 17%, p=0.03.
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Table 3.1. Baseline clinical characteristics of heart failure cohort

Overall cohort At risk HFpEF HFrEF
(n=262) (n=96) (n=97) (n=69) P value
Vital Statistics
Age, years 68(61,76) 64(59,72)* 72(64,80)F 66(59,76) <0.001
Male 150(57%) 50(52%) 52(54%) 48(70%) 0.05
BMI, kg/m? 29.9+5.3 29.945.3 30.5+5.5 29.0+4.9 0.19
Systolic BP, mmHg 130(118,142) 136(120,151)*7 128(118,142) 128(116,134) | 0.002
Heart rate, /min 65(60,76) 68(60,76) 64(60,72) 65(60,73) 0.58
Medical History
HF duration, years 3(1.5,5) NA 2.8(1.5,5) 4(2,8) 0.14
New York Heart 1.9£0.7 NA 1.8+0.7 2.0+0.7 0.23
Association class
Hypertension 194(74%) 77(80%) 75(77%) 42(61%) 0.01
Diabetes mellitus 88(33%) 28(29%) 35(36%) 25(36%) 0.52
Coronary artery disease 88(34%) 20(21%) 42(43%) 26(38%) 0.009
Atrial fibrillation 83(32%) 18(19%) 38(39%) 27(39%) 0.003
Current smoker 25(10%) 10(10%) 10(10%) 5(7%) 0.75
COPD 34(13%) 5(5%) 18(19%) 11(16%) 0.02
Renal Insufficiency 31(12%) 1(1%) 17(18%) 13(19%) <0.001
ACEI or ARB use 209(80%) 71(74%) 82(85%) 56(81%) 0.18
Beta blocker use 165(63%) 31(32%) 75(77%) 59(86%) <0.001
MRA use 45(17%) 3(3%) 14(14%) 28(41%) <0.001
CV hospitalization /ED 5(2%) 1(1%) 2(2%) 2(3%) 0.85
visit in last 30 days
Laboratory Test
Creatinine, umol/L 89(76,108) 81(72,92)*F 101(80,125)F 90.0(78,109) | <0.001
NT-proBNP, pmol/L 24(7,88) 7(3,18)*F 66(22,149) 43(20,122) <0.001
MAGGIC score 16.0+6.8 12.744.6*7 18.7+6.7 16.7+7.6 <0.001
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Continuous variables expressed as mean + standard deviation or median (25-75" percentile) as
appropriate. P value for comparison of 3 groups. * P < 0.05 compared to HFpEF; ¥ P <0.05
compared to HFTEF.

Abbreviations: NA = not applicable; HFpEF = heart failure with preserved ejection fraction;
HFrEF = heart failure with reduced ejection fraction; BMI = body mass index; BP = blood
pressure; HF = heart failure; COPD = chronic obstructive pulmonary disease; ACEI =
angiotensin converting enzyme inhibitor; ARB = angiotensin II receptor blocker; MRA =
mineralocorticoid antagonist; CV = cardiovascular; ED = emergency department; NT-proBNP =
N-terminal pro b-type natriuretic peptide; MAGGIC = Meta-Analysis Global Group in Chronic
Heart Failure.
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Table 3.2. Baseline versus 1-year cardiac magnetic resonance measurements in patient groups

At risk

HFpEF

HFrEF

. At risk P HFpEF P HFrEF P
Variable Baseli | Baseli 1 Baseli 1
(Baseline) (1 year) value | (Baseline) (1 year) value | (Baseline) (1 year) value

LVEF, % 64(59,70) 65(60,70) 0.08 61(55,65) 62(55,67) | 0.43 42(35,45) 46(39,51) | <0.001
LVEDVi, ml/m? 65(58,78) 68(56,77) 0.27 66(58,77) 67(56,77) | 0.37 | 98(79,116) | 87(72,111) 0.07
LVESVi, ml/m? 24(18,31) | 23(18,29) 0.06 26(20,32) 25(19,32) | 0.11 55(44,72) 45(38,63) | <0.001
LV massi, g/m? 54(45,69) 56(48,64) 0.32 56(48,67) 58(50,70) | 0.05 73(61,82) 70(57,82) 0.09
LV 0.81 0.85 0.85 0.74 0.76

1LVEDV 0.83 0.55 0.13 0.37
mass (0.72,0.91) | (0.75,0.90) (0.71,0.96) | (0.75,0.99) (0.64,0.88) | (0.66,0.87)
RVEF, % 60(55,66) 60(54,66) 0.76 57(51,62) 57(50,65) | 0.29 52(45,57) 53(45,57) 0.72
RVEDVi, ml/m? | 69(55,76) 62(53,71) | <0.001 | 64(53,77) 62(50,75) | 0.009 | 73(64,92) 72(54,84) 0.005
RVESVi, ml/m? 26(20,33) | 25(19,31) | 0.002 28(22,35) 26(20,35) | 0.01 33(27,43) 33(25,40) 0.12
LAVi, ml/m? 37(29,48) | 40(28,48) 0.99 51(36,71) 51(38,66) | 0.35 53(43,63) 52(49,62) 0.44
GLS, % -18.9+3.6 -19.1+3.1 0.34 -18.0+3.3 -17.2+4.0 | 0.03 -11.9+2.8 -12.843.9 0.01
GCS, % -19.2+3.2 -19.1+3.6 0.66 -18.543.6 -18.0+4.0 | 0.18 -11.2+3.0 -11.94+3.2 0.03
Scar ) ) V) o o o
prevalence, %* 20(24%) 20(24%) 1.0 16(37%) 21(41%) 0.18 28(51%) 36(73%) 0.008
Scar mass, g 0(0,0) 0(0,0) 0.65 0(0,5.8) 0(0,6.1) 0.44 | 7.0(0,24.2) | 8.8(0,25) 0.002
Scar %LV 0(0,0) 0(0,0) 0.36 0(0,5.3) 0(0,5.6) 0.89 6(0,16.2) 6.8(0,16) 0.01

Continuous variables expressed as mean + SD or median (25-75" percentile), as appropriate. P-

values for comparison between baseline and 1 year measurement.

*183/262 patients underwent late gadolinium enhancement imaging at both baseline and 1 year.

Abbreviations: HFpEF = heart failure with preserved ejection fraction; HFrEF = heart failure

with reduced ejection fraction; LVEF = left ventricular ejection fraction; LVEDVi = left

ventricular end-diastolic volume index; LVESVi = left ventricular end-systolic volume index; LV

massi = left ventricular mass index; LAVi = left atrial volume index; RVEF = right ventricular

ejection fraction; RVEDVi = right ventricular end-diastolic volume index; RVESVi = right

ventricular end-systolic volume index; GLS = global longitudinal strain; GCS = global

circumferential strain; MAGGIC = Meta-Analysis Global Group in Chronic Heart Failure.
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Table 3.3. Prevalence of adverse remodeling and reverse remodeling in patient groups

Adverse remodeling

CoV | RCV | Overall Atrisk | HFpEF | HFrEF P: P2 value
(n=262) (n=96) (n=97) (n=69) value
LVEF, % | 0.073 | 17% | 12(5%) 2(2%) 7(7%) 3(4%) 0.23 0.44
LVEDVi,ml/m? | 0.031 | 7% 7027%) | 24(25%) | 28(29%) | 18(26%) 0.82 0.69
LVESVi, ml/m? | 0.051 | 12% | 54(21%) | 24(25%) | 23(24%) | 7(10%) 0.04 0.03
LV massi, gm? | 0.059 | 14% | 74(28%) | 30(31%) | 32(33%) | 12(17%) 0.06 0.03
GLS, % | 0.035 | 8% 71(27%) 18(19%) | 33(34%) | 20(29%) 0.05 0.49
GCS, % | 0.063 | 15% | 45(17%) 14(15%) | 20(21%) | 11(16%) 0.51 0.45
RVEF, % | 0.083 | 19% | 22(8%) 4(4%) 6(6%) 12(17%) 0.006 | 0.02
RVEDVi, ml/m? | 0.071 | 17% | 37(14%) 10(10%) | 18(19%) | 9(13%) 0.26 0.34
RVESVi, ml/m? | 0.18 | 41% | 21(8%) 8(8%) 8(8%) 5(7%) 0.96 0.81
LAV, ml/m? | 0.11 [ 27% | 60(23%) | 26(27%) | 22(23%) | 12(17%) 0.34 0.41
Reverse remodeling
CoV | RCV | Overall At risk HFpEF | HFrEF P1 P2 value
(n=262) (n=96) (n=97) (n=69) value
LVEF, % 0.073 | 17% | 51(19%) 10(10%) | 13(13%) | 28(41%) <0.001 | <0.001
LVEDViml/m> [0.031 |7% | 97(37%) 34(35%) | 35(36%) | 28(41%) 0.77 0.56
LVESVi, ml/m®> | 0.051 |12% | 108(41%) | 34(35%) | 41(42%) | 33(48%) 0.27 0.48
LV massi, gm?> | 0.059 | 14% | 50(19%) 17(18%) | 17(18%) | 16(23%) 0.60 0.37
GLS, % 0.035 | 8% | 89(34%) 3132%) | 27(28%) | 31(45%) 0.07 0.02
GCS, % 0.063 | 15% | 64(24%) 2021%) | 19(20%) | 25(36%) 0.03 0.02
RVEF, % 0.083 | 19% | 36(14%) 8(8%) 9(9%) 19(28%) 0.001 0.002
RVEDVi, m/m®> |0.071 | 17% | 76(29%) 2021%) | 32(33%) | 24(35%) 0.08 0.81
RVESVi, mI/m?> |0.18 | 41% | 24(9%) 4(4%) 10(10%) | 10(14%) 0.07 0.41
LAVi, ml/m? 0.11 27% | 39(15%) 15(16%) | 15(15%) | 9(13%) 0.88 0.66

Definitions: Reference change value = kxV2 x CoV, where k=1.65 for a one-tailed test. Adverse

remodeling = 1-year increase in volume or mass or decrease in function (EF and GLS) greater

than RCV. Reverse remodeling = 1-year decrease in volume or mass or increase in function (EF
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and GLS) greater than RCV. Abbreviations: CoV = coefficient of variation; RCV = reference
change value; see Table 2 for others. Pi-value for comparison of 3 groups. P2-value for

comparison of HFpEF vs. HFrEF.
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Reverse remodeling in a patient at risk for HF Adverse remodeling in a patient at risk for HF

Baseline 1 year Baseline 1 year

LVEF: 63% LVEF: 64% LVEF: 59% LVEF: 62%
LVEDVi: 57 ml/m? LVEDVi: 49 ml/m? LVEDVi: 65 ml/m? LVEDVi: 77 ml/m?
LV massi: 41 g/im? LV massi: 34 g/m? LV massi: 57 g/m? LV massi: 72 g/m?
GLS: -16.2% GLS: -20.5% GLS: -17.7% GLS: -16.6%
Reverse remodeling in a patient with HFpEF Adverse remodeling in a patient with HFpEF
Baseline 1 year Baseline 1 year

LVEF: 66% LVEF: 68% ] LVEF: 55% LVEF: 54%

LVEDVi: 58 mlim? LVEDVi: 47 ml/m? LVEDVi: 80 ml/m? LVEDVi: 71 ml/m?
LV massi: 69 g/m? LV massi: 55 g/m? LV massi: 84 g/m? LV massi: 98 g/m?
GLS: -16.0% GLS: -17.4% GLS: -18.9% GLS: -15.2%
Reverse remodeling in a patient with HFrEF Adverse remodeling in a patient with HFrEF
Baseline 1 year Baseline 1 year

LVEF: 38% LVEF: 44% LVEF: 32% LVEF: 29%

LVEDVi: 160 ml/m? LVEDVi: 127 ml/im? LVEDVi: 140 ml/m? LVEDVi: 173 ml/m?
LV massi: 122 g/m? LV massi: 96 g/m? LV massi: 70 g/m? LV massi: 84 g/m?
GLS: -13.3% GLS: -18.3% GLS: -12.0% GLS: -10.9%

Figure 3.1. Examples of reverse remodeling and adverse remodeling for patients at risk (panel A),
with HFpEF (panel B) and with HFrEF (panel C).

Abbreviations: HF = heart failure; HFpEF = heart failure with preserved ejection fraction; HFrEF
= heart failure with reduced ejection fraction; LVEF = left ventricular ejection fraction; LVEDVi
= left ventricular end-diastolic volume index; LV massi = left ventricular mass index; GLS =

global longitudinal strain.
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3.3.3 CMR predictors of outcome

In the overall cohort, after 4 years of follow-up from the 1-year scan there were 86 events
including 18 deaths, 51 cardiovascular disease related hospitalizations and/or 56 related

emergency department visits.

In multivariable analyses adjusting for MAGGIC score and log (NT-proBNP), the only
CMR measure at baseline predictive of outcome was the presence of major non-ischemic scar,

hazard ratio (HR) 2.3, 95% confidence intervals (CI) (1.1, 4.7), p = 0.021.

In terms of cardiac remodeling for the overall cohort, only % A LV mass index, HR 1.14,
95% CI (1.02,1.27) per 10% increase, p = 0.02, and % A GLS, HR 0.99, 95% CI (0.98,1.00) per
1 % increase, p = 0.04, were independently associated with outcome after adjusting for MAGGIC
score and log (NT-proBNP) (Table 3.4). However, % A LVEF was not associated with outcome,
HR 1.07, 95% CI (0.96,1.19) per 10 % increase, p = 0.24. Patients with adverse remodeling
(defined as 1 year increase in LV mass index > 14% from Table 3.3), or no remodeling (1 year
change in LV mass index < 14%) had increased risk for clinical events compared to patients with
reverse remodeling (1 year decrease in LV mass index > 14%), HR 2.9, 95% CI (1.3-6.2),p =
0.006, and HR 2.4, 95% CI (1.2-4.8), p=0.01 respectively. Similarly, in Kaplan-Meier analysis,
patients with reverse remodeling of LV mass index had fewer events than those with adverse or

no remodeling, log-rank p = 0.005. (Figure 3.2)
3.3.4 Discrimination performance of dynamic remodeling

To identify the incremental prognostic performance of longitudinal changes in CMR parameters,
significant predictors of outcome from Table 4 were each modeled with baseline predictors. % A
LV mass index and % A GLS each demonstrated added value over baseline predictors likelihood

ratio test (Figure 3.3).
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Table 3.4. Regression analysis of dynamic remodeling for predicting subsequent death,

cardiovascular hospitalization or emergency department visit at 5 years

Overall cohort: 262 subjects (86 events)

Univariable Cox analysis

Multivariable Cox analysis

Hazard Ratio P value | Hazard Ratio P value
% A LVEF, per 10% increase 1.09(0.97,1.22) 0.15 1.07(0.96,1.19) | 0.24
% A LVEDV1, per 10% increase 0.98(0.86,1.12) 0.75
% A LVESVi, per 10% increase 0.98 (0.90,1.07) 0.66
% A LV massi, per 10% increase 1.12(1.01,1.25) 0.03 1.14(1.02,1.27) | 0.02
% A LV mass/LVEDV, per 0.1 increase | 2.87(1.22,6.77) 0.02 1.04(0.97,1.11) | 0.25
% A RVEF, per 10% increase 0.98(0.89,1.09) 0.73
% A RVEDV1, per 10% increase 0.97(0.88,1.06) 0.49
% A RVESV1i, per 10% increase 1.01(0.95,1.08) 0.76
% A LAVi, per 10% increase 1.04(0.99,1.09) 0.15 1.05(0.99,1.10) | 0.08
% A GLS, per 1% increase 0.99(0.99,1.00) 0.16 0.99(0.98,1.00) | 0.04
% A GCS, per 1% increase 1.00(0.99,1.01) 0.63
A Scar mass, per 10 g increase™ 1.85(1.07,3.20) 0.03 1.84(1.04,3.24) | 0.02
A Scar % LV, per 10% increase* 1.80(0.85,3.81) 0.12 1.70(0.79,3.66) | 0.17

Definitions: Multivariable analyses were performed in variables with univariable P value<0.2 and

were adjusted for MAGGIC score + log (NT-proBNP).

* 183/262 patients had late gadolinium enhancement imaging at both baseline and 1 year (49

events).

Abbreviations: see Table 2.
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Figure 3.2. Kaplan-Meier analysis of reverse remodeling of LV mass index for predicting

outcome

Definitions: Outcome = death, cardiovascular hospitalization or emergency department visit at 4
years from 1-year scan; Reverse remodeling = 1-year decrease in LV mass index greater than

reference change value from Table 3.
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BM BM-+Major NI Scar BM-+Major NI Scar BM+Major NI Scar BM-+Major NI Scar
+%ALV massi +%AGLS +%AGLS+%ALV massi

Figure 3.3. Stepwise incremental value of cardiac parameters for predicting outcome by Global

model ¥ test

Definitions: Outcome = death, cardiovascular hospitalization or emergency department visit at 4
years from 1-year scan; Base Model = MAGGIC score + log (NT-BNP). Abbreviations: BM =
Base Model; GLS = global longitudinal strain. LV massi = left ventricular mass index; NI = non-

ischemic.

* p value < 0.05 for comparison with Base Model by likelihood ratio test;

# p value < 0.05 for comparison with Base Model + major non-ischemic scar;

9 p value < 0.05 for comparison with Base Model + major non-ischemic scar + % A LV mass
index;

=|= p value < 0.05 for comparison with Base Model + major non-ischemic scar + % A GLS

AIC analysis showed that among all the candidate models, the optimal model with the lowest
AIC score consisted of the baseline predictors, 1 year change in GLS and the presence or absence
of reverse remodeling by LV mass index (Supplemental Table 3.1). This model incorporating %
A GLS and reverse remodeling significantly improved the prediction of outcome over baseline
predictors: MAGGIC score, log (NT-proBNP) and presence of major non-ischemic scar, AAIC >
10.
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Supplemental Table 3.1. Stepwise predictive performance of outcome by candidate models by

Akaike information criterion

Model | Candidate sets of models AIC AAICi
1 Base Model 853.2 11.9
2 Base Model + Major non-ischemic scar 852.5 11.2
3 Base Model + % A LV massi 850.2 | 8.9
5 Base Model + Reverse remodeling (L'V massi) 845.8 4.5
6 Base Model + % A GLS 851.4 10.1
7 Base Model + Major non-ischemic scar + % A LV massi 8504 | 9.1
8 Base Model + Major non-ischemic scar + Reverse remodeling (LV massi) | 846.1 4.8
9 Base Model + Major non-ischemic scar + % A GLS 850.2 | 8.9
10 Base Model + Major non-ischemic scar+ % A GLS+ % A LV massi 846.6 |53
11 Base Model + Major non-ischemic scar+ % A GLS + Reverse remodeling | 841.3 0
(LV massi)

Abbreviations: LV massi = left ventricular mass index; GLS = global longitudinal strain; MAGGIC score = Meta-

Analysis Global Group in Chronic Heart Failure risk score.

Definitions: Base Model: MAGGIC score + log (NT-proBNP). Reverse remodeling (LV massi): a 1-year decrease in
LV massi > 14%. AAICi = AICi- AICminimum Where AICminimem =Model 11.

3.4 DISCUSSION

In this prospective cohort study of patients with stable, chronic HF and those at risk, we

found a high prevalence of cardiac remodeling, expressed as a change in cardiac volume, mass or

function during 1 year follow-up. Reverse remodeling was common, especially in patients with
HFrEF, whereas adverse remodeling predominated in patients with HFpEF. More importantly,

cardiac remodeling defined as a change in LV mass index or GLS predicted long-term outcomes

for these patients, even after adjustment for baseline clinical risk.

53




To our knowledge, this is the first study to comprehensively investigate longitudinal
changes in cardiac structure and function in individuals across the entire HF spectrum. In an
echo-based cohort study of patients with incident HF, Dunlay et al. found that on average patients
with HFpEF had decreased LVEF and those with HFrEF had increased LVEF during 5 years of
follow-up.'?° However other measures of cardiac structure and function were not reported.
Notably, the reproducibility of echocardiography is suboptimal due to low resolution, restricted
acoustic window, geometric assumption, and operator dependence. This variation of repeated
echo measures is an important limitation of longitudinal echo-based studies of heart failure.
CMR, by contrast, has become the gold standard of assessing cardiac function and volume and its
high reproducibility makes it the ideal modality of identifying change on serial examinations. To

date, no CMR study has explored dynamic remodeling of cardiac structure and function.

Most prior imaging studies of patients with HF have evaluated the prognostic potential of
cardiac measures at a single time-point and have identified cardiac function and/or geometry as
the best predictors of outcome. In cross-sectional echo studies, LV mass predicts outcome for
patients with HFpEF!2! 122 however its prognostic utility in HFrEF is less well established. In our
cohort after correcting for clinical risk, the only CMR measure at baseline predictive of outcome
was the presence of major non-ischemic scar. Similarly, Shanbhag et al recently found that major
non-ischemic scar was the best CMR predictor of adverse outcome in a well-characterized cross-

sectional study of patients without HF.*°

Longitudinal imaging studies of HF have typically evaluated changes in LV volume
and/or ejection fraction and have defined LV remodeling arbitrarily using a threshold of 10 -
15%.109- 1L 115,123 Ty oy study, thresholds for indices of LV remodeling were defined using
reference change value, a measure of test variability, and predictors of outcome were identified
through regression analyses. We did not find a change in LV volume or ejection fraction to be
associated with outcome in our well-characterized cohort. However, a 1-year decrease in LV
mass index of > 14% strongly predicted event free survival. Compared to other cardiac structural
and functional parameters, LV mass is less susceptible to transient changes in loading conditions
and is therefore a potentially more reliable interstudy measure of remodeling. Change in GLS
was also identified as an important predictor of outcome in our study. To date, change in GLS

has been shown to predict outcome in patients following cardiac resynchronization®® and those
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with amyloidosis.!?* The effects of drug and device therapies on LV mass and GLS in patients

with chronic HF remain to be determined.

Our study results confirm that HF is a dynamic process, even in patients with chronic
disease on stable medical therapy. In our overall cohort, adverse remodeling was present in 28%
on LV mass index and 27% on GLS whereas reverse remodeling was present in 19% on LV mass
index and 34% on GLS. Reverse remodeling of LV mass index was also strongly predictive of
outcome. The utility of imaging guided care has not been evaluated in ambulatory HF. The
GUIDE-IT HF trial did not find a survival advantage for patients with chronic HFrEF undergoing
serial measures of NT-proBNP during a mean of 15 months follow-up.'*> However, our results
suggest that serial imaging measures provide long-term (> 1 year) prognostic information.
Interestingly, reverse remodeling was also prevalent in patients with HFpEF, and has the
potential to yield excellent prognostic information. Dynamic changes in cardiac structure and
function were also prevalent in patients at risk for HF. Adverse remodeling was present in 31%
whereas reverse remodeling was present in 18% on LV mass in patients at risk for HF which was
similar to patients with HFpEF. However, as expected, patients at risk for HF had a substantially
lower burden of co-morbid disease, lower serum NT-proBNP and much fewer events of adverse

outcome compared to patients with HFpEF.

Study limitations

This study’s sample size limit subgroup analyses of survival. However, due to the high
reproducibility of CMR for cardiac volumes and function and the number of events in the overall
cohort during 4-year follow-up, we were able to build comprehensive predictive models of
outcome that included both clinical, biomarker and imaging parameters. In our study, late
gadolinium enhancement was not available in 31% of patients at both time points, thus limiting
the evaluation of scar remodeling in HF. Our cohort included diverse HF etiologies and thus
these results may not apply to specific cardiomyopathy subtypes. Similarly, patients with cardiac
electronic implantable devices are common in patients with HF and were an exclusion criterion
for CMR in our study. Hence patients with severe LV dysfunction and ischemic cardiomyopathy
were potentially under-represented in our HFrEF group. The relatively high prevalence of cardiac

remodeling in patients at risk for HF is an intriguing result however its relationship to
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downstream incident heart failure is beyond the scope of our study. Ultimately, the utility of
routine surveillance imaging for ambulatory patients with HF (and those at risk) should be

evaluated in a randomized controlled trial.

3.5 CONCLUSION

Our study confirms that cardiac remodeling is common in patients with chronic HF, even with
apparent good disease control. One-year change in LV mass and/or global longitudinal strain
strongly predict outcome, even after adjustment for baseline clinical risk, whereas change in
LVEF was not predictive. This suggests that, in patients with chronic HF, the serial imaging
surveillance of LV mass and global longitudinal strain is more valuable than LVEF. Future
studies should evaluate mechanisms of adverse and reverse remodeling and if surveillance

cardiac imaging can guide care and improve outcome for patients with chronic HF.
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Chapter 4: Development and validation of a novel
imaging predicting model beyond traditional risk
profile in patients with chronic heart failure: a cardiac
magnetic resonance study

4.1 INTRODUCTION

Numerous risk models have been established'? to identify patients with heart failure (HF) at high
risk for adverse events, however only a few of them have been external validated and the
majority of the validated models have been predominately based on traditional risk factors. For
instance, the Meta-Analysis Global Group in Chronic (MAGGIC) Heart Failure Risk Score®’ is a
well-validated HF risk prediction model.%> 27 This model utilizes data from demographics,
disease status, cardiovascular risk factors, serum biomarkers, medication usage however it only
includes one cardiac imaging parameter, left ventricular ejection fraction (LVEF). Furthermore,
LVEEF has been shown to have poor prognostic value in patients with HF.”- %> The MAGGIC risk
score also performed modestly in external validation studies. The addition of serum BNP has
been shown to enhance the predictive performance of the MAGGIC risk score® but this has not
been studied in combination with cardiac imaging. Similar to the MAGGIC risk score, other HF

risk models®*-7°

are predominantly driven by patient demographics and medical history. To the
best of our knowledge, there have been no well-validated risk models in HF comprehensively

evaluating and incorporating cardiac imaging measures.

Cardiac magnetic resonance (CMR) is an accurate and highly reproducible cardiac
imaging test. It enables us to comprehensively collect state-of-the-art information on cardiac
function, volume, and tissue characterization as a one-stop scan. Unlike echocardiography,
biventricular volumes and mass are acquired as true volumetric data acquisitions and is
considered as the gold standard evaluation for cardiac structure and function. Current guidelines
provide a recommendation for CMR in the diagnosis of patients with HF and are increasingly

used in clinical practice. Therefore, the aims of this study were to 1) evaluate the incremental
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value of CMR derived parameters of cardiac function and structure on clinical risk prediction

models of HF; and 2) evaluate its applicability and validity in an external HF cohort.

4.2 METHODS
4.2.1 Patient identification

The derivation cohort was retrospectively identified from a clinical database at a high volume
CMR facility (>1500 cases/year) and included patients referred for assessment of
cardiomyopathy and/or heart failure. Medical history and cardiovascular risk factors were
identified from electronic health records using the International Classification of Diseases codes
version 10 (ICD version10). Cardiovascular medication use was also identified from electronic
health record using drug identification number according to the Drug Product Database online
query from Health Canada. The retrospective study of the derivation cohort obtained approval

from the health ethics research committee of the University of Alberta.

Patients from the validation cohort were prospectively recruited in the Alberta HEART
study, a multicenter study of heart failure.”! In brief, patients with HF and those at-risk for HF
were recruited from ambulatory clinics and underwent comprehensive phenotyping that included
a detailed history and physical examination and a multi-parametric cardiovascular MRI exam.
The Alberta HEART study obtained approval from the health research ethics committees of the
Universities of Alberta and Calgary. All patients from the validation cohort provided written

informed consent.

The primary composite outcome of both the derivation and validation cohorts consisted of
all-cause mortality and cardiovascular disease related hospitalization, which were identified from
direct patient contact, vital statistics and electronic health record (Analytics, Data Integration,
Measurement and Reporting, Alberta Health Services) during 5 year follow up. Clinical events
within 30 days from the CMR were excluded given the likelihood of not being indicative of a new

event.
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4.2.2 Cardiovascular MRI Protocol

Each subject underwent a comprehensive CMR scan on a 1.5 T magnet (Sonata or Avanto,
Siemens, Erlangen, Germany). Imaging sequences included localizers, steady-state free
precession (SSFP) cine imaging in long-axis and short-axis projections to determine cardiac
volumes and function as well as late enhancement imaging with 0.15mmol/kg of gadolinium
contrast to assess for the presence of myocardial scar. Typical imaging parameters for SSFP
included a 380x300 mm? field of view, 256x162 matrix, 8 mm slice thickness, TE 1.24 ms, TR
2.48 ms, flip angle 51°, 10-14 views/segment and 25-30 phases/cardiac cycle and for LGE
imaging: 380 x 285mm field of view, 256 x 173 matrix, repetition time/echo time 14.7ms/4.2ms,
flip angle 25° and inversion time of 300ms. All cardiac images were acquired with ECG gating

within an 8-12 second breath-hold per slice.
4.2.3 Image analysis

Ventricular volumes and mass were measured using commercially available software (Syngo
Argus, Siemens, Erlangen, Germany) or CVI42 (Circle, Calgary, Canada) by three experienced
CMR interpreters (DIP, LX and YM). Right and left ventricular volumes were traced from short-
axis SSFP cines and indexed to body surface area. Myocardial trabeculations were included in
RV and LV end-diastolic volumes but were excluded from LV mass. Left atrial volume was

calculated by the area-length biplane method.

Strain was measured from SSFP short and long axis cine images using a custom feature
tracking approach similar to other reported.®®®” Endocardial and epicardial borders were
manually traced only on the end-diastolic image frame by an experienced interpreter for all
subjects (LX). A mid-wall contour was generated as the mid-point of the endocardial and
epicardial tracings. Subsequently, the end-diastolic contours were automatically propagated to all
image frames over the full cardiac cycle using the calculated feature tracking displacement fields.
Strain in each slice was calculated for the mid-wall contours as the fractional change in length of
the contour from end-diastole to end-systole relative to end-diastolic length, reported as a
percentage. Global longitudinal systolic strain (GLS) was calculated as the average of the peak
strains from the three long-axis slices. Similarly, global circumferential systolic strain (GCS) was

calculated as the average of the peak strains from two mid-ventricular short-axis slices.
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Myocardial scar pattern was identified from the magnitude dataset of late gadolinium
enhancement (LGE) images by two interpreters (DIP & LX). Myocardial scar was classified into
4 patterns: no presence of scar, ischemic scar, major non-ischemic scar (well-established, classic
patterns, e.g., diffuse scar, mid-wall scar, subepicardial, and patchy/immediate scar), minor non-
ischemic scar (remaining localized patterns not meeting major criteria, e.g., scar close to aortic root,
close to mitral annulus, at the RV insertion point without LV hypertrophy, intermediate basal

inferolateral scar).*’ Patients not receiving gadolinium contrast were classified as no LGE image.
4.2.4 Statistics and Outcomes

The normal distribution of continuous variables was tested by Shapiro-Wilk normality test.
Continuous variables were expressed as mean + standard deviation or median (25%, 75%
percentile), as appropriate. Categorical variables were expressed as frequency and percentage.
Two sample t-test (or Mann-Whitney U test) or Chi-square test were used to compare variables

between derivation and validation cohorts, as appropriate.

The analysis consisted of two parts. First part was developing the predictive model
(imaging parameters plus base model) from derivation cohort; the second part was externally

validating the predictive model in the validation cohort.
4.2.4.1 Developing candidate models from the derivation cohort

The process for establishing the final predictive model is outlined in Figure 1. First, we
constructed a multivariable Cox model in the derivation cohort and the proportional odds
assumption of every baseline characteristic was tested. Univariable Cox proportional regression
was performed in all demographic parameters, cardiovascular risk factors, cardiovascular disease
history, and concomitant diseases. The forward selection approach based on Akaike Information
Criterion (AIC) was used to build the optimal set of clinical predictors for the base model. In the
multivariable Cox proportional hazard analysis, each cardiac MRI parameters was adjusted with
the base model to test their independent association with composite outcome. Significant imaging
predictors were also tested for multicollinearity using conditioning diagnostics.'?3
Multicollinearity was identified either as condition index > 30, or a large variance-decomposition
proportions > 50%. The significant imaging parameters with no multicollinearity were added

stepwise added to build primary candidate models. Likelihood ratio testing was used to identify
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the best secondary candidate models from subgroups of primary candidate models. Finally,
Akaike Information Criterion (AIC) analysis and continuous net reclassification improvement
(NRI) were used to identify the final predictive model from secondary candidate models. For
AIC, the model with lowest score (AICminimum) indicates the best model and A; >10 indicating a
significant difference between models.®” Continuous NRI was used to identify superior outcome

predictors among imaging parameters with multicollinearity.
4.2.4.2 External validation of the original predicting model in the validation cohort

We externally validated the final predictive model in the Alberta HEART cohort. The assessment
of the external validation included discrimination and calibration.!? Discrimination evaluated the
ability of the final predictive model to distinguish patients experiencing clinical outcome and
from those who did not in the validation dataset. The C-statistics was used to assess the
discrimination performance with a score 0.7 or more considered to be sufficiently accurate.!*°

Calibration evaluated the agreement between the predicted rate and observed rate of
clinical outcome and was checked in Cox regression modeling."*! First, calibration in-the-large
systemically compared the mean predicted event rate and the observed event rate by using the
final predictive model in the validation cohort, with a perfect intercept of 0. Calibration slope
represented the magnitude of miscalibration, which is the regression slope of the linear predictor,
with a perfect slope coefficient of 1.!% 132 The calibration was performed based on a single time
point (5-year composite outcome) and multiple time-points (each year according to 5-year

) 133
b

follow-up respectively. A non-significant difference (p > 0.05) between predicted and

observed outcomes indicates good calibration.

A p value less than 0.05 was considered significant for all other tests. Statistical analyses

were performed using STATA version 16.0 software (StataCorp LP, College Station, Texas).
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Figure 4.1. Flow chart for the development of the final predictive model. Abbreviations:
AlC=Akaike Information Criterion; CMR=cardiac magnetic resonance; NRI=net reclassification

improvement.
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4.3. RESULTS
4.3.1 Basic characteristics and CMR imaging in derivation cohort.

In derivation cohort, 4400 consecutive scans were screened from 2006-2013 and 766 patients
fulfilled study entry criteria. A further 121 patients were excluded including 28 patients with
incomplete follow-up and 92 patients with missing clinical information, and 1 patient due to early
demise on the day of the scan. Finally, 645 patients with complete clinical, follow-up and
imaging data were included in the derivation cohort. In validation cohort, 389 patients underwent
a CMR examination however 13 were excluded due to unanalyzable images. The two cohorts had
a similar proportion of patients at risk for heart failure (43% vs 38%) and patients with heart
failure (57% vs. 62%). The derivation cohort was younger and had a lower incidence of HTN,
AF, DM and COPD, but more impaired cardiac function (LVEF, RVEF and GLS), more cardiac
remodeling and a higher incidence of major non-ischemic scar. Notably, the derivation cohort
also had significant higher incidence of cardiovascular disease- related hospitalization 90 days

prior to the CMR scan. (Table 1)
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Table 4.1. Comparison of baseline characteristics

Derivation cohort Validation cohort | P-value
(n=645) (n=376)
Age, years 53 (40, 65) 68 (61,76) <0.001
Male gender 429 (67%) 175 (47%) <0.001
Body mass index, kg/m? 28.1 (25, 32) 29 (26,33) <0.001
Prior heart failure 369 (57%) 233 (62%) 0.14
Coronary artery disease 244 (38%) 133 (35%) 0.43
Atrial fibrillation 111 (17%) 116 (31%) <0.001
Hypertension 200 (31%) 279 (74%) <0.001
Diabetes mellitus 94 (15%) 131 (35%) <0.001
Current smoker 108 (17%) 42 (11%) 0.02
Chronic obstructive pulmonary disease 51 (8%) 55 (15%) <0.001
Chronic kidney disease 90 (14%) 58 (15%) 0.52
CV admission within last 90 days 245 (38%) 10 (3%) <0.001
Beta blocker 246 (38%) 239 (64%) <0.001
ACEI/ARB 213 (33%) 300 (80%) <0.001
LV ejection fraction, % 50 (32,61) 58 (46,66) <0.001
LV end-diastolic volume index, ml/m? 90 (71,121) 72 (61,95) <0.001
LV end-systolic volume index, ml/m? 44 (28,79) 30 (22,48) <0.001
LV mass index, g/m? 71 (58,88) 60 (49,73) <0.001
RV ejection fraction, % 52 (42,58) 57 (49,64) <0.001
RV end-diastolic volume index, ml/m? 81 (67,98) 68 (55,81) <0.001
RV end-systolic volume index, ml/m? 38 (30,51) 29 (22,37) <0.001
Left atrial volume index, ml/m? 44 (34,60) 45 (32,60) 0.92
Global longitudinal strain, % 14.9+£5.8 16.4+4.7 <0.001
Global circumferential strain, % 17.5£7.8 16.6+5.2 0.03
Scar pattern <0.001

No scar 165 (26%) 179 (48%)

Ischemic 161 (25%) 47 (13%)
Minor-nonischemic 99 (15%) 46 (12%)
Major-nonischemic 167 (26%) 25 (7%)

No contrast given 53 (8%) 79 (21%)

Values are given as median (95% confidence intervals) or total count (percentage) as appropriate.

Abbreviations: CV = cardiovascular, ACEI = angiotensin converting enzyme inhibitor, ARB =

angiotensin receptor blocker, LV = left ventricular, RV = right ventricular.
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4.3.2 Developing the final predictive model from the derivation cohort

During a mean follow-up of 1456 + 638 days, 179 of 645 (27.8%) patients in the derivation
cohort had a clinical event including 58 deaths and 157 cardiovascular disease related
hospitalizations. Following univariable analysis and stepwise forward selection of AIC analysis,
clinical characteristics associated with outcome included age, prior HF, CAD, DM, CKD, COPD,
and CV hospitalization 90 days prior to CMR scan (Table 2). In the multivariable analysis, after
adjustment with the base model, significant CMR predictors of outcome included LVEDVi,
LVESVi, LVmassi, LAVi, GLS, and major non-ischemic (MNI) scar (Table 3). Testing for
multicollinearity among these 6 CMR parameters yieled a condition index of 34.8 with > 50% for
the variance-decomposition proportions of LVEDVi, LVESVi, LVmassi and GLS. Therefore
only one of these four parameters were included in each candidate model. Four subgroups of
models were built based on these 4 imaging parameters. The remaining two imaging parameters
LAVi and presence of MNI scar were added stepwise to LVEDVi, LVESVi, LVmassi or GLS,
along with the base model. Consequently, twelve primary candidate models of clinical and CMR
parameters were identified (Table 4). Following likelihood ratio testing, four secondary
candidate models were identified (Table 5): (i) base model + LVEDVi + MNI scar; (ii) base
model + LVESVi + MNI scar; (i11) base model + LAVi1 + LVmassi; (iv) base model + LAVi +
GLS+ MNI scar (Table 6). Finally, AIC analysis identified the best model as base model + LAVi
+ GLS+ MNI scar with consistently lower AIC score than the base model alone, AAIC 12.7.
Importantly, GLS had incremental predicting value over LVEDVi (continuous NRI 23.3%,
P=0.008) LVESV1i (continuous NRI 18.4%, P=0.009) and LV massi (continuous NRI 35.4%,
P<0.001).

We applied 2 additional statistical analyses to assess the superiority of the prognostic
performance of the final model (base model + LAVi + GLS+ MNI scar) over the base model. The
area under the curve of receiver operating characteristics for predicting the composite outcome
was higher in the final model than the base model (0.739+0.021 vs. 0.705%0.023, p=0.005). The
likelihood ratio test showed that the final predictive model was significantly better than the base

model, with Model ¥* 96.5 vs. 77.8, p<0.001.
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Table 4.2. Cox Regression of Clinical Parameters for Composite
Outcome in the Derivation Cohort (N =179 events)
Univariable analysis
Hazard Ratio
(95% CI) p-value
Age, per 10 year increase 1.03 (1.02, 1.04) <0.001
Male gender 0.96 (0.70, 1.31) 0.81
Body mass index, per 1 kg/m? increase 0.98 (0.96, 1.01) 0.21
Prior heart failure 2.21(1.59, 3.06) <0.001
Coronary artery disease 1.80(1.34,2.41) <0.001
Atrial fibrillation 1.77 (1.21, 2.61) 0.004
Hypertension 1.80 (1.34,2.43) <0.001
Diabetes mellitus 2.35(1.69, 3.26) <0.001
Current smoker 1.50 (1.05, 2.13) 0.03
Chronic obstructive pulmonary disease 1.78 (1.21, 2.60) 0.003
Chronic kidney disease 2.47 (1.76, 3.46) <0.001
CV admission within last 90 days 1.58 (1.18, 2.11) 0.002
Beta blocker 1.43 (1.07,1.93) 0.02
ACEI/ARB 1.31(0.97, 1.77) 0.08

Values are given as median (95% confidence intervals).

Abbreviations: CV = cardiovascular, ACEI = angiotensin converting enzyme inhibitor, ARB =

angiotensin receptor blocker.
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Table 4.3. Cox Regression of Cardiac Magnetic Resonance Parameters for Composite
Outcome in the Derivation Cohort (N =179 events)

Multivariable analysis

Hazard Ratio p-value
(95% CI)
LV ejection fraction, per 10% decrease 1.03 (0.92,1.15) 0.60
LV end-diastolic volume index, per 10 ml/m? increase 1.06 (1.02,1.10) 0.005
LV end-systolic volume index, per 10 ml/m? increase 1.05(1.01,1.09) 0.02
LV mass index, per 10 g/m? increase 1.10 (1.04, 1.16) <0.001
RV ejection fraction, per 10% decrease 1.04 (0.93,1.16) 0.51
RV end-diastolic volume index, per 10 ml/m? increase 1.00 (0.95,1.06) 0.98
RV end-systolic volume index, per 10 ml/m? increase 0.98 (0.93,1.05) 0.64
Left atrial volume index, per 10 ml/m? increase 1.08 (1.03,1.14) 0.003
Global longitudinal strain, per 1% increase 0.95 (0.91,0.98) 0.003
Global circumferential strain, per 1% increase 1.00 (0.98,1.02) 0.92
Major non-ischemic scar 1.09 (1.01,1.19) 0.04

Values are given as median (95% confidence intervals).

Abbreviations: LV = left ventricular, RV = right ventricular.
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Table 4.4. List of primary candidate models tested
CMR Model permutation
parameter
Base model + LVEDVi + LAVi
LVEDVi | Base model + LVEDVi + major non-ischemic scar
Base model + LVEDVi + LAVi + major non-ischemic scar
Base model + LVESVi + LAVi
LVESVi | Base model + LVESVi + major non-ischemic scar
Base Model + LVESVi + LAVi + major non-ischemic scar
Base model + LVmassi + LAVi
LV massi  "Base model + LVmassi + major non-ischemic scar
Base model + LVmassi + LAVi + major non-ischemic scar
Base model + GLS + LAVi
GLS Base model + GLS + major non-ischemic scar
Base model + GLS + LAVi + major non-ischemic scar

Abbreviations: BM = base model including age, prior HF, CAD, DM, CKD, COPD, and CV

hospitalization 90 days prior to CMR scan; LVEDV1 = left ventricular end-diastolic volume

index; LVESVi = left ventricular end-systolic volume index; LV massi = left ventricular mass

index; LAVi = left atrial volume index; GLS = global longitudinal strain;

Table 4.5. Predictive performance of secondary candidate models for each CMR parameter

CMR parameter | Candidate model AIC AAICi
None Base model 21975 |0
LVEDVi Base model + LVEDVi + major non-ischemic scar 2189.5 |-8.0
LVESVi Base model + LVESVi + major non-ischemic scar 2191.7 | -5.8
LVmassi Base model + LVmassi + LAVi 2185.7 |-11.8
GLS Base model + GLS + LAVi + major non-ischemic scar | 2184.8 | -12.7

Abbreviations: BM = base model including age, prior HF, CAD, DM, CKD, COPD, and CV

hospitalization 90 days prior to CMR scan; LVEDV1 = left ventricular end-diastolic volume

index; LVESVi = left ventricular end-systolic volume index; LV massi = left ventricular mass

index; LAVi = left atrial volume index; GLS = global longitudinal strain;
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4.3.3 External validation of the final predictive model in the validation cohort

During a mean follow-up of 1535+552 days, 97 of 376 patients (25.8%) in the validation cohort
had a clinical event including 33 deaths and 83 cardiovascular hospitalizations. The event rate

was similar to the derivation cohort (p=0.50).

The base model had relatively poor performance for calibration in the large, with Chi?
12.6, p<0.001, but excellent performance in calibration slope, with Chi? 0.3, p=0.59, indicating
the mean predicted event rate was significantly overestimated, but no support of miscalibration

(Figure 2A).

The final predictive model, base model + LAVi + GLS+ MNI scar, had excellent
discrimination performance with area under the curve 0.779 (95% CI 0.727-0.830), versus 0.731
(95% C10.693-0.779) for the base model in the derivation cohort. At 5 years, it also had good
Calibration in the large, with Chi® 3.3, with p=0.07, indicating that the mean observed event rate
was similar with the mean predicted event rate, and had excellent calibration slope, p=0.08,
indicating no support of miscalibration (Figure 2B). In the multiple time points of every year over
5 year follow-up, the final predictive model had excellent calibration in the large and calibration

slope over every year except patients with high event rates in the first year 1 (Figure 2C).
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Calibration of base model at the 5 year

Calibration in-the-large: Wald 32 12.6 ,p<0.001
Calibration slope:wald2 0.3 , p=0.59
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Figure 4.2. Observed event probabilities (red dashed lines) with pointwise 95% CI plotted against

predicted event probabilities (green solid line) for validation cohort at 5 years. The solid line is

the line of identity, denoting perfect calibration. Calibration plot of the base model (2A);

Calibration plot of the base model + LAVi + major non-ischemic scar + GLS (Model 4) at 5

years (2B) and in each year over five years of follow-up (2C).
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4.4 DISCUSSION

The major findings of this study are the following: 1) the optimal combination of CMR-derived
imaging parameters (LAVi, GLS and major non-ischemic scar), contributed incremental value
over clinical risk factors in predicting cardiovascular events for patients with or at risk for heart
failure. 2) the prognostic value of this combined clinical and CMR predictive model was
externally validated in an independent cohort with good discrimination and calibration

performance.

To date, only limited risk predicting model of heart failure have been external validated
and are predominately based on traditional risk factors. This is due to 1) difficulties in acquiring
cardiac imaging data, especially CMR data, in a large cohort using a consistent acquisition
protocol; 2) lack of standardized approach to image analysis and 3) lack of access to independent
validation cohorts. LVEF has been included in some models,®? but, has demonstrated inconsistent
predictive value.”*>7> GLS has been studied more recently and was shown as a better alternative
to LVEF.* However, thus far no risk models of HF have included a comprehensive evaluation of

cardiac imaging parameters with subsequent external validation.

CMR is the most accurate one-stop cardiac imaging modality, capable of providing
accurate volumetric, functional and myocardial tissue characterization information.>* CMR is
increasing used in clinical practice to evaluate patients with HF.!** Our study confirms that CMR
imaging parameters provide distinct and prognostically important information on cardiac
structure and function. We identified a predictive model that included a functional metric, GLS, a
structural metric, LAV1, and a tissue characterization, MNI scar, as having incremental value
over clinical risk. The robustness of these results was confirmed by external validation in a

second and distinctly different HF cohort.

GLS has been shown to be superior to LVEF in predicting mortality in patients with heart
failure.*> In multivariable analyses, LVEF was not predictive of outcome in our cohort. We also
found that GLS was a good predictor of adverse outcome, but it was also collineated with
LVEDVi, LVESVi and LV massi. However, net reclassification index and Akaike information
criterion analyses demonstrated the superiority of GLS over other risk models incorporating

CMR derived LV volumes or mass.

71



LAVimeasured by CMR at the end-systole is the maximum LAYV and it represents the
left sided preload. It is also a morphological biomarker of left ventricular diastolic dysfunction!*’
and has distinct diagnostic and prognostic significance in patients with HF, both HFpEF!*¢ and
HFrEF."37 The current study demonstrated that LAVi is a good predictor of outcome in patients
with or at risk for HF and had incremental prognostic value over LV and myocardial tissue CMR

parameters.

Myocardial scar patterns have been proved to powerful predictors of adverse outcome in a
community-based cohort. Particularly, the presence of major non-ischemic scar (MNI scar) was
superior to no presence of scar, minor non-ischemic scar, and ischemic scar in predicting adverse
outcome.*’ In current study, we also consistently showed that MNI scar had superior prognostic
value to the other 3 scar patterns. MNI scar represents a severe scar pattern appearing in non-
ischemic heart disease (e.g., dilated cardiomyopathy, hypertrophic cardiomyopathy, hypertensive
heart disease, myocarditis, infiltrative disease) and it reflects a high risk tissue characterization.
Therefore, it is not surprising that this imaging parameter was a significant predictor in our

derivation model.

In current study, we evaluated CMR imaging parameters inclusive of the left ventricle,
left atrium, and tissue characterization. Collectively, these CMR measures represent systolic
function, diastolic function and tissue features of the left ventricle. This combination (Model 4:
base model, LAVi, MNI scar, GLS) yielded extraordinary incremental value over the base model,
demonstrating that the addition of imaging indexes is worthwhile for evaluating patient risk. This
model was well validated in the validation cohort with excellent discrimination and calibration

performance.
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Study limitations

The participants from the derivation cohort were retrospectively identified and thus we
had incomplete information on vital signs and serum biomarkers such as creatinine and B-type
natriuretic peptide. Nevertheless, the clinical risk model had good predictive value and was
comparable in performance to previously published risk models for patients with HF. Most risk
models to date have not incorporated BNP and its role in the surveillance of patients with chronic
HF is not well defined.!'? 1?° The clinical characteristics between the derivation and validation
cohort were quite different. However, these differences allowed us to demonstrate the robustness
of the predictive model. While we found good calibration overall for our risk model, it performed
less well in the first year after the index CMR. This suggests that other HF biomarkers of early
risk such as BNP and MRI derived lung water'*® may provide additional value to our model. This
hypothesis will need to be confirmed in future validation studies. Myocardial T1 mapping, a new
CMR method for tissue characterization,'* was not available in the majority of patients in the
derivation cohort and was thus not evaluated in our analyses. However, the role for T1 mapping
has not been well established in heart failure and is thus far only recommended for suspected
myocardial inflammation and infiltration. Lastly, although our risk model performed well in

external validation, it should still be confirmed in a larger independent cohort.

4.5 CONCLUSIONS

CMR derived global longitudinal strain, indexed left atrium volume and myocardial scar
characteristics, are predictive of adverse outcomes in patients with chronic heart failure, even
after adjusting for clinical risk. The additive prognostic value of these CMR parameters was
validated in a distinct and independent cohort, demonstrating its generalizability to other patients

with chronic HF.
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Chapter S Discussion

5.1 Limitations
5.1.1 Project summaries and technical limitation

We demonstrated that layer-specific strains have distinct signatures in the diagnosis and
prognosis of patients at risk or with HF. Particularly, GLS measured at the epicardium was
capable of differentiating the three groups of patients with preserved LVEF, including healthy
controls, patients at risk for HF and patients with HFpEF; GLS averaged across the myocardium
and global radial strain were the only independent predictor of 5-year all-cause mortality in
patients at risk or with HF. However, three layer-specific GLSs are highly correlated with each
other and have moderate to strong correlation with LVEF. Furthermore, layer-specific GLSs are
still load dependent!*. In conclusion, GLSs are still correlated with LVEF and LV volume, and
are not a fully independent imaging biomarker of systolic dysfunction. While GLS EPI is
capable of differentiating patients with HFpEF from patients at risk for HF and healthy controls,
there is tremendous overlap of GLS EPI among the three groups. Therefore, imaging biomarkers
which more accurately identify systolic and/or diastolic dysfunction, should be further developed

to better differentiate these three groups of subjects with preserved LVEF.

In the Chapter 3 and Chapter 4, the presence of major non-ischemic scar was identified as
a robust predictor of adverse outcome, but there were only 25 (7%) patients with this scar pattern
in the Alberta HEART study. However, in Chapter 4, the derivation cohort had 167(26%)
patients with major non-ischemic scar and it was still identified as an independent predictor of
outcome. Additionally, an ischemic scar pattern had poor predictive value, as previously shown.*
While the presence of ischemic scar appears insensitive to prognosis, other characteristics such as
location, transmurality, heterogeneity and perfusion may provide important information that we

did not consider in our analysis.

We also quantified the myocardial scar mass in Chapter 3. A common threshold of mean
plus 5 standard deviation (SD) of the region of interest in remote myocardium was used to
identify and quantitatively measure the myocardial scar volume. However, for the assessment of
non-ischemic scar volume, a threshold of mean + 3 SD of the remote myocardium is

recommended.''® To be consistent with recommendations for ischemic scar volume assessment,
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we only used the threshold of mean + 5 SD. Thus, we may have underestimated non-ischemic

scar volume in our cohort.

In Chapter 3, there were still 57 patients having no LGE image due to renal dysfunction
or personal preference. Therefore, the serial change of myocardial scar mass over 1 year was only
available in 183 patients and was not able to evaluate its incremental value over other serial CMR

assessment in predicting adverse outcome.

In Chapter 4, the CMR-derived imaging biomarker of our final predictive model included
LAVi, GLS, and presence of the major non-ischemic scar. While we considered a comprehensive
list of CMR metrics related to cardiac geometry, function and myocardial tissue characterization,

we did not include myocardial T1 mapping due to lack of available data.
5.1.2 Limitations of the study cohort

The thesis work was predominantly based on the Alberta HEART study, which comprised 453
subjects undergoing cardiac imaging and clinical evaluation including assessment of outcome.
However only 262 patients had both baseline and 1-year CMR acquisitions. Furthermore, the
sample size for each HF subgroup (e.g. HFrEF, HFmrEF and HFpEF) was also modest. Thus,
subgroup comparisons were not possible, particularly in analyses of prognosis. The number of
events in the Alberta HEART study was also modest, with 33 all-cause mortality and 83
cardiovascular hospitalization during 5-year follow up, but it did not prevent us from achieving
significance in survival analysis. Nevertheless, our results should be further validated in larger
HF cohorts with higher event rates, especially all-cause mortality which is the most common
outcome used. Furthermore, as the Alberta HEART study was mainly focused on developing
diagnostic, therapeutic and prognostic approaches to patients with HFpEF,”! the number of
patients with HFrEF and HFmrEF was limited. Therefore, the results still need to be validated in
HF cohort with bigger and more equal same size of the three subgroups of HF. Finally, the
Alberta HEART cohort also included patients with AHA/ACC Stage A/B HF (i.e. preclinical).
While prior HF was included in the stepwise selection of the base model in Chapter 4, and the

results should still be verified in a HF only cohort (i.e. AHA/ACC Stage C).

In Chapter 4, we have developed a comprehensive model using available clinical information and

CMR parameters, but the clinical data in the derivation cohort did not include New York Heart
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Function Classification, systolic blood pressure and serum creatinine, 3 well established
predictors of HF outcome. Therefore, we were not able to build the base model using the
MAGGIC risk score. Furthermore, the cardiac phenotypes were different between two cohorts
and the derivation cohorts tended to have more severe disease. Consequently, the validation

cohort is not an ideal cohort for external validation.

5.2 Future direction

Based on the Alberta HEART study, we are interested to investigate the diagnostic and
prognostic approaches by assessing the strain or strain rate at different cardiac phase from the
LA, RV and RA in patients at risk or with HF. This may help us understand the functional status
of these three cardiac chambers in HF. LA strain may help us better understand the diastolic
function of the LV and filling pressure; RV strain is potentially useful, especially when the

geometry of the LV remaining relatively normal in HF.

For tissue characterization of LV, a bigger sample size of HF cohort will be needed, especially a
bigger cohort of patients with HFpEF. This will help us better understand the myocardial scar
patterns and the temporal change of the scar volume in this subgroup. Alternatively, quantifying

141, 142

the myocardial scar volume in non-contrast images 1s more applicable to the majority of

patients, even to patients with renal dysfunction, and more feasible for serial evaluation.

A comprehensive imaging model can be developed incorporating more detailed information
including NYHA, more serum biomarkers (i.e. BNP, creatinine, C-reactive protein) and vital

signs. And the imaging risk model should also be validated in a bigger cohort.

Finally, the impact of T1 mapping on diagnosis and prognosis in HF should be further explored.
Also, more prospective studies and randomized controlled trials in HF are needed to evaluate the

prognostic impact of routine CMR in managing patients with HF.

5.3 Conclusion

This thesis has focuses on the early diagnosis and prognosis of patients with HF. Notably, we

found that the baseline global longitudinal strain of the average myocardium is a significant
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predictor of all-cause mortality, which is informative to understand the patients’ prognosis from
the baseline and therefore initiate more intensive management strategy from the beginning.
Secondly, we found that cardiac remodeling is prevalent in patients with chronic heart failure and
that a temporal change in LV massi, and GLS were robust predictors of outcome. Finally, we
established a comprehensive predictive model incorporating multiparametric imaging biomarkers
of the cardiac structure and function, including LAVi, GLS and presence of major non-ischemic
scar, as well as key clinical factors. This model yielded excellent discrimination and calibration
performance in external validation. This modelling and validations identified CMR-derived
imaging biomarkers that are consistently associated with prognosis and thus potentially allowing

treating clinicians to better distinguish low and high risk patients with HF.
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