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3. ABSTRACT (ENGLISH) 

 

Differentiation of ischemic (ICM) vs non-ischemic (NICM) cardiomyopathy as the underlying 

cause of heart failure (HF) has important implications for treatment and prognosis. Clinical 

guidelines continue to rely on diagnostic tools that are invasive, and/or expose HF patients to 

ionizing radiation, pharmacological stress, or contrast agents to achieve this differentiation. 

Oxygenation-Sensitive Cardiovascular Magnetic Resonance (OS-CMR) imaging paired with a 

vasoactive breathing maneuver is a non-invasive, radiation- and needle-free imaging technique, 

which can measure dynamic global and regional conditions of tissue oxygenation in the 

myocardium. This proof-of-concept study investigated the capability of established and novel 

respiratory OS-CMR (ROS) biomarkers to differentiate between ICM and NICM. 

 

In a retrospective investigation of 20 ICM and 13 NICM patients that underwent ROS between 

2019 and 2022, we measured normalized signal intensity (SI) values across the breath-hold portion 

of ROS to assess global and regional myocardial oxygenation dynamics. In analysis of global 

markers, we found decreased global percent change, slope, standard deviation, and increased slope 

of standard deviation across the BH in ICM compared to NICM. However, none of these 

differences were statistically significant (p-value <0.05) in a Student’s t-test. In analysis of regional 

markers, we found decreased minimum segment change, segment range, and minimum coronary 

territory change, and increased coronary territory range across the breath hold in ICM, compared 

to NICM. Similarly, no significant differences existed in regional SI dynamics between ICM and 

NICM groups using a Student’s T-test. Of interest, we found that if we treated global percent 

change and minimum coronary territory change as binomials for positive or negative change, both 

significantly differentiated between ICM and NICM in chi-square statistic (p <0.02, p<0.03, 

respectively). In receiver operating characteristic (ROC) analyses, two biomarkers, along with the 

slope of standard deviation, achieved an area under the curve nearing the acceptable range (0.7-

0.8) of diagnostic utility. 

 

This study was the first to explore a set of novel global and regional markers using normalized 

SI values obtained by a completely non-invasive imaging technique with OS-CMR, in addition to 

being the first OS-CMR study to investigate myocardial oxygenation differences between ICM 
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and NICM patients. As a proof-of-concept study, our results suggest that a future prospective study 

with a larger sample size may demonstrate the clinical utility of OS-CMR, specifically using multi-

parametric analysis tools, as a needle-free means to identify and characterize ischemic 

cardiomyopathy in HF patients. 

 

 

4. RÉSUMÉ (FRANÇAIS) 

 

La différenciation d'une cardiomyopathie ischémique (ICM) ou non ischémique (NICM) comme 

cause sous-jacente de l'IC a des implications importantes pour le traitement et le pronostic. Les 

directives cliniques continuent de s'appuyer sur des outils de diagnostic invasifs et/ou exposant les 

patients à des rayonnements ionisants, à un stress pharmacologique ou à des agents de contraste 

pour parvenir à cette différenciation. L'imagerie par résonance magnétique cardiovasculaire 

sensible à l'oxygénation (OS-CMR) associée à une manœuvre de respiration vasoactive est une 

technique d'imagerie non invasive, sans rayonnement ni aiguille, qui peut mesurer les conditions 

globales et régionales dynamiques de l'oxygénation des tissus dans le myocarde. Cette étude de 

preuve de concept a examiné la capacité des biomarqueurs respiratoires OS-CMR (ROS) établis 

et nouveaux à différencier l'ICM et le NICM. 

 

Dans une enquête rétrospective sur 20 patients ICM et 13 patients NICM ayant subi une ROS entre 

2019 et 2022, nous avons effectué une analyse des valeurs d'intensités de signaux normalisés sur 

la partie en apnée de la ROS pour évaluer la dynamique globale et régionale de l'oxygénation 

myocardique. Dans l'analyse des marqueurs globaux, nous avons constaté une diminution globale 

du pourcentage de changement, de la pente, de l'écart type et une augmentation de la pente de 

l'écart type à travers l'apnée dans l'ICM par rapport au NICM. Aucune de ces différences n'était 

statistiquement significative dans le test T de Student. Dans l'analyse des marqueurs régionaux, 

nous avons constaté une diminution du changement de segment minimum, de la gamme de 

segments et du changement de territoire coronaire minimum, et une augmentation de la gamme de 

territoire coronaire à travers l'apnée dans l'ICM par rapport au NICM. De même, aucune différence 

significative (valeur p <0.05) n'existait dans la dynamique SI régionale entre les groupes ICM et 

NICM en utilisant le test T de Student. Fait intéressant, nous avons constaté que si nous traitions 
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le pourcentage de changement global et le changement de territoire coronaire minimal comme des 

binômes pour un changement positif ou négatif, les deux différenciaient entre l'ICM et le NICM 

avec une statistique du chi carré significative (p <0,02, p<0,03, respectivement). Dans les analyses 

des caractéristiques de fonctionnement du récepteur, deux biomarqueurs ainsi que la pente de 

l'écart type ont atteint la zone sous les valeurs de la courbe se rapprochant de la plage acceptable 

(0.7-0.8)  d'utilité diagnostique. 

 

Cette étude a été la première à explorer un ensemble de nouveaux marqueurs globaux et régionaux 

utilisant des valeurs SI normalisées obtenues par une technique d'imagerie totalement non invasive 

avec OS-CMR, en plus d'être la première étude OS-CMR à étudier les différences d'oxygénation 

myocardique. entre les patients ICM et NICM. En tant qu'étude de preuve de concept, nos résultats 

suggèrent qu'une future étude prospective avec un échantillon plus important pourrait 

potentiellement démontrer la valeur clinique de l'OS-CMR en tant que moyen sans aiguille pour 

identifier et caractériser la cardiomyopathie ischémique chez les patients atteints l’IC. 
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5. THESIS OVERVIEW 

 

This body of work consists of three chapters. Chapter 1 will define HF, its etiologies, and the 

current relevant methods of clinical investigation. Chapter 1 also serves to introduce OS-CMR and 

its potential for the noninvasive assessment of cardiomyopathy via standardized vasoactive 

breathing maneuvers. Chapter 2 will detail the methods and results of the study which investigates 

the capacity of OS-CMR paired with breathing maneuvers to differentiate ischemic from non-

ischemic cardiomyopathy. Chapter 3 will provide discussions of the findings, limitations, and 

future directions. 

 

Chapter 1: Introduction 

An Introduction to Oxygen-Sensitive CMR For Assessing Heart Failure 

 

Chapter 2: Original Research 

Differentiation of Ischemic vs. Non-Ischemic Cardiomyopathy by OS-CMR 

 

Chapter 3: Discussion and Conclusion 

ICM vs NICM: Insights and future directions with OS-CMR 
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7. CHAPTER 1: AN INTRODUCTION TO OXYGEN-SENSITIVE CMR FOR ASSESSING HEART 

FAILURE 

 

Summary 

 

Heart failure (HF) is a challenging and increasingly prevalent condition. Investigations to 

elucidate the etiology of HF is necessary for effective treatment. Currently, a comprehensive 

clinical strategy may involve diagnostic imaging techniques involving invasive procedures, 

ionizing radiation, pharmacological stress, and contrast agents. Oxygenation-Sensitive 

Cardiovascular Magnetic Resonance (OS-CMR) is a novel imaging technique which can assess 

dynamic changes in myocardial oxygenation without the aforementioned drawbacks to patient 

safety. Previous OS-CMR studies have established this technique as a valid methodology to 

identify abnormal oxygenation patterns in ischemic cardiomyopathy (ICM) and non-ischemic 

cardiomyopathy (NICM) compared to healthy patients. Furthermore, OS-CMR paired with a 

vasoactive breathing maneuver (Respiratory OS-CMR, ROS) provides a window into endothelial 

pathways of vascular function. ROS may serve as an effective way to differentiate ICM and NICM. 

ROS may provide insight into underlying pathophysiology, clinical workflow streamlining, and 

an improved prognosis in HF patients.  

 

Introduction 

 

HF is a chronic and progressive disorder in which the myocardium cannot expand and/or 

contract effectively, resulting in impaired filling and/or emptying of the cardiac chambers (1). At 

reduced efficiency, the heart cannot supply enough oxygen and nutrient-rich blood to meet the 

metabolic needs of the body. To accommodate for the deficiency, the heart may dilate, develop 

more muscle mass, increase contractility, and beat faster. Although these measures may 

compensate initially, the pathological processes underlying HF will continue to advance. 

Decompensated HF can manifest as a combination of fatigue, dyspnea, reduced exertional 

tolerance, and/or fluid retention (2). HF can severely increase morbidity of a patient and increase 

the risk of death. Despite considerable advances in prevention and intervention, mortality in HF 

patients remains as high as 75% at 5 years (3). 
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HF is a global issue affecting more than 64 million people (4). It is the leading cause of 

hospitalization among adults (4), and its prevalence is growing due to an ageing population (1,5,6). 

Consequently, the burden of HF-related hospitalizations and costs are also increasing. HF costs 

are currently estimated at US$30.7 billion, with an expected increase to $69.8 billion by 2030 (7). 

Without streamlining of clinical management, improved cost, and better therapeutic outcomes, HF 

will remain a worsening medical, societal, and economic problem (8).  

 

Heart Failure 

 

Ischemic and Non-Ischemic Etiologies 

HF is a clinical syndrome rather than a specific disease with a defined pathophysiological 

mechanism. Optimal treatment and improved prognosis for a given case of HF requires thorough 

investigation of etiology. Cardiomyopathy broadly defines the group of heterogeneous structural 

and/or functional cardiac abnormalities that lead to HF (9). Cardiomyopathy can be divided into 

ischemic cardiomyopathy (ICM) and non-ischemic cardiomyopathy (NICM) (10).  

 

ICM is defined by abnormal myocardial vasculature and resulting pathological changes in 

the dynamics of blood supply and tissue oxygenation. The majority of ICM is caused by the 

atherosclerotic processes leading to coronary artery disease (CAD) (11), but other notable sources 

of ICM include Ischemia with No Obstructive Coronary Arteries (INOCA), myocardial scarring, 

abnormal coronary microcirculation, and endothelial dysfunction. ICM is generally characterized 

by the pathomechanisms of myocardial ischemia which result initially in a reversible loss of 

cardiac contractile function. Prolonged ischemia, however, leads to irreversible myocardial 

damage and ensuing cardiac remodeling. Remodeling is primarily stimulated by myocardial 

fibrosis which causes decreased ventricular function, arrhythmia, and potential conduction system 

dysregulation (11).  

 

NICM functions as a catch-all for causes of decreased heart function unrelated to 

myocardial ischemia. NICM includes infiltrative processes, metabolic derangements, genetic 

abnormalities, immune and inflammatory damage, toxicity-related damage, abnormal loading 
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conditions (hypertension, volume overload, cardiac structural defects and disease), and 

arrhythmias (12,13). Often, cases of NICM is described as dilated (stretched myocardium), 

hypertrophic (thickened myocardium), or restrictive (stiffened myocardium) cardiomyopathy, 

although these too can be caused by ischemic pathomechanisms (10,14). 

 

Coronary Microvascular Dysfunction 

In both NICM and ICM, coronary microvascular dysfunction (CMD) is evidenced as a 

fundamental pathophysiological factor, and is associated with worse prognosis and higher 

incidence of cardiovascular events (15–20). CMD is defined by abnormal function of the 

endothelium, a layer of cells in blood vessels which play a crucial regulatory role in coronary 

vascular function and thus cardiovascular homeostasis. The potential mechanisms of CMD are 

varied, including enhanced vasoconstrictive reactivity at the microvascular level, impaired 

endothelium-dependent and endothelial-independent microvascular vasodilation capacities, and 

increased microvascular resistance secondary to structural factors (21). CMD is a major 

contributor to many ICM and NICM conditions, in addition to hypertension, obesity, and diabetes 

(22,23) – all of which are significant risk factors for HF (24). Investigation of CMD in HF is not 

typical during clinical work-up or management, however, a growing body of evidence suggests 

that it is an important prognostic factor, especially in CAD and nonsignificant CAD (21).   

 

Clinical Management 

The treatment of HF entails a multifaceted approach involving patient education, 

pharmacological regimen to recover cardiac performance, and prevention of exacerbations (25). 

For patients presenting with a history and physical findings suggestive of HF, the first steps of 

diagnostic work-up are an assessment of left ventricular systolic function and identification of ICM 

or NICM as the underlying pathology (26).  

 

Phenotypic characterization of HF by left ventricular ejection fraction (LVEF) facilitates 

risk stratification and guides therapy. A recent revision of HF classification guidelines defines four 

subcategories of HF based on LVEF: HF with reduced Ejection Fraction (LVEF ≤40%, HFrEF), 

HF with mildly reduced Ejection Fraction (LVEF 40-49%, HFmrEF), HF with improved Ejection 
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Fraction (LVEF ≤40% at baseline and a ≥10-point improvement on second measurement to an 

LVEF ≥40%, HFimpEF), and HF with preserved Ejection Fraction (LVEF ≥50%, HFpEF) (27). 

 

Although the clinical presentation of ICM and NICM-derived HF may be indistinguishable 

from one another (28), the identification of either ICM or NICM as the pathological cause of HF 

is imperative for guiding treatment and prognosis (13,28–31). Notably, it is the investigation of 

possible ICM that leads this process.  

 

ICM is the most common cause of HF (32). ICM develops when the heart’s ability to pump 

blood is impaired due to the impedance of blood flow to the myocardium. The most prevalent form 

of ICM is CAD secondary to atherosclerosis, with approximately half of acute HF and half of 

HFrEF cases caused by CAD (33).) Ischemic etiology and, moreover, extent of CAD, is a 

significant independent predictor of mortality in patients with cardiomyopathy. ICM therapeutic 

strategies include revascularization, and antiplatelet and lipid lowering agents. Early 

revascularization, which is accomplished either by coronary artery bypass (CABG) surgery, 

angioplasty, and/or stenting, is strongly associated with better survival and its prioritization is of 

critical importance (28,34). 

 

The investigation of possible NICM follows the exclusion of ICM. Due to the broad 

spectrum of NICM pathologies, the diagnostics and prognoses associated with NICM-mediated 

HF vary widely, as do management strategies, with pharmacological agents and device therapy 

often involved (12,35). 

 

The goal of therapy for HF is to improve symptoms and quality of life, minimize 

hospitalizations, and reduce overall disease mortality. Innovation towards a reliable, noninvasive, 

streamlined, and cost-effective method of differentiation of ICM vs NICM-derived HF is vital for 

better therapy and outcomes for HF patients (27,36,37).  

 

Utility of Diagnostic Imaging 

Investigation of HF using cardiac imaging is standard. Transthoracic echocardiography is 

often the first-line imaging modality for HF. It is especially useful for early quantification of LVEF 
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(25). Echocardiography is more cost-effective than other common imaging modalities, widely 

available, relatively simple to operate, and can be used at bedside. However, image quality and the 

precision of measurements can be unreliable (27). Furthermore, echocardiography provides 

minimal information regarding myocardial tissue or coronary vascular function, and must often be 

supplemented by other imaging modalities to reach a comprehensive diagnosis (38). 

 

The current clinical standards for identifying the presence of ICM and extent of myocardial 

ischemia (or excluding ICM and indicating an investigation of NICM by other means) are coronary 

angiography and fractional flow reserve (FFR), respectively. These are invasive processes that 

require cardiac catheterization, exposure to ionizing radiation, and intravenous administration of 

contrast agents. Catheterization alone carries complication rates estimated at 2% and is 

increasingly risky in patients with older age, renal insufficiency, uncontrolled diabetes mellitus, 

and morbid obesity (39). It is estimated that up to half of patients undergoing coronary angiography 

are found to have no obstructive CAD (40,41). Consequentially, a significant number of patients 

undergo an invasive procedure that rules out disease (CAD) but does not provide information on 

the existing underlying condition. Furthermore, many patients with overt symptoms of myocardial 

ischemia do not show significant obstructive coronary lesions via angiography, yet a substantial 

proportion of these patients are found to have CMD (42). Coronary angiography and FFR are not 

suitable to characterize ischemia not caused by an obstructed coronary artery (INOCA). 

Additionally, these techniques are not able to assess the spatial distribution or temporal dynamics 

of myocardial perfusion or oxygenation to identify CMD, which as mentioned previously is 

strongly associated with the development of HF (43).  

 

Cardiac positron emission tomography (PET) and computed tomographic coronary 

angiography (CTCA) are two imaging modalities which allow for the comprehensive evaluation 

of spatial distribution of myocardial blood flow, and therefore the ability to differentiate ICM and 

CMD. However, their diagnostic utility is hindered by low spatial resolution, limited availability 

(PET) (44), ionizing radiation, and logistical challenges with tracers (45). 

 

Cardiovascular magnetic resonance (CMR) is another imaging modality with significant 

utility in ICM and NICM. CMR-based late gadolinium enhancement (LGE) and first-pass 
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perfusion imaging are techniques capable of evaluating ischemic scar and spatial distribution of 

myocardial blood flow, respectively, with the drawback of requiring contrast and/or stress agents 

(46). The principles of magnetic resonance imaging, its current utility in HF, and emerging 

technologies in the field of CMR are detailed in the section that follows. 

 

In light of the current mortality and morbidity rates, it is clear that there is room for 

improvement in medical strategies for HF. It is important to increase our understanding of HF 

pathophysiology and improve therapy for HF patients. An imaging modality which is non-

invasive, free of ionizing radiation and contrast agents, and able to comprehensively differentiate 

and evaluate the underlying etiology of a patient with HF as ICM or NICM could be a significant 

advancement. Such an imaging tool could streamline clinical management, reduce the risk and 

cost of HF workup, and guide more informed therapy. 

 

 

Cardiovascular Magnetic Resonance Imaging 

 

Principles of Magnetic Resonance 

Magnetic Resonance Imaging (MRI) functions based on the principles of nuclear magnetic 

resonance. MRI exploits the properties of hydrogen nuclei, which behave as small bipolar magnets. 

Usually oriented randomly, these nuclei will align in the direction of a magnetic field, like the one 

found inside an MRI machine. Put simply, changes in magnetic resonance signals as these nuclei 

are disrupted in their arrangement and then return to that arranged state can be collected and 

transformed into images (47). This disruption is accomplished by bursts of high energy 

radiofrequency (RF) pulses that push the nuclei in an excited state of resonance. Interruption of 

the RF pulse allows nuclei to return to their state of alignment in the magnetic field while 

simultaneously emitting an electromagnetic signal which is received by the MRI scanner hardware. 

This signal is spatially encoded and processed to produce an interpretable MRI image (48). 

Different tissues will produce different signal intensities, which allow clinicals to characterize 

anatomy and tissue and pathological abnormalities therein (49). 
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Utility of CMR in HF 

Cardiovascular Magnetic Resonance (CMR) is the widely accepted gold standard for the 

qualitative and quantitative assessment of the heart, and a versatile diagnostic tool for the 

comprehensive investigation of HF etiology (50). CMR is routinely and increasingly used in the 

investigation of HF to aid in diagnosis, risk stratification, therapeutic guidance, and monitoring 

(50,51) as a result of its ability to provide detailed information on function, morphology, and 

myocardial tissue composition (52,53). Furthermore, studies have shown that compared to 

echocardiography, CMR provides more accurate measurements of function and tissue 

characterization (10), more accurately classifies HF patients into LVEF subgroups (54,55), and 

better establishes specific diagnoses within HFpEF (55,56), which comprise more than 50% of all 

HF patients (57).  

 

Current clinical guidelines recommend the use of late gadolinium enhanced (LGE)-CMR 

in HF when echocardiography is non-diagnostic (13). LGE-CMR provides an accurate evaluation 

of myocardial scarring, however, it requires the use of gadolinium-based contrast agents. 

Administration of gadolinium-based pharmaceuticals causes discomfort and is not suitable for 

patients with renal failure or known contrast media allergy (58). Furthermore, LGE cannot identify 

or evaluate INOCA. 

 

The clinical utility of first-pass perfusion stress CMR in suspected ischemic HF is also well 

established. In addition to being very accurate in the identification of ischemic myocardial tissue, 

stress CMR is associated with lower cost, and similar outcomes despite fewer angiographies and 

revascularizations compared to coronary angiography with FFR (59–61). Although free of ionizing 

radiation, CMR first-pass perfusion is, however, limited by its requirement for the injection of 

gadolinium-based contrast agents and pharmaceutical vasodilatory agents. 

 

Oxygenation-Sensitive Cardiovascular Magnetic Resonance 

 

Principles of OS-CMR 

Blood hemoglobin can exist in either an oxygenated or deoxygenated state. Each state has 

a unique set of magnetic properties, the dynamics of which are exploited in MRI images sensitive 
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to the Blood-Oxygen-Level-Dependent (BOLD) effect (62). Oxyhemoglobin has no magnetic 

moment and does not significantly alter the measured magnetic field within the MRI machine. 

Deoxyhemoglobin, however, is paramagnetic which causes a disruption in the local magnetic field, 

and therefore an accelerated relaxation of surrounding protons (63). In BOLD images, as this 

disruption increases, the signal intensity decreases (64). Oxygenation-Sensitive CMR (OS-CMR) 

imaging is a non-invasive technique which can measure regional myocardial tissue oxygenation 

changes by means of the BOLD effect (65,66).  

 

The balance of oxygen supply and demand in the myocardium is tightly regulated by a 

complex coupling of myocardial energetic processes and coronary blood flow. In the case of 

increased myocardial work and thus increased oxygen demand, a healthy coronary vasculature 

compensates by upregulating coronary blood flow through vasodilation (67). Due to the sensitivity 

of this homeostatic mechanism, the oxygenation status of the myocardium would be unaffected, 

and thus no change in the BOLD effect would be detected. Coronary vasodilation and an 

unchanged myocardial oxygen demand however, would result in a reduction of deoxyhemoglobin 

concentration, and an increase in signal intensity (68). Thus, in the context of OS-CMR, vasoactive 

[stress] interventions which alter blood volume, blood flow, or the balance of oxygen demand and 

supply in the myocardium can induce changes in hemoglobin oxygenation levels and create 

BOLD-sensitive images of the myocardium (68). The spatial and temporal dynamics of BOLD 

signal intensities therefor act as markers of coronary vascular function, endothelial dysfunction, 

and myocardial tissue oxygenation.  

 

Endothelial Dependence in Induced Vasoactive Stress 

Historically, a number of studies utilizing OS-CMR induced vasoactive stress using 

pharmacological agents such as adenosine that induce endothelium-independent vasodilation. In 

combination with adenosine, OS-CMR can be used for assessing myocardial perfusion and 

oxygenation in many disease states (28). Endothelium-independent vasodilation bypasses the 

endogenous regulatory mechanisms of the endothelium and acts directly on the vascular smooth 

muscle to cause vasorelaxation (69). As previously explained, such an intervention will decrease 

blood deoxyhemoglobin concentration and result in an increase in OS-CMR signal intensity in 
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healthy myocardium (70). Endothelium-independent vasodilation thus introduces hyperemic 

myocardial perfusion in healthy tissue which can be assessed by OS-CMR.  

 

Although the endogenous contrast in OS-CMR eliminates the administration of 

gadolinium-based contrast agents, the use of pharmacological vasodilatory agents is still 

inconvenient and is not without risks (71). Furthermore, adenosine and analogues act solely 

through endothelium-independent vasodilation. The mechanisms underlying the natural 

microvascular response to increased myocardial oxygen demand, however, may be endothelium-

independent and/or endothelium-dependent (72). Notably, CMD may be a functional characteristic 

of endothelial-independent and/or endothelial dependent vasodilation (73), as emphasized by the 

increased mortality risk found in HF patients who have endothelial-dependent dysfunction (20,74).  

Moreover, given the major prognostic role of endothelial-dependent dysfunction in both ICM and 

NICM (75,76), an assessment which includes endothelial-dependent mechanisms of vasodilation 

may serve as an important biomarker. More representative of physiological stress, a 

comprehensive assessment of endothelial-dependent and endothelial-independent function may 

therefore have a more significant prognostic value in HF and be more informative in terms of 

therapeutic consequences (77,78).  

 

Standardized Vasoactive Breathing Maneuvers 

Blood carbon dioxide (CO2) modulates endothelial-dependent vasoactive mechanisms in 

the coronary circulation (79). In response to hypercapnia, healthy coronary vasculature dilates and 

increases myocardial perfusion, a process similar to that observed during physiological stress (80). 

Hypocapnia on the other hand, induces coronary vasoconstriction and a reduction in perfusion.  

 

Studies have found consistent and reproducible changes in signal intensity in OS-CMR 

performed with direct modulation of inhaled CO2 percentage (81,82). This approach, however, 

produces frequently intolerable side effects related to the urge to breathe and associated anxiety 

(83). By using respiratory maneuvers such as hyperventilation and breath-holding to manipulate 

blood CO2, OS-CMR can be performed without the need for inhaled gas modulation or additional 

equipment. In fact, in healthy populations (84,85), respiratory OS-CMR (ROS) has demonstrated 
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the potential for a more significant physiological stress response than adenosine OS-CMR, with 

less side effects (70).  

 

A standardized respiratory maneuver which is comprised of 2 minutes of breathing at rest, 

followed by a 60-second period of paced deep breathing (hyperventilation) at 30 breaths-per-

minute, and a subsequent breath-hold maintained for as long as is tolerable, has emerged as an 

effective mechanism of endothelial-dependent vasoactive stress (82,86). The resting period serves 

as a signal intensity baseline, while the hyperventilation induces coronary vasoconstriction, and 

the voluntary maximal breath-hold induces coronary vasodilation (87). During continuous OS-

CMR image acquisition, the OS-CMR signal intensity difference between respiratory-modulated 

vasoconstriction and vasodilation is defined as the breathing-induced myocardial oxygenation 

reserve (B-MORE). 

 

In summary, ROS assessment of B-MORE exists as a safe, fast, non-invasive, and 

convenient tool that avoids the use of needles, exogenous contrast agents, harmful radiation, or 

specialized additional equipment. In the investigation of ICM vs NICM-derived HF, OS-CMR B-

MORE offers not only a fully quantitative assessment of cardiac morphology, function, and tissue 

characteristics, but also high-resolution information on endothelial dysfunction (CMD). OS-CMR 

has the potential to improve the management of HF patients and to introduce novel imaging 

biomarkers that may advance risk stratification as well as our understanding of HF 

pathophysiology. 

 

Utility in Ischemic and Non-ischemic Etiologies of HF 

Previous research has confirmed that OS-CMR B-MORE can identify healthy 

myocardium, ICM, and NICM by analysis of global and regional BOLD signal intensity (SI) 

dynamics. Specifically, in comparison to age-matched healthy subjects, ICM (88) and NICM (89) 

patients had respectively unique and significantly attenuated regional myocardial oxygenation 

responses to breathing maneuvers. 

 

In animals and CAD patients, OS-CMR B-MORE has detected patterns of reduced 

myocardial perfusion and oxygenation in myocardial territories subtended by an angiographically 
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significant coronary artery stenosis (87,88). Furthermore, adenosine OS-CMR has accurately 

detected myocardial oxygenation deficits downstream of both flow-limiting (62,90) and non-flow 

limiting (91–93) coronary artery stenosis, indicating that perfusion deficits alone do not always 

indicate underlying oxygenation deficits. This becomes particularly important when considering 

recent studies that compared medical therapy to procedural intervention (i.e. revascularization) as 

a first-line clinical management in HF and found no significant differences in patient clinical 

outcomes (61,94). The dissociation between myocardial perfusion and oxygenation may be an 

important component in the pathophysiology of HF. An understanding of their independent and 

interdependent roles in disease mechanism, risk profile, and patient outcomes may impact 

therapeutic strategies in HF.  

 

In patients with INOCA, half of which have been estimated to have CMD (95), OS-CMR 

B-MORE identified regional myocardial oxygenation deficits. Suggestive of a potential role of 

endothelium-dependent CMD (89), these findings are consistent with previous studies that showed 

evidence for heterogeneity of microvascular function (96). The dysfunctional myocardial 

oxygenation response in these populations reflects our current understanding of the involvement 

of endothelial dysfunction.  

 

OS-CMR-based examination of myocardial oxygenation and thus microvascular disease 

states have enhanced the investigation of underlying pathophysiology in patients with ICM, and 

has also further elucidated the role of CMD in NICM. A reduced B-MORE and thus indication of 

coronary microvascular dysfunction has been demonstrated in patients with obstructive sleep 

apnea, heart transplantation, and aortic stenosis (97–99). Studies with adenosine OS-CMR have 

found impaired myocardial perfusion and oxygenation in non-ischemic dilated cardiomyopathy 

and hypertrophic cardiomyopathy populations (100,101). The impaired myocardial oxygenation 

response observed in these NICM populations reflects our current understanding of endothelial 

dysfunction in these populations (99). 
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Limitations of OS-CMR 

CMR and OS-CMR are both limited by a lack of access to MRI scanners, local expertise, 

high cost, and scan contraindications such as claustrophobia (102). Requiring no contrast agents, 

specialized equipment, or the presence of a trained physician, OS-CMR combined with breathing 

maneuvers may mitigate some of the issues CMR has historically faced. However, this technique 

does require local expertise for the training of breathing maneuvers, and specific software to 

analyze oxygenation dynamics, the latter of which may be costly to develop and purchase. 

 

There are several other limitations specific to OS-CMR that must be explored further and 

addressed in future works.  

 

MRI scanner field strength is an important consideration. MR signal sensitivity to 

deoxygenated hemoglobin is decreased and therefore limited at 1.5T (Friedrich and Karamitsos, 

2013). At 3T, the signal-to-noise ratio is increased and thus the contrast between oxygenated and 

deoxygenated myocardium is more pronounced (Dharmakumar et al., 2008). However, artifacts 

are more common at higher field strengths. Although these can be somewhat mitigated by precise 

shimming in the operation of the MR, artifacts can impact the clinical interpretability of OS-CMR 

images (Friedrich and Karamitsos, 2013). 

 

OS-CMR measurements of oxygenation changes are also sensitive to physiological 

variables. OS-CMR signal intensity is sensitive to blood flow, blood oxygenation saturation, as 

well as blood hematocrit levels (Vohringer et al., 2010, Guensch et al., 2016). As such, absolute 

signal intensity values may vary between subjects and within subjects depending on factors such 

as hydration status and altitude adaptations (Guensch et al., 2016, Akunov et al., 2018, Leon-

Valarde et al., 2000). 

 

Lastly, no standard reference values exist yet to denote OS-CMR signals and B-MORE 

ranges as healthy or pathological. Additionally, reader bias may affect analysis as current methods 

in OS-CMR require manual segmentation and analysis of OS-CMR images. As such, current 

values can only be compared within the site they’ve been acquired from, and human error must be 

considered as a factor in the analysis and interpretation of results. 
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Conclusion 

 

Despite considerable advances in prevention and intervention, mortality and morbidity for HF 

patients remain high and quality of life poor (103). Identifying the cause of HF as either ICM or 

NICM is an early clinical step in HF management that has important prognostic and therapeutic 

implications. For HF, CMR is the most comprehensive and accurate diagnostic tool. OS-CMR 

imaging paired with a breathing maneuver (ROS) is a needle- and contrast-free technique which 

examines the dynamic conditions of myocardial oxygen supply and demand in the heart. This OS-

CMR technique may further advance clinical decision-making by providing novel insights into the 

pathophysiology of ICM in HF patients. OS-CMR has already demonstrated its clinical utility in 

multiple studies of patients with various cardiac diseases associated with HF, including ICM, 

NICM, arterial hypertension, and patients with microvascular dysfunction in the absence of CAD. 

Previous research has confirmed that OS-CMR B-MORE can identify healthy myocardium, CAD, 

and contribute towards the pathophysiological understanding of NICM. Notably, OS-CMR B-

MORE may have the capacity to differentiate ischemic from non-ischemic etiologies of HF by 

identifying and characterizing dynamics of global and regional dynamics of myocardial 

oxygenation. Importantly, the use of breathing maneuvers via ROS will assess endothelium-

dependent and endothelium-independent coronary function which may increase the diagnostic 

power of OS-CMR B-MORE compared to contrast- and pharmacological-dependent imaging 

methods.  
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8. CHAPTER 2: ORIGINAL RESEARCH 

 

Methods 

 

The aim of Differentiation of Ischemic versus Non-ischemic cardiomyopathy by OS-CMR 

(DINO) is to assess the ability of breathing-induced OS-CMR biomarkers to differentiate 

cardiomyopathy as ischemic or non-ischemic. DINO may offer a deeper understanding of ICM 

and NICM pathophysiology, and thus insight and direction towards improved management and 

prognosis in the HF population. 

 

Study Design 

This is a retrospective, cross-sectional cohort study. OS-CMR data was obtained from 

study data at the McGill University Health Centre (MUHC) in Montreal, Canada. Study data 

originated from patients enrolled in the prospective clinical trial approved by the appropriate local 

ethics boards: A 10-Minute Cardiovascular Magnetic Resonance Protocol for Cardiac Disease 

(#2020-6128) between November 2019 and April 2022.  

 

Participants 

Participant inclusion criteria included subject age above 18, informed consent, and a 

diagnosis of ICM or NICM as per the clinical report. Exclusion criteria were general MRI 

contraindications, recent consumption of caffeine or vasoactive medications, inability to complete 

the breathing maneuver, unstable hemodynamics, and problematic arrhythmia (Table 1). 
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Table 1: Inclusion and Exclusion Criteria 
Criteria ICM Group NICM group All 
Inclusion • Diagnosis of 

ICM by CMR 
and/or 
angiography, 
clinical report 
used as standard 
of reference. See 
table 3 for list of 
diagnoses. 

• Diagnosis of 
NICM by CMR, 
clinical report 
used as standard 
of reference. See 
table 3 for list of 
diagnoses. 

• Age > 18 y 
• Informed consent 

Exclusion • General MRI contraindications including MR-incompatible pacemakers, 
intracranial aneurysm clips, metallic foreign bodies, and pregnancy. 

• Consumption of caffeine or vasoactive medications 12 hours before the 
CMR exam. 

• Unable to complete breathing maneuvers. 
• Hemodynamically unstable condition 
• Significant/uncontrolled arrhythmia 

 

Initially, 44 patients including 26 subjects with ICM and 18 subjects with NICM were 

identified for inclusion in the study. 

 

Clinical Variables 

All patients had a CMR exam including standard function, mapping, and OS-CMR paired 

with a standardized breathing maneuver. The data used in this study included global and segmental 

signal intensity values measured during the BH portion of OS-CMR image acquisition, in addition 

to demographic characteristics from study records (body mass index (BMI), body surface area 

(BSA), age, sex, weight, height, vital signs, and health status) documented at the time of the clinical 

scan. 

 

CMR Protocol 

MRI imaging of the heart was performed using two clinical MRI scanners of 3.0 Tesla: 

SIGNA Premier, GE Healthcare (Chicago IL), and MAGNETOM Skyra, Siemens Medical 

Solutions (Erlangen, Germany). 

 

Participants were asked to refrain from consuming caffeine or taking beta-blockers for 12 

hours leading up to the exam. All study subjects underwent the same ROS scanning protocol. The 
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ROS imaging protocol involved a baseline OS-CMR acquisition, followed by 60s of 

hyperventilation (metronome-paced at 30 breaths/min), and then by a voluntary maximal breath-

hold, during which OS-CMR images were acquired continuously in basal and mid-ventricular 

short-axis slices. Subjects were coached through and practiced the breathing maneuvers before the 

scan. The participants were continuously monitored for any adverse effects. A detailed description 

of the OS-CMR sequence and parameters has been described in detail (84,88,104). 

 

CMR Image Blinding and Analysis 

OS-CMR images were anonymized using a primary code and assigned a secondary code 

to blind readers from participant identities. The first reader, SC, analyzed all de-identified OS-

CMR images using cvi42 (Circle Cardiovascular Imaging, Calgary, Canada) software. cvi42 was 

used to identify scans with poor image quality and/or incomplete breathing maneuvers for 

exclusion, demarcate the BH portion OS-CMR image acquisition and adjust the semi-automatic 

contouring of the epicardium and endocardium (88). The first and last images of the breath-hold 

closest to 0s and 30s, respectively, were of the end-systolic portion of the cardiac cycle. Epicardial 

and endocardial semi-automated contours were offset to the interior by 10% to avoid partial 

volume effects. A second independent reader with significant experience, EH, performed the same 

analysis in 20% of the participants to control for biases in analysis technique.  

 

OS-CMR image data was reported using global and segmental values in accordance with 

the American Heart Association’s (AHA) standardized model of myocardial segmentation (105). 

All signal intensity values were normalized using the highest and lowest values measured in the 

myocardium throughout the BH automatically within cvi42 software.  

 

Additional patient data retrieved included heart rate data, resting systolic/diastolic blood 

pressures, hemodynamic data, patient demographics and characteristics data. Numerical and 

categorical (non-identifying) demographic information: gender, BMI, height, weight, BSA, age. 

 

Statistical Analysis 

Statistical analysis was performed using GraphPad Prism version 9.0.0 for Mac OS 

(GraphPad Software, San Diego, California USA, www.graphpad.com). BMI and BSA were 
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calculated from patient height and weight via the Mosteller formula: BMI = kg/m2, BSA = 

sqrt(kg*cm/3600). 

 

Measurements of global and regional oxygenation dynamics used for statistical analysis 

were determined from the first post-hyperventilation BH end-systolic image, and the end-systolic 

image closest to 30 seconds of the breath-hold (Figure 1). This study analyzed ROS SI data using 

normalized values.  

 

 

 
Figure 1: Myocardial oxygenation is assessed between the signal intensity of the first post-

hyperventilation end-systolic image (at end of hypocapnia-induced vasoconstriction), and the 

signal intensity of the end-systolic image closest to 30 seconds into the BH, (during hypercapnia-

induced vasodilation). Image produced using Biorender.com, courtesy of Kate Lindsay. 

 

Global metrics refer to an inclusion of all AHA segments, whereas regional metrics refer 

to an inclusion of singular AHA segments or the sum of AHA segments that make up the coronary 

territories. Segments refer to basal (1-6) and mid (7-12) segments of the 17-segment model for 

segmentation of the LV as presented by the AHA (105). For the purposes of statistical analysis, 
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the coronary territories refer to the combination of basal and mid segments as the apical slice was 

not part of OS-CMR acquisition: LAD (1,2,7,8), RCA (3,4,9,10), and LCX (5,6,11,12) (Figure 2). 

 

 
Figure 2: The 17-segment model for the segmentation of the LV as presented by the AHA. The 

patterns indicate the mapping of the segments to coronary territories (106). 

 

The following biomarkers were produced from SI values between the first and last end-systolic 

images (inclusive) of the first 30 seconds of the post-hyperventilation BH (Figure 1). Percent SI 

change (DSI%) across the BH is an established biomarker which was employed as an endpoint in 

many of the referenced OS-CMR studies (84,88,97,99,101). Other DSI biomarkers employed in 

this study were exploratory. Measures of standard deviation (SD) were assessed as an exploratory 

surrogate markers for oxygenation (vascular response) homogeneity across the BH, which was 

recently explored in a study of INOCA and shown to be significantly decreased in female patients 

with INOCA compared to healthy controls (89). Further explanation of these experimental 

biomarkers is detailed in the discussion section. 

  

Global: 

1) DSI% across the BH (difference between SI in end-systolic image at 0s and 30s). 

2) Slope of the average global SI across the BH (includes all images from 0s -30s). This slope 

is calculated from the line of best fit. 

3) SD of global SI across the BH (includes all images from 0s -30s) 
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4) Slope of global SD of global SI across the BH (includes all images from 0s -30s). This 

slope is calculated from the line of best fit. 

 

Regional: 

1) Minimum segment DSI across the BH (difference between end-systolic SI in image at 0s 

and 30s). 

2) Range of segment DSI (maximum segment DSI – minimum segment DSI) across the BH 

(difference between SI in end-systolic image at 0s and 30s). 

3) Minimum coronary territory DSI across the BH (difference between end-systolic SI in 

image at 0s and 30s). 

4) Range of coronary territory DSI (maximum coronary territory DSI – minimum coronary 

territory DSI, difference between SI in  end-systolic image at 0s and 30s). 

 

A two-tailed, unpaired homoscedastic (equal variance) Student’s t-test was performed on 

all metrics across groups to assess the significance of differences in values between ICM and 

NICM. 

 

A receiver operating characteristic (ROC) was performed on all metrics across groups to 

assess the diagnostic performance of each metric. The clinical report was used as the reference 

standard. In ROC analysis, an area under the curve (AUC) of 0.5 suggests no ability to discriminate 

ICM vs NICM based on the test, 0.7 to 0.8 is considered acceptable, 0.8 to 0.9 excellent, and above 

0.9 outstanding (107).  

 

A chi-square statistic was performed on select metrics categorized as binomials for positive 

or negative values.  

 

A simple logistic regression model with a binary outcome of ICM and NICM was 

performed on all metrics. The clinical report was used as the reference standard. 

 

A probability value (p) less than 0.05 was deemed significant. A Bonferroni correction was 

applied retrospectively to provide additional statistical perspective. 
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To determine intraobserver variability, intraclass correlation coefficient (ICC) analysis was 

performed on a randomly selected subgroup of 15 subject images analyzed twice by the primary 

reader, SC. To determine interobserver variability, analysis was performed on a randomly selected 

subgroup of 20 subject analyzed images analyzed both by SC in addition to an experienced CMR 

reader, EH. 

 

Results 

 

Study Population 

Of the initially selected subjects, 12 were eliminated from the analysis due to incomplete 

breathing maneuvers and a resulting lack of data, which was only identifiable upon image analysis. 

Ultimately, the data of 33 individuals, 20 with ICM and 13 with NICM, was used in the final 

analysis. The baseline characteristics of all 33 analyzed subjects are summarized in Table 2. The 

study population had a mean age of 61.0 years (SD 15.7). The population was largely male 

(81.8%). There were no demographic characteristics that showed significant difference (p<0.05) 

across the ICM and NICM groups. Of the functional LV parameters measured by CMR (Table 2), 

there were no significant differences between the ICM and NICM cohorts. The specific condition 

of each patient is listed in Table 3.  

 

Intraobserver and Interobserver Variability 

The intraobserver variability of the B-MORE measurements was small. Assessed on a 

subgroup of 15 subject images read twice by SC, the ICC was 0.92, indicating excellent intra-

observer reliability (108). The interobserver variability was also small, as assessed on a subgroup 

of 20 subject images read by two readers. For all slices, ICC results were above 0.82, and for global 

values, the ICC was above 0.81, indicating good reliability between readers for both metrics (108). 

 

Global Myocardial Oxygenation Changes 

The overall mean DSI% over the BH (B-MORE) across all subjects was 4.59 (95% 

confidence interval (CI) 0.7, 8.48). Though not statistically significant in a t-test (p=0.241), mean 

B-MORE was decreased in ICM at 2.69 (CI -3.33, 8.71) compared to 7.51 in NICM (CI 4.44, 
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10.58) (Figure 3A). When treated as a binomial for either positive change or negative change in 

global SI, ICM showed negative changes in 10 (50%) subjects, while NICM showed negative 

changes in 1 (8%) subject (Figure 3A). This difference was significant in a chi-square statistic 

(p=0.019). In ROC analysis, AUC was 0.696 (CI 0.511, 0.882), p=0.060 (Figure 3B). 

 

The overall mean slope of the average global SI across the BH across all subjects was 0.08 

(CI 0.02, 0.13). Note that this slope and the slope for global SD are calculated from the line of best 

fit to include all images across the BH (and not from the first and last images as done in DSI%). 

This value was not significantly different (p>0.5) between ICM (0.07; CI 0.00, 0.14) and NICM 

(0.09; CI -0.01, 0.19) (Figure 4A). Assessment of this metric as a positive or negative binomial 

yielded no significant difference between ICM and NICM in a chi-square statistic (p>0.5) (Figure 

4A). In ROC analysis, AUC was 0.5423 (CI 0.337, 0.748), p>0.5 (Figure 4B). 

 

The overall mean of global SD across the BH across all subjects was 4.48 (CI 4.05, 4.91). 

The value was not significantly different between (p=0.188) between ICM (4.23; CI 3.85, 4.62) 

and NICM (4.84; CI 3.94, 5.73) (Figure 5A). In ROC analysis, AUC was 0.5830 (CI 0.3660, 

0.8000), p=0.431 (Figure 5B). One statistically significant outlier was excluded from this analysis 

(ICM; 9.43). 

 

The overall mean slope of global SD across the BH across all subjects was -0.02 (CI -0.05, 

0.01). This value was not significantly different (p=0.189) between ICM (0.00; CI -0.04, 0.04) and 

NICM (-0.04; CI -0.09, 0.01) (Figure 6A). Assessment of this metric as a binomial yielded no 

significant difference in a chi-square statistic (p>0.5). In ROC analysis, AUC was 0.687 (CI 0.484, 

0.889), p=0.074) (Figure 6B). 

 

Regional Myocardial Oxygenation Changes 

The overall mean of minimum segment change across all subjects was -8.30 (CI -11.28, -

5.33). The mean values in ICM (-10.10, CI -14.41, -5.79) were decreased compared to NICM (-

5.55, CI -8.8, -2.3) (Figure 7A). This difference was notable but not statistically significant with 

p=0.145. In ROC analysis, AUC was 0.6308 (CI 0.4395, 0.8220), p=0.210 (Figure 7B). 
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The overall mean of the range of segment change across all subjects was 20.58 (CI 17.8, 

23.37). The mean values in ICM and NICM were 19.84 (CI 17.87, 27.57) and 21.09 (CI 17.34, 

24.84), respectively (Figure 8A), This difference was not statistically significant (p>0.5). In ROC 

analysis, AUC was 0.5425 (CI 0.3329, 0.7521), p>0.5 (Figure 8B). One statistically significant 

outlier was excluded from this analysis (ICM; 53.71). 

 

The overall mean of minimum coronary territory change across all subjects was -4.68 (CI 

-13.15, 3.79). The mean values were decreased in in ICM (-10.57; CI -23.17, 2.04) compared to 

NICM (4.38; CI -3.06, 11.81) (Figure 9A). This difference was notable but not statistically 

significant with p=0.091. When treated as a binomial for either positive change or negative change, 

ICM showed negative changes in 14 (70%) subjects, while NICM showed negative changes in 4 

(31%) subjects. This difference was significant in a chi-square statistic (p= 0.027). In ROC 

analysis, AUC was 0.692 (CI 0.508, 0.877), p=0.065 (Figure 9B). 

 

The overall mean of the range of coronary territory change across all subjects was 20.81 

(CI 18.2, 23.42). The mean values were increased in ICM (22.49; CI 19.89, 25.09) compared to 

NICM (18.49; CI 13.45, 23.54), respectively (Figure 10A). This difference was notable but not 

statistically significant p=0.155. In ROC analysis, AUC was 0.6154 (CI 0.3959, 0.8349), p=0.280 

(Figure 10B). Two statistically significant outliers were excluded from this analysis (ICM; 85.6, 

66.47). 

 

Multivariable Analysis 

In simple logistic regression analyses using a binary outcome of ICM or NICM, no 

individual biomarker achieved significance (p<0.05) (Table 4). Given that no biomarker achieved 

significance in univariable analysis, multivariable analysis was not performed. 
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9. CHAPTER 3: ICM VS NICM: INSIGHTS AND FUTURE DIRECTIONS WITH OS-CMR 
 

Discussion 

 

Summary of Results 

Identifying the cause of HF as either ICM or NICM is an early clinical step in HF 

management that has important prognostic and therapeutic implications. OS-CMR imaging paired 

with a breathing maneuver is a needle- and contrast-free technique which examines the 

endothelium-dependent and endothelium-independent vascular function in the heart. OS-CMR B-

MORE may have the capacity to differentiate ischemic from non-ischemic etiologies of HF by 

identifying and characterizing patterns of global and regional myocardial oxygenation. 

 

In this novel study, we retrospectively assessed myocardial oxygenation patterns in ICM 

and NICM patients. While previous OS-CMR studies have differentiated between ICM and 

healthy patients (88,89), and NICM and healthy patients (100,101) this was the first study to 

investigate the differentiability of ICM from NICM. Furthermore, to our knowledge this was also 

the first study to use normalized SI values, as well as the first to investigate parameters of SI slope, 

SD slope, minimum segment B-MORE, segment B-MORE range, minimum coronary territory B-

MORE, and coronary territory B-MORE range across the BH. Although few statistically 

significant differences across metrics were identified between the ICM and NICM cohorts, there 

were notable differences that would likely reach statistical significance given a larger sample size. 

 

Given the exploratory nature of this study, numerous novel biomarkers were investigated. 

The statistical likelihood of a significant finding being false correlates positively with the number 

of findings. The Bonferroni correction divides the original alpha (set to 0.05) for controlling type 

1 errors by the number of tests performed. In this case, there are 18 tests, and the Bonferroni 

correction would suggest that a statistically significant finding would be one with p<0.00278.  

 

Global Variability in Myocardial Oxygenation 

In related works with ROS, an impaired global DSI% (B-MORE) has been observed in 

ICM subjects (multivessel CAD) compared to healthy subjects (88,89). In a previous OS-CMR 
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study of female INOCA patients and healthy female participants, there was no significant 

difference in B-MORE between groups. However, there was a significant increase in regional 

heterogeneity of myocardial oxygenation in INOCA compared to healthy participants (89). An 

impaired B-MORE has also been observed in cardiac transplant patients (even in the absence of 

cardiac allograft vasculopathy) (97) and obstructive sleep apnea patients (99). These findings 

suggest that global B-MORE is sensitive to ICM in the presence of a significant perfusion deficit 

(existing CAD), but not when the underlying cause of ICM is CMD as hypothesized in INOCA 

(89). Yet, in the studies of cardiac transplant patients and obstructive sleep apnea patients, where 

no coronary obstruction exists, CMD is hypothesized as the mechanism of impaired B-MORE 

(97,99).  

 

Beyond the inconsistency in previous findings, a notable limitation of global B-MORE is 

that its calculation relies exclusively on the first and last images of the BH. We hypothesized that 

global biomarkers assessing SI dynamics that use all images collected throughout the BH may be 

more sensitive to impaired myocardial oxygenation in ICM that would differentiate it from NICM 

in a HF population. We believe that an enhanced sensitivity is of particular importance given that 

CMD is prevalent in ICM and NICM populations (15–20). 

 

In our study mean DSI% (global B-MORE) was decreased in ICM (2.69) compared to 

NICM (7.51) (p=0.241). In ROC analysis, AUC neared the acceptable range at 0.696 (p=0.06). 

When classified as a binomial for negative or positive change, ICM showed negative changes in 

10 (50%) subjects, while NICM showed negative changes in only 1 (8%) subject. This difference 

was significant in a chi-square statistic (p=0.019). In our study, global B-MORE appears to have 

clinical value in the differentiation of ICM and NICM. In particular, a negative DSI% may be an 

effective marker to indicate ICM. A prospective study involving an expanded sample size would 

better explore this question.  

 

The other global biomarkers we investigated have not been explored in previous OS-CMR 

studies. As explained, their calculation included all images in the BH portion of the breathing 

maneuver as opposed to DSI% which only included the first and last images. Slope of the global 

SI trend, in particular, was investigated as an alternative to DSI%. This biomarker did not prove 
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more effective than DSI%. We found no significant difference between ICM and NICM mean 

values (0.07 and 0.009, respectively, p>0.5), little utility in conversion to binomial values (chi-

square statistic p>0.5), and a lower and less significant AUC 0.54 (p>0.5). We suspect that this 

biomarker proved insufficient because it modeled the SI trend as linear and was therefore less 

sensitive to an increasing rate of SI change compared to DSI%.  

 

Global SD across the BH was assessed as a marker of heterogeneity in myocardial 

oxygenation. Heterogeneity was previously demonstrated to be significantly increased in female 

INOCA patients compared to healthy subjects (89), however, our ICM group contained no INOCA 

patients, only CAD patients and patients with myocardial scarring. Given the pathophysiology of 

these conditions, we expected ICM to have less heterogeneity in myocardial oxygenation values 

compared to NICM as under-perfused or scarred regions would have a blunted vascular response 

and therefore occupy a smaller range of values. We found that mean SD was decreased in ICM 

(4.23) compared to NICM (4.84) (p=0.188). This finding suggests that if our cohort of ICM 

patients included representation for INOCA patients, Global SD mean would increase in the ICM 

group and thus further narrow the gap between mean ICM and NICM values. A larger study with 

ICM and NICM cohorts that better represent the breakdown and frequency of ICM and NICM 

conditions would serve to clarify this prediction. 

 

Global SD slope across the BH was assessed as marker of dynamic heterogeneity in 

myocardial oxygenation. In healthy myocardium, blood flow increases approximately linearly 

with oxygen demand. At higher rates of myocardial blood flow, (MBF) efficient oxygen extraction 

depends on a corresponding decrease in capillary transit time heterogeneity (CTTH) (109). Altered 

capillary morphology in the setting of microvascular dysfunction may therefore manifest as a 

limited ability to reduce CTTH as MBF increases. An impaired capacity to decrease CTTH in 

response to increased MBF has been proposed as a mechanism for ischemia in CAD and INOCA 

(109). Theoretically in a healthy individual, as MBF increased across the BH, we would expect 

OS-CMR SI SD to decrease to reflect a similar trend in oxygenation and its relationship with 

CTTH. In our study, we expected the presence of impaired CTTH in ICM to manifest as an 

increased slope of SD across the BH compared to NICM. In our analysis, slope was mildly 

increased in the ICM (0.00 vs -0.04, p=0.189) group, however this difference was not statistically 



 
 

37 

significant. AUC in ROC analysis neared the acceptable range at 0.687 (p=0.074). Of note, this 

observation may not be reflective of CTTH for two reasons. First, we are assessing the SD between 

the SI of each segment, and not the SI of individual pixels. We may therefore lack the resolution 

to assess this phenomenon. Second, we expect that the regional nature of ischemic and scarred 

myocardium, and its impaired ability to oxygenate compared to remote myocardium, would itself 

contribute to in an increased rate of SD change across the BH in ICM compared to NICM. 

 

Regional Variability in Myocardial Oxygenation 

In previous OS-CMR studies of CAD, significantly attenuated BOLD SI changes have 

been measured in myocardial regions with perfusion deficits (90,110). In alignment with these 

findings, we expected patterns of abnormal myocardial oxygenation resulting from scarring or 

CAD in ICM to be localized, whereas in NICM, although pathological myocardial oxygenation 

has been observed previously, we expected it to be more diffuse.  

 

A regional pattern of ischemia was expected to be identifiable by isolating segments and 

coronary territories with the least DSI across the BH. Isolation of the segment with the least DSI 

served as a parameter that would root out the most extreme myocardial oxygenation deficit, while 

isolation of the coronary territory with the least DSI would serve as a more powerful method to 

root out the consequence of a compromised coronary artery.  

 

Minimum segment DSI was decreased in ICM (-8.30) compared to NICM (-5.55). 

Minimum coronary territory DSI was markedly decreased in ICM (-10.57) compared to NICM 

(4.38). As a binomial, this biomarker showed a difference between ICM and NICM that was 

significant in a chi-square statistic (p= 0.027).  We believe these biomarkers to be of merit, as they 

may aid in the automation of CAD detection via OS-CMR. Further study is necessary. 

 

We inspected the range of segment and coronary territory DSI from a similar angle of 

understanding. We hypothesized that ICM would have a larger range of DSI across regions 

compared to NICM due to blunted vascular dynamics of ischemic regions of myocardium. Range, 

as opposed to minimums, we thought might help us further differentiate diffuse vs localized 

dysfunction. Range of DSI across segments was decreased in ICM (19.83) compared to NICM 
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(21.09) (p>0.5), AUC 0.54 (p>0.5). When segments were combined into their corresponding 

coronary territories, DSI range across coronary territories was increased in ICM (22.49) compared 

to NICM (18.49) (p=0.155), AUC 0.62 (p=0.280). These results suggest that range of coronary 

territory DSI may be a more powerful indicator of ICM than range of segment territory DSI. Use 

of biomarkers that assess coronary territory, however, may not be sensitive to ICM not stemming 

from CAD. 

 

Limitations 

A number of limitations exist in this study. The first is sample size. We identified and 

included all available subjects retrospectively which fit the criteria of the study from the 

prospective trial, A 10-Minute Cardiovascular Magnetic Resonance Protocol for Cardiac Disease 

(#2020-6128) between November 2019 and April 2022. The inclusion criteria for this trial were 

age >18, informed consent, and a clinically indicated CMR exam. Exclusion criteria for this study 

reflect that of DINO. Of the approximate 700 patients included in the prospective trial, 44 subjects 

had either ICM or NICM in addition to an OS-CMR scan. Of these 44 subjects, 26 had ICM and 

18 had NICM. During image analysis, 12 subjects were excluded due to variables not accessible 

prior to image analysis. Specifically, these subjects were excluded due to incomplete breathing 

maneuvers (<30s) or poor image quality, and a resulting lack of data. The nature of these 

exclusions may have resulted in a selection bias for more functional patients capable of performing 

the breathing maneuver correctly. Of the remaining 33 subjects, 20 had ICM and 13 had NICM. 

This sample size may have lacked the power to establish statistical significance in many of the 

differences we observed between groups. 

 

 Not all forms of ICM and NICM were represented in this study (Table 3). The clinical 

report diagnosed ICM patients with an inducible perfusion deficit (CAD) (15), and ischemic scar 

(5). NICM patients were diagnosed with either fibrosis (1), hypertrophy (7), infiltration (1), 

inflammation (2), noncompaction (1), and restrictive (1) disorders. Consequently, the findings of 

DINO cannot be applied to the entire populations ICM and NICM. We suggest a much larger 

prospective study to control for the variability in ICM and NICM conditions. 
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Risk factors were self-reported and as such unknown risk factors may exist within the 

cohorts. The participants of this study were predominantly male, and therefore it cannot be stated 

that similar observations would be made in females. Other factors could have contributed to altered 

SI values in this study including environmental factors (pollution), socioeconomic factors (income, 

education level), and/or physiological factors (hematocrit, coronary blood flow). Additionally, 

subject medication information was not available in this study beyond the source studies restriction 

for consumption of caffeine or vasoactive medications 12 hours before the CMR exam. 

Furthermore, although some level of quality control is present during analysis, the quality of the 

breathing maneuvers cannot be guaranteed to be identical across all patients. Future studies should 

be prospective in nature and assess and control for a wider range of factors in the to ensure the 

collection of reliable and informative data.  

 

In this study, we chose to group all ischemic cardiomyopathy together, which meant 

grouping patients experiencing an acute myocardial perfusion deficit with patients with previous 

perfusion deficits. We did not exclude patients that had a previous myocardial infarction or patients 

who had undergone coronary artery bypass graft surgery. We expect that patients with scarring 

from previous ischemic events would produce different ROS SI data than patients with a current 

perfusion deficit. This distinction is important clinically, as patients with a known ischemic scar 

would be unlikely to undergo catheterization. In an expansion of this study, we would expect to 

have increased power and the ability to run multivariable analyses to investigate combinations of 

biomarkers which may be more robust in the differentiation of ICM and NICM. 

 

Conclusions and Future Directions 

 

As a one-stop, needle-free method for the differentiation of ICM vs NICM, ROS could 

improve the management and prognosis of the HF patient population. In the context of HF, ROS 

could be advantageous over current practices for several reasons. Unlike coronary angiography, 

FFR, PET, CTCA, and CMR LGE and first-pass perfusion, ROS is completely non-invasive; it 

does not require needles, contrast, or ionizing radiation. Second, CMR is the most comprehensive 

diagnostic tool for cardiovascular disease. CMR and ROS could streamline the diagnostic workup 

of HF patients, which may prove more clinically efficient and cost-effective than combining 
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echocardiography, coronary angiography, and PET to assess LV function, coronary obstruction, 

and myocardial perfusion, respectively. Lastly, ROS may identify and assess ICM caused by 

pathomechanisms of both endothelial-dependent and endothelial-independent CMD, an ability 

unique to this imaging technique.  

 

This study investigated the capacity of ROS to distinguish between ICM and NICM through 

established and novel metrics of patterns of regional and global myocardial oxygenation. Given 

the small sample size of this study, it is unsurprising that no metric demonstrated a statistically 

significant difference via Student’s t-test in ICM vs NICM. Nonetheless we did discover some 

metrics which appear promising and worthy of further study. These include global DSI% and 

minimum coronary territory SI change across the BH assessed as a binomial for positive or 

negative change, as well and global SD slope. There are additional biomarkers not investigated in 

this effort that would be of interest in a future study. These include intramural gradients of 

dysfunction toward the subendocardium, as has been observed recently in INOCA (104), and 

pixel-based SD as a high-resolution marker of heterogeneity and CTTH dynamics. We believe 

these biomarkers would be helpful in the detection of non-CAD ICM. 

 

 In a future investigation, we would execute a prospective study to avoid unforeseen loss of 

data and associated loss of power. We would employ a larger sample size of sex-balanced cohorts 

and improved representation for the spectrum of ICM and NICM pathologies. In an effort to 

produce clinically relevant results, we would recruit patients from a HF clinic and perform analysis 

to compare ROS data in ICM patients indicated for revascularization, ICM patients not indicated 

for revascularization, and NICM patients.  
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10.   TABLES AND FIGURES 
 
Table 1: Inclusion and Exclusion Criteria 
Criteria ICM Group NICM group All 
Inclusion • Diagnosis of 

ICM by CMR 
and/or 
angiography, 
clinical report 
used as standard 
of reference. See 
table 3 for list of 
diagnoses. 

• Diagnosis of 
NICM by CMR, 
clinical report 
used as standard 
of reference. See 
table 3 for list of 
diagnoses. 

• Age > 18 y 
• Informed consent 

Exclusion • General MRI contraindications including MR-incompatible pacemakers, 
intracranial aneurysm clips, metallic foreign bodies, and pregnancy. 

• Consumption of caffeine or vasoactive medications 12 hours before the 
CMR exam. 

• Unable to complete breathing maneuvers. 
• Hemodynamically unstable condition 
• Significant/uncontrolled arrhythmia 
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Table 2: Subject Demographics 

Clinical Characteristics All  (n=33) ICM (n=20) NICM (n=13) 
P-
Value 

  Mean SD Mean SD Mean SD   
Age (years) 61.0 14.1 62.6 14.1 58.5 14.3 0.421 
*Male Sex (n) 27 81.8% 18 90.0% 9 69.2% 0.131 
Height (cm) 172.5 8.5 173.6 7.4 170.8 10.1 0.366 
Weight (kg) 81.8 19.0 83.9 21.3 78.6 15.0 0.443 
Body Mass Index (kg/m2) 27.4 5.9 27.8 6.8 26.8 4.3 0.633 
Body Surface Area (m2) 2.0 0.3 2.0 0.3 1.9 0.2 0.360 
Heart Rate (beats/min) 69.4 13.3 67.9 13.4 71.7 13.4 0.434 
Systolic Blood Pressure 
(mmHg) 139.6 18.7 138.7 22.4 141.1 11.6 0.722 
Diastolic Blood Pressure 
(mmHg) 77.4 10.3 75.1 8.0 81.1 12.6 0.101 
Co-Morbidities   
Hypertension 16   11   5   0.353 
Diabetes Mellitus 7   5   2   >0.5 
Dyslipidemia 11   8   3   0.314 
Current Smoking 7   4   3   >0.5 
Current Medications   
Ace Inhibitor 0   0   0   >0.5 
Angiotensin Receptor Blocker 0   0   0   >0.5 
Beta Blocker 0   0   0   >0.5 
Diuretics 0   0   0   >0.5 
Calcium Channel Blocker 0   0   0   >0.5 
Statins 0   0   0   >0.5 
Antiplatelet Medication 1   1   0   <0.5 

*Values in Mean column represent number of males. Values in SD column represent the 
percentage of male sex.  
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Table 2: Functional Cardiovascular MRI Measurements 

Parameter All  (n=33) 
ICM 
(n=20) 

NICM 
(n=13) 

P-
Value 

  Mean SD Mean SD Mean SD   
LV End-Diastolic Volume 129.5 46.5 138.6 53.2 115.6 30.6 0.169 
LV End-Systolic Volume 54.6 43.1 63.9 52.1 40.5 17.1 0.130 
LV Stroke Volume 74.6 21.4 74.1 22.8 75.3 20.0 0.877 
LV Ejection Fraction 60.5 14.8 57.3 17.0 65.5 9.0 0.120 
LV Mass 169.0 95.7 150.6 39.9 197.3 143.1 0.174 
LV Cardiac Output 5.0 1.6 4.9 1.6 5.1 1.6 0.689 
LV End-Diastolic Volume 
Index 65.4 22.3 69.2 26.8 59.4 11.3 0.224 
LV End-Systolic Volume 
Index 27.8 22.1 32.4 27.0 20.7 7.2 0.137 
LV Stroke Volume Index 37.0 10.2 36.8 11.1 37.3 9.1 0.890 
LV Mass Index 83.0 49.6 70.4 23.2 102.4 71.0 0.070 
LV Cardiac Output Index 2.5 0.7 2.4 0.8 2.6 0.6 0.421 

 
 
Table 3: Cardiomyopathy Types by Clinical Report 
Cardiomyopathy Frequency 
ICM (n=20)  
Inducible Perfusion 
Deficit 15 
Ischemic Scar 5 
NICM (n=13)  
Fibrosis 1 
Hypertrophy 7 
Infiltration 1 
Inflammation 2 
Noncompaction 1 
Restrictive 1 
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Table 4: ROS Metrics in ICM vs NICM 
A) 

Metric 
Overall 
Mean 

95% 
CI 

ICM 
Mean 

95% 
CI2 

NICM 
Mean 95% CI3 

T-Test 
(p) 

Global 
∆SI% 4.59 

0.70, 
8.48 2.69 

-3.33, 
8.71 7.51 4.44, 10.58 0.241 

Global SI 
Slope 0.08 

0.02, 
0.13 0.07 

0.00, 
0.14 0.09 -0.01, 0.19 >0.5 

Global 
SD 4.48 

4.05, 
4.91 4.23 

3.85, 
4.62 4.84 3.94, 5.73 0.188 

Global 
SD Slope -0.02 

-0.05, 
0.01 0.00 

-0.04, 
0.04 -0.04 -0.09. 0.01 0.189 

Minimum 
Segment 
∆SI -8.30 

-11.28, 
-5.33 -10.10 

-14.14, 
-5.79 -5.55 -8.80, -2.30 0.145 

Segment 
∆SI 
Range 20.58 

17.8, 
23.37 19.84 

17.87, 
27.57 21.09 17.34, 24.84 >0.5 

Minimum 
Coronary 
Territory 
∆SI -4.68 

-13.15, 
3.79 -10.57 

-23.17, 
2.04 4.38 -3.06, 11.81 0.091 

Coronary 
Territory 
∆SI 
Range 20.81 

18.2, 
23.42 22.49 

19.89, 
25.09 18.49 13.45, 23.54 0.155 

 
B) 

Metric 
AUC 
(ROC) 95% CI 

AUC 
(p) 

Chi-Square 
(p) 

Simple Logistic 
Regression (p) 

Global ∆SI% 0.696 0.511, 0.882 0.06 0.019 0.241 

Global SI Slope 0.5423 0.337, 0.748 >0.5 >0.5 0.678 

Global SD 0.583 0.366, 0.800 0.431  0.188 

Global SD Slope 0.687 0.484, 0.889 0.074 >0.5 0.189 
Minimum 
Segment ∆SI 0.6308 0.440, 0.822 0.21  

 
0.145 

Segment ∆SI 
Range 0.5425 0.333, 0.752 >0.5  

 
0.679 

Minimum 
Coronary 
Territory ∆SI 0.692 0.508, 0.877 0.065 0.027 

 
 
0.091 

Coronary 
Territory ∆SI 
Range 0.6154 0.396, 0.835 0.28  

 
 
0.155 
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Figure 2: Myocardial oxygenation is assessed between the signal intensity of the first post-

hyperventilation end-systolic image (at end of hypocapnia-induced vasoconstriction), and the 

signal intensity of the end-systolic image closest to 30 seconds into the BH, (during hypercapnia-

induced vasodilation). Image courtesy of Kate Lindsay, created with BioRender.com 

 

 
Figure 2: The 17-segment model for the segmentation of the LV as presented by the AHA. The 

patterns indicate the mapping of the segments to coronary territories (106). 
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(A)  (B)  

Figure 3: (A) The overall mean DSI% over the BH (B-MORE) was 4.59 (CI 0.7, 8.48). Though 

not statistically significant in a t-test (p=0.241), mean B-MORE was decreased in ICM at 2.69 

(CI -3.33, 8.71) compared to 7.51 in NICM (CI 4.44, 10.58). When treated as a binomial for 

either positive change or negative change in global SI (seen as above or below the dotted line, 

respectively in, ICM showed negative changes in 10 (50%) subjects, while NICM showed 

negative changes in 1 (8%) subject. This difference was significant in a chi-square statistic 

(p=0.019). (B) In ROC analysis, AUC was 0.696 (CI 0.511, 0.882), p=0.060. 
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(A)  (B)  

Figure 4: (A) The overall mean slope of the average global SI across the BH was 0.08 (CI 0.02, 

0.13). This value was not significantly different (p>0.5) between ICM (0.07; CI 0.00, 0.14) and 

NICM (0.09; CI -0.01, 0.19). Assessment of this metric as a positive or negative binomial yielded 

no significant difference between ICM and NICM in a chi-square statistic (p>0.5). (B) In ROC 

analysis, AUC was 0.5423 (CI 0.337, 0.748), p>0.5. 
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(A)  (B)  

Figure 5: (A) The overall mean of global SD across the BH was 4.48 (CI 4.05, 4.91). The value 

was not significantly different between (p=0.188) between ICM (4.23; CI 3.85, 4.62) and NICM 

(4.84; CI 3.94, 5.73). (B) In ROC analysis, AUC was 0.5830 (CI 0.3660, 0.8000), p=0.431. One 

statistically significant outlier was excluded from this analysis (ICM; 9.43). 
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(A)  (B)  

Figure 6: (A) The overall mean slope of global SD across the BH was -0.02 (CI -0.05, 0.01). 

This value was not significantly different (p=0.189) between ICM (0.00; CI -0.04, 0.04) and 

NICM (-0.04; CI -0.09, 0.01). Assessment of this metric as a binomial yielded no significant 

difference in a chi-square statistic (p>0.5). (B) In ROC analysis, AUC was 0.687 (CI 0.484, 

0.889), p=0.074. 
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(A) (B)  

Figure 7: (A) The overall mean of minimum segment change was -8.30 (CI -11.28, -5.33). The 

mean values in ICM were decreased compared to NICM were -10.10 (CI -14.41, -5.79) and -

5.55 (CI -8.8, -2.3), respectively. This difference was notable but not statistically significant with 

p=0.145. (B) In ROC analysis, AUC was 0.6308 (CI 0.4395, 0.8220), p=0.210. 
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(A) (B)  

Figure 8: (A) The overall mean of the range of segment change was 20.58 (CI 17.8, 23.37). The 

mean values in ICM and NICM were 19.84 (CI 17.87, 27.57) and 21.09 (CI 17.34, 24.84), 

respectively. This difference was not statistically significant (p>0.5).(B)  In ROC analysis, AUC 

was 0.5425 (CI 0.3329, 0.7521), p>0.5. One statistically significant outlier was excluded from 

this analysis (ICM; 53.71). 
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(A)  (B)  

 Figure 9: (A) The overall mean of minimum coronary territory change was -4.68 (CI -13.15, 

3.79). The mean values were decreased in in ICM (-10.57; CI -23.17, 2.04) compared to NICM 

(4.38; CI -3.06, 11.81). This difference was notable but not statistically significant with p=0.091. 

When treated as a binomial for either positive change or negative change, ICM showed negative 

changes in 14 (70%) subjects, while NICM showed negative changes in 4 (31%) subjects. This 

difference was significant in a chi-square statistic (p= 0.027). (B) In ROC analysis, AUC was 

0.692 (CI 0.508, 0.877), p=0.065. 

 

  

ICM NICM
-100

-50

0

50

Cardiomyopathy

M
in

im
um

 C
or

on
ar

y 
Te

rr
ito

ry
 

Δ
SI

 A
cr

os
s 

B
H

0.0914

0 20 40 60 80 100
0

20

40

60

80

100

ROC Curve: Minimum Coronary Territory
ΔSI Across BH

100% - Specificity%

Se
ns

iti
vi

ty
%



 
 

53 

(A) (B)  

Figure 10: (A) The overall mean of the range of coronary territory change was 20.81 (CI 18.2, 

23.42). The mean values were increased in ICM (22.49; CI 19.89, 25.09) compared to NICM 

(18.49; CI 13.45, 23.54), respectively. This difference was notable but not statistically significant 

p=0.155. (B) In ROC analysis, AUC was 0.6154 (CI 0.3959, 0.8349), p=0.280. Two statistically 

significant outliers were excluded from this analysis (ICM; 85.6, 66.47). 
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