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ABSTRACT OF THE DISSERTATION

Cardiac Magnetic Resonance Imaging-Guided Therapies for Chronic Hemorrhagic Myocardial

Infarction

by

Eric Andrew Johnson
Doctor of Philosophy in Bioengineering
University of California, Los Angeles, 2021
Professor Rohan Dharmakumar, Co-Chair

Professor Holden H Wu, Co-Chair

This dissertation aims to evaluate therapies that have the potential to improve the recovery of
the left ventricle (LV) following myocardial infarction (MI) burdened with intramyocardial
hemorrhage (IMH). Prior studies have shown that hemorrhagic Ml results in the deposition of
chronic iron in the myocardium, which induces cytotoxic effects as well as impacts the normal
function of the microvasculature. In order to characterize the content of intramyocardial iron,
T2* magnetic resonance imaging (MRI) was used as the gold standard in non-invasive detection
of cardiac iron, and therefore acts as a diagnostic guidance tool informing the efficacy of the
therapies. The dissertation may be broken down into three phases, all performed with MRI

guidance to elucidate: 1) mechanistic understanding of the microvascular environment in chronic



Ml subjects; 2) effects of iron chelation therapy via Deferiprone (DFP) administration; and 3)
effects of therapeutic hypothermia (TH) induced post reperfusion.

The first phase investigated the long-term changes in myocardial perfusion assessed via MRI, in
patients with reperfused myocardial infarction and an animal model of ischemia reperfusion (I/R)
injury. From animal studies, histology, immunohistochemistry (IHC), and western blotting
analysis were performed to elucidate the mechanistic underpinnings of MRI observations. The
outcomes of this study led to the discovery that hemorrhagic Ml results in reduced myocardial
perfusion within hemorrhagic, but not non-hemorrhagic, Ml territories. Further, the protein
expression investigations enabled the proposal of a mechanistic pathway to examine the role
chronic iron deposition plays in the perfusion defects observed in hemorrhagic MI.

The subsequent study in a canine model of hemorrhagic Ml to remove iron from within chronic
infarction regions using the small-molecule iron chelator deferiprone (DFP), is the first to show
the potential to abrogate resting perfusion defects observed in the hemorrhagic Ml setting.
Furthermore, the study showed that the recovery of rest perfusion did not persist following
termination of the DFP therapy, indicating the potential need for continuous, or extended, iron
chelation in this population to maintain persistent benefits. Lastly, the study showed the
potential beneficial impact of DFP therapy on LV remodeling by resulting in reduced end-diastolic
mass, suggesting a possible role of iron in LV hypertrophy and diastolic dysfunction.

Finally, a study of post-reperfusion localized therapeutic hypothermia was conducted in a pig
model to evaluate the potential impact of hypothermia therapy on IMH and chronic iron
deposition. This is the first study to show the capability of therapeutic hypothermia to reduce

chroniciron deposition in hemorrhagic MlI. The results of this study showed that post-reperfusion



hypothermia did not impact acute infarct size and did not affect hemorrhage in the acute phase
(day 3 post-Ml). However, by 1 month hypothermia-treated animals showed significantly
reduced T2*-derived iron deposition volume, which held when normalized by infarct size. By 2
months post-Ml, absolute T2* values were also indicative of decreased myocardial iron content,
with significantly increased T2* values (lower iron content) in hypothermia-treated animals.
Furthermore, LV ejection fraction (LVEF) was significantly elevated at 2 months in the
hypothermia group, suggesting a positive effect of therapeutic hypothermia on chronic LV
function.

In summary, this dissertation used animal models of hemorrhagic Ml to investigate two
promising therapeutic methods for alleviating the adverse remodeling in hemorrhagic Ml
subjects, showing promising results that will aid the future development of adjunctive clinical

therapies for advancing treatment in Ml and ischemia reperfusion injury.
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Chapter 1: Introduction

1.1 Background: From Development of Coronary Artery Disease to Myocardial Infarction

Atherosclerosis is a chronic condition consisting of fatty deposits building up in the endothelial
lining of the arteries. As additional material accumulates in the endothelium, atherosclerotic
plaques form from the enlarging lesions. These plaques cause narrowing of the vascular lumen
and may limit the blood flow capacity of that artery. When atherosclerotic lesions occur in the
coronary arteries the condition is referred to as coronary artery disease (CAD). If the lesion
becomes severe enough that blood flow is limited beyond a critical point or occluded completely,
heart muscle (myocardium) downstream from the blockage becomes starved of oxygen
(ischemia) and nutrients needed to maintain function. Additionally, a thrombus (blood clot) may
form at the plaque site, occluding the vessel and potentially rupturing and sending a clot
downstream to smaller arteries, potentially occluding a critical coronary artery. In either of these
scenarios the blood supply to the myocardium distal to the occlusion is in danger of severe
damage or cell death (necrosis). Initially, the starved myocardium switches from oxidative
phosphorylation to anaerobic glycolysis, which is a less efficient and oxygen-free method of
energy production. As the ischemia progresses the affected myocardium loses its ability to

produce ATP and the nutrient starvation leads to ultimate cell death, or necrosis (1, 2).

Atherosclerosis, which may ultimately develop atheromatous plaques leading to plague-induced
myocardial infarctions (Ml) (3), is highly prevalent in many adults and young adults without visible
symptoms (4-6), and presents an early clinical risk profile for long term outcomes. Jarett et al.

investigated the extent and prognostic impact of subclinical atherosclerosis in adults under 50,
1



finding that while 10-year risk remained low, the lifetime risk was elevated for individuals with
greater atherosclerotic burden (7). A heart attack, or M, is the process in which an imbalance in
the oxygen supply and demand in the heart muscle (myocardium) causes the cells to die off in an
expanding wave of necrosis (8). Myocardial infarctions can generally be divided into two
categories: Type 1 Ml and Type 2 MI. Type 1 Ml involves an acute atherothrombotic event in
which a ruptured plaque leads to occlusion of the coronary arteries, limiting the flow of blood to
distal myocardium and causing myocardial necrosis (3, 9). Type 2 Ml is less common and involves
oxygen deprivation caused by an acute stressor other than a ruptured plaque (10). Treatment for
Type 1 Ml focuses on acute restoration of the occluded blood flow via pharmacological or surgical
intervention, whereas Type 2 Ml treatment attempts to target the underlying etiology. Since the
majority of Mls fall into the Type 1 category and closely parallel animal models of acute

ischemia/reperfusion, the rest of this dissertation will focus on Type 1 Ml.

1.2 Clinical Diagnosis and Treatment of CAD and Ml

Up until the early 1900s, acute coronary artery occlusion and subsequent M| was thought to be
a universally fatal event (11). Several clinicians at that time challenged the prevailing notion that
an acute MI was not survivable, initiating the concept of treating Ml patients to improve their
recovery (12). However, it was not until the 1980s that the largest gains in therapy were made,
when fibrinolytics came into use as a mainline pharmacological agent for the early treatment of
acute M, drastically reducing patient mortality (13-15). Aided by the animal work of Reimer and
Jennings in the 1950s and 1960s, the primary objective of emergency and cardiology units

became minimizing the time to reperfusion in order to limit infarct size, and therefore improve



patient outcomes (2). According to the American Heart Association 2021 update, approximately
800,000 heart attacks occur in the US each year, with the direct and indirect economic burden of
heart disease in the US exceeding $220 billion, due to extensive healthcare costs and the impact
of lost productivity (16) . The estimated number of people in the US that will be living with heart
failure (HF) by 2030 is 8 million (17). The standard of care for patients suffering an acute Ml
includes a variety of therapies encompassing fibrinolytics, pharmacotherapy, primary
percutaneous intervention (PCl), and surgical intervention. Advances in technology and
biomedical understanding have greatly increased the effectiveness of treatment and therefore

the lifespan and quality of life for these patients (18, 19).

1.3 Physiological Characteristics of Myocardial Infarction

Identifying the physiological characteristics in acute and chronic myocardial infarction is highly
significant for the development of targeted imaging protocols and subsequent risk stratification
for adverse outcomes such as LV remodeling or heart failure (HF). The extent of the necrotic wave
and resultant microvascular dysfunction that develop during acute and chronic Ml are key
indicators of long-term outcomes in Ml patients (20-27). Below, the key features are discussed in
relation to MI physiology: myocardial viability, microvascular obstruction (MVQ), intramyocardial

hemorrhage (IMH), and myocardial blood flow (MBF).

1.3.1 Myocardial Viability

The primary measure of efficacy for reperfusion therapies has long been the extent of myocardial
necrosis, and to some level the degree to which myocardium-at-risk is salvaged. Therefore,

segregating irreversibly damaged myocardium from viable tissue is of utmost importance.
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Secondarily, identifying ischemic areas that risk progressing to necrosis has emerged as a major
biomarker for treatment efficacy. However, studies show that the primary MRI feature utilized
to characterize area-at-risk (AAR), T2-weighted imaging, does not accurately depict the AAR (28,
29), and may be confounded by the presence of IMH (30). Another study by Bulluck et al. found
excellent correlation between T1-weighted MRI and T2-weighted MRI for delineating the AAR
(31). Interestingly, T1 mapping is also a leading method for non-contrast infarct imaging (32, 33).
It becomes possible then to hypothesize that for studies utilizing AAR as an outcome measure,

treatment outcomes may be confounded by using this reference measure.

Myocardial viability is an important prognostic indicator of future adverse events. Myocardial
viability assessment has progressed from characterization of CAD patients to disorders of the
heart valves and even non-ischemic cardiomyopathies, driving treatment decision-making (34).
In a retrospective multicenter study of 154 patients with severe ischemic cardiomyopathy,
Doukas et al. showed a 47% reduction in composite events in patients with >50% myocardial
viability (20). The Surgical Treatment for Ischemic Heart Failure (STICH) trial initially failed to show
a mortality benefit based on viability in the 5-year follow-up (35). However, the 10-year (STICH
extended study) follow-up demonstrated improved survival for patients with severe LV

dysfunction who underwent revascularization (36).

Several methods exist to non-invasively characterize myocardial viability including
echocardiography (37-39), single photon emission computed tomography (SPECT) (40-43),
positron emission tomography (PET) (44-46), computed tomography (CT) (47-49), and cardiac

magnetic resonance (CMR) (50-52). Among these, CMR using Gadolinium-based contrast agents



(GBCAs) has emerged as the reference standard for viability imaging due to its high resolution,

use of non-ionizing radiation, high prognostic value, and lower cost relative to SPECT/PET (34).

1.3.2 Microvascular Obstruction

Rapid coronary reperfusion is the primary goal of clinical treatment for patients with acute M,
reducing the extent of the infarcted myocardium and improving outcomes vs. non-reperfused
MI. However, the process of re-opening the occluded artery frequently results in additional
damage and microvascular dysfunction, which can be classified into microvascular obstruction
(MVO) and intramyocardial hemorrhage (IMH). The adverse occurrence of MVO has been termed
“no-reflow” due to the continued obstruction of the coronary microvasculature despite
restoration of epicardial blood flow (53) in the previously occluded artery. There have been
several mechanisms suggested to explain the development of MVO in acute post-reperfusion Ml,
including distal embolization of the occlusive thrombus, vasospasm of the microvessels, platelet
and leukocyte plugging, radical oxygen species (ROS) generation, luminal protrusions, and
endothelial and myocyte swelling (1, 53, 54). The presence of MVO has been shown to be
independently prognostic for the development of major adverse events (55-57). A pooled
analysis by de Waha et al. found both the presence and extent of acute MVO to be associated

with all-cause mortality and heart failure (HF) (56).

Cardiac MRI is the gold standard for detection and quantification of MVO using the contrast-
enhanced technique of late gadolinium enhancement (LGE) (58, 59), which is discussed in more
detail in section 1.4. MVO is easily visualized as a hypointense core within the hyperintense

infarct region of the myocardium.



1.3.3 Intramyocardial Hemorrhage

Severe microvascular injury resulting from the rapid restoration of oxygenated blood flow to
ischemic coronaries culminates in the extravasation of RBCs into the interstitial spaces of the
myocardium. The escalating deterioration of the endothelial wall and gap junctions in reperfused
infarctions lead to constituent leakage, causing pressure build-up and RBC breakdown products
(i.e., heme, iron) to collect in the extracellular matrix (ECM). IMH is closely related to the
phenomenon known as “no-reflow” or microvascular obstruction (MVO), which has been shown
to provide additive prognostic value for the occurrence of adverse events (53, 55-57, 60, 61). IMH
has been characterized as independently prognostic for future adverse events in Ml patients
including hospital readmission, MACE and death (22-24), to a greater extent than Ml size or MVO
presence (62). However, a study by Beek et al. did not find IMH to have prognostic significance
beyond MVO in a 45-patient study using T2-weighted CMR to characterize IMH presence (21).
The controversy in the discussion of MVO vs. IMH may be caused by the nonuniform
characterization of IMH, aided by the potential for T2-wighted MRI to underestimate or obscure

IMH in the presence of edema or small hemorrhagic lesions (63, 64).

Hemorrhage is a paradoxical consequence of reperfusion therapy, occurring in cases of both
surgical and pharmacological reperfusion (65-68), and is largely dependent on the length of
ischemia. Capone and Most showed in pigs that 15 minutes of LAD occlusion followed by
reperfusion did not result in IMH, whereas 60 minutes of occlusion led to extensive IMH (69). The
same study also demonstrated the relative absence of IMH in non-reperfused control pigs. A
separate study in dogs similarly demonstrated gross hemorrhage in reperfused animals, but not

in those with permanently clamped coronary arteries (70).
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1.3.4 Myocardial Blood Flow

1.3.4.1 Physiology

The heart has a dedicated blood vessel circulatory system that supplies the myocardium with
oxygenated blood and nutrients for the muscle to function optimally. The heart consumes more
oxygen per gram of tissue than any other organ in the human body, and the level of oxygen that
is extracted from the delivered blood flow, at ~70-80%, is roughly double that of skeletal muscle
outside the heart (71). Therefore, in order to maintain normal function, the heart is heavily
dependent on adequate blood flow through the coronary circulation. Blood from the left
ventricle is driven through the aorta to the rest of the body, while the coronary arteries are
supplied via two main coronary arteries that branch from the aorta and supply the entire heart.
These main arteries branch into smaller arterioles and capillaries that supply the myocardial
tissue with oxygen and nutrients. In a healthy state, the myocardial blood flow is carefully
maintained in order to match oxygen supply with metabolic demand. This is achieved through
autoregulatory mechanisms that allow the coronary circulation to dynamically respond to
changes in myocardial demand by altering coronary resistance vessel dilatation to modify
myocardial blood flow (72). The complex control over coronary flow involves external tissue
pressure, coronary perfusion pressure, sympathetic stimulation, local vasodilators, and myogenic
mechanisms, among others (71). The primary site of action for coronary autoregulation is the
coronary resistance vessels, or the small arterioles that control downstream access to the
capillary beds. Constriction or dilation of these vessels alters the vascular resistance, which is
inversely proportional to blood flow, allowing critical control over the flow through the coronary

circulation. Proper vascular resistance is achieved by a balance of vasoconstrictive and
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vasodilatory forces, with nitric oxide (NO) acting as a prominent vasoactive agent, released by
the coronary endothelium to promote vasodilatory influence (72). Given the highly impactful
nature of the myocardial blood flow, diagnostic assessment of the health of this system is of high

significance across a variety of disease states.

1.3.4.2 Myocardial Blood Flow in Diseased States

During acute myocardial infarction, the requisite blood flow to a portion of the coronary
vasculature is impeded or cutoff entirely. Following the standard of care, the patient receives
thrombolytics and potentially additional catheter-based or surgical intervention to remove the
offending blockage, which rapidly restores the flow of highly oxygenated blood to the ischemic
territories. As discussed, this rapid restoration of oxygen-rich blood has the potential to inflict
microvascular injury including MVO and hemorrhage. In the case of MVO, capillaries may
continue to exhibit significant perfusion defects due to inflammation and edema (21, 73, 74),
platelet plugging, or vascular spasm (1, 23, 75, 76). This phenomenon is easily observed via LGE
MRI images as a hypointense core within the hyperintense zone of infarction (75). Hemorrhaging
may also occur as the coronary vessels become destroyed or sufficiently damaged to allow the
extravasation of RBCs. Initially, IMH was overshadowed by MVO as a potential therapeutic target
in the case of I/R injury (77). However, recent studied have suggested an expanded role of IMH
as a major contributing factor in post-reperfusion microvascular dysfunction. As we will show,
the presence of hemorrhage in acute myocardial infarction, among other negative remodeling
characteristics (22, 24, 78), is associated with perfusion defects visualized with first-pass
perfusion MRI, a technique that tracks contrast-enhanced blood as it flows through the LV and

into the myocardium.



Impaired coronary blood flow or flow reserve is an important finding in a variety of morbidities
with cardiovascular complications. While cigarette smoking is a well-known risk factor for CVD,
Czernin et al. identified MBF abnormalities only from acute smoking subjects, while long-term
smokers avoided MBF alterations, potentially indicating a pathway for the increased risk of
sudden cardiac death by lowering the ischemic threshold (79). In the type Il diabetes population,
CVD is a primary concern given that the main cause of mortality in this group stems from
complications thereof (80-82). lltis et al. showed that myocardial blood flow in nonobese type Il
diabetic rats compared with normal controls was diminished along with decreased ejection
fraction, indicating a reduction in LV function which may be a contributing factor driving the CVD
complications (83). The same group found similar results with a rat model of type | diabetes and
hypertension (84), while Pop-Busui et al. suggested that impaired MBF in type | diabetics may be
related to augmented cardiac sympathetic tone (85). Hypothyroidism has been linked to heart
failure, and Tang et al. showed in a rat model of hypothyroidism that systolic dysfunction and
impaired MBF were associated with the disease (86). The inflammatory disease cardiac
sarcoidosis is characterized by inflammation of the myocardium and has been shown to be
associated with regionally-impaired myocardial flow (87). Similarly, the Dharmakumar lab and
others have shown previously elevated levels of cardiac inflammation in chronic hemorrhagic
infarction (88, 89). In chapter 2, regional deficits in resting perfusion will also be shown in patients

and animals with IMH and chronic iron deposition.

Studies investigating the diagnostic potential for resting perfusion measurements have indicated
a benefit in triaging symptomatic diabetic patients (90), as well as serving as a highly prognostic

indicator of CAD events (e.g., MI, heart failure, sudden cardiac death) (91). Additionally, in 64 ST-
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elevated MI (STEMI) patients Borlotti et al. showed acute resting myocardial perfusion has
significant predictive value for infarct size and LV remodeling (i.e., wall thickening) at 6 months
and correlated with EF (92). Morishima et al. investigated the potential for myocardial single-
photon emission computed tomography (SPECT) perfusion at rest to predict future arrhythmic
events and sudden cardiac death (SCD) in patients with prior Ml, showing that rest perfusion was
the strongest predictor of fatal events (93). Similarly, a study by Nishisato et al. in patients
without recent acute ischemic events identified impaired resting myocardial SPECT perfusion to
be associated with arrhythmic events preceding SCD, which when combined with assessment of
impaired sympathetic innervation may best stratify patients who stand to benefit most from
prophylactic implantable cardioverter defibrillator (ICD) use (94). Finally, the myocardial
perfusion SPECT study by Shaw et al. identified the highly predictive value of perfusion defects
for adverse cardiovascular events in outpatients with suspected or known CAD, with results
showing a 3% increase in risk of major adverse events for every 1% of the myocardium with
resting perfusion defects (91). These informative studies exemplify the importance of resting
myocardial perfusion as a prognostic indicator of cardiac health and support its usefulness in

measuring LV dysfunction in the post-Ml setting.

Rest perfusion images can also be acquired along with a stress perfusion scan in order to ascertain
the blood flow reserve in the myocardial vessels. The ability for the coronary vasculature to elicit
a vasodilatory response that lowers resistance and consequently increases blood flow is an
important hyperemic mechanism when oxygen demand increases. Experimentally, this can be
achieved via an exercise stress test or with pharmacological vasodilator or inotropic agents (e.g.,

adenosine, dobutamine). While differences exist between these two mechanisms, exercise-
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induced stress may actually produce a decrease in vessel lumen diameter, differentiating from
vasodilator or inotropic stress testing and possibly producing enhanced perfusion defects (72,
95). The absence of perfusion defects at rest that subsequently appear on stress perfusion images
are indicative of inducible perfusion defects. Clinically, these stress-induced perfusion defects,
measured as the coronary flow reserve, are a useful parameter to identify a patient’s risk of

future cardiac events (96, 97).

Leading up to an acute Ml event, both the rest and exercise-induced perfusion of the myocardium
may be compromised due to a significant narrowing of the coronaries. As the blood flow slows
and ultimately drops below an ischemic threshold, the supply of oxygen and nutrients no longer
meets the high demand of the myocardium. The precursor flow level is predictive of future Ml
risk and is often measured via invasive fractional flow reserve (FFR) or computed tomography
(CT)-based FFR, in addition to other imaging modalities (e.g., MRI, PET) (98-103). In the acute
post-MI setting following primary PCl, MBF should be restored with the re-opening of the
occluded artery. However, microvascular dysfunction evidenced by MVO and IMH frequently
interrupts the normal resolution of blood flow, causing defects in the rest perfusion that may
persist chronically as the infarct matures and remodels. These alterations in MBF can be
identified and measured with a variety of invasive (e.g., infused microspheres) and non-invasive
(i.e., imaging-based) modalities. The prognostic importance of these measurements lies in the
opportunity to stratify patients into varying categories of risk, as well as enabling the potential
for differential treatment based on myocardial perfusion state (92), thereby improving

outcomes.
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1.4 Imaging Myocardial Infarction with Magnetic Resonance Imaging

Imaging the myocardium in the acute phase after a myocardial infarction is critical to determine
the extent of irreversibly injured myocardium, and as an evaluation marker to identify the
potential efficacy of adjuvant treatments in the early stage of Ml (104-106). The image quality
has greatly improved along with developments in MRI sequences, allowing for enhanced
prognostic capabilities. This dissertation will focus on three primary MRI sequences — LGE, T2*-
weighted, and first-pass perfusion MRI — used for the detection of myocardial infarction,
myocardial hemorrhage, and myocardial blood flow. The following sections will give a brief

overview of these MRI sequences.

1.4.1 Late Gadolinium Enhancement MRI

Late gadolinium enhancement (LGE) imaging is a technique utilizing Gadolinium (Gd)-based
contrast injection to non-invasively characterize irreversibly damaged myocardium. Free Gd is
highly toxic, and therefore requires a chelator to maintain safe use as a clinical contrast agent.
Gd is naturally cleared from the body by the kidneys, though patients with impaired kidney
function may experience toxicity due to prolonged exposure and are therefore contraindicated
for the use of GBCAs. While recent studies have raised concerns over chronic Gd deposition in
otherwise healthy subjects, it remains a safe and effective agent in patients with normal kidney
function referred for MRI, and no adverse effects have been documented as a result of these

findings (107-111).

Gadolinium is an extracellular contrast agent that imparts a T1-shortening effect on MRI images.

In infarcted myocardium, Gd collects in higher volumes, as well as having impaired wash-out
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kinetics, causing the contrast agent to remain in the tissue longer than in healthy regions (112-
114). The excess accumulation of Gd in regions affected by irreversibly damaged myocardium
causes an alteration in the T1 relaxation time of the area. During an imaging protocol including
LGE, a contrast bolus of 0.2 mmol/kg Gd is typically injected intravenously (1V), followed by an
optimal waiting period of 10-15 minutes. This quiescent waiting period allows optimal contrast
to develop between healthy and infarcted myocardial tissues. By utilizing an inversion-recovery
sequence, and selecting an optimal inversion time (Tl), healthy (remote) non-infarcted
myocardium can be nulled to appear dark leaving the infarcted myocardium to appear bright on
the LGE image, as shown in Figure 1.1. Typically, a Tl scout will be implemented to identify the
optimal Tl for nulling of the myocardium. This Tl is then set and adjusted over time to account

for the dynamic contrast agent kinetics.
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Figure 1.1: Simulated inversion recovery sequence showing longitudinal magnetization as a function of time in remote (orange)
and infarcted (blue) myocardium. Optimal selection of the inversion time (Tl) when the remote myocardium is nulled (0
longitudinal magnetization) allows maximum contrast development between remote and infarcted myocardium.

1.4.2 T2*-Weighted MRI

The T2* relaxation of tissues is a consequence of susceptibility-induced field inhomogeneities
causing enhanced spin-spin decoupling, as well as chemical shift and spatial encoding gradients
(115). It is directly related to the T2 relaxation time, and strictly faster than inherent T2 decay.
T2* relaxation can be expressed by adding an additional term to the native T2 relaxation

constant:
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1 1 N 1
T2* T2 T2

Equation 1.1

in which T2 is added to capture the additional spin-spin relaxation caused by field
inhomogeneities. In order to impart T2*-weighted contrast in MRI sequences, careful selection
of flip angle, repetition time (TR), and echo time (TE) is required. Low flip angles limit T1 effects
by minimizing the addition of longitudinal magnetization, while TE can be lengthened to impart
T2*-weighted contrast (115). Practical limitations exist in both TE and TR that limit the length of
both periods. For TR, maintaining a reasonable scan time while still limiting T1 weighting, and
allowing a steady state to develop and sufficient magnetization recovery to occur keep TR
relatively short, below ~25 ms (33, 116, 117). T2*-weighted MRI can suffer from significant
artifacts, particularly at increasing TEs, so optimizing the balance between developing sufficient
T2*-weighted contrast and limiting image artifacts needs to be considered (118, 119). Frequently,
T2* mapping sequences employ a multi-echo protocol encompassing very short TEs (~1ms) to

longer TEs (~13ms), from which a T2* map can be derived (120).

In the setting of MI, there are two primary sources for T2*-weighted contrast — hemorrhaging
(i.e., deoxyhemoglobin) and blood breakdown products (i.e., iron deposition) (115). In acute Ml,
reperfusion-induced microvascular injury, as discussed previously, involves the extravasation of
RBCs, which become degraded and release cellular constituents. Initially, oxyhemoglobin, which
is diamagnetic is not visible on MRI. However, oxyhemoglobin is quickly reduced to
deoxyhemoglobin, which is paramagnetic and visualized as dark regions on T2*-weighted MRI.
As the RBCs become further degraded into heme and biliverdin, iron is released from heme and

is stored as hemosiderin in the myocardium (88). Hemosiderin acts as a macrovascular source of
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inhomogeneity (115), promoting T2*-weighted contrast and enabling the visualization of chronic

iron deposition in hemorrhagic Ml patients via T2*-weighted MRI and T2* mapping.

The development of T2*-weighted MRI and T2* mapping has provided a unique ability to non-
invasively characterize IMH and myocardial iron deposition. Occasionally, the hypointensity is
obvious enough to be apparent by visual assessment. More frequently, however, quantitative
measures are used to assess the volume and extent of IMH or iron in T2*-weighted images and
T2* maps. There are two primary methods by which this is achieved — relative hypointensity vs.
a remote region-of-interest (ROI) or using absolute T2* values from a T2* map. Studies have
identified a threshold of mean-2SD as the standard measurement for relative assessment. When
analyzing T2* maps acquired at 1.5T, a threshold of 20ms is commonly used to delineate
significant iron deposition, a point below which significant declines in LVEF and worsening LV
remodeling are observed (121). T2* values have been validated against mass spectrometry
measurements of [Fe] content (88) and the mean-2SD threshold has been validated against an

ex-vivo gold standard (122).

1.4.3 First-Pass Perfusion MRI

First-pass perfusion (FPP) MRl is a technique that tracks the wash-in wash-out kinetics of blood
as it flows through the heart. Primarily, first-pass sequences are contrast-enhanced, using the
same GBCAs as LGE imaging. A lower dose of contrast than used for LGE, generally between
0.025-0.05mmol/kg, limits plateauing of the signal-intensity (SI) time curve (92, 123). While non-
contrast sequences are being developed and investigated, such as arterial spin labeling (ASL),

they suffer from SNR and contrast obstacles, and the standard protocols continue to use Gd
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contrast (124). Additionally, clinical FPP sequences typically allow the collection of only a limited
set of LV slices, given the requirement of fitting all slices within a single R-R interval while limiting
breath hold lengths. Therefore, FPP sequences do not provide full coverage of the ventricle and
select slices must be carefully chosen in the region of interest. Advances in FPP sequences
enabling whole-heart coverage are being developed but are not yet clinically available (125, 126).
It is common for studies to capture one short-axis slice in each of the apical, mid-ventricular, and
basal regions, as well as a long-axis slice if possible. While this approach maximizes LV coverage,
albeit sparsely, a more targeted technique that concentrates short axis slices in the area of

infarction or hemorrhage may be more useful in applications of post-MI perfusion imaging.

The standard FPP sequence requires both breath holding and prospective electrocardiogram
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Figure 1.2: Example ECG-triggered first-pass perfusion MRI sequence. The QRS complex of the ECG triggers initiation of the
sequence. Any RF preparation pulses (blue) are performed after the trigger, followed by the readout pulses (green). In this
diagram, the sequence is designed to collect 3 myocardial slices during the diastolic phase of the cardiac cycle.

(ECG)-gating to limit respiratory motion artifacts and properly register the slices within the
cardiac cycle. Detection of the QRS wave on the ECG initiates the sequence, which begins with

radiofrequency (RF) preparation pulse(s) such as saturation recovery (SR) followed by readout
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gradient pulses (e.g., spoiled gradient-recalled echo, SPGR) to capture the set of slices during
diastole. The sequence produces a T1-weighted dynamic contrast-enhanced (DCE) cine series
that tracks the flow of blood, allowing for the detection of perfusion deficits in areas that appear
dark on first pass, suggesting impairment of the natural flow of blood through the myocardium.

Myocardial perfusion imaging is discussed more extensively in the following section.

1.5 Assessing Myocardial Perfusion

1.5.1 Methods

There are numerous methods for measuring myocardial blood flow, encompassing both invasive
and noninvasive techniques. The following sections will briefly describe these techniques and

imaging modalities in the measurement of myocardial perfusion.

1.5.1.1 Invasive

1.5.1.1.1 Microspheres

Microspheres act as the gold standard for myocardial blood flow quantification and is used to
validate other non-invasive perfusion imaging methods (127). The use of injectable small
particles to study the blood flow through the coronary circulation of fetal pigs dates back to the
early 20™ century (128). The use of actual microspheres in the human heart came about in the
mid-1940s in which investigators studied the collateral circulation via glass spheres injected into
the left main coronary artery (129). Developments in radioactive labeling and new materials for
the microspheres brought about the ability to measure absolute blood flow, which was not

possible via early methods (130). The optimal method to reduce the unnecessary use of
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radioactive particles in blood flow measurement is the use of fluorescent dye-labeled
microspheres (131), which additionally enables the possibility for blood flow measurement in

chronic studies (132).

1.5.1.1.2 Fractional Flow Reserve

Fractional flow reserve (FFR) is another invasive method for assessing the extent to which
maximal hyperemic myocardial blood flow through a stenotic artery compares to maximal
hyperemic blood flow through a healthy artery and can be measured by a ratio of pressures using
catheter-based guidewire sensors (133). FFR was shown to correlate well with post-PCI MBF

assessed via Positron Emission Tomography (PET) (134).

1.5.1.2 Non-invasive

1.5.1.2.1 SPECT

Single-photon emission computed tomography (SPECT) myocardial perfusion imaging involves
the use of a radiotracer for detection of blood flow and is commonly used in patients with CAD.
While SPECT has been used as a non-invasive imaging method, its clinical utility has been limited
by the presence of artifacts (135), underestimation of ischemic extent (136), and lack of
attenuation correction relative to PET (137). Recent advances in camera and collimator
architecture have greatly improved radiation dose and imaging time, which have led to
improvements in sensitivity and resolution (138). SPECT imaging is often combined with other
imaging modalities (e.g., X-ray CT) and there have been recent developments toward a
SPECT/MRI system similar to simultaneous PET/MRI scanners, although with additional obstacles

in terms of ensuring MRI-compatibility (139).
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1.5.1.2.2 PET

Positron Emission Tomography (PET) perfusion imaging allows the absolute quantification of
coronary blood flow and is considered the gold standard for measuring MBF in humans (140,
141). Two promising tracers: °0O-water and *N-ammonia have been tested in animal models
against microsphere validation (142). Nitzsche et al. quantified myocardial blood flow in humans
with 3N-ammonia using °O-water as the validation, showing comparable results between the
two tracers. Additionally, Prior et al. showed promising results for the measurement of MBF
across the range of blood flow rates using 8Rb validated against °O-water (141). Byrne et al.
examined the association between myocardial perfusion impairment, assessed via 8Rb PET/CT,
and increasing LV dilatation in non-ischemic HF patients, implicating the potential role of
microvascular dysfunction in the development of HF and adverse events (143). PET perfusion,
while more costly and with a longer scan time than SPECT, has the advantage of decreased

artifacts due to the implementation of attenuation correction (137).

1.5123CT

Computed tomography angiography (CTA) is the primary diagnostic test in lower risk patients
with suspected CAD (144), given its high negative predictive value in detecting major stenoses
(145). Recent advancements in CT technology have extended the use beyond angiography,
enabling the detection of flow-limiting stenoses in the LV myocardium via computed tomography
myocardial perfusion (CTP) (144, 146). The CT-based imaging protocol shares many similarities
with MRI perfusion, by utilizing a contrast agent to produce an intensity-time curve that is used

to estimate myocardial perfusion by measuring the curve’s upslope. Additionally, CTP may be
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performed both at rest and stress, allowing for the detection of exercise-induced burdens in
myocardial flow. Dynamic CTP imaging allows for the quantification of blood flow and may be
combined with CTA for optimal efficiency (147). However, prospective diagnosis when combined
with CTA imaging exposes the patient to unnecessary radiation doses, given the propensity of
conventional CTA to rule out CAD in most patients (144, 146, 147). Therefore, selective CTP
following a CTA exam is most logical, limiting the potential use-case as a combination scan with

angiography (147).

1.5.1.2.4 Ultrasound

Ultrasonic quantification of myocardial blood flow can be accomplished via IV administration of
microbubbles that are destroyed by ultrasonic stimulation, providing a contrast-enhanced
mechanism for measuring blood flow. Wei et al. showed the potential for myocardial contrast
echo (MCE) measurement of MBF using a microbubble infusion method in canines (148). While
the low cost and ease of use of ultrasonic blood flow measurement are promising, MRI remains
the gold standard among non-ionizing perfusion modalities, due to its superior anatomical image

quality and utility for detecting myriad cardiac abnormalities (149).

1.5.1.2.5 MRI

Myocardial blood flow imaging via MRI provides a noninvasive, non-ionizing method for assessing
the perfusion in localized regions of the myocardium by capturing the first pass of contrast as it
flows through the LV. The technique, referred to as first-pass perfusion, is typically performed as
the initial scan in a late gadolinium enhancement (LGE) protocol as the contrast agent can then
be utilized for both sequences. As discussed in Chapter 1, FPP defects detected via MRI carry
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highly significant prognostic value for the risk of adverse LV remodeling, LV dysfunction, and

development of major adverse cardiac events (MACE).

1.5.2 MRI Perfusion

1.5.2.1 Techniques

First-pass perfusion MRI may be acquired using either a dynamic contrast-enhanced (DCE)
sequence or a non-contrast arterial spin labeling (ASL) sequence. ASL sequences have been
developed to accommodate the subset of patients in whom Gd contrast in contraindicated, as
well as enable repeated perfusion scans that would not be possible with contrast-enhanced
imaging. Briefly, the ASL technique encompasses radiofrequency-labeled arterial blood
containing a decaying signal related to the T1 relaxation, which is then allowed to flow into the
target tissue. Additionally an unlabeled image is captured, from which the difference is extracted
to produce the final image which proportionally reflects the flow of blood through the region of
interest (124). However, ASL is still under development and suffers from significant obstacles
such as largely decreased contrast and sensitivity compared to first-pass perfusion with Gd

contrast.

First-pass DCE MRI perfusion is widely accepted clinically and has shown superiority to SPECT in
the detection of CAD in the CE-MARK and MR-IMPACT multi-center trials (150-152). Further, FPP
MRI has shown strong correlation with PET (gold standard in quantitative perfusion) using various
radiotracers, with strong advantages over PET perfusion such as higher resolution and the use of

non-ionizing radiation (153-155).
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1.5.2.2 Analysis

The rest perfusion MRI sequence produces a signal intensity-time curve, from which various
analytical techniques may be used for further assessment. A sample signal intensity-time curve
is shown in Figure 1.3, produced using the cardiac MRI analysis software package CVI*? (Calgary,
Alberta, Canada). Using the raw signal intensity, which is assumed to be linearly correlated with
contrast concentration, without further modification is referred to as qualitative perfusion.
Combining the signal intensity values with the change over time enables a semi-quantitative
measure of perfusion, which is often taken as a normalized value compared to the LV blood pool.
Several parameters may be used for semi-quantitative analysis, including maximum upslope,
time-to-peak, and upslope integral. Lastly, quantitative perfusion involves extraction of the
absolute myocardial blood flow via complex mathematical deconvolution and requires a more

complicated setup involving multiple contrast boluses or multiple sequences (123, 156, 157).
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Clinical implementation of quantitative MRI perfusion remains limited, instead relying primarily

on expert observers performing qualitative visual assessments (158).
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Figure 1.3: Example first-pass perfusion (FPP) curve with Gd contrast from CVI*? cardiac MRI analysis software. The blood pool
(vellow) is used as the basis for normalization. Remote (green) and infarct (red) ROIs are contoured to produce the regional
curves shown.

1.5.2.2.1 Qualitative Perfusion Assessment

Myocardial perfusion analysis that involves only visual assessment or strictly changes in signal
intensity without considering the rate of change are considered qualitative (123). Naturally,
qualitative perfusion is useful when the perfusion defect is clearly apparent upon visual
inspection. Currently, clinical perfusion MRI relies on qualitative assessment by expert observers

due to the manual processing and sequence complexities involved in quantitative or semi-
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guantitative perfusion (158). However, a study by Mordini et al. showed the diagnostic accuracy
superiority of quantitative perfusion measures over qualitative assessment in the detection of
significant coronary artery stenosis (159), indicating the importance of clinical transition from

qualitative perfusion assessment to a quantitative measure of myocardial perfusion.

1.5.2.2.2 Semi-Quantitative Perfusion

A standard method for semi-quantitative myocardial perfusion analysis involves capturing the
maximum upslope of the signal-intensity time curve in the ROl and dividing by that of the blood
pool, thereby producing an output measure called the myocardial perfusion index (MPI). The
measurement window is manually constrained to between the baseline and contrast washout,

and a 5-point fitting is used to measure the maximal slope (see Figure 1.4).
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Figure 1.4: Maximum upslope measurement of the signal-intensity time curve using 5-point fitting.
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Schwitter et al. showed strong correlation between FPP and *N-ammonia PET during hyperemic
flow using the signal intensity upslope method as a semi-quantitative measure of MBF (154). In
a myocardial perfusion study of 16 canines, Christian et al. compared quantitative, semi-
guantitative, and qualitative FPP MRI to fluorescent microspheres (123). Although quantitative
myocardial perfusion correlated most strongly with microsphere measurements, semi-
guantitative assessment was accurate up to a level of ~¥3.0 mL/min/g (123), a level far greater
than average resting MBF values of 0.6-1.3 mL/min/g (160). The MBF underestimation observed
at higher blood flow rates (i.e., during hyperemia or stress perfusion) is not a concern in resting
myocardial perfusion imaging as this occurs at blood flow rates within the accurate range of
estimation for myocardial-to-LV upslope ratio (123, 159). Interestingly, in a healthy volunteer
study Larghat et al. showed semiquantitative perfusion analysis using the maximum upslope
method to have higher reproducibility than quantitative perfusion using a Fermi-constrained
deconvolution method (161). A recent study by Seitz et al. investigated the impact of two
baseline corrections methods to account for surface coil inhomogeneity effects on
semiquantitative analysis of myocardial perfusion reserve index (MPRI) in patients without
obstructed coronaries. In the study, the investigators found that dispersion of peak signal
intensity and maximum upslope were corrected by baseline division, however this also resulted

in paradoxically low MPRI and rest perfusion indices (162).

1.5.2.2.3 Absolute Quantitative Perfusion

Absolute quantification of myocardial perfusion is the most direct comparison to quantitative
PET perfusion and has shown good concordance in multiple studies. Quantitative MRI perfusion

requires complex sequence design and post-processing in order to derive the absolute MBF
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values using the arterial input function (AIF) as a basis, and currently requires either a dual-bolus
(123) or dual-sequence (163) technique. Novel MRI perfusion protocols are under development
and aim to simplify the quantitative MRI protocol by removing the manual processing required
for quantitative perfusion assessment. A recent study by Scannell et al. used a deep learning (DL)
approach to compare MBF values derived automatically to manual processing, showing high
accuracy for their DL-based perfusion quantification (164). Another recent study by Knott et al.
investigated the prognostic significance of quantitative perfusion utilizing an inline perfusion
mapping technique with automated segmentation and analysis, showing a strong correlation

between reduced MBF and MACE (165).

1.6 Advances in Cardiac Imaging Enable Further Characterization of Myocardial Infarction

The process of primary percutaneous intervention (PCI), restoring blood flow to the blocked
myocardial vasculature, leads to a paradoxical event of additional injury, which has been termed
ischemia/reperfusion (I/R) injury. A number of mechanisms are involved in the development of
I/R injury occurring in the acute reperfused infarction setting including a pro-inflammatory
response, platelet aggregation, microvascular spasms, increased production of cytotoxic reactive
oxygen species (ROS), destruction of the mitochondrial membranes, loss of Ca%* control, and
ultimately endothelial dysfunction and destruction leading to nitric oxide (NO) imbalance and
erythrocyte extravasation (166-171). Additionally, the wave of cell death is able to hop between
gap junctions in cardiomyocytes, spreading the cytotoxic environment throughout the
myocardium (172). The extent of these microvascular injuries are primarily determined by the

length of the ischemic period prior to reperfusion, as the deterioration of the vascular wall
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structures causes a progression of vascular leakage from proteins and other macromolecules to
eventual leakage of red blood cells (RBCs) (173), although additional predictive factors have been
implicated in some studies such as per-PCl glycemia, platelet inhibition, glycoprotein lla/lllb
inhibition, and infarct location (23, 76, 174). This differentiation leads to a continuum of infarct

severity that can be harnessed for greater impact of Ml therapies.

While limited success has been achieved in limiting I/R injury clinically (172), treatment of Ml
patients continues to be agnostic to the deeper segmentation, particularly considering effects on
hemorrhagic patients. Utilizing advanced imaging techniques allows the early segregation of
patients into categories of infarct severity. Importantly, CMR imaging, along with gadolinium-
based contrast agents and advances in imaging sequences such as T2*-weighted MRI have
enabled the discrimination of various types of infarctions. Namely, the mildest Ml types show
isolated hyperintensity on late gadolinium-enhancement (LGE) imaging, whereas a hypointense
core on LGE is indicative of an acute phenomenon of “no-reflow,” or microvascular obstruction
(MVO), a more severe level of infarct. Finally, utilizing T2*-weighted MRI and T2* maps, the
detection of intramyocardial hemorrhage (IMH) is possible by observing hypointense regions
within the infarct zone. Infarct patients displaying this type of characteristic have the most severe
type of Ml and worse outcomes. This enables a deeper segmentation of the Ml patient population
into those without microvascular complications, those with only microvascular obstruction
(MVO), and those with IMH. Adverse left ventricular (LV) remodeling has been associated with
conditions of microvascular injury and consists of excess LV dilatation and scar expansion and
thinning. While patients with MVO have been shown to have increased risk of negative outcomes

over those without (55, 56), patients with IMH have been shown to have greater susceptibility to
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adverse remodeling and have increased incidence of major adverse cardiovascular events

(MACE) when compared with patients without IMH (22-24, 169).

1.7 Impact of Iron Deposition in Myocardial Infarction

Iron is an essential element for most living organisms as a necessary component in erythrocyte
synthesis for oxygen transport and is additionally involved in widespread biological processes
such as synthesis of DNA, electron transport, cellular respiration, and metabolism (175-178).
Both iron deficiency and excess can have toxic effects on the normal function of most organ
systems, given its biological necessity and its ability to form free radicals (175, 177). Therefore,
the balance of physiological iron in the human body is a tightly controlled mechanism with
dedicated absorption, storage, and transport agents (175, 179). Consequences of iron deficiency
range from neurologic impairment to immune dysfunction (180, 181), and further compromises
cardiac contractility (182). Further, Das De et al. found transferrin saturation to be negatively
associated with CAD and MI (183), indicating the impact of iron deficiency on cardiac function
and health. Likewise, iron overload can significantly impair physiological function of body organs
and has been associated with increased cancer risk (184). Elevated iron levels are found in
patients with chronic liver disease, hereditary hemochromatosis, and hepatitis C infection (185).
Specifically, iron dysregulation may negatively impact most body organs, including the brain,

heart, hepatic, renal, and pulmonary systems (182, 183, 185-196).

Recent studies have shown that acute IMH in MI patients resolves into iron deposits in the
myocardium persisting chronically as the infarct matures (88, 197). Advances in MRI technology
have expanded the capacity to non-invasively probe iron content that had previously only been
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possible via blood analysis of ferritin, transferrin, or biopsy (e.g., of the liver) (175, 198). As
discussed, susceptibility-induced magnetic field inhomogeneities from deoxyhemoglobin and
iron lead to enhanced T2* decay and appear as hypointense regions on T2*-weighted images

(115), providing the basis for myocardial iron detection via MRI.

The role of iron in the angiogenic state of tumors has been well-studied in the field of breast
cancer (199-202), in which iron deficiency confers a pro-angiogenic response and stimulates
tumorigenesis. Similarly, iron overload also contributes to elevated incidence of breast cancer by
increasing oxidative stress (199, 201). While pro-angiogenic properties have been hypothesized
as a therapeutic target in acute Ml (203), the role iron plays in the angiogenic state of chronic Ml
patients has not been characterized. Likewise, further research is warranted on the potential

impact of iron deposition on resting perfusion in chronic Ml patients.

Studies investigating the role of iron in MI have shown a confluence of adverse effects including
inflammation, electrical system anomalies, and adverse remodeling (88, 89, 204, 205). However,
the connection between iron’s role in microvascular dysfunction and these adverse events
remain unclear. Microvascular function is a prominent factor in cardiac remodeling and
cardiovascular events (206). Iron is also known to scavenge nitric oxide (NO) in the myocardium
(207), which, as a common mechanism for control of endothelial function and vascular
homeostasis, may potentiate a reduction in the bioavailability of NO and lead to endothelial
dysfunction. Lastly, a persistent pro-inflammatory environment in the post-Ml chronic
myocardium may further contribute to adverse LV remodeling and poor outcomes (208, 209).
Together, chronic iron deposition has the potential to drive an environment of hemorrhagic Ml

culminating in NO imbalance and adverse LV remodeling.
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1.8 Therapeutic Interventions

In an effort to improve clinical outcomes for patients suffering an MI, investigators have
proposed and tested numerous interventional treatments targeting various aspects of the
pathophysiology. Pharmacological treatments such as adenosine, glycoprotein Ila/Illb inhibitors,
nitric oxide pathway modulation, cyclosporine, and calcium channel blockers, among many
others, have potential as adjunctive therapies in limiting I/R injury and improving therapeutic
outcomes (166). In particular, glycoprotein lla/lllb inhibitors have been shown to be
independently associated with IMH based on multivariate analysis (76), an indication that

unexpected adverse consequences may derive from these treatments.

Ischemic conditioning has shown promise as a mechanical stimulus to confer cardioprotection.
Several variations of conditioning have been studied, including ischemic pre-conditioning in
which intermittent ischemia is applied prior to the prolonged occlusion, post-conditioning which
involved periodic reperfusion as opposed to instantaneous one-off blockage removal, as well as
remote conditioning that involves applied ischemia to a peripheral limb as a global whole-body

approach.

Additional mechanical approaches aimed at preventing proximal or distal embolization during
the standard PCl treatment were theoretically plausible, but results were conflicting (166).
Oxygen modulation therapy (i.e., hyperoxemia) has similarly been met with a lack of positive
clinical outcomes, despite promising preclinical findings (210), which is unsurprising given the
controversy over the role of oxygen administration in the acute Ml setting (211). However, the

FDA has recently approved a super-saturated oxygen (SS02) therapy for use in this setting, which
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stands as the only FDA-approved adjunctive therapy in myocardial infarction and has shown

promising results in reducing infarct size in canine, pig, and clinical studies (212-216).

Therapeutic hypothermia, a treatment that has had long success in supporting neurological
recovery in cardiac arrest patients, has shown promise in animal studies but has yet to make a
significant clinical impact following disappointing randomized clinical trial results. By targeting a
multitude of independent pathways (217), therapeutic hypothermia has the potential to confer
significant benefits to acute MI patients. Briefly, the aim of the treatment is to lower the
myocardial temperature to 32-35 °C and maintain mild-to-moderate hypothermia for a period of

time during reperfusion prior to rewarming the heart to normal body temperature.

1.9 Therapeutic Hypothermia

1.9.1 Clinical History

Therapeutic hypothermia (TH) came into clinical practice in the 1950s based on the finding that
hypothermia-treated hearts fared better during cardiac surgery than under normothermic
conditions (218, 219). Furthermore, patients suffering brain injuries had improved neurologic
outcomes when treated with TH, and hypothermia has been shown to be effective in protecting
the neurovasculature in cardiac arrest patients (220). The effectiveness of treatment in patients
suffering an out-of-hospital cardiac arrest (OHCA) caused by an acute MI who received
therapeutic hypothermia led to the hypothesis that cardioprotective benefits may be achievable

in addition to the neuroprotection conferred under current clinical practice (217).

Initial therapeutic hypothermia efforts to effect cardioprotection were laden with complications

such as fibrillation and infection (217, 221). The treatment started gaining traction again by the
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early 2000s with the improvement of temperature control and targeting a milder degree of
hypothermia (222-224). There have been numerous studies and clinical trials looking at the
effects of hypothermia on myocardial infarction in small and large animals as well as patients
(225-238). Investigations have studied therapeutic hypothermia’s effect on modulating the
action of other pharmaceutical agents, cellular signaling pathways, and ultimately its gross effect
on resulting infarct size (229, 239-255). Varying induction methods have been used, including
surface cooling, intravenous catheter cooling, peritoneal lavage, and intranasal cooling (223, 256-
259). To date, the clinical use of therapeutic hypothermia for cardioprotection remains a research
problem to be solved following mixed clinical trial results, even though pre-clinical animal studies

have resulted in promising outcomes.

1.9.2 Challenges in Clinical Translation

Most investigators have looked at the impact of TH in limiting overall infarct size and adverse
event outcomes, albeit with extensive variability in hypothermia protocol (i.e., target
temperature, duration of hypothermia, initiation of hypothermic intervention, and method of
application). The safety and feasibility multi-center study by Dixon et al. used endovascular
cooling targeting 33°C for 3 hours post-reperfusion in acute Ml patients, with primary study
endpoints of infarct size and adverse events at 30 days (233). The study resulted in non-significant
decreases in Ml size and adverse outcomes, and the use of SPECT for Ml size assessment may
have resulted in the lack of significant findings due to its lower sensitivity compared to MRI (260-
262). Similarly, the COOL-MI trial showed no difference in infarct size measured with SPECT at 30
days, however most patients did not reach the target temperature of 35°C (263). The ICE-IT trial

followed patients for 1 year post-Ml, and also had limitations regarding successful target
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temperature, though a retrospective pooled analysis did show a significant decrease in infarct
size in successfully-cooled patients (225). The RAPID MI-ICE trial showed successful reduction in
infarct size normalized to myocardium at risk assessed via LGE and T2-weighted MRI in patients
that reached target temperatures of <35°C at the time of reperfusion (maintained for 3 hours),
with only non-significant delay in door-to-balloon time (237). However, as discussed, the use of
T2-weighted MRI to assess area at risk may be inaccurate and confound the results in the
presence of hemorrhage. In the CHILL-MI trial, investigators assessed infarct size at 4 days post-
MI using LGE normalized to area at risk in patients receiving 1 hour of therapeutic hypothermia
via endovascular cooling but found no significant differences (232). However, in that study heart
failure incidence at 45 days was significantly decreased in the hypothermia group. The
randomized multi-center VELOCITY trial assessed acute infarct size in relation to T2-based area
at risk (3-5 days) and composite event rate at 30 days in patients treated with peritoneal
hypothermia for 3 hours post-reperfusion, resulting in increased event rates in the hypothermia
group with no reduction in infarct size (235). The recent COOL AMI EU randomized multi-center
trial used intravascular cooling to assess infarct size at 30-days post-MI, with non-significant
reductions in Ml size (reported as % of LV mass) (234). However, limitations of that study include
being underpowered to detect study endpoints and lengthened ischemia time relative to other
randomized control trials, with an intra-study delay bias against the hypothermia group. Clearly,
there have been many mixed results and a wide variety of hypothermia protocols with
nonuniform study endpoints, along with difficulties in achieving target hypothermia
temperatures and delays in door-to-balloon and ischemic time. For these reasons, TH in the acute

MI setting has not had the same impact and uptake clinically as it has for neuroprotection
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following cardiac arrest (220, 224). However, with expanded therapeutic efficacies as detailed in
Chapter 4, along with continued development and specific optimization of the hypothermia
protocol for myocardial infarction, I/R injury, and microvascular dysfunction, these obstacles in

clinical acceptance can be overcome.

Many of the clinical studies discussed above observed primary safety endpoints at 30-45 days
post-MI, which is relatively early in the infarct maturation process (264), potentially leading to a
lack of chronic insights (232-235, 237, 265). Additionally, the investigations often observe a set
of outcome measures (e.g., infarct size, cumulative event rate) that may inadvertently exclude

key benefits outside the scope of those parameters (i.e., hemorrhage).

Currently, the prevailing theory is that TH is optimized when initiated prior to, or at the time of,
reperfusion in order to effect cardioprotective benefit. However, it remains plausible that effects
outside the outcome measure scope of existing studies are achievable via post-reperfusion
hypothermia. While the study by Shi et al. investigating post-reperfusion TH in a rat model of Ml
failed to show LV remodeling and functional benefits in the hypothermia group (266), a recent
study by Marek-lannucci et al. showed significant molecular pathway and functional benefits in

a swine model of post-reperfusion hypothermia (230).

1.9.3 New Insights in Autophagy

Building on the mechanistic understanding of the cardioprotective action of TH is an important
step in successful clinical translation of this therapy. A recent study in a swine model of Ml by
Marek-lannucci et al. uncovered benefits of TH in the cellular renewal pathways autophagy and
mitophagy, processes that may have large ramifications on the heart’s recovery from acute Ml
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(230). While the study did not consider IMH, the results showed numerous beneficial differences
in molecular markers of cell cycling and renewal in the TH-treated group, as well as improved
ejection fraction (EF) measured via transthoracic echocardiography. As important processes in
LV remodeling, upregulated autophagy and mitophagy may promote homeostasis of the
myocardium in the post-Ml setting by increasing mitochondrial function (267). These new
insights provide an important baseline into the potential effects of TH in acute M, particularly
the potential for TH to effect both cellular and LV functional benefits as a post-reperfusion

therapy, which has largely been disregarded in recent studies.

1.10 Current Gaps in Knowledge: Hemorrhagic Ml and Therapeutic Hypothermia

So far, this chapter has discussed the current state of knowledge surrounding IMH and TH. While
significant progress has been made in each of these fields, there remains much to discover in
terms of mechanistic action and therapeutic potential. Recent studies have elucidated the
potential for acute IMH to predict chronic LV function, as well as linking IMH to increased risk of
MACE, yet the mechanisms of chronic hemorrhage and its effects on the cardiac microvascular
environment are not well understood. The association between IMH, iron, and myocardial
perfusion are likewise areas for potential therapeutic advancement. Stress perfusion has been
extensively studied in relation to impaired myocardial perfusion reserve and its impacts on
myocardial function. Resting perfusion, on the other hand, has not been well-characterized,
particularly in the chronic phase of MI, and with its potential implications for LV function is an

important target for Ml research.
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Therapeutic hypothermia has shown significant promise in pre-clinical studies, particularly in
highly translational large animal models, but remains inconclusive based on the outcomes from
randomized clinical trials. Understanding of the therapeutic pathways affected by TH has been a
hot topic of research, although a critical aspect of this promising therapy has been largely
overlooked: its impact on IMH and the downstream sequelae of chronic myocardial hemorrhage
and iron deposition. By studying an optimized animal model of I/R injury treated with TH, we may
be able to overcome obstacles faced by previous clinical trials and expand the efficacy profile for

TH in Ml patients.

This dissertation will dive deep into these topics, uncovering new insights and opportunities for
future research. The mechanisms of IMH and its impacts on LV function and chronic resting
perfusion were investigated in a comprehensive study covering clinical patient data, large animal
model analysis, and molecular insights. Furthermore, we show evidence that by correcting the
imbalance in iron homeostasis, LV dysfunction can be rectified, bring resting perfusion to levels
similar to non-hemorrhagic Mls. Our therapeutic hypothermia study is the first to our knowledge
to show the treatment’s benefit on IMH and chronic iron in the myocardium, building a

launchpad for expansion of TH into a new area of research.

1.11 Overview of the Dissertation

The core of this dissertation will describe the results of the 3 major large animal studies
conducted to investigate the therapeutic impacts of iron modulation in chronic Ml. Chapter 2
tests the hypothesis that resting myocardial perfusion is preferentially decreased in chronic
hemorrhagic Ml territories. We tested this in a clinical patient cohort and an animal model of I/R
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injury, resulting in the detection of chronic resting perfusion defects in hemorrhagic subjects
using T2*-weighted and first-pass perfusion MRI. Additionally, a mechanistic model is proposed
showing the impact of myocardial iron on NO, VEGF, and resting perfusion defects. The following
chapter (chapter 3) presents a study of iron chelation in a canine model of I/R injury, to evaluate
the hypothesis that the iron chelator, Deferiprone (DFP), may alleviate chronic resting perfusion
defects in hemorrhagic Ml animals. This study concludes that control of myocardial iron via
chelation with DFP provides significant benefits on resting perfusion in the chronic phase of Ml
in hemorrhagic animals, which dissipate upon termination of the DFP therapy. Chapter 4 presents
a study on therapeutic hypothermia (TH) in a swine model of I/R injury that tests the hypothesis
that mild hypothermia may reduce intramyocardial hemorrhage and chronic iron deposition. The
results show the reduction of chronic myocardial iron and LV functional improvement in
hypothermia-treated pigs at 2 months post-MI. Finally, chapter 5 provides a summary of the
dissertation and describes the future directions and potential extensions of the work presented

herein.

38



Chapter 2: Rest Perfusion Defects in Chronic Hemorrhagic Ml

2.1 Abstract

Background: Hemorrhagic myocardial infarction (MI) is a strong independent predictor of
adverse events. Chronic iron deposition in hemorrhagic MI may lead to significant microvascular
dysfunction, which may be observed as deficits in resting myocardial perfusion on first-pass
perfusion (FPP) MRI. The objective of this study was to develop and characterize a
microenvironmental model of chronic hemorrhagic Ml, assessed in a clinical trial pilot study and
validated with a canine model of ischemia reperfusion (I/R) injury and protein expression

analysis.

Methods and Results: 14 patients with ST-elevated MI (STEMI) and 22 canines were serially
studied into the chronic phase of Ml (6 months and 8 weeks, respectively). MRI scans were
performed during acute (3-7 days) and chronic (8 weeks — 6 months) MI. Following completion
of the animal studies, hearts were excised and analyzed for protein expression. Infarct ROls were
drawn on FPP images and normalized by remote ROIs to extract a normalized myocardial
perfusion index (MPI). Resting perfusion was significantly decreased in the hemorrhagic groups
of both patient (0.72 + 0.03 vs. 0.83 + 0.02; p=0.002) and canine (0.62 + 0.02 vs. 0.85 + 0.04, p <
0.001) studies. Phosphorylated endothelial nitric oxide synthase (eNOS) was significantly
elevated in hemorrhagic animals compared to controls (1.23 + 0.11 vs. 0.83 + 0.08, respectively;
p = 0.038). Similarly, vascular endothelial growth factor (VEGF) was significantly elevated

compared to controls (0.95 + 0.09 vs. 0.68 + 0.07, respectively; p = 0.009).
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Conclusion: Chronic resting perfusion defects in hemorrhagic Ml subjects are associated with
iron deposition and NO imbalance, even though neovascularization and eNOS stimulation is
activated. Chronic iron deposition and myocardial microvascular homeostasis may be critical

therapeutic targets for future studies in hemorrhagic Ml populations.

2.2 Introduction

Despite the major advances in the treatment and outcomes over the decades, myocardial
infarction (MI) remains the leading cause of death worldwide. Importantly, advances in
reperfusion have led to significant reductions in mortality and recurrence of MI. However, at the
same time, the incidence of chronic heart failure has increased (268). One negative consequence
of reperfusion therapy is linked with microvascular damage including microvascular obstruction
(MVO) and hemorrhage. It has been shown that MVO adds additional risk for the development
of major adverse cardiovascular events (MACE) (55-57, 269) and the presence of hemorrhage,
the most severe form of microvascular damage, further augments the risk for MACE (56, 269). In
fact, intramyocardial hemorrhage has been shown to be an even stronger predictor of adverse
events than MVO alone (56). Nonetheless, the means by which hemorrhage promotes negative

outcomes is not well understood.

Microvascular function can play an important role in cardiac remodeling and cardiovascular
events (57, 206). However, the link between these events and the physiological underpinnings of
microvascular dysfunction are unclear. Iron deposition has been shown to be prevalent in chronic
hemorrhagic infarctions (hMI+) in both humans and canine models, potentially implicating a new
target for therapeutic intervention. Aside from the implications of iron in abnormal brain (194,
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270, 271), renal (187, 188), hepatic (185, 186), and pulmonary function (189-193), iron is also
known to scavenge nitric oxide in the myocardium (207). Further, nitric oxide (NO) is a known
regulator of endothelial function and vascular homeostasis (71, 72). Thus, iron-induced
scavenging may potentiate a reduction in the bioavailability of NO and impair endothelial
function and lead to disruption of homeostatic mechanisms. Studies have also suggested the
negative impact of chronic iron deposition on the cardiac electrical signaling pathway, providing
a locus for arrythmias, which may additionally help explain the impact of hemorrhage on
outcomes (204). Additionally, iron has been shown to drive a persistent pro-inflammatory
response in the post-MI chronic myocardium (208). Understood to be a consequence of
hemorrhagic infarction - the presence of a prolonged pro-inflammatory response in the infarction
territory (208, 209) - may be a key driver of adverse left-ventricular remodeling and poor
outcomes. Collectively, these factors implicate an environment of hemorrhagic Ml that drives

poor ventricular function, impaired hemostasis, and undesirable ventricular remodeling.

Based on these observations in the literature, we developed a hemorrhagic Mi
microenvironmental model encompassing the process from reperfusion-hemorrhage to
impaired perfusion. The heme and iron deposits known to exist in hemorrhagic infarctions have
a multifaceted influence on the microenvironment: stimulating reactive oxygen species (ROS), as
well as the heme regulators heme-carrier-protein-1 (HCP-1) and heme-oxygenase-1 (HO-1).
Heme and ROS are known to scavenge NO, which lays at the center of our hypothesis, acting as
the driving force for the reduced perfusion. Additionally, HO-1 may impact perfusion through

vasospastic actions of heme breakdown products (272). The perfusion state may then trigger
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reactive mechanisms in an attempt to recover the microcirculatory capacity, namely nitric oxide

synthases (NOS) and vascular endothelial growth factors (VEGF).

Chronic Hemorrhagic
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Figure 2.1: Proposed Mechanism for Iron-Induced Blood Flow Impairment in Hemorrhagic M.

RBC Image is licensed under CC BY-SA

Hemorrhagic Ml leads to vessel breakdown and RBC leakage & breakdown. This results in free heme and iron deposits in the
myocardium, driving several responses. Elevated HCP-1 is observed in response to the increase in heme, but a commensurate
elevation in HO-1 that could mediate appropriate heme dissolution was not detected, and in fact trended lower in hemorrhagic
tissue regions. Additionally, the heme and iron may drive increased ROS generation, which together provide a stimulus to react
with nitric oxide, lowering its bioavailability for vessel dilatation. A compensatory increase in eNOS was also shown and is
hypothesized to be an unsuccessful attempt to recover the NO balance. Such an imbalance in NO homeostasis leads to a
reduction in regional myocardial perfusion, which may also additionally stimulate VEGF to drive neovascularization (which has
been activated throughout the M| recovery process). However, VEGF also has the ability to increase vascular permeability,
which may instigate a positive feedback cycle, causing more leakage of RBCs and heme from the struggling vessels.

Pill Image is licensed under CC BY-NC

Therefore, we hypothesized that the rest perfusion in chronic hemorrhagic myocardial

infarctions compared to non-hemorrhagic counterparts is significantly lower and that such

42


https://pngimg.com/download/16521
https://creativecommons.org/licenses/by-nc/3.0/

differences are based on the altered vascular microenvironment and state of nitric oxide
constituents. We tested our hypothesis in chronic hemorrhagic Ml patients and validated our
observations in a clinically relevant animal model of hemorrhagic Ml with the goal of ascertaining
mechanistic details to gain insight into our observations in patients. In our patient cohort, we
studied the presence of a hemorrhagic infarct-related impairment in local resting perfusion using
CMR. We validated our findings in patients using a canine model of hemorrhagic infarction. The
animal models allowed us to investigate the vascular microenvironment through correlative
histological analyses of iron, nitric oxide, and endothelial cells to further elucidate the potential
impact of iron-laden infarctions on vascular homeostasis. Our studies demonstrated that the
perfusion within chronic hemorrhagic infarct zones were markedly reduced compared to non-
hemorrhagic (hMI-) counterparts in patients, which was also confirmed in our canine model. We
also found significant differences between hemorrhagic (hMI+) and non-hemorrhagic (hMI-) Mls
with elevated NOS activity in hemorrhagic tissue, corresponding to relatively impaired resting
perfusion in those same regions. Accordingly, our work uncovers new insights into the
pathophysiological differences between hemorrhagic and non-hemorrhagic infarctions from the
standpoint of perfusion in the infarcted myocardium in the chronic phase of MlI. The findings here
have the potential to forge new insights into the negative outcomes observed in patients with
hemorrhagic Ml and lay the groundwork for potential therapeutic targets for hemorrhagic Ml

patients.
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2.3 Methods

2.3.1 Patient Studies

2.3.1.1 Study Population

Studies were approved by the Institutional Review Board of Foothills Medical Center (Calgary,
AB, Canada) and all patients gave written informed consent prior to enrollment. Inclusion criteria
were successful percutaneous intervention (PCl) achieving a TIMI flow grade 3 within 12 hours of
symptom onset. The primary exclusion criteria were previous Ml, arrhythmia, renal insufficiency,
metallic prosthetic implant, and claustrophobia. Reperfused MI patients (n=14) were recruited
following informed consent and were studied with CMR acutely at 3 days and at 6 months post-

MI.

2.3.1.2 Cardiac MRI Studies

Cardiac MRI scans were acquired in a Siemens 1.5T (MAGNETOM Avanto) MRI system (Siemens
Healthcare, Erlangan, Germany). Scouting localizers and shimming were performed prior to
acquiring slice-matched short-axis T2*-weighted images, late gadolinium-enhancement (LGE),
and first-pass perfusion (FPP) at rest. T2* and LGE protocols covered the whole heart, whereas
rest perfusion scans were acquired over 3 mid-to-apical short-axis slices that were matched to
T2* and LGE slices. Typical imaging parameters are shown in Table 2.1. T2* maps were
constructed from multiple gradient-recalled echo (GRE) acquisitions (8 echoes) in CVI*? from the
T2* module using a nonlinear fitting algorithm. FPP images were acquired during infusion of 0.05
mmol/kg Gd contrast, followed by T1-weighted LGE images that were acquired 10 minutes post-

infusion of an additional 0.15 mmol/kg Gd contrast (Magnevist, Bayer AG, Berlin, Germany) using
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electrocardiogram (ECG)-gating and phase-sensitive inversion

with GRE readouts. Slice thickness was 10mm for all sequences.

Table 2.1: CMR Parameters for clinical patient studly.

TR

T2* Mapping (6 240 ms
echoes)

LGE 1R-R

FPP 135 ms

2.3.2 Animal Studies

2.3.2.1 Animal Preparation

TE

2.6-13.7 ms
(ATE=2.2ms)

3.32ms
0.99 ms

Flip angle

10°

25°
20°

recovery (PSIR) reconstruction

Readout
bandwidth

355 Hz/pixel

235 Hz/pixel
1628 Hz/pixel

In-plane
resolution

1.6 x 1.6 mm?

1.6 x 1.6 mm?

3.4 x 3.4 mm?

Canines (n=23; female, 20-25 kg) were studied according to the protocols approved by the

Institutional Animal Care and Use Committee. All animals were subject to reperfused Ml by

complete occlusion of the left anterior descending artery distal to the first diagonal for 90-180

minutes followed by reperfusion. Animals surviving the Ml underwent cardiac MRI within 5-7

days and at 8 weeks post reperfusion. Following the 8-week cardiac MRI, animals were humanely

euthanized. Animal hearts were explanted, rinsed of residual blood, and fixed in formalin for

histological sectioning and analysis. A subset of heart slices with evidence of hemorrhage were

flash frozen immediately after rinsing (i.e., without formalin fixation) to accommodate protein

analysis experiments (e.g., western blotting).

45



2.3.2.2 Cardiac MRI Studies

Cardiac MRI was performed in 1.5T (Espree) and 3.0T (Verio) MRI systems (Siemens Healthcare,
Erlangen, Germany). Scouting localizers and shimming were performed prior to acquiring slice-
matched short-axis T2*-weighted images, late gadolinium-enhancement (LGE), and first-pass
perfusion (FPP) at rest. T2* and LGE protocols covered the whole heart, whereas rest perfusion
scans were acquired over 3 mid-to-apical short-axis slices that were matched to T2* and LGE
slices. Typical imaging parameters for 1.5T and 3.0T sequences are shown in Table 2.2 and Table
2.3, respectively. T2* maps were constructed from multiple gradient-recalled echo (GRE)
acquisitions (8-12 echoes) in CVI*2 from the T2* module using a nonlinear fitting algorithm. FPP
images were acquired during infusion of 0.05 mmol/kg Gd contrast, followed by T1-weighted LGE
images that were acquired 10 minutes post-infusion of 0.15 mmol/kg Gd contrast (Magnevist,
Bayer AG, Berlin, Germany) using electrocardiogram (ECG)-gating and phase-sensitive inversion
recovery (PSIR) reconstruction. Slice thickness was 8 mm (1.5T) and 6 mm (3.0T). Slice-matched
short-axis cines, T2* maps, and LGE images covering the full length of the left ventricle were

acquired in that order.

Table 2.2: CMR Imaging Parameters for canine study at 1.5T.

1.5T Canine TR TE Flip Readout In-plane
angle bandwidth resolution

T2* Mapping 211 ms 3.4-36.4 ms 12 566 Hz/pixel 1.5 x 1.5 mm?

(12 echoes) (ATE=3.15 ms)

LGE 1 R-R 1.83 ms 40 789 Hz/pixel 1.3x 1.3 mm?

FPP 194.07 ms 1.07 ms 50 1359 Hz/pixel 1.8 x 1.8 mm?
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Table 2.3: CMR Imaging Parameters for canine study at 3.0T.

3.0T Canine TR TE Flip Readout In-plane
angle bandwidth resolution

T2* Mapping (8 79.66ms  1.35-9.54 ms 12 1184 Hz/pixel 1.6 x 1.6 mm?

echoes) (ATE=1.17 ms)

LGE 1R-R 2ms 20 287 Hz/pixel 0.7 x 0.7 mm?

FPP 161 ms 1.01 ms 12 977 Hz/pixel 1.7 x 1.7 mm?

2.3.3 Histology and Immunohistochemistry

Histological and IHC stains show visual evidence of the targeted parameters in localized regions
of interest that can be used to observe differences between hemorrhagic and non-hemorrhagic
myocardial tissues. PECAM-1 (endothelial stain) depicts the microvascular network while
Prussian Blue highlights ferric iron deposits in hemorrhagic myocardium. Nitric oxide synthase
antibodies help elucidate potential NO imbalance discrepancies, while VEGF can identify

neovascularization potential.

Apical sections of the canine hearts in the visually identified area of infarction were sliced,
embedded in paraffin, then sectioned onto glass slides. Slides were stained with Prussian Blue
using an Artisan™ iron stain kit (Agilent, Santa Clara, CA). Contiguous sections including PECAM-
1 (CD31), VEGF and eNOS staining were processed according to a standard protocol (BioBank,
Cedars Sinai Medical Center) detailed below that includes paraffinizing with EZ solution, antigen
retrieval, endogenic peroxidase blocking, primary and secondary antibody incubation, and finally
a chromogen 3,3'-Diaminobenzidine. Slides were treated with EZ Prep (Roche Ventana, Cat# 950-

100) at 72°C for paraffin removal. Antigen retrieval was performed using a prediluted citrate
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solution at pH 6.0 for 64 minutes at 91°C (Roche Ventana, Cat# 950-123). Slides were then
blocked with an endogenic peroxidase block for 12 minutes at room temperature using Inhibitor
CM (Roche Ventana, Cat# 760-4307). Primary antibody staining commenced with a mouse anti-
PECAM-1 (H3) (Santa Cruz Biotechnology, sc-376764) monoclonal diluted 1:200, a mouse anti-
eNOS monoclonal antibody (abcam, ab76198) diluted 1:1000 and mouse anti-VEGFA monoclonal
antibody (abcam, ab1316) diluted 1:500 using antibody dilution buffer (Roche Ventana, ADB250),
incubated for 1 hour at room temp. Antibody detection used DISC anti-mouse HQ RUO (Roche
Ventana, Cat# 760-4814) for 12 min at 37°C, followed by DISC anti-HQ HRP RUO (Roche, Cat#
760-4820) for 12 min at room temp. Finally, a chromogen DAB CM (Roche, Cat# 760-4304) was

applied for 12 min at room temp.

2.3.4 Stain Digitization

Quantifying the extent of microvascular density and corresponding iron deposition provides a
basis on which to judge the interplay between iron burden and local perfusion deficits. Stained
slides were digitized at 20x resolution on an Aperio ScanScope AT (Leica Biosystems, IL, USA).
Infarct and remote regions were contoured in Aperio ImageScope (Leica Biosystems), and a grid
contour pattern was drawn on the infarct zone for regional analysis of select slides. Stain
guantification was performed on a subset of PB and CD31 slides using Visiopharm software
(Visiopharm, CA, USA) to determine iron and microvascular content. Digital slides were scaled for
resolution and registered using a custom software module, in which a gridded contour was
scanned across the images to extract regional stain quantification measurements for direct

comparison.
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2.3.5 Western Blotting

Protein quantification was performed to identify eNOS and VEGF expression in tissues of interest,

providing a quantitative validation of the immunohistochemical staining.

From the frozen myocardial tissue, remote, infarcted sections with and without evidence for iron
were homogenized in RIPA buffer (Roche, USA) containing protease and phosphatase inhibitors,
as previously described (273, 274), and then collected and stored at -80°C. Protein quantification
was performed using BCA assay (Thermo Scientific) and equal amounts of protein lysates (~30
ug) were separated by SDS-PAGE and transferred onto a nitrocellulose membrane (GE
Healthcare). Membranes were blocked with 5% milk or BSA at room temperature for 1 hour and
incubated at 4°C overnight with primary antibodies. Primary antibodies for eNOS (32027S) and
Phospho-eNOS (9571S) were purchased from Cell Signaling Technology (MA, USA), VEGF
(ab1316) and Heme Oxygenase-1 (HO-1) (ab13248) (Abcam, MA, USA) and Heme Carrier Protein-
1 (HCP-1) (sc-393460) was purchased from Santa Cruz Biotechnology (TX, USA). GAPDH (5174S)
from Cell Signaling was used as a loading control. Immunoblots were then incubated with a
secondary antibody conjugated to horse radish peroxidase (HRP) at room temperature for an
hour and developed using ECL (Amersham Biosciences). Protein bands were normalized to either
GAPDH (HCP-1, HO-1, VEGF) or eNOS (phospho-eNQOS) and quantified using NIH-developed

Imagel software.

2.3.6 Image Analysis

Characterizing the state of the heart’s viability (LGE) and function (FPP) are important not only to

differentiate the subjects between hemorrhagic vs. non-hemorrhagic (T2*-weighted imaging)
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groups, but also to provide a reliable index (normalized MPI) on which future comparisons can
be made. Standard cardiac imaging sequences (T2*-weighted, FPP, LGE) were obtained for
myocardial characterization. All images were analyzed in CVI*? (Circle Cardiovascular Imaging,
Calgary, Alberta, Canada). Myocardium was delineated with epi- and endo-myocardial, blood
pool and reference ROI (infarct/remote) contours. Contours were then copied across LGE, T2*-
weighted and FPP slices. Care was taken to ensure remote ROl contours avoided artifact-
containing regions (e.g., inferior myocardial segments on T2*-weighted slices). Infarct segments
matching slice location to rest perfusion slices were retrospectively categorized as hemorrhagic
(hMI+) or non-hemorrhagic (hMI-) based on the presence of a hypointense region on T2*-
weighted images within the area of infarction. Infarct regions on LGE images and iron-rich
hemorrhagic regions on T2*-weighted images were segmented using mean+5SD (275) and mean-
2SD (64) criteria, respectively. Magnetic field strength affects absolute T2* values, so reporting
of absolute T2* values include the slices from animals imaged at 3.0T. For each perfusion imaging

slice, a normalized Myocardial Perfusion Index (Normalized MPI)

Perfusion Index,farct

Normalized MPI = Equation 2.1

Perfusion Indexgpemote

was calculated as a ratio of the upslope of an ROl drawn to cover the extent of infarct
(determined from LGE hyperintensity) and the upslope of the remote zone (ROl in an area distant
from the infarct region), where the upslope is determined by a best-fit linear approximation of
the slope of the signal intensity-time curve during contrast wash-in. Statistical significance was
set at p<0.05, using a student’s t-test to determine differences in perfusion between hMI+ and
hMI- territories.
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2.3.7 Statistical Analysis

All statistical analyses were performed using IBM SPSS Statistics, V.24 (Chicago, IL, USA).
Continuous variables that passed the Shapiro-Wilk normality test are reported as mean %
standard error mean (SEM); otherwise, median and interquartile range (IQR) are used.
Categorical variables are reported as values, along with percentages. The differences in baseline
characteristics were assessed using Student’s t test, applying the Welch-Satterthwaite method if
the variances violated the homogeneity assumption assessed by Levene’s Test. Absolute and
relative differences between groups were evaluated using paired Student’s t-test or independent
samples t-test. All tests were two-tailed, and a p-value of <0.05 was used to determine statistical

significance.

2.4 Results

Cardiac MRI findings (i.e., LVEF, Ml size, hemorrhage volume, T2* values) are presented in Table
2.4. In patients, 34 acute and chronic first-pass perfusion slices with matching LGE and T2* were
available for analysis, after excluding slices with extensive artifacts, poor signal-to-noise (SNR)
ratio or mismatched slice positions. In total, 14 hemorrhagic and 20 non-hemorrhagic slices (set
of LGE, T2*-weighted, and FPP) from 14 patients (5 hemorrhagic + 9 non-hemorrhagic) were

available for analysis.
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Table 2.4: MRI Characteristics for patient and canine data. Values are presented as mean + SEM. Student’s t-test was performed
to determine statistical significance with a cutoff of p < 0.05.

hMI+ hMI-
[Mean + SEM] [Mean + SEM] p-value
Patients
Acute LGE (%LV) 28.86+3.23 20.86 £3.18 0.13
Chronic LGE (%LV) 20.41+2.48 14.30£2.33 0.12
Acute T2*-Based Hemorrhage | 7.19 + 1.27 3.49+0.82 0.04
Volume (%LV)
Chronic T2*-Based Hemorrhage | 10.30 + 2.62 1.73 £0.37 0.01
Volume (%LV)
Acute T2* (ms) 16.13+1.24 2476+ 1.76 <0.01
Chronic T2* (ms) 19.15+1.58 25.75+2.00 0.04
Canines
Acute LGE (%LV) 32.47 +2.64 17.19+4.41 0.01
Chronic LGE (%LV) 13.44 +1.27 9.81+2.05 0.18
Acute T2*-Based Hemorrhage | 7.59 + 1.25 1.64 £0.46 0.03
Volume (%LV)
Chronic T2*-Based Hemorrhage | 5.91 £ 0.81 1.94 £ 0.55 0.01
Volume (%LV)
Acute T2* (ms) at 3.0T 15.01+1.01 34.34 +4.50 <0.001
Chronic T2* (ms) at 3.0T 17.21+1.92 27.7 +1.37 <0.01

From canine studies, 9 slice-matched LGE, T2*-weighted and FPP images at 1.5T were available,
with an additional 56 slice-matched LGE, T2*-weighted and FPP images at 3.0T available for final
analyses, after excluding slices with extensive artifacts, poor signal-to-noise (SNR) ratio or

mismatched slice positions. In total, 50 hemorrhagic and 14 non-hemorrhagic slices (set of LGE,
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T2*-weighted, and FPP) from 23 animals (18 hemorrhagic + 5 non-hemorrhagic). All animals
identified to be hemorrhagic showed evidence of iron deposition within the infarction territory
on T2*-weighted images, with Prussian Blue staining confirming presence of ferric iron in heart
sections that were paraffin embedded. Animal hearts frozen for protein analysis showed visual

evidence of hemorrhage. Infarct and LV characteristics are shown in Table 2.4.

2.4.1 Rest perfusion within Ml territories in chronic Ml patients depends on history of myocardial

hemorrhage.

Myocardial perfusion is an important metric of myocardial function and is a key predictor of
functional impairment. We investigated alterations in myocardial perfusion in patients with and
without history of hemorrhage based on Normalized MPI. At 6-months post-PCl, we observed
reduced myocardial perfusion in chronic Ml patients with history of hemorrhagic Ml compared
to their non-hemorrhagic counterparts. This is shown for representative cases in Figure 2.2. Note
the significant hypo-enhancement apparent within the Ml zones of the hMI+ patient that is not
evident in hMI- patient. Similarly, first-pass perfusion frames at peak myocardial enhancement
displayed clear perfusion defects (hypo-enhanced zones) in the hMI+ group that were not evident
in the hMI- group (Figure 2.2(E, J)). In aggregate, we found that the Normalized MPI in hMI+
patients was significantly lower than in hMI- patients (0.72 + 0.03 vs. 0.83 + 0.02; p=0.002) with
a difference of 0.11 (95% Cl, 0.05 to0 0.18), shown in Figure 2.2L. T2* values were mildly correlated

with normalized MPI, shown in the regression plot in Figure 2.2M.
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Figure 2.2: Representative CMR images from hemorrhagic Ml patient (hMl+, A-E) and non-hemorrhagic MI patient (hMI-, F-J) in
acute (A,B,F,G, 3-days post-Ml) and chronic phase (C-E, H-J, 6-months post-MI). A, C: LGE slice showing a large anterior-wall Ml
(arc subtended by orange arrows). B, D: Slice-matched T2*-weighted image showing significant hypo-enhancement in Ml zone. E:
First-pass perfusion (FPP) frame showing significant perfusion defect in hMI+ zone at peak myocardial enhancement. F, H: LGE
slice showing the large inferior-wall infarction (black arrows). G, I: Slice-matched T2 *-weighted image without hypo-enhancement
in the infarct zone (black arrows). J: FPP frame without the visible perfusion defect at peak myocardial enhancement seen in hMI+
case (E). K: Representative perfusion index curves from hMI+ and hMI- patients. Maximum slope during contrast wash-in is
visualized in remote (green), hemorrhagic (red), and non-hemorrhagic (blue) infarcted ROIs. L: Normalized Myocardial Perfusion
Index at rest in the chronic Ml zones of hMI+ and hMI- patients. M: Absolute T2* values at 3 days (blue) and 6 months (orange)
compared with Normalized MPI.

2.4.2 Rest perfusion defects in canines with chronic hemorrhagic Mls resembles the findings in

patients.

Following the patient data described above, we investigated similar alterations in myocardial

perfusion in canines with and without history of hemorrhage. At 8-weeks post-PCl, we observed
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reduced myocardial perfusion in chronic Ml animals with history of hemorrhagic MI compared to
their non-hemorrhagic counterparts. This is shown for representative cases in Figure 2.3. As with
the patient data, normalized MPI results were observable by the naked eye — T2*-weighted slices
showed stark differences among hMI+ and hMI- groups in the infarct region, with the hMI+ group
displaying marked hypo-enhancement (hemorrhagic core) not visualized in the hMI- group, and
the FPP frames at peak myocardial enhancement demonstrated perfusion defects in the hMI+
group that were much less pronounced in the hMI- group (Figure 2.3). Consistent with the patient
data, normalized MPI in hMI+ canines was significantly lower than in hMI- canines (0.62 + 0.02
vs. 0.85 + 0.04, p < 0.001), with a difference of 0.23 (95% Cl, 0.14 to 0.32), Figure 2.3L. In the
animals imaged at 3.0T, T2* values were moderately correlated with normalized MPI, shown in

the regression plot in Figure 2.3M.
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Figure 2.3: Representative CMR images from hemorrhagic Ml animals (hMl+, A-E) and non-hemorrhagic Ml animals (hMI-, F-J) in
acute (A,B,F,G, 3-7 days post-MI) and chronic phase (C-E, H-J, 8-weeks post-Ml). A, C: LGE slice showing a large anterior-wall M|
(arc subtended by yellow arrows). B, D: Slice-matched T2*-weighted image showing significant hypo-enhancement in Ml zone. E:
First-pass perfusion (FPP) frame showing significant perfusion defect in hMI+ zone at peak myocardial enhancement. F, H: LGE
slice showing a large anterior infarction (yellow arrows). G, I: Slice-matched T2 *-weighted image with minimal hypo-enhancement
in the infarct zone (yellow arrows). J: FPP frame without the visible perfusion defect at peak myocardial enhancement seen in
hMi+ case (E). K: Representative perfusion index curves from hMI+ and hMI- animals. Maximum slope during contrast wash-in is
visualized in remote (green), hemorrhagic (red), and non-hemorrhagic (blue) infarcted ROIs. L: Normalized MPI in canines (n=22)
with hemorrhage (0.62 + 0.16) and without hemorrhage (0.85 * 0.14) after 8 weeks post-infarction. Student’s t-test resulted in a
significant difference between the groups with a p-value < 0.001. M: Absolute T2* values at 3.0T at 3 days (blue) and 8 weeks
(orange) compared with Normalized MPI.

2.4.3 Capillary density within chronic Ml territories is correlated with density of iron residues.
Previous studies have shown that hemorrhagic Mls resolve into chronic MI territories with
localized iron deposits (88). We investigated whether there is any difference in capillary density

between chronic Ml territories with and without iron using Prussian blue (to stain for ferric iron)
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and PECAM-1 (CD31, to stain for capillary density) (276). Chronic hemorrhagic infarct regions
showed significant presence of Prussian blue stained iron, whereas non-hemorrhagic tissues
lacked this iron in the infarct regions. Remote regions were free of Prussian Blue staining in both
groups. CD31-stained vessels in the infarct region were positively correlated with density of iron

from contiguous Prussian Blue stained slides in corresponding regions (Figure 2.4).

2.4.4 Heme carrier protein 1 expression but not heme oxygenase 1 was elevated within

hemorrhagic Mls.

The expression of heme carrier protein 1 (HCP-1) is known to be translationally regulated by iron
levels and HCP-1 has been shown to be localized to the cytoplasm in conditions with excess iron
(277). HCP-1 regulation has also been associated with NO. Therefore, we assessed the expression
levels of HCP-1 from non-hemorrhagic and hemorrhagic infarcts. Western blots containing HCP-
1 showed significantly elevated expression levels in hemorrhagic infarct regions, as compared
with non-hemorrhagic infarct regions (0.54 + 0.07 vs. 0.16 * 0.04, respectively; p = 0.04), shown
in Figure 2.4C. The role of HO-1 in hemorrhagic infarction is not clear, however it would be
reasonable to expect a change in HO-1 expression in relation to the iron levels and HCP-1
expression. However, HO-1 western blots did not show significant differences between

hemorrhagic and non-hemorrhagic regions (0.47 + 0.05 vs. 0.64 + 0.08, respectively; p > 0.05).
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Figure 2.4: Prussian Blue vs. CD31 with HCP-1 and HO-1 IHC and Western Blot Analysis. A: Histological staining of Prussian Blue
(PB, blue arrows) and endothelial cells (CD31, yellow arrows) in hMI+ and hMl- tissue slices. B: In the hMI+ tissues, quantitative
analysis of iron content and capillary content show the correlation between capillaries and iron deposition, indicating that
hemorrhagic territories are vascularized, and iron is colocalized with microvasculature. C: HCP-1 and HO-1 protein expression in
hemorrhagic, non-hemorrhagic, and remote regions of excised cardiac tissue. HCP-1 showed significant elevation in the
hemorrhagic tissue relative to non-hemorrhagic or remote. D: Western Blot from HCP-1 and HO-1 analyses with GAPDH used as
a loading control.

2.4.5 Endothelial nitric oxide synthase activity was elevated in chronic hemorrhagic Ml regions.
Nitric oxide bioavailability has been shown to be influenced by imbalances in the iron regulatory
state in renal injury (278), but this has not been studied in the setting of chronic MI. We therefore
investigated the differential behavior of nitric oxide synthase in chronic hMI+ and hMI- tissues as
a marker of nitric oxide imbalance. Immunohistochemistry results revealed that vessels in the
hMI+ zones had elevated levels of eNOS expression, whereas similar vessels in the hMI- regions
did not show significant levels of eNOS expression (Figure 2.5C-D). Phosphorylated eNOS

(phospho-eNQS) expression provided further detail on the activation status of these synthases.
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Levels of phospho-eNOS expression, normalized to total eNOS (Figure 2.5E), indicated a
significant elevation in phospho-eNOS in hemorrhagic myocardial regions relative to non-
hemorrhagic infarct regions (1.23 + 0.11 vs. 0.83 £ 0.08, respectively; p = 0.038). Logically, a
perfusion deficit linked to NO imbalance could trigger a reactive increase in NOS expression
attempting to rescue the perfusion anomaly. The fact that we detect this increase in NOS, but

still have a perfusion defect presents an exciting target for future investigations.
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Figure 2.5: Prussian Blue, eNOS, and VEGF staining with Western Blot Analysis. A, B: Prussian Blue (PB) stain showing iron content
in hMI+ and hMlI- tissue regions. PB stains verify that iron is present in hMI+, but not in hMI-. C, D: Endothelial nitric oxide synthase
(eNOS) expression in region localized to area of PB images, showing significant presence in hMlI+ tissue. E: Phospho-eNOS protein
expression, normalized to eNOS, showed significant elevation in hMI+ tissues in western blot validation. F-H: Vascular endothelial
growth factor (VEGF) expression in region localized to area of PB images, showing significant elevation in hMI+ tissue, validated
by western blot (H).
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2.4.6 VEGF expression within chronic hemorrhagic Ml is elevated compared to non-hemorrhagic

M.

Vascular endothelial growth factors are known to have a multitude of functions in the process of
MI recovery. We therefore investigated the VEGF expression levels in both hMI+ and hMI-
regions. VEGF staining was stronger in the hemorrhagic infarct territories compared with the
non-hemorrhagic infarct territories (Figure 2.5F-G). Western blot results confirm this visual
evidence, with significantly higher levels of VEGF found in hemorrhagic infarct tissue compared
with non-hemorrhagic infarct tissue (0.95 + 0.09 vs. 0.68 + 0.07, respectively; p = 0.009) (Figure
2.5H). Angiogenesis, promoted by VEGF activity, should boost microvascular expansion to assist
local perfusion defects by enhancing blood flow to these areas. The hemorrhagic myocardium
seems to be reacting in a compensatory fashion by stimulating angiogenesis via VEGF, yet the

perfusion defect is not rescued in these chronic infarction populations.

2.5 Discussion

Recently Borlotti et al. investigated resting perfusion in patient cohort, using T2-weighted MRl as
the basis for hemorrhage identification (92). In their work, the investigators showed corrected
myocardial blood flow (MBF) in the culprit region to best predict LV dysfunction at 6 months.
However, T2-weighted MRI for imaging hemorrhage has some confounding factors, such as
sensitivity to edema, and T2*-weighted MRI and T2* mapping is considered to be the gold
standard (62, 122, 279). Similarly, we first set out to confirm our preliminary hypothesis that
hemorrhagic infarction territories would have resting perfusion defects in a patient cohort of

reperfused ST-elevated MI, which was indexed on the basis of Normalized MPI. We additionally
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showed the effect translated well in a canine model of reperfused myocardial infarction, which
will allow for future development of therapeutics to lessen the severity and impact on this subset
of MI patients. Additionally, future studies may investigate baseline signal intensity variations
caused by surface coil inhomogeneities in a hemorrhagic Ml population, and the resulting impact

of baseline correction methods on normalized resting perfusion indices.

Having confirmed our initial hypothesis across both a patient cohort and animal model, we then
investigated the tissue level changes occurring during hemorrhagic Mls, to better understand the
pathophysiology and elucidate any potential mechanistic differences. To accomplish this, we
performed a series of histological, immunohistochemical, and western blot experiments
designed to evaluate the local, tissue-level environment. Having previously reported that iron is
preferentially deposited in chronic hemorrhagic infarctions (88), we first evaluated our T2*-
weighted MRI findings by staining for iron with Prussian Blue, as well as with a PECAM-1 stain to
highlight regional vasculature, which showed significant iron (Fe3*) deposits in territories of
hemorrhagic infarction. From Western Blotting analysis, we investigated the protein expression
of two constituents involved in iron metabolism, HCP-1 and HO-1, to provide insight into the
hemorrhagic infarction molecular mechanisms surrounding heme-iron and its breakdown
products (biliverdin, CO, and free iron). HCP-1 is a known heme-iron transporter that can be
induced in hypoxic conditions. Additionally, Gnana-Prakasam et al. showed in a study of
hemochromatosis leading to iron overload in the retina of mice that HCP-1 became upregulated
(280), an indication that HCP-1 may play a role in the iron overload induced by hemorrhagic
myocardial infarction. Nitric oxide, a constituent which we have shown plays a role in

hemorrhagic Ml, has also been shown to be involved in the regulation of HCP-1 expression via
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the stabilization of HIF-1la. Our observed elevation in HCP-1 protein expression in the
hemorrhagic infarct territories confirmed the presence of persistent heme-iron in these tissues,
but may have a more complex role in the introduction of heme-iron compounds to the fragile
infarct territory, as heme itself is also pro-inflammatory and cytotoxic, driving endothelial cell
injury and heme-induced inflammatory pathologies (281). HO-1 expression has been studied in
the context of ischemia reperfusion injury in heart transplant patients, with suggestions that the
CO produced by its activity is protective (282). However, other studies have indicated that the
oxidation end-products of HO-1 contribute to vasospasm in the cerebral vessels of the visual
cortex (272). HO-1 inhibition has also been investigated as a potential therapeutic target for
limiting iron deposits by blocking the liberation of iron from the heme compound (186). In our
study, the protein expression of HO-1 did not show a significant difference between hemorrhagic
and non-hemorrhagic Ml tissues. Although the cardioprotective effect of HO-1 has been well
studied in the context of myocardial infarction generally, investigation of a role for HO-1
specifically in hemorrhagic infarction is limited. Therefore, based on our data from this study, we
assume that the inability of a supplemental increase in HO-1 levels in a post-hemorrhagic Ml
setting could be mediating, at least in part, some of the chronic adverse cardiac effects observed
in hMI. Nonetheless, further investigation is needed in this direction to unravel the underlying
mechanisms of HO-1 signaling in hemorrhagic M. In addition, the overall heme pathway in the
setting of hemorrhagic infarction would require further targeted study to investigate its

involvement in persistence of iron deposits and myocardial perfusion in hemorrhagic M.

We further hypothesized that a nitric oxide imbalance may be implicated in the

observed perfusion deficit effects in hemorrhagic infarctions, given NO’s interaction with iron
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(283) and ROS (54) in this setting. Briefly, previous studies have captured the capability of cell-
free hemoglobin and heme-containing compounds to scavenge NO (284, 285), leading to a
reduced state of bioavailability in these iron-overload conditions (e.g., Thalassemia,
Hemochromatosis, Sickle Cell). Furthermore, iron deposits can then mediate reactive oxygen
species generation via the Fenton reaction. A study by Drexler et al. investigated the effects of a
NO inhibitor on the blood flow of infarcted rats and found that L-NMMA (basal NO inhibitor) had
a blunted coronary vasoconstrictor effect in the chronic phase following larger Mls, which
suggests a defect in the NO homeostasis (286). Glean et al. showed that non-reperfused CHF rats
had reduced NO bioavailability and skeletal muscle vascular control was improved upon the
introduction of nitrite (an NO precursor) (287). Given that that study involved non-reperfused
animals, which therefore would contain non-hemorrhagic infarcts, it would be logical to conclude
that the iron deposits in chronic hemorrhagic infarctions could further exacerbate this impaired
vascular control. Vinchi et al. showed that hemopexin (a heme scavenger) could rescue the nitric
oxide bioavailability in a heme overloaded mouse model (288), showing the potential for the
modulation of NO homeostasis via heme levels, which may then have the potential to impact
local perfusion defects. Finally, a study in a rat model of iron-overloaded renal injury showed that
not only was NO bioavailability reduced, but there was a compensatory increase in both eNOS
and iNOS expression (278). Indeed, we found that endothelial NOS was being preferentially
activated in hMI+ tissues, likely an effect of the rapid consumption of nitric oxide by local iron
deposits and reactive oxygen species, and potentially acting in a compensatory fashion. Together,
this would have an effect that significantly contributes to the dearth in bioavailability of the NO

constituents. Combined, these upregulated responses indicate a hemorrhagic infarction-specific
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dysfunction in the nitric oxide pathway, motivated by a complex interaction between chronic
local iron deposits, reactive oxygen species, nitric oxide constituents and a damaged

microvascular network.

Vascular endothelial growth factors (VEGF) consist of a family of proteins with a wide range of
effects, and their therapeutic potential as injectable agents in chronic coronary artery disease
has been extensively investigated in both animals and clinical trials (289). In the ischemic
myocardium, VEGF is involved early in the recovery process after acute myocardial infarctions in
a capacity thought to enhance the delivery of inflammatory cells to the ischemic territory via
loosening of the endothelial cell barriers (203), as well as its commonly understood role of
promoting angiogenesis. While animal studies have shown promising improvements in cardiac
function, randomized clinical trials of angiogenic growth factors have had mixed results (203).
However, there have not been targeted trials of patients with acute Ml or even more specifically,
hemorrhagic MI. The chronic elevation in VEGF protein expression in hemorrhagic infarction
territories that we identified exemplifies an environment that appears persistently pro-
angiogenic, likely compensatory to the perfusion deficits in these regions, yet the perfusion
remains depressed despite this elevation in VEGF. Confoundingly, this elevated VEGF expression
in chronic hemorrhagic MIs may potentially be acting as a trigger for loosened endothelial

barriers in the chronic phase, contributing to further endothelial dysfunction.

Given our hypothesis of iron-driven vascular dysfunction in chronic hemorrhagic Mls, as
described in detail above, we studied a subset of dogs with hemorrhagic Ml that received DFP in
order to modulate the iron content in chronic hemorrhagic MI. Removal of the iron trigger could

then beneficially impact the downstream effects on nitric oxide balance and vasodilatory
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impairment. DFP has been shown to be highly efficacious in the removal of cardiac iron in
numerous clinical studies (290-294). A study by Behrouzi et al. examined the effects of DFP on a
porcine model of hemorrhagic Ml (205), resulting in early resolution of hemorrhage and edema
as well as reduced ventricular enlargement and hypertrophy in animals in the DFP group. In the
present study, we have shown the potential of DFP to rescue resting perfusion defects in a
hemorrhagic Ml canine model. At 8 weeks, the normalized MPI of animals that received DFP was
significantly elevated compared with hMI+ animals that did not. However, the normalized MPI
values did not reach those of hMI- animals, which could be due to a separate mechanism
impacting the perfusion defect independent of the iron-driven pathway described here. A study
by Duffy et al. looked at the potential of another iron chelator, Deferoxamine (DFO), to improve
endothelial function of forearm resistance vessels in patients with coronary artery disease (CAD),
showing the dichotomy between endothelium-dependent and endothelium-independent effects

of the iron chelation (295).

2.6 Conclusion

Major adverse cardiac events (MACE) present a significant hurdle in the prognosis of hemorrhagic
myocardial infarctions. Elucidating the pathological relationships alongside noninvasive imaging
biomarkers in hemorrhagic myocardial infarctions can help promote understanding and drive
therapeutic developments in these severe types of infarctions. This study is the first, to our
knowledge, to investigate the impact of iron-driven damages in hemorrhagic myocardial
infarctions on the nitric oxide microenvironment and related physiological markers of heme

metabolism and neovascularization in relation to resting myocardial perfusion defects. As such,
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the results described herein constitute a significant step in linking hMI to the observed adverse
outcomes in this patient population. Accordingly, we lay the groundwork for further
investigations into the pathophysiological effects surrounding hemorrhagic infarctions, as well as

novel therapeutics targeting these pathways.
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Chapter 3: Deferiprone Iron Chelation Therapy for Chronic Hemorrhagic

Myocardial Infarctions

3.1 Abstract

Background: Iron chelators have been shown to be effective in a variety of iron-overload
disorders. Chronic iron deposition in hemorrhagic myocardial infarction (MI) subjects is
associated with defects in resting perfusion. This study aimed to assess the impact of iron

chelation via Deferiprone (DFP) on a canine model of chronic hemorrhagic M.

Methods and Results: 22 canines underwent ischemia reperfusion surgery with 180 minutes of
LAD occlusion to produce hemorrhagic infarctions. The treatment group received DFP (30-40
mg/kg, BID) beginning after surgery and continuing for 8 weeks. Animals were followed with MRI
scans at 7 days and 8 weeks, with 8 of the animals continuing with an additional chronic study at
6 months. Resting perfusion at 8 weeks was significantly elevated in DFP-treated animals
compared to controls (0.75 = 0.03 vs. 0.59 = 0.02, respectively; p < 0.01), whereas resting
perfusion at 6 months was not significantly different between groups (0.59 £ 0.09 vs. 0.52 £ 0.06,
p = 0.55). LV volume analysis showed potential benefits for improved LV remodeling in the DFP
group at 6 months, with end-diastolic LV mass significantly reduced relative to controls (71.77 +

3.27 vs. 94.05 + 6.08, respectively; p = 0.02).

Conclusion: This is the first study to show the potential for iron chelation via DFP in hemorrhagic

MI to mitigate resting perfusion defects in chronically infarcted animals. This has important
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implications toward uncovering the causal relationship between hemorrhagic Mls and major

adverse cardiovascular events (MACE).

3.2 Introduction

As discussed in Chapter 1, iron plays a crucial role in numerous biological functions and its balance
is therefore tightly controlled. Both iron deprivation and overload cause dysregulation of the
normal function of organ systems throughout the body. In the case of iron overload in
thalassemia patients, several studies have investigated the potential of treatment with iron
chelation to limit iron-induced complications (291, 294, 296, 297). Improvement in the
availability of chelators and assessment of iron overload via MRI (particularly in the heart and
liver) has been attributed to improved disease management, allowing for near-normalization of
life expectancies in this population (296). Additionally, iron overload has been implicated in the
incidence of CAD and cancer, as well as cardiac complications stemming from both cardiac and

non-cardiac morbidities (88, 182-184, 197, 199-202, 206).

During incidences of IMH, RBCs extravasate into the myocardial interstitium, eventually
externalizing heme and iron. Studies by Kali et al. and Bulluck et al. have shown the progression
of acute IMH into chronic iron deposition leading to prolonged inflammation and adverse
remodeling of the LV (88, 197). Several iron chelators exist clinically, including Deferoxamine
(DFO), Deferasirox (DFX), and Deferiprone (DFP), which each have distinct characteristics.
Namely, DFP is available as an oral tablet and is the smallest molecule chelator of the three,
allowing improved membrane permeability and myocardial efficacy, compared with the larger,
short-acting, subcutaneous administration of DFO (298-301). DFX is the most recently developed
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chelator, with a longer half-life than DFP, although its efficacy in iron removal following IMH has
not been validated (302). Pepe et al. studied DFP, DFO, and DFX in the treatment of thalassemia
major patients, showing DFP to have the highest efficacy in removing cardiac iron, while DFX
showed promising results in controlling liver iron (294). Recently, Behrouzi et al. investigated the
action of iron chelation with DFP in a porcine model of I/R injury, showing that while infarct size
was not changed, hemorrhage resolution and adverse remodeling were improved in the chelated
animals (205). However, the study failed to show functional improvement at 1-month post-Ml. A
retrospective study by Pennell et al. of iron-chelated thalassemia patients showed a reduced risk
of HF in concordance with theirimprovement in LVEF (301), which may be correlated to improved

mitochondrial function by limiting the impact of free iron (296).

In Chapter 2, we have shown that iron-laden myocardial infarctions in the chronic phase succumb
to defects in resting perfusion even though compensatory response pathways are preferentially
activated, which we theorize would restore normal rest perfusion in the absence of iron. The
continued presence and deposition of iron in chronic MI confounded by IMH is hypothesized to
be a key driver of adverse remodeling via perfusion deficits at rest, furthering adverse remodeling
and cardiac rhythm anomalies. Therefore, in this canine model study of chronic hemorrhagic Ml,
we propose that iron chelation via DFP will abrogate the resting perfusion defects in animals with
chronic iron deposition, providing an impetus for improved functional and anatomical recovery
of the LV. To study this, we followed 22 canines through an 8-week course of DFP treatment with
CMR scans in the acute (5-7 days) and chronic (8 weeks) phase post-MI. Given the consensus that
the iron chelator must be consistently present in the body to optimally limit iron-induced damage

(296, 303), we followed a subset of animals (n=8) for 6 months to further investigate the dynamic
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evolution of resting perfusion beyond the end of the iron chelation therapy. The 6-month study

further isolates the driving factors behind the defects in rest perfusion in these subjects.
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3.3 Methods

3.3.1 Animal Studies

3.3.1.1 Animal Preparation

Canines (n=22; female, 20-25 kg) were studied according to the protocols approved by the
Institutional Animal Care and Use Committee. All animals were subject to reperfused Ml via
complete occlusion of the left anterior descending artery distal to the first diagonal for 180
minutes followed by artery reopening, as described previously (88). Briefly, the heart was
exposed via lateral thoracotomy and a suture ligated the LAD. Infarction was confirmed visually
and via ST-segment elevation on the ECG. Animals underwent cardiac MRI within 5-7 days and at
8 weeks post reperfusion, while 8 animals were additionally followed for extended chronic
studies at 6 months post-Ml. Following the final cardiac MRI, animals were humanely euthanized.
Animal hearts were explanted, rinsed of residual blood, and fixed in formalin for histological

sectioning and analysis.

3.3.1.2 Cardiac MRI Studies

Cardiac MRI was performed in 1.5T (Espree) and 3.0T (Verio, Biograph) MRI systems (Siemens
Healthcare, Erlangen, Germany). Scouting localizers and shimming were performed prior to
acquiring slice-matched cine, short-axis T2*-weighted, late gadolinium-enhancement (LGE), and
first-pass perfusion (FPP) images at rest. Cine, T2*-weighted and LGE protocols covered the

whole heart, whereas rest perfusion scans were acquired over 3 mid-to-apical short-axis slices
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that were matched to T2*-weighted and LGE slices. Typical imaging parameters for 1.5T and 3.0T
sequences are shown in Table 3.1 and Table 3.2, respectively. T2* maps were constructed from
multiple gradient-recalled echo (GRE) acquisitions (8-12 echoes). FPP images were acquired
during infusion of 0.05 mmol/kg Gd contrast, followed by T1-weighted LGE images that were
acquired 10 minutes post-infusion of 0.15 mmol/kg Gd contrast (Magnevist, Bayer AG, Berlin,
Germany) using electrocardiogram (ECG)-gating and phase-sensitive inversion recovery (PSIR)

reconstruction. Slice thickness was 8 mm (1.5T) and 6 mm (3.0T).

Table 3.1: CMR Imaging Parameters for the canine study at 1.5T.

1.5T Canine TR TE Flip Readout In-plane
angle bandwidth resolution

Cine (23 phases) 21.84ms 1.3 ms 67 930 Hz/pixel 0.6 x 0.6 mm?

T2* Mapping 211 ms 3.4-36.4ms 12 566 Hz/pixel 1.5x 1.5 mm?

(12 echoes) (ATE=3.15 ms)

LGE 1R-R 1.83 ms 40 789 Hz/pixel 1.3x 1.3 mm?

FPP 194.07 ms 1.07 ms 50 1359 Hz/pixel 1.8 x 1.8 mm?

Table 3.2: CMR Imaging Parameters for the canine study at 3.0T.

3.0T Canine TR TE Flip Readout In-plane
angle bandwidth resolution

Cine (25 phases) 2.66 ms 1.33 ms 50 1265 Hz/pixel 1.3 x 1.3 mm?

T2* Mapping (8 79.66ms  1.35-9.54 ms 12 1184 Hz/pixel 1.6 x 1.6 mm?

echoes) (ATE=1.17 ms)

LGE 1R-R 2 ms 20 287 Hz/pixel 0.7 x 0.7 mm?

FPP 161 ms 1.01 ms 12 977 Hz/pixel 1.7 x 1.7 mm?
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Slice-matched short-axis cines, T2* maps, and LGE images covering the full length of the left

ventricle were acquired in that order.

3.3.1.3 Iron Chelation

Following the surgical procedure, animals were administered an iron chelator, Deferiprone (DFP,
C7H9NO2, molecular weight 139 g/mol), to chelate both intra- and extracellular iron (Apopharma
Inc., Toronto, ON, Canada) in the myocardium. Drug administration began on the day of surgery
at a dose of 30-40 mg/kg (BID, PO) given twice per day at 8-hour intervals and continued for a
duration of 8 weeks. This dose was selected based on the FDA-approved range for DFP used in
clinical trials (i.e., 75-99 mg/kg/day). Animals were monitored for adverse reactions and side
effects and dosage was adjusted if required. All animals included in the DFP group received the
full dose for 8 weeks and did not experience significant reactions to the chelator (minor reactions

in the acute stages included blood in the urinary output).

3.3.2 Image Analysis

Standard CMR imaging sequences (cine, T2*-weighted, FPP, LGE) were obtained at each MRI
follow-up and imported into CVI*? (Circle Cardiovascular Imaging, Calgary, Alberta, Canada)
software for contouring, segmentation, and analysis. Cine image stacks were configured with
endocardial and epicardial contours across phases and slices covering the entire LV. Phases
corresponding to end-systole and end-diastole were automatically detected by the software and
visually verified for accuracy. LV volumes (LVEDV, LVESV) and function (EF) were calculated based
on the prescribed phases. For LGE, T2*-weighted, and FPP images, the myocardium was
delineated with epi- and endo-myocardial, blood pool and reference ROI (infarct/remote)
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contours. Contours were then copied across LGE, T2*-weighted, and FPP slices and adjusted as
needed for trigger delay or artifact discrepancies. Care was taken to ensure ROI contours avoided
artifact-containing regions (e.g., inferior myocardial segments on T2*-weighted slices). Infarct
regions and iron-rich regions were identified using the criteria described previously. For each
perfusion imaging slice, a normalized Myocardial Perfusion Index (Normalized MPI, Equation 1.1)

was calculated as described in Chapter 2.

3.3.3 Statistical Analysis

Statistical tests were organized and executed in the IBM SPSS Statistics software, V.24 (Chicago,
IL, USA). Data was checked for normal distribution using the Shapiro-Wilk normality test, applying
the Welch-Satterthwaite method if the variances violated Levene’s test for homogeneity of
variance. The differences in unpaired group characteristics were assessed using Student’s t-test,
while change in FPP over time (i.e., change between 8 weeks and 6 months) was analyzed via a
paired samples t-test. Data are reported as mean + standard error mean (SEM), and all tests were

two-tailed, using a p-value of <0.05 to determine statistical significance.

3.4 Results

3.4.1 Deferiprone partially abrogates rest perfusion defects in canines with hemorrhagic

infarction at 8 weeks.

The iron chelator Deferiprone (DFP, ApoPharma) is known to bind both intra- and extracellular
iron. Given the prevalence of iron deposition in chronic hemorrhagic infarctions, combined with

its adverse vasodilatory effects described in Chapters 1 and 2, we investigated the potential of
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iron removal via DFP to rectify chronic impairments in rest perfusion observed in hemorrhagic

animals. Animals given DFP (PO, BID, 30-40 mg/kg) had significantly elevated (i.e., improved)
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Figure 3.2: Iron Chelation Impact on Rest Perfusion.

Representative CMR images from non-chelated hMI+ animals (A-E) and chelated (DFP) hMI+ animals (F-J) in acute (A, B, F, G,

3-7 days post-Ml) and chronic phase (C-E, H-J, 8-weeks post-MI). A, C: LGE slice showing a large anterior-wall Ml (arc subtended
by yellow arrows). B, D: Slice-matched T2*-weighted image showing significant hypo-enhancement in Ml zone. E: First-pass
perfusion (FPP) frame showing significant perfusion defect in hMI+ zone at peak myocardial enhancement. F, H: LGE slice
showing a large anterior infarction (yellow arrows). G, I: Slice-matched T2*-weighted image with lessening hypo-enhancement
in the infarct zone (yellow arrows) as the infarct progresses from acute (G) to chronic (). J: FPP frame with reduced perfusion
defect at peak myocardial enhancement compared to the non-chelated animal (E). K: Normalized MPI in hMI+ canines with
(n=8, 0.75) and without (n=12, 0.59) DFP chelation, 8 weeks post-infarction. Student’s t-test resulted in a significant difference
between the groups with a p-value < 0.01.
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normalized MPI compared with hemorrhagic animals that did not receive DFP (0.75 + 0.03 vs.
0.59 * 0.02, respectively; p < 0.01, Figure 3.2). While this level did not reach that of non-
hemorrhagic animals (i.e., 0.85 + 0.04, Chapter 2), it may yet provide significant benefits in
alleviating adverse outcomes associated with perfusion defects in patients suffering hemorrhagic

myocardial infarctions.

3.4.2 Rest Perfusion Defects Revert to non-chelated levels in the absence of DFP.

Scientific consensus is that consistent chelator presence is required to limit the adverse effects
of excess iron (296). Following completion of the 8-week course of DFP, we investigated the
extended chronic impacts of hemorrhagic Ml on rest perfusion at 6 months. Specifically, whether
improvements in rest perfusion at 8 weeks would persist at 6 months in the absence of continued
iron chelation. There were 9 short-axis perfusion slices available for analysis in the non-DFP
group, while 13 slices were available in the DFP group. Animals that received DFP for 8 weeks did
not maintain significantly different normalized MPI at 6 months compared with animals that did

not receive a course of DFP (0.59 + 0.09 vs. 0.52 + 0.06, respectively; p = 0.55, Figure 3.3).
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Figure 3.3. Iron Chelation — Extended Chronic Effects. DFP treatment was terminated at 8 weeks. There was no difference in
normalized MPI between DFP and control groups at 6 months (0.59 + 0.09 vs. 0.52 + 0.06, respectively; p = 0.55).

Additionally, animals in the DFP group had significant decreases in normalized MPI between 8-
weeks (0.73 £ 0.03) and 6-months (0.59 £ 0.09, p = 0.03), whereas the rest perfusion of animals

in the control group did not change (0.58 £ 0.02 vs. 0.52 + 0.06, p = 0.18).
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Figure 3.4: Normalized MPI Change From 8 Weeks to 6 Months. DFP-treated animals showed a significant change from 8 weeks
to 6 months (p=0.03), whereas control animals did not show a significant change over time (p=0.18).
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3.4.3 LV Remodeling Shows Differences at 6 Months

Analysis of LV volume parameters showed no difference between groups at 8 weeks or 6 months.
Interestingly, LV mass analysis showed the DFP-treated group had significantly decreased end-
diastolic mass at 6 months compared to animals that did not receive DFP (p = 0.02). Other
parameters did not show statistical significance, although end-systolic mass also showed a strong
trend toward a decrease in the DFP group at 6 months compared to controls (p = 0.051). Results

are shown in

Table 3.3.
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Table 3.3: LV remodeling parameters in DFP-treated vs untreated canines at day 7, week 8, and month 6 post-M|.

Day 7
End-diastolic Volume (mL)
End-systolic Volume (mL)
End-diastolic Mass (g)
End-systolic Mass (g)

8 Weeks
End-diastolic Volume (mL)
End-systolic Volume (mL)
End-diastolic Mass (g)
End-systolic Mass (g)

6 Months
End-diastolic Volume (mL)
End-systolic Volume (mL)
End-diastolic Mass (g)

End-systolic Mass (g)

3.5 Discussion

DFP+

[Mean = SEM]

46.28 +1.38

27.22 +1.05

79.52 +1.65

82.74+1.71

59.46 +5.09

36.08 +4.39

67.79 £ 4.28

70.93 £ 4.37

61.41+4.06

40.52 +3.11

71.77 £ 3.27

76.81 +3.32

DFP-

[Mean  SEM]

53.64 +4.78

31.98 +3.48

94.84 +6.72

97.09 £ 6.62

52.29+2.38

27.49+2.20

77.87 £5.13

81.66 +5.33

69.48 £ 6.74

39.55+5.06

94.05 + 6.08

97.14+7.22

p-value

0.18
0.23
0.06

0.07

0.14
0.08
0.25

0.23

0.39
0.89
0.02

0.05

While iron chelation therapy has become a cornerstone treatment for many iron-overload

conditions, its use in the post-Ml setting is still in its nascent stages. Given the extensive evidence

of organ and vascular dysfunction resulting from iron imbalance, and the presence of elevated

iron deposition in chronic MI, iron chelation becomes a promising target for treatment of
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hemorrhagic Ml patients. In this chronic study of iron chelation in a canine model of I/R injury
and post-infarction remodeling, we have shown that removal of myocardial iron through
chelation with DFP leads to significant normalization of resting myocardial perfusion in
hemorrhagic Ml animals. While our data did not show significant differences in functional
parameters such as LVEF, the implications of improved resting perfusion are nonetheless
significant, and may lead to decreased cardiac abnormalities and adverse events in a larger long-
term study given the combined impact of chronic iron deposition and resting perfusion defects
on cardiac dysfunction and adverse events. In their 4-week study of DFP in a porcine model of I/R
injury, Behrouzi et al. showed a decrease in myocardial hypertrophy in the chelated group,
indicating that LV remodeling may be influenced by iron chelation, while similarly finding no

difference in LVEF.

Additionally, our data suggest that iron chelation may need to be maintained to elicit persistent
benefits in myocardial perfusion, as termination of the DFP treatment at 8 weeks caused rest
perfusion defects that had recovered at 8 weeks to resurface at 6 months, although end-diastolic
mass was significantly elevated in the control animals indicating the potential for conserved LV
remodeling in the DFP-treated group beyond the iron chelation regimen period. While the former
finding may not be surprising given the scientific consensus regarding chelation therapy in
systemic iron overload, both are important developments as the persistent effects of iron

chelation in chronic hemorrhagic Ml has not been previously reported.
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3.6 Conclusion

As an independent predictor of adverse events, hemorrhagic Ml has been shown to result in
adverse LV remodeling, cardiac arrythmias, and deficits in resting perfusion and LV function. IMH
is a common consequence of myocardial reperfusion therapy, which stands as the standard of
treatment for acute Ml patients. Therefore, alleviating the negative effects of IMH in chronic Ml
patients is of critical significance in reducing the adverse events in this population. Currently,
there are no adjunctive therapies targeting I/R injury and the downstream deposition of iron in
the chronic myocardial infarct territory. The results of this study identify iron chelation therapy
via DFP as an important differential treatment option in the IMH patient subpopulation to limit
cytotoxic iron and the negative sequelae observed in chronic IMH subjects. In this context, early
identification of myocardial hemorrhage becomes increasingly important to provide iron
chelation therapy for these patients. Further studies are warranted to determine the optimal
window of efficacy for iron chelation in patients with IMH. Additionally, future investigations
should identify the effect of various therapy regimens on chronic iron deposition and adverse

events.
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Chapter 4: Therapeutic Hypothermia for Hemorrhagic Ml in Swine

4.1 Abstract

Background: Therapeutic hypothermia (TH) has shown promising results in animal studies and
some retrospective subgroup analyses of clinical trials, though prospective randomized clinical
trial results have been largely unsuccessful. The impact of TH on hemorrhagic Ml and chronic iron
deposition has not previously been investigated. Therefore, the aim of this study was to evaluate

the potential of TH to alter chronic iron deposition in a pig model of hemorrhagic M.

Methods and Results: 25 female farm pigs were enrolled into the study. 90 minutes of LAD
occlusion was conducted, followed by 30 minutes of reperfusion prior to induction of TH.
Hypothermia was performed via a 60-minute pericardial saline infusion of either pre-chilled (4-
8°C) or warm (35-37°C) sterile saline. MRI studies were performed at day 3-7, 1 month, and 2
months post-MI. TH had no effect on infarct size at any time point, nor was microvascular
obstruction (MVO) different between groups during the acute MRI. Iron deposition was
significantly decreased in the TH group compared to controls at 2 months, characterized both by
T2*-derived hemorrhage volume (0.62% + 0.18 vs. 2.25% + 0.61, respectively; p = 0.02) and
absolute T2* values (28.25 ms + 1.37 vs. 22.03 ms + 1.70, respectively; p = 0.02). Additionally, left
ventricular ejection fraction (LVEF) was significantly increased at 2 months in the TH group

compared to controls (42.78% + 1.86 vs. 36.31% + 1.48, respectively; p = 0.04).

Conclusion: Treatment of hemorrhagic swine with post-reperfusion therapeutic hypothermia

resulted in reduced chronic iron deposition and improved LVEF at 2 months post-Ml. The
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cardioprotective benefits identified in this study may play a key role in limiting the burden of
hemorrhagic Ml and lay the groundwork for future investigations into iron modulation in

hemorrhagic Ml via therapeutic hypothermia.

4.2 Introduction

Myocardial infarction (MI) remains a major burden in global healthcare as a leading cause of
heart failure and death (268). Upon primary percutaneous intervention (PCl), coronary
reperfusion frequently leads to a significant adverse consequence — myocardial hemorrhage,
encompassing breakdown of the vascular integrity, leakage of fluid and red blood cells (RBCs),
and chronic build-up of iron in the myocardium (22-24). There is increasing evidence that patients
experiencing hemorrhagic myocardial infarctions have significantly worse prognoses than those
experiencing non-hemorrhagic infarctions (169). Numerous studies have investigated the
potential of adjunctive therapies to alleviate ischemia/reperfusion (I/R) injury and improve
patient outcomes (304-317), including several animal and clinical trials investigating myocardial
temperature modulation (231-235, 237, 238, 242, 318, 319). One promising intervention,
therapeutic hypothermia, has shown significant beneficial effects in swine models of Ml (318),
while results from clinical trials remain mixed. Many plausible explanations for these inconclusive
outcomes have been proposed (217, 320), however a key element of these infarctions has

consistently been overlooked — intramyocardial hemorrhage (IMH).

The cardioprotective effects of therapeutic hypothermia are more nuanced than a simple
reduction in metabolic demand. The proposed pathways involve mitochondrial permeability
stabilization, nitric oxide production, reactive oxygen species (ROS) neutralization, and
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rebalancing calcium channel dysregulation (169, 172, 248). Additionally, heat-shock proteins and
survival kinases have been implicated in the hypothermia-mediated preservation of reperfusion-
induced cell destruction (247). Further, the modulation of the cell death pathways autophagy
and mitophagy through hypothermic intervention may play an additional role in the preservation
of myocardial function (230). Therapeutic hypothermia appears to have a bimodal effect on
coronary blood flow — with hypothermia-induced increases in healthy subjects and blood flow
decreases in CAD patients subjected to mild hypothermia (321, 322). Reductions in coronary and
cerebral blood flow is one of the hypothesized mechanisms by which therapeutic hypothermia
acts (220). In this way, therapeutic hypothermia may act as an analogous treatment to ischemic
conditioning by limiting coronary reperfusion post-PCl. Taken together, these mechanisms serve
to enhance the ability of the myocardium to mitigate ischemia/reperfusion (I/R) injury and

improve consequent healing and recovery.

A significant component of I/R injury, myocardial hemorrhage, has not been investigated in a
comprehensive manner in animal and clinical studies of therapeutic hypothermia, leading to a
potential overlooking of a plausible cornerstone benefit of this promising therapeutic
intervention. Having shown that increased iron build-up in chronic hemorrhagic Mls is associated
with poor functional characteristics (88, 197, 204), and that sequestration of iron stores via an
oral iron chelator (Deferiprone) abrogates these deficits (205), it is logical to hypothesize that
beneficial modulation of intramyocardial iron is an important outcome measure for any
adjunctive therapeutic study. Yet, no study to date has investigated the impact of therapeutic

hypothermia on myocardial hemorrhage or chronic iron deposition in either animal models or
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clinical studies. We aim to cover this critical aspect of hypothermic intervention in this study using

a swine model of I/R injury with localized mild hypothermia via pericardial saline perfusion (256).

Studies have shown the negative influence that hemorrhagic Ml has on the remodeling of the LV
in the chronic phase (88, 197, 204). Hemorrhagic M| and subsequent increased iron deposition
are associated with increased LV wall thickening and diastolic dilatation, leading to LV
dysfunction and increased incidence of arrythmias and HF (23). While the link between
hemorrhagic Ml and adverse remodeling remains under investigation (89, 323, 324), studies have
shown that iron removal via chelation therapy leads to improved LV remodeling (205), indicating
that iron may play a critical role in this process. Iron removal, as discussed in Chapter 3 in a canine
model of I/R injury, leads to an improvement in rest perfusion defects in iron-chelated animals.
However, the iron chelation must be continuously administered to maintain the beneficial
effects. A therapy targeting I/R injury that confers prolonged and persistent iron reduction effects
would be of extensive value in alleviating the negative outcomes associated with hemorrhagic
MI. While therapeutic hypothermia has not been implicated in the process of iron deposition in
chronic hemorrhagic MI, Prasad et al. showed in a rat model of deep hypothermia that
reperfused hearts had decreased free iron and oxygen radical generation when subjected to
hypothermic conditions (241), laying the groundwork for the potential down-regulation of iron
deposition in hemorrhagic Mls via therapeutic hypothermia. Gambert et al. also showed the
potential for deep hypothermia to decrease free radical generation in a rat model of I/R injury
(240). Additionally, Marek-lannucci et al. have shown the potential for post-reperfusion
therapeutic hypothermia in a swine model to increase autophagic flux and enhance mitophagy,

while simultaneously increasing mitochondrial biogenesis (230). This combination of improved
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cell cycling may serve as an additional positive driver of iron clearance by removing dysfunctional
cells and allowing the recovery process to progress unencumbered by the toxic effects of
myocardial iron. In fact, the investigators showed that therapeutic hypothermia initiated 30
minutes after reperfusion led to improved functional recovery via LVEF measured with

ultrasound.

While the optimal initiation time for therapeutic hypothermia has yet to be established, many
studies investigating hypothermia use a pre-reperfusion hypothermia model based on the idea
that I/R injury occurs in the super-acute phase (i.e., within minutes following reperfusion). While
these studies have shown positive results in animals, the difficulty of implementation in an
emergency clinical setting provides a significant obstacle. Further, deriving therapeutic benefit
from post-reperfusion hypothermia would be of significant interest for simplified integration into
clinical workflows, as well as providing a treatment option when pre- or intra-PCl hypothermia is
impractical. While Shi et al. has concluded that post-reperfusion hypothermia does not confer
positive benefits in a rat model (266), other studies have found beneficial results in both rat and

swine models (229, 230).

Previous studies investigating therapeutic hypothermia have primarily focused on infarct size as
a primary outcome measure, which has frequently failed to show a positive effect in clinical trials.
However, hemorrhage stands as an independent predictor of MACE, and as such serves as an
important target for adjunctive therapies. Namely, beneficial effects on LV remodeling through
hemorrhage mitigation, in the absence of infarct size modulation has the potential to significantly
improve outcomes and limit adverse events. Given that therapeutic hypothermia has been

shown to be effective in the brain, with clinical trial sub-analyses and animal studies in an Ml
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setting having shown positive results, we hypothesized that regional therapeutic hypothermia in
the heart can reduce the effects of hemorrhage and improve left ventricular functional recovery
in the setting of I/R injury in chronic MI animals. We tested this in a swine model of hemorrhagic
MI by imposing local myocardial hypothermia and evaluating the tissue specific and functional

changes using serial CMR with appropriate controls.

4.3 Methods

4.3.1 Animal Model

All animal studies followed protocols approved by the Institutional Animal Care and Use
Committee (IACUC) of Cedars Sinai Medical Center. Female farm pigs (30-35 kg) were acquired
and allowed a quarantine period prior to initiation of any studies. Following quarantine, pigs were
assigned to either treatment or control group, and prepared for surgery via sedation, anesthesia,
and intubation. Anesthesia was maintained via inhaled isoflurane at 1-3%. LAD occlusion and
pericardial saline procedures followed a swine model of ischemia/reperfusion Ml that has been
described previously (256). An 8-Fr balloon catheter was introduced via the carotid artery and
advanced to the LAD under fluoroscopic guidance. Upon confirmation of positioning distal to the
first diagonal branch of the LAD, the balloon was inflated to sufficient pressure to produce total
occlusion of the artery distal to the balloon. LAD occlusion was confirmed via angiogram and
continued for 90 minutes. Amiodarone was given pre-occlusion, and along with Lidocaine
throughout the procedure as an anti-arrhythmic. Additionally, heparin bolus was infused pre-
intervention and during reperfusion to prevent blood clotting. Phenylephrine was given as a

bolus in case of blood pressure drops. Blood pressure, expired CO;, oxygen saturation, and ECG
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were monitored continuously. In case of ventricular fibrillation, defibrillation was attempted via
adhesive chest pads, followed by standard defibrillator pads until cardiac rhythm was restored.
At the conclusion of the 90-minute occlusion period, the balloon was deflated, and myocardial
perfusion allowed to resume. Myocardial reperfusion was confirmed via angiogram and latent
vascular spasm, if present, was treated with nitroglycerin infusion.
Following 10-15 minutes of reperfusion, placement of the pericardial catheter was initiated. A
12-Fr dual-lumen dialysis catheter (Mahurkar-Elite, Medtronic, Dublin, Ireland) was introduced
via sub-xiphoidal puncture and advanced intro the pericardial space under fluoroscopic guidance.
Premature ventricular contractions (PVCs) confirmed entry into the pericardium, and proper
positioning was confirmed via dye injection. At 30-minutes post-reperfusion, pericardial saline
infusion was initiated by infusing sterile saline into one lumen, with the second lumen opened
allowing fluid to flow into an outflow sump. For hypothermia group animals, saline was pre-
chilled to 4-8°C, while control animals received pre-warmed saline at 36-38°C. Saline was infused
at arate of 1250 mL/hr, with an insulated infusion bag (packed with ice packs for the hypothermia
group) to maintain saline temperature throughout the hour-long infusion. For the initial minutes
of pericardial infusion, saline flow rate was ramped up slowly to mitigate vital parameter
fluctuations and cardiac tamponade, while ensuring blood was not entering the outflow tract
which could indicate LV perforation. At the conclusion of the 60-minute pericardial saline
infusion, the LV temperature was recorded invasively via trans-thoracic measurement with a
thermocouple needle (ThermoWorks, American Fork, UT, United States). Catheter aspiration was
applied prior to removal to limit fluid buildup in the pericardium. Following the terminal MRI

study, animals were humanely euthanized according to IACUC protocol and hearts were
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explanted and preserved for further analysis. An apical cap was sliced and frozen at -80°C, with
the remainder of the heart fixed in 10% formalin.

Balloon

Occlusion:
LAD Reperfusion Hypothermia End Cooling

Ischemia %Rewarming

90 mins |30 minsl 60 mins |

Figure 4.1: Pericardial saline surgical model. After anesthetizing and intubating the animals, a catheter was introduced via carotid
artery and advanced to the LAD under fluoroscopic control. Upon positioning the balloon distal to the 1% diagonal branch, the
balloon was inflated to completely occlude distal blood flow and confirmed with contrast injection cine. After 90 minutes of LAD
occlusion, the balloon was deflated, and reperfusion confirmed. Following reperfusion, a pericardial catheter was introduced via
sub-xyphoid puncture, and placement confirmed under fluoroscopic guidance. 30 minutes post-reperfusion, pericardial saline
infusion was initiated and continued for 60 minutes, after which aspiration of the catheter was performed to ensure saline did not
remain in the pericardial space. For the hypothermia group, saline infusate was cooled to 4-8 °C, whereas body temperature saline
(36-38 °C) was infused in the control group.

4.3.2 Imaging Studies

Serial cardiac MRl was performed on 3.0T MRI systems (Biograph, Siemens Healthcare, Erlangen,
Germany) at day 3, 1 month, and 2 months post-MlI. Imaging localizers were scanned to initiate
subject orientation prior to beginning the imaging studies. Long axis and whole-heart stacks of
slice-matched cine, T2*-weighted, and late gadolinium enhancement (LGE) were acquired with a
slice thickness of 6 mm and 0 mm gap. Imaging parameters are shown in Table 4.1. All images
were acquired via breath-held sequences, with ECG-gating used to trigger T2*-weighted and LGE
sequences. T2*-weighted gradient-recalled echo (GRE) acquisitions with 8 echoes were used to
construct T2* maps for hemorrhage and iron deposition analysis. T1-weighted LGE images were

acquired 10-15 minutes after infusion of 0.2 mmol/kg Gadolinium (Gd) contrast via phase-
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sensitive inversion recovery (PSIR) reconstruction. An inversion-time (TI) scout was run prior to
acquiring LGE images to optimize initial TI. Tl was increased incrementally on subsequent slices

to maintain contrast.

Table 4.1: MRI Parameters

TR TE Flip Readout In-plane
angle bandwidth resolution
Cine (35 phases) 3.22 ms 1.61 ms 38° 1370 Hz/pixel 1.4 x 1.4 mm?
T2* Mapping (8 83.51 ms 1.41-10.02 ms 12° 1185 Hz/pixel 1.6 x 1.6 mm?
echoes) (ATE=1.23 ms)
LGE 1R-R 1.48 ms 20° 585 Hz/pixel 1.3x1.3 mm?

4.3.3 Data Analysis

Cardiac MRI images obtained from serial studies were imported and analyzed in CVI*? (Circle
Cardiovascular Imaging, Calgary, Alberta, Canada). Long axis cine series had LV extent contours
drawn from the mitral valve to the apex. The full cine stack was then contoured with epicardial
and endocardial contours, applying papillary muscle contours as required. Software-derived
systolic and diastolic phases were visually confirmed for accuracy and then used for calculation
of LV volumes and ejection fraction (EF). The 4-chamber long-axis cine at end-diastole was used
to measure long axis and short axis lengths for sphericity index calculation. Sphericity index was
defined as the ratio of the short axis to long axis length. LGE and T2*-weighted images were
contoured by matching the sequence trigger delay time from cine phases and copying endothelial

and epithelial contours over to the corresponding LGE and T2*-weighted images, checked for
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accuracy, and adjusted as needed. Remote contours were then placed in the non-infarcted region
of the myocardium and used as the basis for thresholding measurements of infarct volume (LGE)
and hemorrhage/iron volume (T2*-weighted). Mean + 5 SD (275) and mean - 2 SD (64) thresholds
were used to segment infarct and hemorrhagic regions, respectively, as previously described.
Care was taken to exclude artifact-containing regions, particularly inferior myocardium on T2*-
weighted images that suffer from magnetic susceptibility artifacts at the heart-lung interface.
Hyper-enhanced regions on LGE that contain a hypo-enhanced core were contoured for
microvascular obstruction (MVO) measurement. Infarct volume is reported as the total hyper-
enhanced volume (including MVO volume) divided by the total myocardial volume. Similarly, T2*-
derived hemorrhage volume is reported as the total hypo-enhanced volume divided by total
myocardial volume. Hypo-enhanced region contours on T2*-weighted images were copied to T2*
maps for absolute T2* relaxation constant measurement. T2* values (ms) were derived as

weighted averages across three slices.

4.3.4 Statistical Analysis

All statistical analysis was performed in SPSS version 24 (IBM, Chicago, IL, USA). Data are reported
as mean + mean standard error (SEM) unless otherwise noted. Assumption of normality was
assessed using a Shapiro-Wilk test. For datasets that did not satisfy the assumption of normality,
a logarithmic transformation was applied, and normality reassessed. Variance homogeneity was
confirmed by performing single factor ANOVA on data residuals. Comparisons between 2 means
used a two-tailed student’s t-test. Analysis of change in parameters over time (e.g., change in
infarct size between day 3, 1 month, and 2 months) was performed via repeated measures

ANOVA. The assumption of sphericity was confirmed, and where violated a Greenhouse-Geisser
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correction was applied. For data that showed statistically significant differences over time, a
pairwise comparison was performed via post hoc analysis with Bonferroni adjustment to observe

specific differences between time points. Statistical significance was set to p < 0.05 for all results.

Results

In total 25 pigs were enrolled in the study, 6 animals deceased due to surgical complications and
3 additional animals were euthanized prior to the study endpoint. Finally, 16 farm pigs completed
the 2-month follow-up studies, 10 of which are included in the therapeutic hypothermia group
and 6 in the control group. However, 3 animals were excluded from final analysis due to
disruptions during the pericardial saline procedure — 2 animals had temperature recording
malfunctions, and 1 animal had pre-existing myocarditis preventing insertion of the pericardial
catheter. Therefore, the final group sizes for analysis were 8 animals in the hypothermia group

and 5 animals in the control group.
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* Surgical complications
* Fibrillation/arrythmias;
n=4
* Post-surgical mortality;
n=2
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| = Animal welfare concerns; n=2
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Figure 4.2: Study enrollment flow chart. 25 pigs were approved by IACUC and enrolled in the study, with 15 allocated to the
treatment (hypothermia) group and 10 in the control (normothermia) group. 6 animals deceased either during the surgical
procedure or shortly thereafter, with an additional 3 animals euthanized prior to the 1-month MRI due to abnormal or worrisome
condition/behavior. Finally, 16 female farm pigs completed the 2-month study and were available for analysis.

4.3.5 Therapeutic Hypothermia Does Not Affect Infarct Size

Infarct size was not different between hypothermia and control groups at any time point
(p>0.05). Infarct sizes within groups significantly decreased over time from day 3 to 1 month for
both hypothermia (p<0.01) and controls (p=0.02), day 3 to 2 months (p<0.01), and 1 month to 2
months (p<0.02). Representative cases from each time point for both groups are shown in Figure
4.4.

94



4.3.6 Therapeutic Hypothermia Has No Impact on Acute MVO

An acute microvascular damage consequence of I/R injury, MVO has been shown to be an
independent predictor of MACE and is used as a measure of treatment benefit but dissipates by
the chronic phase of MI. Therapeutic hypothermia did not have an effect on MVO on day 3 LGE
MRI, as both groups had statistically equivalent MVO volume (hypothermia: 3.21% + 0.79 vs.
control: 2.97% + 0.37, p=0.84). MVO was not observed in the 1-month or 2-month LGE images in

either group, as shown in Figure 4.3.

MVO - Day 3
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Figure 4.3: Microvascular obstruction (MVO) was not different between groups at day 3. MVO, observed as a hypointense core
within the infarct region, measured at day 3 MRI did not show significant differences between hypothermia group and controls.
Representative LGE images are shown.

4.3.7 Chronic Iron Deposition is Decreased in Hypothermia-Treated Animals

T2*-derived hemorrhage volume at day 3 was no different in the hypothermia group compared
with controls (4.61 + 1.69 vs. 4.88 + 1.67, p=0.91). At 1 month, the hypothermia group had

significantly decreased hemorrhage volume compared to controls (1.02 + 0.24 vs. 2.62 + 0.48,
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p=0.01). Similarly, the 2-month results show significantly decreased hemorrhage volume in
hypothermia group compared to controls (0.62 + 0.18 vs. 2.25 + 0.61, p=0.02). Repeated
measures ANOVA show that at 1 month, both hypothermia and control groups had significantly
decreased hemorrhage volume compared with day 3 (p=0.04, p=0.01, respectively). However,
while the hemorrhage volume at 2 months was significantly lower than day 3 in both groups
(p=0.02), 2-month hemorrhage volume was not different from 1-month in either group (p>0.05).

Results shown in Figure 4.6.

Hypothermia

Control

Figure 4.4: LGE and T2* map MRI at day 3, 1-month, and 2-months for representative cases in hypothermia and control groups.
At day 3, both groups had similar infarct sizes with microvascular obstruction present in the infarct core, with similar levels of
intramyocardial hemorrhage visible on T2* maps (hypointense regions in the infarct zone). At 1 month, both groups had similar
levels of infarct shrinkage, with hemorrhage volume reduction present to a significantly greater degree in the hypothermia group.
At 2 montbhs, infarct sizes remained equivalent, and the hypothermia group maintained a significantly reduced level of hemorrhage
volume compared with controls. The hypothermia group had significantly reduced myocardial temperatures compared with
controls (35.75 + 0.25 °Cvs. 38.04 + 0.34 °C, p<0.001) at the end of pericardial saline infusion.

Analysis of the change in hemorrhage volume between groups from day 3 to 1 month showed a
trend towards greater decreases in the hypothermia group (-66.57% + 10.38) compared to
controls (-46.62% * 4.74) but was not statistically significant (p=0.25). The change from day 3 to

2 months showed significantly greater decreases in the hypothermia group (-82.90% * 6.35)
96



compared to controls (-54.49% + 8.38, p=0.046). Hemorrhage volume changes between day 3

and 1 month and day 3 and 2 months are shown in Figure 4.5.

1 Month Hemorrhage Volume Change 2 Month Hemorrhage Volume Change
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Figure 4.5: Hypothermia-mediated resolution of iron deposition at 2 months post-MI. At 1-month post-MI, the reduction in
hemorrhage volume trended toward a greater decrease in the hypothermia group (-66.57 + 10.38%) vs. controls (-46.62 + 4.74%)
but did not reach significance. (p=0.25), largely due to an animal in the treatment group with small hemorrhage at day 3 that
remained similar at 1 month. Change in hemorrhage volume between day 3 and 2 months showed a significant reduction in the
hypothermia group (-82.90 + 6.35%) compared to the control group (-54.49 + 8.38, p=0.046).

Hemorrhage volume normalized by infarct size (IS) similarly showed no difference between
groups at day 3 (p=0.68). At 1 month, animals in the hypothermia group had significantly
decreased IS-normalized hemorrhage volume (7.72% + 16.2) compared to controls (19.62% *
2.79, p<0.01). Similarly, at 2 months, hypothermia-treated animals had significantly decreased
IS-normalized hemorrhage volume (7.20% + 1.86) compared to controls (29.41% + 6.14, p<0.01).

Results shown in Figure 4.6.

Absolute T2* values from T2* maps followed a similar trajectory, with no difference between
groups at day 3 (p=0.30) or 1 month (p=0.18). At 2 months, the hypothermia group had
significantly increased T2* values (i.e., decreased iron content) compared to controls (28.25 ms

+1.37 vs. 22.03 ms = 1.70, p=0.02). Repeated measures ANOVA showed no change in T2* values
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over time in the control group (p>0.05), whereas the hypothermia group had significantly
different T2* values at 2 months compared to both day 3 (p<0.01) and 1 month (p=0.02). Results

shown in Figure 4.6.

4.3.8 Ejection Fraction is Increased in Hypothermia-Treated Animals at 2 Months

Left ventricular ejection fraction (LVEF) at 3 days post-Ml in the hypothermia group (31.84% +

3.75) was not different from controls (35.56% +* 5.63, p=0.58). This statistical equivalence

2 LV Temperature Infarct Size Hemorrhage Volume
* 30 8
£
:G 38 ;\? 25 5 6
— 20 o
g ¥ 3 5 SR
2 % Qo < *§
s *
S 36 & 10 5 £z §
g = § IS 2
£ <] o
35 ] §§ £
K3 £ o0 o 0 § §
33 - DAY 3 1 MONTH 2 MONTH * DAY 3 1 MONTH 2 MONTH
Control Group Hypothermia Group —~e—Hypothermia Group ~ —e=Control Group —e—Hypothermia Group ~ —e—Control Group
T2* Values Hemorrhage/MlI Ejection Fraction
35 s “ % 50
@ 30 585 5 45 *
E g
g 25 S _ * X 40
= QO ¥ 20 -
T 20 =S &3
X1 BN g >
s £ n 30
10 I} 0 25
Day 3 1 Month 2 Months QEJ DAY 3 1 MONTH 2 MONTH DAY 3 1 MONTH 2 MONTH
T
—e—Hypothermia Group ~ =e—Control Group —e—Hypothermia Group  =e—Control Group —e—Hypothermia Group ~ =e—Control Group

Figure 4.6: MRI Results Over Time in Hypothermia vs. Control Animals.

A) Invasively measured myocardial temperature at the conclusion of pericardial saline infusion showed significantly reduced
temperature in the hypothermia group compared to controls. B) Infarct size was not different between hypothermia group and
controls at each time point. Repeated measures ANOVA showed a significant difference across time in both groups. C)
Hemorrhage volume was not different between groups at day 3 MRI but was significantly decreased in the hypothermia group
at both 1-month and 2-month time points. Repeated measures ANOVA showed the 1-month hemorrhage volume to be different
from day 3, while only the hypothermia group continued decreasing from 1-month to 2-months. D) Absolute T2* values
measured from T2* maps showed no difference between groups at day 3 or 1 month but was significantly increased (lower
iron content) in the hypothermia group at 2 months. Repeated measures ANOVA showed no change over time in the control
group, whereas the hypothermia group had significantly increased T2* values at 2 months relative to day 3 and 1 month,
though there was no difference between day 3 and 1 month. E) Hemorrhage volume normalized by infarct size showed no
difference at day 3 but was significantly decreased in the hypothermia group at both 1-month and 2-month time points,
compared with controls. Repeated measures ANOVA showed no significant differences across time for either group. F) Ejection
fraction was not different between groups at day 3 or 1 month, but at 2 months was significantly increased in the hypothermia
group compared with controls. Repeated measures ANOVA showed no significant changes across time in either group.

* Between groups p<0.05

§ Within groups change from acute p<0.05

$§ Within groups change from acute and between 1-2 months p<0.05

$§§ Within groups change between 1-3 and 2-3 months p<0.05
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continued at the 1-month MRI (37.67% + 3.71 vs. 33.85% + 4.45, respectively; p =0.52). However,

at 2 months, animals in the hypothermia group had significantly increased LVEF (42.78% + 1.86)

compared to controls (36.31% + 1.48, p=0.04). Repeated measures ANOVA showed no difference

in LVEF over time within groups (p>0.05). Results shown in Figure 4.6.

4.3.9 Therapeutic Hypothermia Improves Left Ventricular Remodeling

Sphericity index is a measure of the LV anatomical shape as a ratio of short axis to long axis length,

which tends to increase as the LV remodels in the post-MI setting. Analysis of the myocardial

sphericity showed a significantly lower sphericity index (i.e., improved remodeling) in the

hypothermia group (0.55 + 0.01) compared to controls (0.59 + 0.01, p=0.04), shown in Figure 4.7.
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Figure 4.7: Hypothermia mitigates diastolic LV dilatation. Sphericity index at 2 months, measured as the ratio of short axis to long
axis length at end-diastole, was significantly decreased in the hypothermia group compared with controls (0.55 + 0.01 vs. 0.59 *
0.01, p = 0.037). Representative images from 4-chamber cine MRI at end-diastole are shown.
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4.4 Discussion

Previous investigations of therapeutic hypothermia have had mixed results, with animal studies
showing significant protective effects of moderate hypothermia (170, 230, 318, 319) while
randomized clinical trials have been largely unsuccessful at reproducing positive results.
However, retrospective re-analysis correcting for delayed hypothermia induction in the COOL-MI
and ICE-IT trials, and pooled analysis of the RAPID-MI ICE and CHILL-MI trials segregating patients
with large myocardium-at-risk (MaR) have yielded positive findings showing that hypothermia
results in reduced acute infarct size (225, 325). These results should be interpreted with caution,
especially given that MaR has been shown to have confounding factors when assessed via T2-
weighted MRI in the presence of concurrent IMH. This particular aspect of Ml (i.e., IMH) has been
consistently overlooked in therapeutic hypothermia studies. Despite having been shown to be a
strong independent predictor of adverse events, prior studies failed to differentiate subjects
based on presence of IMH, instead focusing on infarct size as the primary outcome measure along
with the controversial use of MaR. While this may be understandable given that therapeutic
hypothermia in swine models and specific post-hoc analyses of clinical trials have elicited positive
benefits in terms of infarct size reduction, future investigations would benefit from broadening
their cardioprotective outcome scope to include effects on IMH. A recent review by El Farissi et
al. explored the current state of therapeutic hypothermia, providing a significantly positive
outlook for therapeutic hypothermia as an adjunctive treatment while falling short of considering
the potential benefits of hypothermia in terms of IMH (320). Therefore, this is the first study, to
our knowledge, to investigate the impact of therapeutic hypothermia on IMH in an animal model

of I/R injury.
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The significant cytotoxic effects of chronic iron deposition in multiple disease states have driven
the introduction of iron chelation therapies, which now serve as a mainline treatment option for
many patients. Reasonably, careful control of iron deposition is an important aspect to consider
in morbidities suffering from iron imbalance. Previous studies have shown the propensity for
chronic iron deposition in cases of hemorrhagic myocardial infarction, as well as the detrimental
effects on LV remodeling occurring in these subjects (88, 197, 323). Therefore, segregating
patients by presence of IMH would be an important step towards elucidating preferential
benefits conferred by therapeutic hypothermia. Towards that end, we investigated the specific
modulation of hemorrhage and subsequent chronic iron deposition by therapeutic hypothermia
and the resulting structural and functional changes in the left ventricle. Despite showing no
difference in infarct size throughout the 2-month study between groups, we showed specific
cardioprotective benefits in the hypothermia group including reduced chronic iron deposition,
lessened adverse structural remodeling, and improved ejection fraction. Of particular interest
relating to the varied clinical trial results, we showed significant differences in iron deposition
(T2*-weighted MRI), LV remodeling (sphericity index), and LV function (LVEF) at 2 months post-
Ml, while there were no statistically significant differences in T2* value or LVEF at 1-month post-
MI. These results indicate that the cardioprotective benefits conferred by therapeutic
hypothermia may not emerge in the acute or early chronic phase of Ml recovery. This is an
important finding given that many of the randomized clinical trial outcomes reported findings at
30-45 days post-MI (227, 232-235, 237), and as such may prematurely conclude a lack of benefit.
Additionally, the progression of Ml into the chronic phase in patients follows a longer timeframe,

typically 6 months post-Ml (326, 327), than that in a pig model which often uses 2 months post-
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Ml as the chronic endpoint (328, 329) , indicating that future trials in Ml patients would benefit
from lengthened endpoints in order to properly capture therapeutic benefits in the chronic
phase. One limitation of this study was the inability to characterize the chronic effects of TH on
resting myocardial perfusion, given that the significant reductions in iron observed in the
hypothermia-treated animals may have a positive impact on chronic perfusion. The infarcted
myocardium in the pigs studied experienced severe thinning, and as such we were unable to
reliably extract rest perfusion MRI data from these regions. This limitation could be overcome by
use of an alternative animal model that does not experience such severe infarct thinning, or by

direct investigation in a clinical study.

Our findings are particularly interesting in the context of optimal hypothermia initiation timing
within the window of I/R injury. Post-reperfusion hypothermia has had conflicting results in
previous studies. In a rat model, Shi et al. did not find therapeutic benefit of post-reperfusion
hypothermia. However, the pig model used in this study has been shown to produce beneficial
effects on autophagy and mitophagy pathways, as well as LVEF improvement assessed using
ultrasound. Animal model differences may play a factor in these discrepancies, though the
positive results from the pig model are more likely to translate clinically than small animal
models. Additionally, post-reperfusion hypothermia would be of significant interest in the case
of acute segmentation of Ml type into hemorrhagic vs. non-hemorrhagic, providing a differential
treatment option in more severe Ml cases when peri-surgical adjunctive therapy is not viable or
unavailable. While identification of IMH still requires MRI analysis, it is conceivable that a future

rapid screening test may be able to differentiate hemorrhagic Ml in the super-acute phase. In the
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absence of such a test, post-reperfusion hypothermia remains beneficial, particularly due to the

ease of clinical workflow implementation.

4.5 Conclusion

Therapeutic hypothermia initiated in the post-reperfusion window of myocardial I/R injury
confers cardioprotective effects that manifest in the chronic phase of MI. Our findings that infarct
size is not affected by post-reperfusion hypothermia agree with previous studies showing a lack
of benefit on acute infarct size when hypothermia is initiated after reperfusion. Despite this
seemingly negative outcome, we show beneficial effects of reduced iron deposition and
improved LV remodeling and function in the chronic stage through T2*-weighted and cine MRI.
The impact of therapeutic hypothermia on hemorrhage-derived chronic iron deposition has not
previously been investigated. Our study is the first to show the significantly impactful effects of
iron reduction though localized myocardial hypothermia, laying the groundwork for future
investigations developing the relationship between hypothermia, hemorrhage, LV function, and
adverse outcomes. Additionally, future clinical trials may be well-served by incorporating
expanded outcome measures such as iron deposition, as well as extending the longitudinal
timeframe to account for the potential delayed emergence of these hypothermia-mediated

effects.

103



Chapter 5: Summary and Future Directions

5.1 Summary

Myocardial infarction plays a significant role in the global burden of cardiovascular disease, which
has remained the primary cause of death despite advancements in scientific understanding and
treatment strategies over the last few decades. Microvascular dysfunction has become a leading
target for the next generation of therapies aiming to alleviate the negative outcomes associated
with ischemia reperfusion injury. Patients suffering from intramyocardial hemorrhage have the
worst outcomes in this patient population, and IMH has been identified as an independent
predictor of these outcomes. A key feature found in Ml burdened with IMH that persists through
the chronic phase of Ml is the deposition of intramyocardial iron. Given the potential toxicity of
iron and the precise control the human body naturally asserts over iron balance, this excess
deposition of iron is a critical target when considering treatment of Ml patients. There are no
existing clinical therapies for the treatment of IMH, with only 1 FDA-approved adjunctive therapy
indicated for ischemia reperfusion injury, signifying the need for additional development of

therapies in this area.

This dissertation investigated the impact of IMH on the physiological characteristics and function
of the left ventricle during chronic MI, while applying 2 different therapeutic strategies for
mitigating the excess deposition of intramyocardial iron. To accomplish this, a study
encompassing the full range of molecular, animal, and clinical data was designed to investigate
the microvascular environment in chronic Ml laden with iron deposits in relation to defects in

resting perfusion and iron content. Cardiac MRI serial studies enabled the overarching analysis
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of MI parameters and guidance of therapeutic efficacy. The major contributions from this work
laid out in Chapter 2 are that T2*-weighted MRI can detect chronic rest perfusion defects in
hemorrhagic Ml and that microvascular dysfunction associated with hemorrhagic Ml involves
upregulation of nitric oxide synthases and angiogenic growth factors (i.e., eNOS, VEGF). Further,
2 large animal studies were undertaken to investigate the effects of two therapies for chronic
iron in the myocardium and the resulting impact on LV function. First, a canine model of I/R injury
in which the animals were treated with the iron chelator, DFP, was used to determine the effect
of chronic iron on myocardial perfusion and function, which was described in Chapter 3. The
major contributions of Chapter 3 are that chronic rest perfusion defects in animals with
hemorrhagic Ml can be recovered when treated with DFP, and termination of DFP leads to
reappearance of perfusion defects. Second, a swine model of I/R injury in which the animals
received therapeutic hypothermia via pericardial perfusion was used to investigate the chronic
impacts of TH on hemorrhagic MI. The major contributions of this study, described in Chapter 4,
are that post-reperfusion hypothermia has a significantly beneficial effect on chronic iron
deposition assessed via T2*-weighted MRI, and hypothermia-treated animals had significantly

improved LV function that emerged in the chronic phase.

5.2 Effect of Iron Chelation Therapy on the Impact of Iron Deposition on Chronic Resting

Myocardial Perfusion in Hemorrhagic Myocardial Infarction

This comprehensive study characterized the differences in chronic resting perfusion between
hemorrhagic and non-hemorrhagic infarcts in both patients and canines, adding protein

expression analysis to further develop understanding of the vascular microenvironment in
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chronic MI. A mechanistic pathway was developed from the protein expression insights gained
from western blotting, histology, and immunohistochemistry experiments. This laid out a
potential vehicle through which iron negatively affects perfusion in the coronary microvessels in

chronic hemorrhagic MI.

Secondly, a large animal study was conducted to examine the effects of Deferiprone (DFP), an
iron chelator that has shown high efficacy in removing intramyocardial iron, on LV remodeling
and function in a canine model of chronic MI. The highly insightful findings of this study showed
that regional resting myocardial perfusion may be recovered in hemorrhagic subjects treated
with DFP, alleviating the differential chronic perfusion defects observed in hemorrhagic subjects
with chronic iron deposition. Additionally, the study showed that termination of the DFP therapy
at 8 weeks post-Ml resulted in re-emergence of the resting perfusion defects in hemorrhagic
animals at 6 months. Finally, while no difference in LVEF was present, the study identified a
potential benefit in LV remodeling in DFP-treated animals, showing a significantly decreased end-
diastolic mass at 6 months. This finding should be interpreted with caution, however, as the acute
MRI studies also showed a strong trend toward reduced end-diastolic mass in the DFP group. This
could either indicate a positive benefit from the DFP therapy or could simply be a result of
inherent anatomical differences between animals in the groups. Further studies would be

required to strengthen these conclusions in terms of the impact of DFP therapy on LV remodeling.

The results of these studies have identified potential targets for therapies to limit the adverse
effects of IMH and provided strong evidence for the efficacy of iron chelation using DFP.
Extensions of this work could identify additional therapeutic options, for example a combination

therapy targeting both iron and nitric oxide to ensure vasodilatory balance is restored in the
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microvasculature. Further, additionally studies are warranted to investigate the iron chelation
regimen itself, optimizing the dosage, timeframe, and adding additional iron chelators as has
been studied in iron balance disorders such as thalassemia. Lastly, translation of DFP therapy for
hemorrhagic MI patients into clinical trials will be an important step in bringing this

transformative therapy into clinical practice.

5.3 Localized Therapeutic Hypothermia as Adjunctive Therapy for Mitigating Chronic Iron

Deposition and Improved Chronic LV Function in Hemorrhagic Myocardial Infarction

The therapeutic hypothermia (TH) study in a swine model of Ml is the first to show the potential
for TH to positively effect chronic iron deposition in animals with hemorrhagic Mls. Though
previous randomized clinical trials have had mixed results, significant potential remains for this
promising therapy in the treatment of Ml and I/R injury. Using a recently developed method of
localized TH via post-reperfusion pericardial saline infusion, the study identified a significant
reduction in chronic iron deposition at 2 months in hypothermia-treated animals, while showing
no differences in infarct size at any time point and no differences in T2* values (iron content) at
either day 3 or 1 month. The implications of these results are extensive. First, this is the first study
to show the efficacy of TH to reduce iron deposition in chronic MI. Second, the dynamic
development of both iron deposition and LV function (LVEF) over the 2-month study exemplifies
the importance of serially following patients in TH studies into the chronic phase to fully capture
the beneficial impact. Lastly, the study identifies beneficial effects of TH in the absence of infarct
size reductions using a post-reperfusion model of hypothermia, allowing existing clinical

workflows that aim to minimize door-to-balloon time to remain unchanged.
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The future directions for TH as an adjunctive therapy in Ml patients include further optimizing
the hypothermia protocol and the potential to combine this treatment with other promising
therapies. It is clear from the randomized clinical trials that a uniform therapeutic strategy in TH
has not yet been established, with varying target temperatures, durations of hypothermia, and
methods of application. Additionally, the primary endpoints in these studies differ and frequently
are set at 30 days post-MlI, which may not allow full maturation of the LV remodeling process.
There is a need for comparative investigations that evaluate these optimization parameters to
begin working toward a more uniform, optimized TH protocol. Further studies are also warranted
that investigate the impact of TH, induced prior to or at the time of reperfusion, on IMH and
chronic iron deposition and LV remodeling. Early initiation of hypothermia has been associated
with improved outcomes in terms of infarct size and adverse events in certain studies and
subgroup analyses, but it remains to be seen how this will impact the progression of chroniciron

deposition in hemorrhagic infarcts.

Several of the clinical studies discussed in this dissertation evaluated efficacy based on a
measurement of area-at-risk (AAR) using T2-weighted MRI, which has been shown to be
confounded by the presence of hemorrhage and may not accurately depict the true AAR.
Therefore, future studies of TH would be well-served by including a T2*-weighted and T2*
mapping MRI sequence during follow-up imaging to identify and track the progression of iron

deposition.

Another potentially interesting extension of this work would be the combination of TH with other
promising therapeutic options, such as iron chelation or a nitric oxide-targeted therapy.

Therapeutic hypothermia already embodies a multi-faceted approach given its distinct effects on
108



the vasculature, but a combination therapy may serve as the future gold standard in Ml

treatment due to the complex cascade of events that induce reperfusion injury.

The hypothermia induction method used in this study required a complex surgical procedure
involving sub-xiphoid puncture and fluoroscopically guided insertion of a catheter into the
pericardial space. This procedure did not require specialized equipment and therefore made it
easier to implement, however, the passive method used to induce hypothermia may not be
appropriate for the clinical setting. Given the existence of FDA-approved intravascular
hypothermia devices such as the InnerCool RTX (Zoll Medical, MA, USA), it is likely that future TH
studies will continue to use existing machines, which can also provide dynamic and precise
control over myocardial temperature. Similarly, surface cooling devices such as the InnerCool STX
(Zoll Medical, MA, USA) may prove to be a lower barrier of entry method that can be applied on
a wider scale, although without the same ability to isolate the hypothermic effect to the

myocardium.

Additionally, based on the results of this study, it seems logical to hypothesize that TH may have
a preferential benefit in Ml patients with IMH. If this turns out to be the case, then TH may find
efficacious use as a hemorrhage-specific treatment option. The main obstacle for this use-case
would be the early identification of hemorrhage, which currently requires an MRI exam.
However, having proven to be a safe therapeutic option, another potential scenario for future
studies would be the application of TH to all Ml patients as is currently done, followed by
segregating the patient population into those with hemorrhage and those without with the

intention to isolate beneficial effects in the hemorrhagic subpopulation.
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