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Chapter 4: assessment of the impact of MVO on regional LV wall characteristics and local remodeling. First, we find that both the presence and the transmural extent of MVO have significant impact on LV wall characteristics. Second, we observe distinct remodeling patterns in patients with and without MVO. In patients without MVO, LV cavity shrinks, to a similar extent in infarcted and non-infarcted myocardial region. In those without MVO, LV cavity dilates in both infarcted and non-infarcted area, and tends to dilate more in myocardium containing MVO. This finding provides us new perspectives in studying LV remodeling.
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In PART III, we will give a general conclusion of the work accomplished and point out new directions for the future.

The thesis was carried out in the laboratory IADI (Imagerie Adaptative Diagnostique et Interventionnelle).

My contribution to the studies was to take part in designing the studies, post-processing MRI images, analyzing and interpreting all data, and writing the manuscripts.

I. INTRODUCTION I.1. The heart

This chapter is intended to give a brief introduction of the structure of the heart that ensures its pump function: the four chambers, the myocardium, and coronary arteries that nourish the myocardium.

The heart is located in the thoracic cavity medial to the lungs and posterior to the sternum. Its base is attached to great vessels: the aorta, pulmonary arteries and veins, and the vena cava, and the inferior tip of the heart, known as the apex, rests just superior to the diaphragm. It contains four chambers: the right atrium (RA), the left atrium (LA), the right ventricle (RV), and the left ventricle (LV) (Figure 1). The four chamber contracts sequentially at a regular rhythm (60~100 beats per minute), pumping blood into various arteries of the human body. The pumping function is ensured by the myocardium. Significant injuries to the myocardium (e.g., myocardial infarction) will cause cardiac dysfunction.

The myocardium consists of both myocytes and nonmyocytes (5). Myocytes representing 67~80% of total myocardial volume. Nonmyocytes include vascular endothelial cells, immune cells, and fibroblasts; fibroblasts that produce extracellular matrix, accounts for 90% to 95% of nonmyocyte cell mass. All these components appear to be involved in the response to myocardial injury or stress (7). The healthy myocardium is artificially divided into three fluid compartments: intravascular (~10% of tissue volume), interstitial (~15%), and intracellular (~75%) (6).

Meanwhile, as a circulatory pump, the heart receives its own nutrients from the blood supply of coronary arteries that arises at aorta root: the right coronary artery (RCA) and the left coronary artery (LCA). The latter one divides into two branches, the left anterior descending artery (LAD) and the circumflex artery (LCX) (Figure 2). Any coronary artery disorder that causes inadequate blood supply may result in myocardial ischemia, or even necrosis. Infarcted myocardium has impaired contractile activity, leading to cardiac dysfunction. In severe cases, the heart may then progress towards heart failure. Left ventricular ejection fraction (EF) is a clinical measure of cardiac systolic performance. Significantly reduced EF (<35% or 30%) is related to patient mortality, thus is often used as a major criterion to select candidates for prophylactic implantable cardioverter defibrillator (ICD) therapy to prevent sudden cardiac death (SCD) (8)(9)(10). 

I.2. Myocardial infarction

In this chapter, we will present several important aspects of myocardial infarction: the pathophysiology, reperfusion injury and infarct healing.

Myocardial infarction (MI) is the most common cause of death in the western world. In France alone, there are 100 000 cases per year and the mortality rate during the first year is in the order of 10%; it increases approximately by 5% per year thereafter 1 .

I.2.1 Pathophysiology

The most common cause of MI is rupture of an atherosclerotic plaque with formation of a thrombus leading to occlusion of a coronary artery (1). Sudden occlusion of a coronary artery shifts aerobic or mitochondrial metabolism to anaerobic glycolysis within seconds, and produces a dramatic disruption in cell homeostasis (12). Reimer and Jennings (13,14) showed in dogs that cell death evolves gradually over time with a "wave front" extending from the endocardium toward the epicardium, 6 hours being required to complete the wave front. The status of collateral blood flow may influence infarct development (15). For instance, infarcts develop slower in dogs than in pigs because dogs have more abundant collateralization. Final infarct size is therefore related to three main factors: the size of the region subjected to ischemia, i.e., the area at risk (AAR), the reperfusion delay after ischemia onset, and collateral blood supply.

Although infarct development is less well studied in human, the notion "time is muscle" is also applicable. Earlier reperfusion can salvage more myocardium at risk (16,17).

Infarct size is a major determinant of patient outcome (18)(19)(20), thus, reduction of infarct size is the ultimate goal of reperfusion therapies. Of the reperfusion techniques, percutaneous coronary intervention (PCI) is superior to thrombolysis (21). Early reperfusion by primary PCI within 12 hours after symptom onset is recommended (class of recommendation: I; level of evidence: A) (22,23). According to infarct size, 1 Recommandations de la société française de cardiologie concernant la prise en charge de l'infarctus du myocarde après la phase aiguë, 2001 infarcts are usually classified as microscopic (focal necrosis), small (<10% of the LV), medium (10% to 30% of the LV) or large (>30% of the LV) (24).

I.2.2 Reperfusion injury

Although reperfusion is critical to limit infarct size, the process by itself can induce lethal damage termed "reperfusion injury", reducing the absolute effect of reperfusion therapy. The reperfusion injury is mediated by multiple factors: oxidative stress, intracellular calcium overload, inflammation, altered pH and myocardial metabolism. Lethal reperfusion injury can account up to 50% of the final infarct size (25). Hence, the final infarct size is the result of both ischemic and reperfusion injury (26) (Figure 3). During the past decades, many adjunctive cardioprotective strategies have been developed to reduce reperfusion injury, including pharmacologic attempts (e.g., anti-inflammation agents), post-and preconditioning, etc. Although their efficacy is still inconclusive, the ischemic post-and preconditioning is generally considered to be beneficial in cardioprotection in both animals and in humans (15,25). In the future, developing a joint strategy that targets at multiple pathways of the reperfusion injury may be helpful. Besides lethal reperfusion that causes additional myocyte death, there are three other manifestations of reperfusion injury: myocardial stunning, no-reflow, and reperfusion arrhythmias (25). Here, we will focus on the first two phenomena.

I.2.2.1. Myocardial stunning

The term "myocardial stunning" describes "mechanical dysfunction that persists after reperfusion despite the absence of irreversible damage and despite restoration of normal or near-normal coronary flow", that is the myocardium can return to normal function via revascularization (27). Experiments in a pig model (28) revealed that myocardial stunning resulted from increased interfilament lattice distance due to edema presence, and the severity of myocardial stunning primarily depends on the ischemia duration (29). In human study, acute dysfunction recovered after prompt reperfusion, accompanying with the regression of myocardial edema (30). Repetitive episodes of stunning (i.e., myocardial ischemia) will lead to development of hibernating myocardium which represents a more severe form of myocardial stunning and thus less likely to recover function after revascularization (31). Various imaging techniques can be used to distinguish stunned or hibernating myocardium from scar tissue, including echocardiography and MRI under stress or using contrast enhanced protocols, and nuclear medicine. Patients who present a substantial amount of potentially reversible myocardium will benefit more from revascularization.

Figure 3. Ischemic and reperfusion injury. When a coronary artery is occluded, myocardial tissue becomes ischemic (blue rectangle), and death spreads exponentially. If the vessel is not reperfused using fibrinolytics or PCI, the final size of the infarct will be the LV area supplied by the coronary artery (blue line). If reperfusion occurs in a reasonable time, the infarct size is reduced (pink line). However, if reperfusion occurs together with cardioprotection to reduce reperfusion injury (pink shading), the infarct size is further attenuated (red line).

Ref. (26) 

I.2.2.2. No-reflow phenomenon

No-reflow phenomenon refers to the impedance of microvascular blood flow despite restoration of the patency of infarct-related coronary artery (32). It is first described in dogs by Kloner et al. (33) in 1974. It is caused by multiple factors that obstruct the microcirculation, involving endothelial cellular swelling and protrusions, myocyte swelling and tissue edema, vasospasm and downstream embolization of plaque and thrombus in the microvasculature (34) (Figure 4). Thus, it is also termed microvascular obstruction (MVO). The existence of no-reflow tells us that restoration of epicardial artery patency does not necessarily indicate adequate perfusion at the tissue level. The new concept of reperfusion therefore has shifted to "open epicardial artery and open microvascular hypothesis" (35). No-reflow or MVO is an ominous sign, being associated with poor prognosis (36). The assessment of MVO using cardiac MRI and its prognostic value will be discussed in chapter 4. 

I.2.3 Infarct healing

Myocardial infarction per se is not a definitive status after acute insult. It heals over time, replacing acute necrosis by firming fibrotic scar tissue. As stated in one joint consensus (37), "the term MI in a pathologic context should be preceded by the words "acute, healing or healed." An acute or evolving infarction is characterized by the presence of polymorphonuclear leukocytes....The presence of mononuclear cells and fibroblasts and the absence of polymorphonuclear leukocytes characterize a healing infarction. A healed infarction is manifested as scar tissue without cellular infiltration.

The entire process leading to a healed infarction usually requires five to six weeks or more. Furthermore, reperfusion alters the gross and microscopic appearance of the necrotic zone by producing myocytes with contraction bands and large quantities of extravagated erythrocytes." This statement is based on an autopsy examination of 192 patients died of myocardial infarction (38). The time scale for infarct healing stages are loosely defined as follows: acute (6 h to 7 days); healing (7 to 28 days), healed (29 days or more). Notably, the speed of myocardial infarct healing may be variable depending on infarct severity, collateral supply, and treatment protocol, etc.

Currently, cardiac MRI harvests growing interests in assessment of MI (6,39,40), including myocardial viability, perfusion, tissue characterization, no-reflow, and myocardial function.

Summary of Chapter 2

 Myocardial infarction is a common cause of mortality and disability.

 Coronary occlusion is usually caused by atherosclerotic plaque rupture.

 After ischemia, myocardial cell death propagates as a "wavefront" from the endocardium to the epicardium.

 Final infarct size is determined by multiple factors: reperfusion delay, area at risk, collateral blood flow, and lethal reperfusion injury.

 Myocardial stunning and no-reflow or microvascular obstruction are clinical manifestations of reperfusion injury.

 Pre-and post-conditioning seems promising to reduce reperfusion injury.  Myocardial infarcts heal over time, replacing acute loose necrosis and inflammation by firming fibrotic scar which takes about five to six weeks.

I.3. Post-infarction left ventricular remodeling

In this chapter, we will talk about post-infarction LV remodeling from the following aspects: the mechanisms, time course of evolution, and clinical importance.

LV remodeling refers to alterations in ventricular architecture in response to myocardial injury and wall stress. Clinically, post-infarction remodeling manifests as progressive ventricular dilation with an ultimate geometry change from ellipsoid to spheroid, along with infarct scar thinning and eccentric hypertrophy (2).

I.3.1. Mechanisms

The left ventricle remodels progressively following an acute MI. Multiple pathological processes are involved, at the molecular, cellular and interstitial level (5,[START_REF] Sutton | Left Ventricular Remodeling After Myocardial Infarction Pathophysiology and Therapy[END_REF][START_REF] French | Mechanisms of Post-Infarct Left Ventricular Remodeling[END_REF][START_REF] Gajarsa | Left ventricular remodeling in the post-infarction heart: a review of cellular, molecular mechanisms, and therapeutic modalities[END_REF]. Among them, the role of neurohormones and myocardial extracellular matrix have received extra attention [START_REF] Fertin | Usefulness of circulating biomarkers for the prediction of left ventricular remodeling after myocardial infarction[END_REF]. For example, aldosterone is an adrenal hormone that regulates plasma sodium and potassium concentrations. It can activate the renin-angiotensin-aldosterone system (RAAS) and induce myocardial fibrosis by stimulating collagen synthesis, participating in LV remodeling development [START_REF] Iraqi | Extracellular cardiac matrix biomarkers in patients with acute myocardial infarction complicated by left ventricular dysfunction and heart failure: insights from the Eplerenone Post-Acute Myocardial Infarction Heart Failure Efficacy and Survival Study (EPHESUS) study[END_REF].

Pharmaceutic agents targeting at the RAAS pathway, including angiotensin converting enzyme inhibitors (ACEIs), angiotensin II receptor blockers (ARBs), and aldosterone antagonists, constitute the routine management of post-infarction patients (22,23). For another instance, the breakdown of the homeostasis of extracellular collagen matrix (ECCM) contribute to LV remodeling. The imbalance between the matrix metalloproteinases (MMPs) that degrade ECCM and their respective endogeneous tissue inhibitors (TIMPs) can lead to adverse remodeling (5,[START_REF] Gajarsa | Left ventricular remodeling in the post-infarction heart: a review of cellular, molecular mechanisms, and therapeutic modalities[END_REF].

I.3.2. Temporal evolution

LV remodeling starts within hours after acute MI, and evolves over time with infarct healing. The early-stage remodeling is mainly associated with infarct expansion [START_REF] Hutchins | Infarct expansion versus extension: two different complications of acute myocardial infarction[END_REF][START_REF] Eaton | Expansion of acute myocardial infarction: its relationship to infarct morphology in a canine model[END_REF][START_REF] Warren | Time course of left ventricular dilation after myocardial infarction: influence of infarct-related artery and success of coronary thrombolysis[END_REF]. It is characterized by acute regional dilation and thinning within the infarct area in the absence of additional necrosis. The primary cause is the rearrangement of myocyte bundles (i.e., side-to-side slippage of myocytes) [START_REF] Weisman | Cellular mechanisms of myocardial infarct expansion[END_REF]. Acute infarct thinning and regional dilation lead to significant increases in wall stresses [START_REF] Olivetti | Side-to-side slippage of myocytes participates in ventricular wall remodeling acutely after myocardial infarction in rats[END_REF], which in turn causes further LV dilation. Late ventricular dilation is predominantly driven by myocyte hypertrophy to offset the increased wall stress. In sheeps, a disproportionate cellular hypertrophy and cell lengthening has been observed in the adjacent non-infarcted region at 8 weeks post-infarction [START_REF] Kramer | Regional myocyte hypertrophy parallels regional myocardial dysfunction during post-infarct remodeling[END_REF]. In pigs, the circumferential length of non-infarcted region increased from day 3 to day 36 after AMI [START_REF] Mitchell | Left ventricular remodeling in the year after first anterior myocardial infarction: a quantitative analysis of contractile segment lengths and ventricular shape[END_REF][START_REF] Springeling | Evolution of reperfusion post-infarction ventricular remodeling: New MRI insights[END_REF]. The ventricular dilation, which is compensatory at first, i.e., helping to restore cardiac index and stroke index, may eventually develop into heart failure (HF) in severe cases [START_REF] Gaudron | Progressive left ventricular dysfunction and remodeling after myocardial infarction. Potential mechanisms and early predictors[END_REF].

Adverse remodeling, defined as an increase of LV end-diastolic volume (EDV) greater than 20%, occurred in up to 30% patients at 6 months after MI; and it was associated with long-term outcome [START_REF] Bolognese | Left ventricular remodeling after primary coronary angioplasty: patterns of left ventricular dilation and long-term prognostic implications[END_REF]. Figure 5 summarizes the two paradigms pertinent to LV remodeling.

I.3.3. Clinical importance

In clinical trials of heart failure designed to evaluate treatment efficacy, LV remodeling is often used as a surrogate endpoint of mortality, because it is a key element in the clinical course of heart failure development (2,3,[START_REF] Konstam | Left Ventricular Remodeling in Heart Failure: Current Concepts in Clinical Significance and Assessment[END_REF]. LV remodeling is associated with reduced survival [START_REF] Pfeffer | Ventricular enlargement and reduced survival after myocardial infarction[END_REF][START_REF] White | Left ventricular end-systolic volume as the major determinant of survival after recovery from myocardial infarction[END_REF][START_REF] St John Sutton | Quantitative two-dimensional echocardiographic measurements are major predictors of adverse cardiovascular events after acute myocardial infarction. The protective effects of captopril[END_REF][START_REF] Wong | Severity of left ventricular remodeling defines outcomes and response to therapy in heart failure: Valsartan heart failure trial (Val-HeFT) echocardiographic data[END_REF], therapies that can attenuate it thus improve clinical outcome [START_REF] St John Sutton | Quantitative two-dimensional echocardiographic measurements are major predictors of adverse cardiovascular events after acute myocardial infarction. The protective effects of captopril[END_REF]. The use of surrogate endpoints will benefit from a smaller sample size and a shorter trial duration compared to the use of true endpoint such as death (4). 

Summary of Chapter 3

 LV remodeling refers to structural and functional alterations in response to myocardial injury or mechanical load changes, multiple factors being involved at the molecular, cellular, and interstitial level.

 Early-stage remodeling after an acute MI is characterized by the dilation and wall thinning within the infarct area ("infarct expansion") due to myocyte slippage. Late-stage remodeling is characterized by eccentric hypertrophy in non-infarcted myocardium in order to reduce increased wall stress and maintain cardiac output. Decompensation may eventually occur in large infarcts, leading to heart failure.

 LV remodeling reflects the progression of heart failure, thus, is often used as a credible surrogate endpoint in heart failure trials.

I.4. Utilization of cardiac MRI in post-MI LV remodeling

In this chapter, we will talk about the utilization of MRI in the setting of myocardial infarction. First, we will present some basic concepts regarding cardiac MRI. Second, we will introduce commonly used CMR sequences in the assessment of MI. Third, we will provide the literature review about the utility of cardiac MRI in characterizing myocardial infarcts and in the prediction of LV remodeling.

Cardiac MRI has the unique ability to assess MI and LV remodeling. It can provide a thorough analysis at a single exam [START_REF] Pennell | Clinical indications for cardiovascular magnetic resonance (CMR): Consensus Panel report[END_REF]: cine imaging, to assess ventricular size, morphology and function; contrast enhancement imaging, to quantify myocardial infarct size and the extent of microvasculature injury; and T2 imaging, to evaluate the area at risk. Emerging techniques such as parametric imaging (T1,T2 mapping) and diffusion imaging may provide more fine information on myocardial architecture (6).

Thus, cardiac MRI is nowadays the gold standard imaging modality for post-MI assessments. Its increasing use in clinical routine helps clinicians to establish accurate diagnosis, risk stratification, therapeutic decision making, and monitoring therapeutic efficacy. Infarct size as well as no-reflow assessed by MRI is revealed strong predictors for LV remodeling [START_REF] Lund | Prediction of left ventricular remodeling and analysis of infarct resorption in patients with reperfused myocardial infarcts by using contrast-enhanced MR imaging[END_REF][START_REF] Weir | Microvascular obstruction remains a portent of adverse remodeling in optimally treated patients with left ventricular systolic dysfunction after acute myocardial infarction[END_REF][START_REF] Lombardo | Impact of microvascular obstruction and infarct size on left ventricular remodeling in reperfused myocardial infarction: a contrast-enhanced cardiac magnetic resonance imaging study[END_REF][START_REF] Springeling | Late cardiac remodeling after primary percutaneous coronary intervention-five-year cardiac magnetic resonance imaging follow-up[END_REF].

I.4.1. Basic concepts of cardiac MRI

I.4.1.1. T1 and T2 relaxation

MRI has the unique ability to generate intrinsic contrast between different soft tissues. T1 relaxation, T2 relaxation and proton density are intrinsic tissue properties that determine the native image contrast in MRI. The time it takes for longitudinal magnetization (Mz) to increase from zero to 63% of its initial maximum value (M0) is known as T1 (Figure 6). The time required for transverse magnetization (Mxy) to decrease to 37% of its initial value is known as T2 (Figure 7). Direct measurements of tissue T1 and T2 values (i.e., T1 and T2 mapping) can be used to detect diseased state of tissues. Besides, we can enhance image contrast to be weighted toward T1 (T1-weighted imaging, T1WI) or T2 (T2-weighted imaging, T2WI) by modifying the lengths of repetition time (TR) and echo time (TE). Usually, short TR and short TE results in T1-weighted contrast whereas long TR and long TE produce T2-weighted contrast. Image contrast can also be modified by exogenous materials, namely contrast agents. For example, gadolinium chelates are often used in scar imaging. Myocardial scar appears brighter than normal myocardium when T1-weighted pulse sequences are used because of significantly reduced T1 value in scar region by accumulated gadolinium. 

I.4.1.2. Synchronization in cardiac MRI

Cardiac MRI is challenged by cardiac and respiratory motion. Synchronization with electrocardiogram (ECG) and respiratory gating or breath-holding techniques are commonly used to overcome motion artifacts. ECG gating can be performed in two ways: "prospective gating" (or ECG triggering) and "retrospective gating" (Figure 8) [START_REF] Ridgway | Cardiovascular magnetic resonance physics for clinicians: part I[END_REF]. With "prospective gating", data acquisition is triggered by the "R" wave of an ECG, and then a fixed number of phases are acquired. The temporal resolution is approximately 30 msec, depending on the heart rate and number of phases defined. This approach requires a pre-estimation of the RR interval for the patient being imaged and only 80~90% of the average RR interval should be covered by the acquisition window to compensate physiologic variations. This technique thus causes diastolic information 

I.4.1.3. Cardiac imaging planes and LV segmentation model

Functional and anatomic evaluation of cardiac cavities requires multiple oblique planes along the axes of the heart itself (Figure 9). Vertical long-axis (VLA) view (or 2-chamber view) is used to evaluate the relationship between LA and LV. Horizontal long axis (HLA) view (or 4-chamber view) bisects all four cardiac chambers, providing assessment of chamber size, valve position. Short-axis view allows assessment of LV size, configuration and myocardial segments according to coronary artery territories.

The American Heart Association (AHA) proposed a 17-segment model in 2002 for regional assessment of left ventricle, in order to achieve a consensus by using different cardiac imaging modalities, including coronary angiography, echocardiography, single-photon emission computed tomography (SPECT), positron emission tomography (PET), cardiac MRI, and cardiac computed tomography (CT) [START_REF] Cerqueira | Standardized myocardial segmentation and nomenclature for tomographic imaging of the heart. A statement for healthcare professionals from the Cardiac Imaging Committee of the Council on Clinical Cardiology of the American Heart Association[END_REF]. In this model, the LV is divided into three portions: basal (tips of the mitral valve leaflets), mid-cavity (papillary muscles), and apical (beyond papillary muscles but before cavity ends) (Figure 10a). The resulting distribution of myocardial mass for the basal, mid-cavity, and apical thirds of the heart are 35%, 35%, and 30%, which is close to autopsy data [START_REF] Edwards | Standardized nomenclature and anatomic basis for regional tomographic analysis of the heart[END_REF]. Meanwhile, individual myocardial segments have been assigned to the three major coronary arteries (RCA, LAD, and LCX) (Figure 10b). Cine MRI is most commonly performed in the short-axis view to calculate ejection fraction (EF), LV volumes and wall motion abnormalities. Using a segmented approach, data is acquired over 10-15 heart beats (~10 seconds) to build up 20-30 images throughout the cardiac cycle at each imaging slice, usually during breath hold.

Ten to fifteen imaging slices are normally prescribed to cover the entire LV at a typical slice thickness of 8 mm (Figure 11). Cine MRI has shown excellent reproducibility for LV volumetric assessment [START_REF] Grothues | Comparison of interstudy reproducibility of cardiovascular magnetic resonance with two-dimensional echocardiography in normal subjects and in patients with heart failure or left ventricular hypertrophy[END_REF][START_REF] Semelka | Normal left ventricular dimensions and function: interstudy reproducibility of measurements with cine MR imaging[END_REF][START_REF] Semelka | Interstudy reproducibility of dimensional and functional measurements between cine magnetic resonance studies in the morphologically abnormal left ventricle[END_REF]. Unlike two-dimensional echocardiography, the measurement on cine MRI is independent of geometrical assumption. Alternatively, LV volume can be measured from long-axis views using bi-plane area-length method [START_REF] Huttin | Assessment of Left Ventricular Ejection Fraction Calculation on Long-axis Views From Cardiac Magnetic Resonance Imaging in Patients With Acute Myocardial Infarction[END_REF], which takes less time for LV contour delineation.

Regional wall motion abnormality independently predict patient mortality after myocardial infarction [START_REF] Møller | Wall motion score index and ejection fraction for risk stratification after acute myocardial infarction[END_REF]. It can be assessed either by visual interpretation or by measuring wall thickening on 17-segment model [START_REF] Schulz-Menger | Standardized image interpretation and post processing in cardiovascular magnetic resonance: Society for Cardiovascular Magnetic Resonance (SCMR) Board of Trustees Task Force on Standardized Post Processing[END_REF]. Visually, wall motion is usually categorized on a five-point scale: hyperkinetic, normokinetic, hypokinetic, akinetic, and dyskinetic. Quantitatively, wall thickening is often used to assess wall motion, with the centerline method being used [START_REF] Van Rugge | Quantitation of global and regional left ventricular function by cine magnetic resonance imaging during dobutamine stress in normal human subjects[END_REF]. Segments with systolic wall thickening below 45% is considered as dysfunctional [START_REF] Baks | Effects of primary angioplasty for acute myocardial infarction on early and late infarct size and left ventricular wall characteristics[END_REF]. Regional function of LV are inversely related to infarct transmuraltiy (79-81) (Figure 12). In addition, tagging MRI is also used to assess regional function. Myocardial strain can be obtained in each myocardial layer, offering detailed information about myocardial mechanic deformation (30,[START_REF] Zerhouni | Human heart: tagging with MR imaging--a method for noninvasive assessment of myocardial motion[END_REF][START_REF] Kidambi | The effect of microvascular obstruction and intramyocardial hemorrhage on contractile recovery in reperfused myocardial infarction: insights from cardiovascular magnetic resonance[END_REF]. More recently, several studies have used cine SSFP imaging to detect edema, infarct and microvascular obstruction in AMI [START_REF] Wuest | Determining microvascular obstruction and infarct size with steady-state free precession imaging cardiac MRI[END_REF][START_REF] Kumar | CMR imaging of edema in myocardial infarction using cine balanced steady-state free precession[END_REF]. This could be an alternative for edema imaging and contrast-enhanced imaging. Its prognostic value, however, remains to be defined in studies with longitudinal follow-up.

I.4.2.2. T2-weighted imaging, T2WI

Recently, T2-weighted imaging is used to depict AAR of acute MI [START_REF] Mirakhur | T2-weighted imaging of the heart--a pictorial review[END_REF] because it is sensitive to myocardial edema [START_REF] Abdel-Aty | Edema as a very early marker for acute myocardial ischemia: a cardiovascular magnetic resonance study[END_REF][START_REF] García-Dorado | Analysis of myocardial oedema by magnetic resonance imaging early after coronary artery occlusion with or without reperfusion[END_REF]. The amount of salvageable myocardium can be obtained when subtracting infarct size from the AAR [START_REF] Friedrich | The salvaged area at risk in reperfused acute myocardial infarction as visualized by cardiovascular magnetic resonance[END_REF], which is comparable to that measured by SPECT [START_REF] Hadamitzky | The assessment of area at risk and myocardial salvage after coronary revascularization in acute myocardial infarction: comparison between CMR and SPECT[END_REF]. Myocardial salvage index (MSI), intending to normalize myocardial salvage over the perfusion bed of different sizes, is often used: MSI = (AAR minus infarct size)/AAR. It possesses strong prognostic value and is a useful imaging biomarker to test new reperfusion therapies (16,20,[START_REF] Masci | Myocardial salvage by CMR correlates with LV remodeling and early ST-segment resolution in acute myocardial infarction[END_REF][START_REF] Eitel | Long-term prognostic value of myocardial salvage assessed by cardiovascular magnetic resonance in acute reperfused myocardial infarction[END_REF]. However, MSI value may vary depending on the measurement time frame after acute MI since edema gradually diminishes [START_REF] Eitel | T2-weighted cardiovascular magnetic resonance in acute cardiac disease[END_REF].

Although T2WI is useful in detecting myocardial edema, the technique per se is challenged by a set of problems [START_REF] Mirakhur | T2-weighted imaging of the heart--a pictorial review[END_REF][START_REF] Arai | Using magnetic resonance imaging to characterize recent myocardial injury: utility in acute coronary syndrome and other clinical scenarios[END_REF]: (1) sensitive to motion artifacts and surface coil intensity variation; (2) subject to a low contrast between normal and affected myocardium; (3) bright signal artifact from stagnant blood flow, a problem probably encountered in patients with depressed LV function; (4) image interpretation variability may be caused due to insufficient signal-to-noise ratio (SNR).

Furthermore, the appropriateness of using T2WI to delineate myocardial edema in acute MI is still debated [START_REF] Croisille | Controversies in cardiovascular MR imaging: T2-weighted imaging should not be used to delineate the area at risk in ischemic myocardial injury[END_REF]. First, robust validation experiments that compare T2WI against the true pathology are lacking. Second, apparent T2 findings are contradictory to physiologic basis. For instance, a homogeneously bright AAR is always reported using T2WI. Theoretically, however, the signal would have been heterogeneous because edema is not evenly present within the AAR: more edema in infarcted than in salvageable myocardium, thus the infarct area should appear brighter. Recently, Kim et al. [START_REF] Kim | Relationship of T2-Weighted MRI Myocardial Hyperintensity and the Ischemic Area-At-Risk[END_REF] found that T2-weighted MRI closely represented infarcted regions rather than the area at risk. T1 and T2 mapping seems promising alternative techniques to delineate the AAR [START_REF] Langhans | Reproducibility of area at risk assessment in acute myocardial infarction by T1-and T2-mapping sequences in cardiac magnetic resonance imaging in comparison to Tc99m-sestamibi SPECT[END_REF][START_REF] Giri | T2 quantification for improved detection of myocardial edema[END_REF][START_REF] Verhaert | Direct T2 quantification of myocardial edema in acute ischemic injury[END_REF]. Langhans et al. [START_REF] Langhans | Reproducibility of area at risk assessment in acute myocardial infarction by T1-and T2-mapping sequences in cardiac magnetic resonance imaging in comparison to Tc99m-sestamibi SPECT[END_REF] measured AAR in 14 acute MI patients using SPECT as reference technique. They found that at 1.5T T2 mapping (T2 threshold at 60 msec) showed the closest correlation with SPECT, intermediate with T1 mapping (T1 threshold at 1075 msec), and worst with T2WI which underestimated the AAR by 30%. [START_REF] Verhaert | Direct T2 quantification of myocardial edema in acute ischemic injury[END_REF] Hence, the utility of T2WI for the assessment of edema (or area at risk) and for measuring myocardial salvage are still debated. On one hand, work is needed to reduce technical disadvantages with T2WI and to clarify its true pathophysiological significance. On the other hand, more efforts should be made to validate the appropriateness of T1 and T2 mapping in detecting myocardial edema post-infarction.

I.4.2.3. Late gadolinium-enhancement, LGE

LGE technique is routinely performed to assess myocardial viability. The presence of viability is associated with greater benefits of revascularization in chronic MI (100).

LGE imaging is performed using T1-weighted GRE sequences after intravenous injection of gadolinium-based contrast agents. It has been extensively validated in animals (101) and in humans (102, 103). The technique is premised on a combination of increased gadolinium concentration and delayed washout in infarcted area compared to viable myocardium (104, 105). Normally, gadolinium diffuses only into extracellular space. In acute MI, the loss of cellular membrane integrity allows gadolinium to enter into the intracellular space, leading to increased gadolinium in regions of acute infarcts as well as delayed clearance (wash-out) due to decreased capillary density (106, 107).

In chronic MI, discrete collagen fibre meshwork and loss of cellularity in scar region retains gadolinium (108) (Figure 14, 15). When T1-weighted sequence is applied after a delay of 10-30 minutes following contrast injection, MI regions that contain more gadolinium show hyperenhancement due to significantly shortened T1, namely late enhancement. The identification of MI depends on regional signal differences between normal and affected myocardial tissue. The in-plane resolution of LGE images is typically 1.4×1.4mm, which yields 5 to 10 pixels within LV wall, making it superior to SPECT technique in detecting subendocardial infarcts (102, 103). However, imaging time delay after contrast agent administration and the dose of contrast may influence the accuracy of LGE imaging (109-113).

Clinically, the transmural extent of late enhancement is usually assessed at a five-point scale: 0=0%, 1=1-25%, 2=26-50%, 3=51-75%, 4=76-100% [START_REF] Schulz-Menger | Standardized image interpretation and post processing in cardiovascular magnetic resonance: Society for Cardiovascular Magnetic Resonance (SCMR) Board of Trustees Task Force on Standardized Post Processing[END_REF]. Segments with LGE transmural extent greater than 75% are considered nonviable because they have little likelihood to improve function at follow-up (114).

In addition to hyperenhancement pattern, a central hypoenhancement (dark zone) is frequently found in acute MI, namely no-reflow or microvascular obstruction, MVO (104, 105) (Figure 16). It is caused by reduced wash-in of gadolinium within that region due to severely injured microvasculature (Figure 17) and often occurs in transmural infarcts. The presence of MVO is associated with poor prognosis (115).

Regionally, it is related to impaired function and late wall thinning [START_REF] Baks | Effects of primary angioplasty for acute myocardial infarction on early and late infarct size and left ventricular wall characteristics[END_REF]116). LGE image reconstruction: magnitude vs. phase-sensitive. In LGE imaging, inversion-recovery (IR) sequences are employed to suppress the signal from normal myocardium, with the purpose to enhance the contrast between the infarct and viable myocardium (117). The time point at which the IR pulse is applied is called inversion time (TI). In magnitude reconstruction, signal intensity depends only on the magnitude of a tissue's longitudinal magnetization, not its polarity. The selection of TI may potentially influence the size of the infarct (117) (Figure 18). A "TI scouting" method is often used to estimate TI value. TI at 1.5T (260~340 msec) is shorter than at 3T (320~430 msec) (118). The sensitivity to the choice of TI may be overcome by reconstructing the data using phase-sensitive inversion-recovery (PSIR) technique (Figure 19). It preserves tissue polarities as they recover from the initial 180°-inversion pulse. Infarct tissue with more negative longitudinal magnetization always appear darker than viable myocardium. Good contrast can be produced over a broad range of TI values, thus it avoids the need to define precisely the TI value that matches its zero-crossing point. Hence, it is less sensitive to changes in tissue TI with increasing delay after contrast injection during acquisition (119). Example images correspond to acquiring images earlier than the null time for normal myocardium. The solid lines with double arrows depict the contrast between infarcted and normal myocardium. A better contrast can be seen using phase-sensitive technique. Ref. (119) LGE imaging in other diseases. LGE imaging is also used in detecting other cardiac diseases such as acute myocarditis and non-ischemic cardiomyopathies (dilated, hypertrophic or infiltrative) (120). Myocardial enhancement patterns for them are different from that of M (Figure 20). In acute myocarditis, the enhancement usually involves the lateral, inferolateral or inferior wall with a midwall to subepicardial distribution; a "pearl necklace" appearance is often observed in young male patients. In patients with non-ischemic cardiomyopathy, the typical sign is midwall enhancement, which may be diffuse. LGE imaging, however, has inherent disadvantages in detecting diffuse myocardial fibrosis of various etiologies. T1 mapping, which allows direct measurement of intrinsic T1 of the examined myocardium, is a useful tool in this field (121). Both pre-and post-contrast T1 mapping are currently used. The former measures myocardial native T1. Areas of diffuse fibrosis have greater T1 values (by about 10~20%) than that of normal myocardium which is approximately 1000 msec with a field strength of 1.5T. On post-contrast T1 maps, diffuse fibrosis shows lower T1 values than normal tissue. Besides, the extracellular volume (ECV) can be generated by the coregistration of native and post-contrast T1 imaging (Figure 21). ECV can reflect subtle changes occurring in extracellular space of myocardium, providing particular interests in exploring sub-clinical myocardial pathology (122), and the quantification of ECV can predict patient mortality (123). To summarize, LGE imaging is a well-established method to depict myocardial infarcts and microvascular obstruction. Technical advances, such as the utilization of phase-sensitive inversion-recovery has improved its diagnostic performance. LGE imaging has limited ability to detect diffuse fibrosis. The emerging technique, T1 mapping, seems to be more appropriate in this domain. It can be used in three ways: native T1 mapping, post-contrast T1 mapping, and the mapping of tissue extracellular volume. As it is capable of detecting subtle changes occurring in myocardium, it may be used as an early imaging biomarker for patient diagnosis and risk stratification.

Summary of Chapter 4 (I)

 MR imaging is based on abundant hydrogen proton ( 1 H) in the body. T1 and T2 relaxation times are intrinsic tissue properties that generate native contrast between different soft tissues.

 Unlike in stationary organs, in cardiac MRI, ECG synchronization is required to avoid cardiac motion, either prospective or retrospective gating.

 Cine imaging using steady-state free precession GRE sequences is an accurate tool for the assessment of LV volume, function, and wall motion because of high spatial (1.5×1.5×8mm) and temporal resolution (~30msec).

 T2-weighted imaging is used to detect myocardial edema thus to depict the area at risk in acute MI. The technique per se is still challenged by a set of technical problems such as low contrast, motion susceptibility, and mimicking artifact from stagnant blood flow . Besides, its appropriateness for edema detection is still questioned due to lack of valid experiments. Despite promising results from T1 and T2 mapping; data, however, is still scarce.

 Late gadolinium enhancement using T1-weighted inversion-recovery GRE sequences is well validated in delineating local myocardial infarcts. The conspicuity of infarct area can be improved by reconstructing images using phase-sensitive inversion-recovery technique. However, it has inherent disadvantages in detecting diffuse myocardial fibrosis from non-ischemic cardiomyopathies. T1 mapping that allows direct measurement of T1 value in each image pixel within the examined myocardium can be useful in this field.

I.4.3. Cardiac MRI findings and prognostic significance

I.4.3.1. Prognostic significance of infarct size

Many studies have revealed that infarct size measured by late gadolinium enhancement is directly associated with subsequent dysfunction and adverse remodeling of the LV, and significantly predicts patient outcome (16,19,20,[START_REF] Lund | Prediction of left ventricular remodeling and analysis of infarct resorption in patients with reperfused myocardial infarcts by using contrast-enhanced MR imaging[END_REF](124)(125)(126)) (summarized in Table 1). Lund et al. [START_REF] Lund | Prediction of left ventricular remodeling and analysis of infarct resorption in patients with reperfused myocardial infarcts by using contrast-enhanced MR imaging[END_REF] showed that the risk for LV adverse remodeling (i.e., relative increase in LV EDV≥20%) increased 2.8-fold with each 10% increase in infarct size. Infarct size≥24% of LV accurately identified patients with adverse remodeling (sensitivity: 92%, specificity: 93%). Larose et al. (20) showed in 103 STEMI patients that infarct size assessed within 12 hours after primary PCI was the strongest predictor of 6-month LV dysfunction and 2-year MACE. Infarct size greater than 23% of LV accurately predicted 6-month LV dysfunction (sensitivity: 89%, specificity: 74%). Wu et al. (19) and Roes et al. (126) showed that infarct size was a stronger predictor of future events than measures of LV ejection fraction (EF) because infarct size is independent of LV stunning and loading. The amount of transmural infarcts may provide additional value to infarct size in predicting LV remodeling (124, 125). Moreover, infarct transmural extent determines regional contractile function. Engblom et al. (81) demonstrated an inverse relationship between infarct transmural extent and segmental wall thickening, and the greater the transmural extent at day 1, the later the recovery of wall thickening. In brief, infarct size by LGE-MRI is a major determinant of patient outcome. Notably, previous studies are monocentric with a limited sample size, and the study protocol, the prediction model and the endpoints used vary from one to another. This will make the comparison among studies quite difficult. In the future, larger-sample and multi-centric studies are still required. Taken together, LGE imaging should be preferred to assess MVO after acute MI. showing hypointense signal. To date, the best approach for IMH assessment and its clinical role beyond MVO has not been established. As a downstream consequence of MVO, IMH seems to have more consistent predictive value for adverse outcomes than MVO (16,163,165). Moreover, the fact that IMH evolves after MVO suggests that hemorrhage could be preventable by interventions designed to preserve microvascular integrity given before or after reperfusion. In the future, larger and multicenter studies are still necessary to clarify these issues. Exhaustive studies of IMH are reviewed previously (36,39,166).

In this thesis, we studied the effect of MVO on LV global remodeling at six months after AMI along with other infarct characteristics. The work will be presented in Part II: Chapter 3. In addition, we studied the impact of MVO on regional wall characteristics and local LV remodeling, which is incompletely known now. This work will be presented in Part II: Chapter 4. 

I.5. Synopsis of REMI study

In this chapter, we will provide an overview of the project that we were working for this thesis, with the focus on cardiac MRI protocol.

I.5.1. Objectives

The REMI (relation between aldosterone and cardiac Remodeling after Myocardial Infarction) is a prospective monocentric study sponsored by CHRU Nancy.

The project was registred at ClinicalTrials. Gov2 . As its name suggests, the primary goal of this trial was to determine if serum aldosterone predicted the occurrence of left ventricular remodeling in the six months following ST-segment elevation myocardial infarction (STEMI); if yes, through which mechanisms.

I.5.2. Patient inclusion

Consecutive patients presenting with a first acute ST-segment elevation myocardial infarction (STEMI) and undergoing a primary PCI were included. The acute STEMI was defined with the following criteria: ( 

II.1. Standardization of methods for LGE quantification

In this chapter, we compared three commonly used methods for LGE quantification in the settings of acute and chronic myocardial infarction. They were manual delineation and two semiautomated techniques based on global thresholding algorithms: n-standard deviation (n-SD) and full-width at half-maximum (FWHM).

Cardiac MRI by LGE can accurately and reproducibly define myocardial infarcts.

Clinical trials using LGE-derived infarct size as a surrogate endpoint benefit a significantly reduced sample size (167). Prior to all, a reliable method to quantify LGE is strongly required. To date, no consensus has been made on the optimal one. In literature, we note that three methods have been used in a vast majority of clinical researches: manual, n-SD, and FWHM. The latter two are thresholding methods which are based on the distribution of myocardial signal intensity, with manual annotation of remote healthy myocardium or infarct region as reference. Though time saving with semiautomated techniques compared to manual delineation, n-SD and FWHM are sensitive to image quality, and the n-SD method suffers additionally from surface coil intensity variation (168). Meanwhile, the best thresholds that should be used with n-SD and FWHM methods have not been definitively established. To date, validation studies are still limited and controversial, and are confined to small studies.

We compared the three methods (i.e., reproducibility of three methods and definition of optimal thresholds with n-SD and FWHM) in a much larger population by taking into account infarct age as well as infarct heterogeneity, and analyzed images judged as either good-quality or suboptimal as to reflect the real world. The selection of an appropriate method to quantify LGE consists of the prerequisite for the reliability of our subsequent studies. Résultats : Les tailles moyennes des infarctus par la méthode manuelle étaient 39.0%/24.4% (TIS/CIS) pour le groupe en phase aiguë et 29.7%/17.3% pour celui en phase chronique. Les seuils optimaux (permettant d'obtenir la valeur la plus proche de la méthode manuelle) étaient FWHM30%/3SD pour la mesure de la TIS et FWHM45%/6SD pour CIS (p>0.05). La meilleure reproductibilité a été obtenue par la méthode FWHM. Pour la mesure de TIS dans le groupe aiguë, accords intra-/interobservateur étaient -0.02±7.74%/-0.74±5.52%, 0.31±9.78%/2.96±16.62% et -2.12±8.86%/0.18±16.12 avec FWHM30%, 3SD et manuelle, respectivement ; dans le groupe chronique, les valeurs correspondants étaient 0.23±3.5%/-2.28±15.06, -0.29±10.46%/3.12±13.06% and 1.68±6.52%/-2.88±9.62%, respectivement. Une tendance similaire pour la reproductibilité a été observée pour la mesure de CIS.
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Cependant, les écarts restaient importants (de 24 à 46% de variabilités) entre la délimitation manuelle et les deux méthodes semi-automatiques.

Conclusion :

FWHM s'est avérée la méthode la plus reproductible pour la mesure de la taille de l'infarctus à la fois en phase aiguë et chronique. Toutefois, FWHM et n-SD ont démontré une précision limitée par rapport à la méthode manuelle. Lin ZHANG, MD, 1,2 Olivier HUTTIN, MD, 3 Pierre-Yves MARIE, MD, PhD, 2,4,5 Jacques FELBLINGER, PhD, 1,2,5,6 Marine BEAUMONT, PhD, 1,6 Christian DE CHILLOU, MD, PhD, 1,2,3 Nicolas GIRERD, MD, PhD, 2,3,7 and Damien MANDRY, MD, PhD 1,2,5 * Purpose: To compare three widely used methods for myocardial infarct (MI) sizing on late gadolinium-enhanced (LGE) magnetic resonance (MR) images: manual delineation and two semiautomated techniques (full-width at half-maximum [FWHM] and n-standard deviation [SD]). Materials and Methods: 3T phase-sensitive inversion-recovery (PSIR) LGE images of 114 patients after an acute MI (2-4 days and 6 months) were analyzed by two independent observers to determine both total and core infarct sizes (TIS/ CIS). Manual delineation served as the reference for determination of optimal thresholds for semiautomated methods after thresholding at multiple values. Reproducibility and accuracy were expressed as overall bias 6 95% limits of agreement.

Results: Mean infarct sizes by manual methods were 39.0%/24.4% for the acute MI group (TIS/CIS) and 29.7%/17.3% for the chronic MI group. The optimal thresholds (ie, providing the closest mean value to the manual method) were FWHM30% and 3SD for the TIS measurement and FWHM45% and 6SD for the CIS measurement (paired t-test; all P > 0.05). The best reproducibility was obtained using FWHM. For TIS measurement in the acute MI group, intra-/interobserver agreements, from Bland-Altman analysis, with FWHM30%, 3SD, and manual were -0.02 6 7.74%/-0.74 6 5.52%, 0.31 6 9.78%/2.96 6 16.62% and -2.12 6 8.86%/0.18 6 16.12, respectively; in the chronic MI group, the corresponding values were 0.23 6 3.5%/-2.28 6 15.06, -0.29 6 10.46%/3.12 6 13.06% and 1.68 6 6.52%/-2.88 6 9.62%, respectively. A similar trend for reproducibility was obtained for CIS measurement. However, semiautomated methods produced inconsistent results (variabilities of 24-46%) compared to manual delineation.

Conclusion:

The FWHM technique was the most reproducible method for infarct sizing both in acute and chronic MI. However, both FWHM and n-SD methods showed limited accuracy compared to manual delineation.
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L ate gadolinium-enhanced (LGE) magnetic resonance imaging (MRI) is a well-established tool used for the assessment of acute and chronic myocardial infarction (MI). 1-3 Indeed, the clinical relevance of infarct size has been extensively studied. Larger infarcts indicate adverse left ventricular (LV) remodeling 4-7 and poor long-term outcomes. 8,9 Clinical trials using LGE infarct size as a surrogate endpoint may benefit from a substantially reduced sample size. 10 Several methods have been proposed to measure infarct size with LGE images. The utilization of manual delineation is widespread but is time-consuming (20 min) 11 and lacks reproducibility. 12-14 Two semiautomated methods based on thresholding have been introduced that are intended to be more objective. The two methods are known as n-SD (standard deviation) and FWHM (full-width at half-maximum). Landmark experiments in a canine MI model 1,2 demonstrated that thresholding at 2 or 3SD above the mean signal intensity (SI) from normal myocardium could accurately depict the infarct area compared to postmortem histology. Although applied in several clinical studies, 5,15-17 higher cutoffs such as 5 or 6SD have been suggested to be more appropriate. 18-20 The reproducibility of the n-SD method has also been questioned. 12,14,21 The alternative method, FWHM, uses percentages of the maximal intensity within the hyperenhanced region to define the infarct. 12 FWHM is believed to be more reproducible, as it is less susceptible to surface coil signal intensity variation. Regarding the optimal threshold with FWHM, conflicting data exist in animal studies 12,21 ; clinically, a threshold of 35% is often used for LGE quantification. 22,23 However, the previous studies that validate semiautomated methods are confined to small populations.

Therefore, we performed a much broader study to analyze the reproducibility of the manual, FWHM, and n-SD techniques and to assess the accuracy of FWHM and n-SD when using the manual technique as the reference method.

Materials and Methods

Study Population

In total, 142 patients from a monocentric prospective study (REMI, cardiac REmodeling after Myocardial Infarction; Clinical-Trials.gov Identifier: NCT01109225) were analyzed. Two cardiac MRIs were prescribed for each patient after ST-segment elevation myocardial infarction (STEMI): one MRI within 2-4 days (acute MI) and another MRI at 6 months (chronic MI). The STEMI was defined by a combination of typical chest pain, characteristic changes in electrocardiograph readings, and a significant rise of cardiac injury biomarkers. All patients received successful primary percutaneous coronary intervention (PCI) and medical therapy. The protocol was approved by the local ethics committee, and each participant signed an informed consent document.

Cardiac MRI

Imaging was performed on a 3.0T MR scanner (Signal HDxt, GE Healthcare, Milwaukee, WI) with an 8-channel phased-array cardiac coil. As part of a thorough cardiac MRI protocol, LGE images were obtained using a phase-sensitive inversion-recovery (PSIR)prepared gradient recalled echo sequence, during breath-hold and electrocardiogram (ECG) gating. Acquisition was performed 10-15 minutes after the administration of a contrast agent (0.1 mmol/kg of body weight of gadoteric acid, Dotarem, Guerbet, Aulnay-sous-Bois, France). A stack of 6 to 9 short-axis slices was obtained to cover the entire left ventricle from base to apex. The parameters were as follows: TR/TE, 4.7/2.1 msec; flip angle, 208; field of view, 350 mm; matrix, 256 3 256; and thickness 8.0 mm with an interslice gap (0-6.5 mm). The inversion time was adjusted to null healthy myocardium (TI range: 250-350 msec), and the surface coil intensity correction (SCIC) algorithm was used.

MRI Analysis

All images were reviewed and analyzed offline using MASS research software (V2013 EXP, Leiden University Medical Center, the Netherlands). The image quality was graded using a 4-point scale: 1 5 good, 2 5 intermediate, 3 5 poor, and 4 5 nondiagnostic; the latter group was excluded from further analysis, as were images from patients with no LGE. Endocardial and epicardial contours of the LV were traced manually on each slice by the consensus of two observers (D.M., L.Z.) who had no knowledge of the clinical data; the papillary muscles were included into the LV cavity. These segmented datasets were utilized for all subsequent analyses. Then the manual and semiautomated delineations of the infarct were performed by the two observers, who had 12 (D.M.) and 3 years (L.Z.) of experience in cardiac MRI, and who were blinded to each other's results. The latter repeated the analysis 2 months later to assess intraobserver variability.

For the manual delineation, after carefully adjusting the image contrast window, the overall hyperenhanced area on each slice was delineated to obtain the total infarct. The infarct core was then defined as the brighter part of it. When present, the microvascular obstruction (MVO) was added to the core area. Meanwhile, a region of interest (ROI low) was placed on each slice in the remote myocardium (in a different coronary territory from the infarct) without LGE. Another region encompassing the hyperenhanced area was drawn (ROI high).

Semiautomated techniques (FWHM and n-SD) with a range of threshold values were tested to define the optimal threshold for each method compared to the manual results (Fig. 1).

In the FWHM algorithm, hyperenhanced areas were defined as pixels with an SI above a percentage of the maximal myocardial SI from ROI high, that is, FWn% (in our case, FW 5 A1B where A 5 0, and B 5 maximal intensity from ROI high). A range of thresholds were tested, from 20% to 50% with an increment of 5%.

The n-SD method was based on the SI from the remote normal myocardium. The hyperenhanced area was defined by summing the pixels with an intensity measurement greater than n times standard deviation (SD) (eg, n 5 1, 2, 3. . .) of the mean SI from ROI low. Multiple SDs (from 1 to 9 SDs) were assessed.

The total infarct size (TIS) and core infarct size (CIS) were expressed as a percentage of the LV mass (%).

Statistical Analysis

All data were analyzed using R statistics (R3.1.3). First, a pairedsample t-test was performed to determine the optimal thresholds with each semiautomated method for TIS and CIS measurements, using the manual results from the more experienced observer as the reference. Comparisons of more than two groups were made, if necessary, using Tukey's method. Second, the reproducibility of all three of the methods and the consistency between semiautomated methods and manual delineation were analyzed. To this end, Bland-Altman plots were performed, with overall bias 6 95% limits of agreement reported. Additionally, the percentage of variability (%variability, expressed as the absolute difference between two measurements divided by the mean value) as well as intraclass correlation coefficients (ICCs) were calculated. Statistical significance was considered for a two-tailed P value 0.05.

Results

Population

In the current study, patients who underwent only one MRI (21), who had nondiagnostic LGE images (3), or who had images that did not show LGE (4) were excluded. Therefore, two LGE datasets from each of 114 patients were analyzed.

The 114 patients were 56.5 6 10.3 years old, and 96 were male (84.2%). The culprit vessel was the LAD in 59 cases (52%), the RCA in 41 (36%) and the LCX in 14 (12%).

Image Quality Assessment

For the acute MI and chronic MI groups, respectively, the image quality was judged as good in 68 (60%) and 82 (72%) cases, intermediate in 31 (27%) and 29 (25%) cases, and poor in 15 (13%) and 3 (3%) cases.

Determination of Optimal Thresholds With n-SD and FWHM Methods

As illustrated in Fig. 2, the infarct size varied greatly according to the methods used and to the threshold settings. With the manual method, in the acute MI group, the TIS and CIS were 39.0 6 13.5% and 24.4 6 11.5%, respectively; in the chronic MI group, the corresponding values were sig-nificantly lower than in the acute MI group, 29.7 6 11.7% and 17.3 6 8.8% (P < 0.0001 for both comparisons).

Compared to the manual reference, the semiautomated methods produced similar mean infarct size measurements using the criteria of FWHM30% and 3SD for TIS and FWHM45% and 6SD for CIS. In the acute MI group, TIS measured by FWHM30%, 3SD, and manual were 40.2 6 19.8%, 38.5 6 12.4%, and 40.0 6 13.5%, respectively (P > 0.05 for each comparison with the manual results); the CIS measured by FWHM45%, 6SD, and manual were 26.2 6 13.3%, 22.8 6 11.3%, and 24.4 6 11.5%, respectively (P > 0.05). In the chronic MI group, TIS measured by FWHM30%, 3SD, and manual were 33.7 6 18.6%, 30.2 6 11.9%, and 29.7 6 11.7%, respectively (P > 0.05); the CIS measured by FWHM45%, 6SD, and manual were 19.4 6 10.7%, 15.8 6 10.0%, and 17.3 6 8.8%, respectively (P > 0.05).

Reproducibility of Manual, FWHM, and n-SD Methods

Bland-Altman plots are shown (Figs. 3456), and the overall results are summarized in Table 1.

INTRAOBSERVER VARIABILITY: ACUTE MI GROUP 1

CHRONIC MI GROUP. In the acute MI group, a better intraobserver agreement was achieved with the FWHM technique for both the TIS (bias 6 95% limits of agreement: -0.02 6 7.44%; %variability: 2.4%) and CIS (0.76 6 9.84%; 5.4%) measurements, whereas the n-SD and manual methods showed almost equal variability. Additionally, in the chronic MI group, the FWHM technique had the smallest intraobserver variability whereas n-SD had the least reproducibility. For example, the percentage variability was 20.6% with 6SD for CIS measurement (Table 1). variabilities were -0.74 6 5.52% and -0.95 6 6.22% in the TIS and CIS measurements, respectively. The percentage of variability was greatly reduced within the FWHM results compared to the other two methods.

Accuracy of FWHM and n-SD Methods: Comparison to Manual Results

The comparison results are detailed in Table 2. Bland-Altman plots are provided in the Supplemental Material.

Although they achieved similar mean infarct size measurements using optimal thresholds, remarkable discrepancies were found between the two semiautomated methods and the manual reference. With the FWHM and n-SD techniques, the mean differences were more than 30% and 24%, respectively. The ICCs between the semiautomated methods and the manual method were below 0.7, thus, statistically unacceptable. 19 

Discussion

LGE MRI has been established as the standard technique for the assessment of myocardial infarction. Although visual assessment remains sufficient for most clinical applications, a more objective quantification would be better suited for research purposes. 20 Currently, manual planimetry, FWHM, and n-SD are the three widely used methods. However, no consensus has been reached. In the current study we observed that infarct size varied significantly with the methods and threshold settings, emphasizing the importance of method standardization to allow for interstudy comparisons. We determined that the optimal thresholds could be FWHM30% and 3SD as well as FWHM45% and 6SD for total infarct and core infarct measurement, respectively, in both acute and chronic MI settings; these findings suggest that the infarct age is irrelevant. We also confirmed that the FWHM technique was the most reproducible technique. However, both the FWHM and n-SD methods showed large discrepancies from manual delineation.

Amado et al first validated the FWHM technique in a canine MI model. 12 FWHM was shown to be highly reproducible, with a minimal interobserver bias (-0.1% of LV). However, compared to postmortem data, an overestimation (4.1 6 1.1% of LV) of the infarct size on LGE images was still observed. Another animal study, using a porcine MI model, 21 demonstrated that the percentage of 70%, rather than the primitive notion of "half-maximum," was most consistent with autopsy results. Both experiments were limited to acute MI only. In clinical studies of ischemic cardiomyopathy (ie, at the chronic stage), the cutoffs of 35% and 50% were empirically used for total infarct and core infarct quantification, respectively. 22,23 In a recent study, Flett et al 19 obtained similar LGE volume measurements by the manual and FWHM methods, adhering to the 50% threshold, in acute MI, chronic MI, and hypertrophic cardiomyopathy. However, inconsistent data were reported in another study of 28 acute MI patients, which showed a significant underestimation of LGE mass (15% lower than manual delineation) by the FWHM method. 24 Our study was designed to validate the FWHM technique in a clinical setting by testing a large range (from 20% to 50% with an increment of 5%) of threshold values at both acute and chronic stages of MI. Our work refines those previous results and identifies the optimal thresholds of 30% for total infarct assessment and 45% for the denser infarct core.

Regarding the n-SD method, our data provided the threshold 3SD for total LGE quantification and 6SD for the LGE core. The obvious discrepancy in LGE quantification between the n-SD method and the manual method suggests that great caution should be used, especially in cases with poor image quality, when applying this method, and visual verification should be performed. Both animal studies 12,21 and clinical research 18,19,24 have shown that thresholding at 2SD could cause considerable overestimation. In our study, this overestimation was up to 33% in acute MI and 53% in chronic MI. A previous study of 15 patients with chronic ischemic heart disease 18 suggested 5SD for LGE quantification; the same threshold was confirmed for acute LGE measurement. 24 In another study, 19 6SD was recommended in the case of AMI and 5SD or 6SD in CMI.

Recently, the threshold of 5SD has been recommended by the SCMR (Society for Cardiovascular Magnetic Resonance) task force aiming to standardize cardiac MR image postprocessing in research. 20 However, broader validation (multicenter, multivendor, and image quality) is still necessary because the algorithms may be case-sensitive. Indeed, discrepancies between our findings and previous studies may arise for several reasons: 1) we conducted a much larger study (>100 patients); 2) our study is more reflective of real-life because we included suboptimal LGE images, and the two semiautomated methods fail more frequently with these images than with good-quality images; 3) we accounted for LGE heterogeneity, which has been largely explored as a substrate for lethal ventricular arrhythmias in chronic MI, 16,22,23 because we defined the optimal thresholds for both total LGE (TIS) and LGE core (CIS) quantification; and 4) our images were acquired on a 3T MR scanner in contrast to the 1.5T scanner utilized in previous studies.

In our study and in previous studies, 12,19 the FWHM technique was shown to be more reproducible than the n- The FCM and 2SD provided highest correlations with cardiac injury biomarkers as well as function
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LGE measured at 6SD best predicted myocardial viability SD and manual methods. As reproducibility is a key determinant of necessary sample size, 10 using the FWHM, the required sample size for future studies could be reduced by up to one-half. 19 The algorithm itself could explain its high reproducibility because it is based solely on the maximum intensity within the hyperenhanced area, it is less susceptible to surface coil intensity variation, and it is less observerdependent. Once the hyperenhanced region boundary is correctly contoured, the maximum SI should be computed.

In contrast, the n-SD method is based on the signal from a remote normal myocardial region, and computed values of the mean and SD can vary with the position and size of the selected ROI. As previously shown, 21 significant differences could be caused by selecting ROIs in the anterior septum or in the inferior septum. Indeed, considerable intra-and interobserver variability was observed in our study by using this method, even greater than with manual planimetry.

In general, the FWHM algorithm works well, provided that a bright core exists. It has limited robustness in rare clinical presentations of homogeneous gray or multiple patchy infarcts. 10,19 In our study a gray infarct was found in 13 (11.4%) cases at the acute phase and in 7 (6%) cases at 6 months. When it did occur, the n-SD method was also prone to errors (Fig. 7). In conclusion, image quality and infarct appearance are key determinants for applying global thresholding algorithms based on image intensities.

Several other methods have also been suggested to overcome the limitations of these two main techniques. For instance, Hsu et al 13,14 proposed a novel algorithm called the automated feature analysis and combined thresholding (FACT) algorithm, which uses feature analysis to eliminate false-positive bright artifacts and dark areas of MVO as well as other confounding factors; FACT performed well in both animal validation 13 and clinical extrapolation. 14 Other attempts have been made with fuzzy c-means clustering, 25-27 in which voxels are automatically assigned to the normal or infarcted class according to their membership degree and an arbitrary choice of ROI is not required. Although these algorithms were designed to compensate for the disadvantages of global thresholding techniques such as n-SD and FWHM, they require advanced computer calculations, and their broad applicability requires further investigation.

The major limitation of this study is the lack of a reference method (ie, histopathology) for providing a more LGE quantification by manual, FWHM and n-SD methods for various infarct types. By using the manual method, the LGE core (red) was separated from the entire LGE (red plus yellow), and microvascular obstruction, when present, was also drawn (pink). Cases #1, #2, and #3 were acute MIs. Case #4 was chronic MI. Inconsistent LGE sizes were obtained with the three methods, especially in cases #1, #2, and #3, which showed either a diffuse gray infarct (cases #1 and #2) or inappropriate myocardial nulling (case #3). When the infarct was dense and bright (case #4), the three methods resulted in more similar LGE sizes, although still different from each other.

reliable infarct size than manual delineation, but this is a necessary compromise for clinical studies. 18,26 Indeed, the reproducibility of manual delineation was tolerable, despite being lower than that of the FWHM technique. Additionally, at the acute phase, the LGE area is thought to encompass both necrosis and edematous tissue 29 ; therefore, the LGE size measured with different methods may not specifically represent the pathological infarct size. Parametric imaging, such as T 1 mapping and extracellular volume assessment, could potentially overcome this limitation. 29 Some previous studies have referred to cardiac injury biomarkers 25 and to myocardial functional recovery indices 30 to determine the optimal thresholds for semiautomated methods, but the results have been inconsistent. We also acknowledge that this is a single-center study and that it remains unclear whether a single model could be suitable for all cases, as previous studies have been vendor-and center-specific.

To conclude, LGE semi-or fully automated analysis is recommended for the objective analysis and quantification of infarct size. In this analysis of LGE MR images of 114 patients at both the acute and chronic stages of MI, we confirmed that the FWHM technique maintains the best reproducibility, whereas the n-SD technique is the least reproducible. Optimal thresholds were determined to be FWHM30% and 3SD for the total infarct size and FWHM45% and 6SD for the core infarct size.

analysis and global thresholding techniques (n-SD and FWHM) to identify infarct and MVO borders. These computer-aided infarct identification methods consist of complex processing and their broad application still requires more validations. Besides, we feel that no single model could account for all encountered problems because the real variations exist from situation to situation due to multiple internal (infarct distribution, morphology, heterogeneity, presence of MVO, etc.) and external influencing factors (image resolution, coil intensity variation, inversion time, etc.)

In the future, T1 mapping might be a promising alternative method for infarct identification. Unlike LGE imaging, it does not depend on signal enhancement for the quantification of infarct size. Instead, it enables the direct measurement of T1 relaxation time within each pixel. The affected myocardium can be differentiated from the healthy myocardium by their differences in T1 value. Yet, to achieve wide clinical application, T1 mapping still has many controversies (174). For example, current T1 mapping explores only one single myocardial slice rather than the whole ventricular coverage, which is limited to quantify the infarct size. Also, T1 values may be varied due to multiple confounding factors such as types of pulse sequence, imaging parameters, and motion, etc.; and dose of contrast agents, the time elapsed after contrast injection, and renal clearance with post-contrast imaging, which makes comparisons among studies difficult.

II.2. Quantitative characterization of LGE region

In this second chapter, we performed quantitative analysis of LGE region with the purpose to study the interrelationships of infarct characteristic parameters.

 Objectives 1-To characterize quantitatively the LGE region at acute and chronic phase after acute myocardial infarction 2-To study the interrelationships between different LGE characteristic parameters and their associations with cardiac injury biomarkers

 Materials and methods

LGE image datasets from 114 STEMI patients were analyzed with manual drawing of cardiac contours as well as LGE regions. To account for infarct tissue heterogeneity, we carefully identified and separated the gray zone (GZ) from the brighter central zone (CZ) within the LGE region, at both baseline and 6-month LGE images. Thus, quantitative data of the GZ, CZ and total LGE were obtained. Besides, at the initial LGE imaging microvascular obstruction (MVO), if present, was manually drawn and included into CZ. The sizes of these different regions were expressed in gram.

Relative gray zone (rGZ) was obtained by normalizing the gray zone size to total LGE: rGZ=GZ/total LGE×100%. Comparisons of continuous variables were made using t test, paired or independent-sample if appropriate. Pearson's correlation coefficients (r) were used to test the associations of two variables.

 Results (1) Global LGE findings

The results are shown in Table 6 and in Figure 23. Total LV mass did not change significantly whereas total LGE as well as its two components (i.e. CZ and GZ) reduced significantly from baseline to follow-up at 6 months after acute MI. Total

LGE size decreased by 33.8±23.2%.

Absolute reduction of total

LGE was strongly associated with initial LGE size (r=0.55, p<0.0001). However, the relative decrease of LGE size over time was independent of initial LGE size (r=-0.003, p=0.974).

With further analysis, we had some interesting findings. Although the total LGE at baseline was significantly larger than that measured at follow-up, the CZ at baseline was close to the total LGE at follow-up (27.3±13.7g vs. 26.5±13.8g, p=0.279 by paired t-test, r=0.83 with Pearson's correlation). A typical example is shown in Figure 24. As such, the extent of gray zone should reflect the reduction of total LGE from baseline to 6 months. Our subsequent results confirmed this. We showed that the reduction rate of total LGE was strongly related to the extent of gray zone: absolute change vs. GZ, 13.5±10.7g vs. 12.7±6.3g, p=0.277, r=0.66; relative change vs. rGZ, 33.8±23.2% vs. 33.6±13.6%, p=0.917, r=0.52.

In summary, these results indicate that the extent of gray zone measured at acute phase of an MI greatly reflects the reduction of LGE over time. Relative change (%): total LGE 33.8±23.2 [c] Note: p-value indicates comparisons between baseline and follow-up data by paired-t test.

[a]

Comparison between CZ at baseline and total LGE at follow-up: p=0.279;

[b]
Comparison between absolute change of total LGE and GZ: p=0.277; 

2-MVO and global LGE findings

As presented in Table 7, the presence of MVO was associated with significantly larger size of total LGE and CZ at both baseline and follow-up, indicating more severe myocardial injury when MVO is present. At baseline, the rGZ was significantly higher in patient group without MVO than that with MVO (43.4±12.4% vs. 27.2±10.1%, p<0.0001).

There was no significant difference in absolute decrease of total LGE from baseline to follow-up (13.4±11.1g vs.13.7±10.0g, p=0.893); but significantly higher relative decrease in patients without MVO than those with MVO (28.5±20.7% vs.

41.9±24.7%, p=0.002). 

3) Relationships between LGE parameters and cardiac biomarkers

As shown in Table 8, the peak serum troponin I, CK, CKMB and CRP were significantly associated with the size of total LGE and CZ measured at both baseline and follow-up. However, GZ at baseline showed no significant correlation with these injury biomarkers, implying that the gray zone at acute phase of MI is not truly necrotic but contains salvageable myocardium. Instead, gray zone at follow-up exhibited moderate associations with cardiac biomarkers. 

II.3. Cardiac MRI predictors for LV remodeling

In this third chapter, we described a novel CMR parameter to predict left ventricular remodeling at 6 months following acute myocardial infarction, in addition to conventional predictors like infarct size and microvascular obstruction (MVO). It refers to the extent of gray zone on LGE imaging at the early stage of acute MI.

Adverse remodeling of left ventricle following myocardial infarction has

important prognostic value and is often used as a surrogate endpoint in clinical trials of heart failure to reduce required sample size as well as trial duration (4). Early identification of risk and protective factors for adverse remodeling helps for patient risk stratification that is useful in developing tailored therapy for individuals.

Extensive cardiac MRI studies have established infarct size and microvascular obstruction (MVO) as two major determinants of post-infarction LV remodeling. Yet,

LGE area decreases significantly (in an order of 30%) from the first few days to several months after acute MI, raising concerns about the accuracy of LGE to detect true necrosis. LGE performed at an early stage of MI is revealed to overestimate true infarct size since regions with reversible injury can also show hyperenhancement due to the presence of edema and inflammation. Since reversibly injured regions have an intermediate distribution volume and wash-in/washout kinetics for gadolinium-based contrast agents compared to normal myocardium and necrosis (106, 107, 112), they represent therefore an intermediate intensity on LGE images, namely gray zone. No studies have assessed LGE-derived gray zone at the acute phase of an MI. Since it signifies potentially salvageable myocardium, we hypothesized that it might be responsible for subsequent LV functional recovery and may protect LV from adverse remodeling. With this hypothesis, we identified and demarcated the gray zone on LGE imaging acquired 2-4 days after MI reperfusion in a cohort of 114 patients, and studied its associations with LV function and remodeling parameters.
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Objectif : Le remodelage délétère du ventricule gauche (VG) post-infarctus a une grande signification pronostique. Nous avons étudié l'impact de l'évaluation de la zone grise par imagerie de rehaussement tardif (RT) réalisée précocement après la revascularisation de l'infarctus aiguë du myocarde sur le remodelage du VG. 

Matériels et méthodes

Conclusion :

Une zone grise de taille importante, évaluée rapidement par RT après la revascularisation d'un infarctus aiguë du myocarde, est associée à un risque réduit du remodelage délétère du ventricule gauche à 6 mois de suivi.

Introduction

Left ventricular (LV) remodeling after acute myocardial infarction (AMI) is defined as changes in the size, shape, and function of the LV. LV remodeling represents an important element in the progression of heart failure and is closely related to patient mortality. LV remodeling after AMI is a promising surrogate endpoint in clinical trials of heart failure after MI 1,2 . Identifying the risks and protective factors for LV remodeling at earlier periods is desirable for accurate risk stratification and tailored therapy.

Cardiac magnetic resonance (CMR) imaging has effectively become a reference standard for noninvasive measurements of LV volumes and function, whereas the infarct size 3-5 and microvascular obstruction 6-9 assessed with late gadolinium enhancement (LGE) are two major determinants of postinfarction LV remodeling. However, observations of noticeable LGE decreases (20-30%) from the first week to several months after MI 10-14 have raised concerns that acute LGE measurements may overestimate true infarct size. Such errors may be related to an enhancement in the salvaged myocardium at the periphery of myocardial necrosis. This salvage is potentially attributed to a timely restoration of coronary blood flow. Residual myocardial viability was previously detected at the rim of the LGE region early after reperfused AMI in rats 15 and humans 16 . Notably, the enhancement in salvaged myocardium modulated by contrast kinetics and extracellular volumes (ECVs) 17-19 represents an intermediate signal intensity on LGE images and results in three distinct myocardial regions: normal myocardium (black), necrosis (bright) and salvaged myocardium (gray). However, the clinical significance of the gray zone (GZ) assessed early after MI is rarely studied. A priori, the GZ may serve as a protective factor for detrimental LV remodeling because it signifies potentially salvaged myocardium and may represent a novel marker for evaluating reperfusion efficacy.

Therefore, in this study, we aimed to evaluate the predictive value of LGE-derived GZ assessed within 4 days after MI for LV remodeling by incorporating conventional metrics, including infarct size and MVO.

Methods

Patients

The study population was from a singlecenter clinical registry (REMI, relation between aldosterone and cardiac REmodeling after Myocardial Infarction; ClinicalTrials.gov Identifier:

NCT01109225) designed to investigate the relationship between serum aldosterone and cardiac remodeling. The local ethics committee approved the protocol, and written informed consent was obtained from all participants. Consecutive patients presenting with a first ST-segment elevation myocardial infarction (STEMI) were included between April 2010 and December 2013 if the following criteria were fulfilled: (1) typical chest pain lasting >30 min but <12 h before primary percutaneous transluminal coronary angioplasty (PTCA); (2) typical ST-segment elevation at >0.1 mV in ≥2 limb leads or >0.2 mV in ≥2 contiguous precordial leads; (3) angiographic evidence of acute occlusion or subocclusion of the coronary artery (Thrombolysis In Myocardial Infarction flow grade 0 to 1); (4) single-vessel disease; and (5) treatment by PTCA and optimal medication. Exclusion criteria included previous MI, known cardiomyopathy, clinical instability, and any contraindication to cardiac MRI or refusal to participate.

Image acquisition

All cardiac MRI exams were performed on a 3.0 Tesla scanner (Signa HDxt, GE Healthcare, Milwaukee, Wisconsin, USA) equipped with a dedicated cardiac coil within 2-4 days of the acute event (baseline) and at 6 months (follow up). All images were acquired with ECG triggering and during repeated end-expiratory breathholds. The left ventricle (LV) was assessed by acquiring a stack of 13 to 15 short-axis slices using a conventional cine MR imaging sequence (balanced steady-state free precession, bSSFP; typical parameters: repetition time/echo time, 4.0/1.8 msec; field of view, 300 mm; matrix 256×256, flip angle, 45°; slice thickness, 8.0 mm; and 30 phases per cardiac cycle). LGE images were acquired 10~15 minutes after intravenous administration of 0.1 mmol/kg of body weight of a gadolinium chelate (gadoterate meglumine, Dotarem, GUERBET, Aulnay-sous-Bois, France) using a T1-weighted segmented phase-sensitive inversion-recovery (PSIR) gradient echo pulse sequence. The typical parameters included repetition time/echo time, 4.7/2.0 msec; field of view, 350 mm; matrix, 256×256; flip angle, 20°; section thickness of 8 mm with inter-slice gap (0 to 6.5 mm); and generally 6 to 9 sequential shortaxis images acquired to cover the whole left ventricle. The inversion time was individually set to null normal myocardium (250~350 msec).

Image analysis

All images were analyzed offline using MASS research software (V2013-EXP, Leiden University Medical Center, the Netherlands) in a core laboratory by the consensus of two independent observers with 3 and 12 years of CMR experience.

LV global function

For the quantitative analysis of the left ventricle end-diastolic volume (EDV), endsystolic volume (ESV), and ejection fraction (EF), the end-diastolic and end-systolic cine phases were identified at cine imaging, and then the endocardial and epicardial borders were manually traced on each slice. Papillary muscles were included in the LV cavity. Absolute and relative changes in LV volumes and EF from baseline to follow-up were calculated. Adverse LV remodeling was defined as a 20% relative increase in the LV EDV at follow up.

LGE characteristics at baseline

As previously described 20 , the hyperintense LGE region was manually delineated on the short-axis LGE images. The GZ with intermediate signal intensity was separated from the bright area of the LGE region (namely, the "central zone" or "core zone", CZ). Microvascular obstruction (MVO) was identified as a hypoenhanced area and included in the CZ. Bright artifacts that did not match the perfusion territory of the culprit vessel were cautiously excluded. The extent of these different areas (total LGE, GZ, and CZ) was expressed in grams using the specific density of myocardium (1.05 g/mL), and the relative extent of GZ (rGZ) was calculated as rGZ=GZ/total LGE×100%.

Statistics

All analyses were performed using SPSS package (version 18.0, SPSS Inc., Chicago, Illinois, USA). Continuous variables are expressed as the mean±SD, categorical variables are expressed as frequencies (percentage), and odds are expressed as estimates with a 95% confidence interval (95%CI).

Histograms and normal-quantile plots were visually inspected to verify the normality of distribution of continuous variables. Paired t-test or Wilcoxon test was used when appropriate to compare continuous variables between baseline and follow-up measurements. To evaluate the associations between the early CMR markers and LV global functional parameters at 6 months and their changes (i.e., absolute and relative), univariable and multivariable linear regression analyses were performed, and standardized regression coefficients (β) were reported. In multivariable analyses, only significant factors were retained in the models.

The validity of the model assumptions was verified using an analysis of the model residuals and testing for heteroscedasticity. Collinearity issues were ruled out by examining the variance inflation factor and conditional index. Because CZ and total LGE were strongly correlated (Pearson's r=0.93, p<0.0001) and because CZ at the acute phase more accurately reflected true necrosis than total LGE which is supposed to encompass both necrosis and salvaged myocardium, CZ was finally retained in the multivariable model. Furthermore, the absolute GZ was excluded from the model because it showed insignificant or mild correlations with the LV global function metrics.

Univariable and multivariable logistic regression models were used to identify independent predictors of LV adverse remodeling. The following candidate predictors at baseline imaging were considered for adjustment: EDV, CZ, rGZ and MVO. Only significant factors in the univariable model were further introduced into a multivariable model. The number of predictors was limited to three due to the small number of events (15 of 114 patients had adverse remodeling) 21 . In multivariable analyses, only significant factors were retained in the models. The goodness of fit for the logistic model was verified. Then, receiver operating characteristic (ROC) curves were performed to determine the cut-off values of predictors identified from the univariable logistic regression. Statistical significance was considered at a two-tailed pvalue ≤0.05.

Results

Description of the cohort

As detailed in Fig. 1, a total of 114 patients were analyzed. The patients' baseline characteristics are shown in Table 1. 70% of the patients achieved complete restoration of coronary flow (TIMI flow grade 3).

Global CMR findings

At baseline, the extent of the total LGE, CZ, and GZ was 40.0±16. 4 

Early CMR predictors for the 6-month LV volumes and EF

As shown in Table 3, the baseline measurements of the LV functional metrics (EDV, ESV and EF) presented the strongest associations with their measurements at 6 months. With respect to the acute infarct characteristics, the rGZ was independently associated with the 6month LV EDV (β=-0.14, p=0.026), ESV (β=-0.16, p=0.006) and EF (β=0.19, p=0.024) after adjusting for other covariates. Additionally, the MVO maintained significant correlations with 6month ESV and EF, whereas the CZ was independently associated with 6-month EDV. indicates that only significant predictors were retained.

Early CMR predictors for changes in the LV volumes and EF

Linear regression analysis of early CMR predictors associated with absolute (Table 4) and relative changes (Table 5) in LV functional metrics are shown. The rGZ was the only independent predictor for changes (both absolute and relative) in LV EDV and ESV. Baseline EF was the only significant predictor for EF changes from baseline to follow-up.

Early CMR predictors for LV adverse remodeling

Adverse remodeling was observed in 15 of 114 patients (13.2%) with the predefined criterion.

Notably, adverse remodeling exclusively occurred in patients with MVO. Logistic regression results are shown in Table 6. In the univariable analysis, the extent of the CZ and MVO were both identified as risk factors for LV adverse remodeling (OR with CZ: 1.056 [1.014-1.100], p=0.008; OR with MVO: 1.112 [1.030-1.201], p=0.007). In contrast, the rGZ was protective for adverse remodeling (OR: 0.847 [0.774-0.926], p<0.0001). After adjusting for the three variables (rGZ, CZ and MVO) in a multivariable model, the rGZ remained an independent predictor but not the CZ or MVO.

Fig. 2 displays the diagnostic performance of the CZ, MVO and rGZ with receiver operating characteristic curves. Both the CZ (area under the curve: 0.735 [0.607-0.864]) and MVO (0.789 [0.693-0.884]) could predict the presence of adverse remodeling with relatively high accuracy. As a protective factor, the rGZ provided a robust prediction of the absence of adverse remodeling at 6 months with a cut-off of 23.7%, which yielded a sensitivity of 83% and a specificity of 74%. Representative LGE and cine images from patients with and without adverse remodeling are shown in Fig. 3. 

Discussion

In this monocentric cohort study of 114 patients after a reperfused acute myocardial infarction (AMI), we analyzed the predictive value of the different areas of LGE at the acute phase (within 2-4 days) for LV adverse remodeling at 6 months. The primary finding was that a greater extent of GZ by LGE CMR at the acute phase after an AMI is associated with a reduced risk of adverse remodeling after adjusting for the infarct size and MVO.

Previous studies 3-5,7 demonstrated that the acute infarct size is a major determinant of postinfarction LV remodeling and can be used to predict the recovery of myocardial function. Lund and colleagues 3 demonstrated a strong correlation (r=0.56, p<0.001) between the LGE infarct size measured at 5±3 days and changes in the LV end-diastolic volume index (LV EDVi) 8 months after MI. Notably, an infarct size of 24% or more of the LV area accurately predicted adverse remodeling, which was defined as a 20% increase in the EDVi and a 2.8-fold increase for each 10% increase in infarct size. Similarly, Wu et al. 4 reported that the infarct size measured within one week linearly correlated with the 4month LV EDVi, ESVi and EF. Additionally, the infarct size was directly related to LV adverse remodeling and was a stronger predictor of longterm patient outcomes than the LV systolic performance. Similarly, we observed strong associations between the acute infarct size (represented by CZ) and the 6-month LV EDV (r=0.64, p<0.0001), ESV (r=0.71, p<0.0001) and EF (-0.63, p<0.0001). The ROC analysis revealed that an infarct size (CZ) of ≥28.8 g indicated adverse remodeling with a sensitivity of 80% and specificity of 65%. In addition, microvascular obstruction (MVO) is another known risk factor for LV remodeling 6-9 and poor patient prognosis 22 . MVO is a frequent finding (incidence >50%) in patients with STEMI reperfused by primary PTCA and has become a routine component of CMR evaluations in the setting of acute MI. In our study, adverse remodeling occurred exclusively in patients with MVO, which was consistent with previous findings in 36 reperfused STEMI patients 8 .

In addition to infarct size and MVO measured at LGE imaging, the gray zone (GZ) at the infarct border has attracted substantial attention in recent years. In chronic myocardial infarcts, the GZ is caused by a partial volume effect, signifying a mixture of viable myocytes and collagen tissue, i.e., fibrosis 23 . The GZ may represent an arrhythmogenic substrate in ischemic cardiomyopathy 24,25 . However, the significance of the gray zone at the acute stage of an MI is rarely studied. This zone is thought to correspond to enhancement in reversibly injured myocardium, which challenges the current belief that myocardial regions showing LGE exclusively reflect irreversible damage 26 . Notably, numerous clinical studies 5,10-14,27 revealed substantial reductions (in the order of 30%) in LGE volume from the first few days after acute MI to several months later, implying the overestimation of infarct size at early LGE imaging. We consistently found a 33.8% reduction in LGE size from the acute phase to 6 months in 114 STEMI patients. Moreover, previous studies 12,28 that performed serial CMR postinfarction reported that LGE decreases primarily occurred during the first week, and only minor changes were noted upon subsequent imaging.

Previous studies in animals 17-18 and humans 19 showed that the enhancement in reversibly injured or salvageable myocardium represents intermediate signal intensity, i.e., gray-appearing, and is modulated by the kinetics and distribution volume of gadolinium-based contrast agents. Arheden et al. 18 demonstrated in rats that salvageable myocardium possessed an intermediate distribution volume between acute necrosis and normal myocardium regardless of the imaging time after gadolinium administration. One recent study in humans 19 introduced T1 mapping to calculate the extracellular volume (ECV) in different myocardial regions. They found that the ECV of salvageable myocardium was less than that in the infarcted myocardium but greater than normal myocardium, confirming the existence of a gray zone in LGE imaging in the case of acute MI. Additionally, the findings that residual viability was detected at the enhancement rim 15 and myocardial contractility within regions with transmural or neartransmural infarcts recovered over time 13-16 also indicate that the LGE at the acute stage of MI does not always reflect irreversible injury but contains salvageable myocardium. Furthermore, the recovery of myocardial function was revealed to be due to edema regression over time after MI 29 .

In this study, we validated the feasibility of measuring the GZ in acute LGE imaging. Additionally, we performed the first evaluation of its clinical significance under the hypothesis that the GZ may limit LV remodeling because it involves salvageable and functionally recoverable myocardium. To verify this hypothesis, we carried out comprehensive analyses. We first tested this association with follow-up LV functional metrics. The rGZ maintained significant negative correlations with LV volumes and positive correlations with EF and continued to represent a significant predictor even after controlling for infarct size and MVO. Second, we tested the predictive value of rGZ for LV volumetric changes (as well as changes in EF) because LV remodeling is a continuous process rather than an "all-or-none" phenomenon. Interestingly, we found that rGZ was negatively correlated with LV volumetric changes and was the only independent factor in multivariable analysis. Third, the predictors for adverse remodeling (defined as a relative increase in LV EDV greater than 20%), were identified with a logistic regression model. Again, the rGZ was the only independent predictor of LV adverse remodeling, acting as a protective factor. Patients without adverse remodeling could be accurately identified at a cutoff value of 23.7% of rGZ (sensitivity 83%, specificity 74%). The infarct size and MVO were correlated variables. We hypothesize that the effect of infarct size and MVO translate to the extent of the GZ. Together, our results strongly suggest the independent role of rGZ in predicting postinfarction LV remodeling. The findings may be clinically relevant in early patient management. Patients with large GZs are generally not expected to develop adverse remodeling, suggesting that excessive medical treatment should be avoided in such patients. However, in patients with limited GZs, potential benefits could be observed following an earlier initiation of preventive treatment for LV adverse remodeling.

Clinically, this novel imaging biomarker may be used to indicate myocardial salvage, which is the primary goal of reperfusion therapies. Myocardial salvage is closely related to patient outcome. In a large study of 765 AMI patients 30 , myocardial salvage was assessed via radionuclide imaging and was found to predict patient mortality. In another study 31 , the myocardial salvage index, which was obtained from a combination of LGE and T2-weighted imaging sequences, was identified as a major and independent determinant of adverse remodeling at 4 months after AMI. Although the exact tissue correlates of the LGE-derived gray zone early after acute MI remains to be explored, both our studies and previous studies suggest that the gay zone contains salvageable myocardium. Moreover, our study has established its protective role in limiting LV remodeling. Thus, the gray zone at early LGE imaging could potentially represent a substitute method of performing myocardial salvage evaluations. Future studies are warranted to clarify the tissue components within the acute gray zone and to reveal the pathways through which it influences the LV remodeling process and interacts with infarct size and MVO. Moreover, the long-term prognostic value of the rGZ should be explored.

Limitations

The present study has several limitations. First, our sample size was relatively small, although it was representative of the spectrum of AMI patients in the era of PTCA. A limited number of adverse remodeling events (15 of 114 patients) occurred during the observation period, which limits us to construct a model to include all potential predictors, either clinically or angiographically. In the future, a larger sample size to verify the prognostic value of the LGEderived GZ is needed. Second, although our findings suggest that the LGE region measured within the first days of MI overestimates true necrosis, we could not determine the exact tissue composition of the GZ or the extent to which the LGE region represents true necrosis and the area at risk (AAR). In rats 15,32 , the size of the LGE region is close to the size of the AAR and covers 70% of the AAR defined at postmortem examination. Additional efforts are needed to clarify the LGE components in a clinical scenario to refine our understanding of early LGE imaging. Third, we did not perform T2 mapping or T2weighted imaging for myocardial edema assessment. Future studies are needed to evaluate the relationship between gray zone at early LGE and T2 abnormality and to compare the prognostic value of LGE-derived gray zone and the myocardial salvage index acquired from a combined approach of LGE and T2 imaging.

Conclusions

In STEMI patients undergoing primary PTCA, performing a LGE heterogeneity analysis early after MI offers significant value in predicting LV remodeling beyond the traditional risk factors. Compared with the LGE size and MVO, the proportion of the GZ in the overall LGE region (rGZ) acts as a protective factor against detrimental LV remodeling. Moreover, the GZ independently predicts the absence of adverse remodeling. A value of rGZ≥23.7% can accurately identify patients without adverse remodeling. These measurements could be used in tailored therapies by identifying patients who will likely develop adverse remodeling and thus derive the greatest benefits from aggressive treatment. However, further studies are warranted to elucidate the histological basis of the GZ, the pathophysiological links to favorable outcomes, and their therapeutic implications. by contrast enhanced cardiac magnetic resonance is a stronger predictor of outcomes than left ventricular ejection fraction or end-systolic volume index: prospective cohort study. 

II.4. Impact of MVO on LV wall and local remodeling

In this fourth chapter, we studied quantitatively the impact of MVO on LV wall characteristics (i.e., wall thickness and wall thickening) and local cavity change, together with infarct transmurality.

Microvascular obstruction (MVO) or no-reflow phenomenon has received

extensive attention for decades particularly with the advent of cardiac MRI-an accurate tool for MVO assessment. MVO occurs in more than half of patients with STEMI undergoing primary PCI (143). MVO leads to inadequate tissue perfusion and is an ominous sign.

In literature, numerous studies have established the predictive value of CMR-derived MVO for adverse LV remodeling with or beyond infarct size (143).

However, how it acts on local cavity remodeling is largely unknown. For instance, we don't know whether ventricular dilation occurs uniformly throughout the LV cavity or more prominent in more severely injured myocardium. Clarification of local anatomical changes may help deepen our understanding in LV remodeling patterns and mechanisms. To this end, image coregistration is required to combine the information from cine and LGE imaging.

Conflicting data exist regarding the impact of MVO presence on LV regional function. Some studies [START_REF] Baks | Effects of primary angioplasty for acute myocardial infarction on early and late infarct size and left ventricular wall characteristics[END_REF]116) showed no functional recovery in segments with MVO whereas others (83, 146) did show significant functional recovery in these segments. Beyond its mere presence, we would like to test whether there is a graded relationship between MVO transmural extent and regional function since MVO size is found to be strongly associated with LV global function (128, 146). Likewise, although the presence of MVO causes late wall thinning (78), we do not know if the transmural extent of MVO provides additional effect. This manuscript has been rejected by Journal of cardiovascular magnetic resonance on September 2016. Ready for resubmission.

Objectif : Evaluer en IRM l'impact de l'OMV sur la paroi du ventricule gauche (VG) et sur la dilatation cavitaire locale après infarctus du myocarde reperfusé. Matériels et méthodes : 114 patients ont eu une IRM dans les 2 à 4 jours et à 6 mois après la reperfusion de l'infarctus du myocarde. L'impact de l'OMV sur l'épaississement (WT, %), l'épaisseur télédiastolique des parois (EDWT, mm), et le changement local de la cavité ont été analysés. Le changement local de la cavité VG a été calculé comme la distance entre les deux surfaces endocardiques en imagerie ciné.

Résultats : Sur 461 segments avec OMV, 456 segments (98.9%) ont montré une dysfonction à l'état initial, et 419 (90.9%) lors du suivi. Segments avec OMV avaient un épaississement des parois inférieur à ceux sans OMV (p<0.05) ; et l'épaississement était inversement proportionnel à l'extension transmurale de l'OMV (p<0.0001). Lors du suivi, un amincissement significatif des parois a été observé dans les segments présentant un infarctus transmural (extension>75%), ainsi qu'un amincissement plus important avec présence d'OMV ; l'EDWT a diminué avec l'extension de l'OMV plus élevée (p<0.0001). La cavité a rétréci chez les patients sans OMV alors qu'elle s'est dilatée chez les patients atteints d'OMV ; le rétrécissement et la dilatation sont uniformément distribués à travers le ventricule, indépendamment de la gravité de l'infarctus local (p>0.05). Bien que leur différence n'ait pas atteint la significativité statistique, la dilation semblait être plus grande dans les régions myocardiques atteintes d'OMV par rapport à celles sans OMV (0.94±1.75mm vs. 0.74±1.47mm).

Conclusion :

L'extension transmurale de l'OMV démontre un effet significatif sur les caractéristiques de la paroi au-delà de sa présence. Le remodelage local se produit uniformément à travers le VG pendant les six premiers mois après infarctus aiguë du myocarde, quel que soit la sévérité de l'infarctus.

Impact of Microvascular Obstruction on Left Ventricular Local
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Abstract

Objectives Microvascular obstruction (MVO) portends adverse left ventricle (LV) remodeling after myocardial infarction (MI). Yet, it is rarely understood how it acts locally on LV wall and cavity. The objective of our study is to evaluate by cardiac MRI the impact of MVO on regional LV wall characteristics and local cavity changes after acute MI.

Methods 114 patients underwent cardiac MRI within 2-4 days (baseline) and at 6 months (follow-up) after reperfused acute MI. MVO was assessed by late gadolinium enhancement sequences. The impact of MVO on segmental wall thickening (WT, %), end-diastolic wall thickness (EDWT, mm), and local cavity change (mm) were quantitatively analyzed. Local cavity change was derived from registered endocardial surface meshes of cine imaging datasets acquired initially and at follow-up, calculated as surface-to-surface distance.

Results

Of 461 segments with MVO, 456 (98.9%) were dysfunctional at baseline, and 419 (90.9%) remained dysfunctional at 6 months. Segments with MVO had lower WT than those without MVO (p<0.05); and WT was inversely related to MVO transmural extent (p<0.0001). At follow-up, significant wall thinning occurred in segments with infarct transmural extent >75% with further thinning by MVO presence; and EDWT decreased with increasing MVO transmural extent (p<0.0001). LV cavity shrank in patients without MVO whereas it dilated in patients with MVO; both the shrinkage and the dilation were equally distributed throughout the LV (p>0.05).

Conclusion

MVO transmural extent has a significant effect on LV wall characteristics beyond its mere presence. Local cavity changes occur uniformly throughout the LV during the first six months after acute MI, irrespective of local infarct severity.
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Background

Revascularization by primary percutaneous coronary intervention (PCI) represents the pivotal strategy in the management of STsegment elevation myocardial infarction (STEMI) [1]. Despite successful restoration of epicardial coronary blood flow, up to one-half of the patients show inadequate perfusion at myocardial tissue level due to the occurrence of microvascular obstruction (MVO) [2]. The presence of MVO represents more severe myocardial injury [3], and is associated with more pronounced left ventricular (LV) dysfunction and remodeling, and poorer prognosis [2,[4][5][6]. The detrimental effect of MVO is speculated to be mediated by increased wall stress due to wall thinning in infarcted regions containing MVO in canine [7]. Clinically, late wall thinning and severely impaired contractility are observed in MVO regions [8]. Beyond the impact of the mere presence of MVO, a graded relationship may exist between MVO transmural extent and regional LV wall characteristics (i.e. regional function and wall thickness), given the strong association of MVO size with LV global function [9,10] and clinical outcome [11]. Indeed, MVO size reflects ischemia severity [12]. Moreover, although MVO has been shown to be associated with LV global remodeling, its effect on LV local remodeling is unknown. It remains unclear whether the remodeling occurs uniformly or not throughout the ventricle. Cardiac magnetic resonance (CMR) imaging is a valid tool for those assessments, since it allows a comprehensive analysis of myocardial infarcts, MVO, LV function and volumes in a single examination, at either global or regional level.

The aim of this study was thus to assess by cardiac MRI the impact of MVO, both its presence and the extent, on LV wall characteristics and on local remodeling after myocardial infarction.

Materials and methods

Study population. The study population was from a single-center clinical registry (REMI, relation between aldosterone and cardiac REmodeling after Myocardial Infarction; ClinicalTrials. Gov Identifier: NCT01109225) designed to investigate the relationship between serum aldosterone and cardiac remodeling. Consecutive patients presenting first STEMI were included between April 2010 and December 2013. They all received primary PCI and medical therapy. Patients with any contraindication to cardiac MRI were excluded. All participants signed informed consent forms.

Image acquisition. Cine and late gadolinium enhancement (LGE) images were acquired within 2-4 days (baseline) and at 6 months (follow-up) after revascularization on a 3T MRI scanner (Signal HDxt, GE Healthcare, Milwaukee, Wisconsin, USA) equipped with a dedicated cardiac coil, during breathhold and with ECG synchronization. Cine imaging was performed by using steady-state free precession (SSFP) pulse sequence with following parameters: repetition time/echo time, 4.0/1.8 msec; field of view, 300 mm; matrix 256×256, flip angle, 45°; slice thickness, 8.0 mm without slice gap; and 30 phases per cardiac cycle. A stack of 13 to 15 short-axis slices were obtained to cover the entire LV. LGE images were acquired 10~15 minutes after contrast agent injection (0.1mmol/kg of body weight of gadoteric acid, Dotarem, GUERBET, France), using a T1-weighted segmented phase-sensitive inversion-recovery (PSIR) gradient echo sequence. The typical parameters included repetition time/echo time, 4.7/2.0 msec; field of view, 350 mm; matrix, 256×256; flip angle, 20°; slice thickness, 8.0 mm with inter-slice gap varying from 0 to 6.5 mm. A stack of 6 to 9 shortaxis images were obtained per patient. The inversion time was individually set to null normal myocardium (250~350msec). Images analysis. Images were analyzed offline using MASS software (V2013-EXP, Leiden University Medical Center, the Netherlands). For LGE imaging at baseline, LV endocardial and epicardial contours were manually delineated on each short-axis image as for hyperenhanced region (i.e. myocardial infarcts) and hypoenhanced region (i.e. MVO). At baseline and follow-up cine imaging, LV endocardial and epicardial contours were manually drawn on identified end-diastolic and end-systolic cine frames, obtaining end-diastolic volume (EDV), end-systolic volume (ESV), and ejection fraction (EF). In order to assess the relationship between infarct severity and regional LV wall characteristics, 3 matched representative shortaxis slices (basal, mid-ventricular and apical) were selected, with each LV circumference being equally divided into 12 segments, yielding a total of 36 segments per patient. More specifically, LGE and cine images at baseline were matched by using slice position since they were acquired during the same imaging session. Matching of baseline and follow-up datasets was achieved by the consensus of two observers using anatomic landmarks (septal insertion of the right ventricle, papillary muscles, and trabeculations in the two ventricles). The segmental transmural extents of hyperenhancement and MVO were categorized as follows: 0%, 0-25%, 26-50%, 51-75%, and 76-100%. Segmental wall thickening (WT) and end-diastolic wall thickness (EDWT) were obtained from cine imaging. WT was calculated using the centerline method [13]. Segments were defined dysfunctional if WT was≤45% [8].

As to assess local LV remodeling, a postprocessing workflow was applied to correct the misalignment among image datasets and combine them for analysis. The workflow was described previously [14] and is summarized in Statistical analysis. The statistical analysis was performed using the SPSS package (version 18.0, SPSS Inc., Chicago, Illinois). Continuous data were expressed as mean±SD, categorical variables as frequencies (percentages). Histograms were visually inspected to verify the normality of distribution of continuous variables. Comparisons of categorical variables were made using chi-square (χ²) test or by fisher's exact test if the expected cell count was less than five. Comparisons of the means of continuous variables between two groups were made with paired-sample t-test (baseline vs. follow-up) or with independent-sample t-test (the group with MVO vs. the group without MVO) if the variables were distributed normally; otherwise, Mann-Whitney test or Wilcoxon signed rank test was respectively conducted. One-way ANOVA was performed to determine the differences of continuous variables from more than two groups. Post hoc tests were done using Tukey test if the data met the homogeneity of variances assumption; otherwise, the Games-Howell test was used. The homogeneity of variances was checked by Levene's test. In addition, linear contrast analysis was conducted when appropriate to determine the trends amongst multiple groups. Statistical significance was considered for a two-tailed p value ≤0.05. 

Results

Baseline characteristics. A total of 114 patients were analyzed. Table 1 showed patients' baseline characteristics. MVO was detected in 69 patients (60.5%), averaging 7.4±6.3g. Patients with MVO had a significantly higher level of cardiac injury biomarkers and LGE-derived infarct size compared to those without MVO. Acute LGE transmural extent and segmental wall thickening. Of the 114 patients, 4104 segments were analyzed. At baseline imaging, 1493 segments (36.4%) showed LGE: 0-25% (265 segments), 26-50% (232), 51-75% (287), and 76-100% (709). Mean WT at both baseline and follow-up was inversely related to acute LGE transmural extent (p<0.0001 for both trends) (Fig. 2A). It is noteworthy, however, the absolute increase in WT was irrespective of LGE transmural extent (p=0.75) (Fig. 2B). However, segments with significant LGE (transmural extent>50%) remained severely impaired at follow-up. The proportion of dysfunctional segments increased significantly with higher grades of LGE transmural extent (p<0.0001) (Fig. 2C): the fractions at baseline were 37.0% (LGE: 0%), 75.1% (0-25%), 83.6% (26-50%), 92.0% (51-75%), and 98.3% (76-100%); the corresponding values at follow-up were 27.2%, 52.8%, 61.6%, 64.1%, and 81.5%. We noted that 27% of segments showing no LGE remained dysfunctional at follow-up. MVO and segmental wall thickening. 461 of 4104 segments (11.2%) showed MVO at baseline. Most of them exhibited a persistent dysfunction: 456 segments (98.9%) were dysfunctional at baseline; and still 419 (90.9%) at follow-up. MVO dominantly occurred in segments with LGE transmural extent>75%: 0-25% (0 segments), 26-50% (15), 51-75% (51), and 76-100% (395). MVO-present segments had significantly lower WT than infarcted segments without MVO, after adjusting over LGE transmural extent (Fig. 3A,3B). Besides, the magnitude of improvement in WT was significantly less in MVO segments, particularly when LGE transmural extent was>50% (p<0.0001) (Fig. 3C). Moreover, the transmural extent of MVO maintained an inverse relationship with WT (p<0.0001) (Fig. 3D).

MVO and segmental wall thickness. At baseline, EDWT was significantly greater in the infarcted segments than in the non-infarcted (p<0.0001), and increased with increasing LGE transmural extent (p<0.0001). At follow-up, EDWT significantly decreased compared to that at baseline (p<0.0001); segments with LGE transmural extent>75% had significantly lower EDWT than non-infarcted segments (5.3±1.6mm vs. 5.7±1.6mm p<0.0001) (Fig. 4A). After adjustment of LGE transmural extent, EDWT at baseline was similar in segments with and without MVO (p>0.05) (Fig. 4B); at follow-up, EDWT was significantly lower when MVO was present within the category whose LGE transmural extent>75% (5.1±1.6mm vs. 5.5±1.5mm, p=0.001) (Fig. 4C). Additionally, in segments with MVO, EDWT at baseline was independent of MVO transmural extent (p>0.05), whereas EDWT at follow-up showed an inverse relationship with MVO transmural extent (p<0.0001). 2. Functionally, both groups showed improved EF at follow-up, matching the improved segmental wall thickening. However, the improvement in EF occurred in a different fashion in the two groups: in patients without MVO, a significant decrease in ESV (baseline vs. follow-up: 92.0±19.6mL vs. 77.3±19.8mL, p<0.0001) contributed to the improved EF; in contrast, patients with MVO had improved EF at the expense of a dramatic increase in EDV (185.0±36.6mL vs. 197.5±39.7mL, p<0.0001), whereas the ESV did not change significantly. In patients with MVO, the significant increase in EDV was consonant with the important local dilation throughout the LV. Typical examples in Fig. 6 and Fig. 7 are presented to illustrate respectively the influence of MVO on regional wall and on local remodeling of LV. 

MVO and local cavity dilation. As shown in

Discussion

The main aim of this study was to investigate how the MVO acts on regional LV wall characteristics and local remodeling following reperfused STEMI, knowledge on which is still limited. The major findings are summarized as follows: (1) both the presence and the transmural extent of MVO had a significant impact on wall thickening;

(2) at follow-up, significant wall thinning occurred in segments with LGE transmural extent>75%, and worse wall thinning was found by the presence of MVO. Besides, MVO transmural extent apparently affected wall thinning; (3) the LV cavity shrank in patients without MVO whereas it dilated in those with MVO; both the shrinkage and dilation occurred uniformly throughout the LV, independent of local infarct severity. The pathophysiology of MVO. Pathophysiologically, multiple factors contribute to the formation of MVO within necrotic myocardium, including "structural" alterations characterized by direct endothelial damage and plugging by cellular debris, and "functional" factors such as microvascular spasm via vasoactive mediators [15]. The MVO can be accurately assessed by LGE MRI. It represents a central hypoenhanced ("dark") zone that results from protracted contrast penetration due to severe microvascular damage [16]. The goal of reperfusion for myocardial infarction has shifted downstream, that is, from the "open-artery hypothesis" to "open-microvessel hypothesis" due to inadequate tissue perfusion caused by MVO [17]. MVO/LGE transmural extent and regional contractility. Regional systolic function is an independent predictor for patient outcome after MI [18]. In MI patients, LGE transmural extent was inversely related to systolic function [19], and functional improvement during the followup [20,21]. Our study confirmed these findings. Additionally, we observed an almost equal increase in wall thickening within each grade of LGE transmural extent; that is, similar increase in segments with transmural MI to that with nontransmural MI. Engblom et al. [19] also found significant improvement in wall thickening within each LGE grade, and the greater the LGE transmural extent at day 1, the later the recovery of wall thickening. But they did not assess the absolute increase of wall thickening within each grade. In another study, circumferential strain improved significantly from day 2 to day 90 in patients with fully transmural MI [22]. Two reasons may explain functional recovery in transmural MI. First, preserved viable myocytes exist within the infarcted areas [23][24][25]. Second, LGE measured early after acute MI does not necessarily signify true necrosis because reversible injury can also show hyperenhancement and the function recovers when edema regresses [26]. However, it is still difficult to explain why wall thickening increases equally within each grade of LGE transmural extent. One possible explanation could be that a similar fraction of viable myocytes are present in the infarcted area at different transmural degrees. However, this hypothesis requires histological validation. Conflicting data exist with respect to MVO presence and regional function recovery. Some studies [8,[27][28][29] showed no significant functional recovery in segments with MVO. Contrarily, Nijveldt et al. [10] demonstrated significant functional recovery in such segments: wall thickening improved equally in segments with and without MVO in non-transmural segments (i.e., LGE transmural extent<75%); but less improved in transmural segments (>75%) with MVO than in transmural segments without MVO, suggesting a complex interplay between LGE transmural extent and the presence of MVO. In line with this, we found significant improvement of wall thickening in segments with MVO though still severely impaired. Also, we showed that in segments with>50% LGE transmural extent, improvement in wall thickening was significantly less in segments with MVO than in those without MVO. Several reasons might be contributable to inconsistencies among those studies. First, the MVO diminishes dramatically over time [30], and the persistence of MVO depends on its severity [31]. Thus, the time point at which MVO is assessed after reperfusion can influence its functional relevance. Second, reperfusion time delay greatly influences MVO assessment. Francone et al. [12] showed that both the incidence and extent of MVO increased with longer reperfusion delay. Moreover, another study [27] reported that regional function recovery occurred exclusively in infarcted segments when the reperfusion was performed within 4 hours after symptom onset, suggesting again the influence of reperfusion delay. Furthermore, by strain analysis, Kidambi et al. [32] found that the strain recovery within the MVO region was mainly due to recovery in the epicardium, indicating residual viability within it. MVO/LGE transmural extent and wall thinning. Limited data exist on how MVO and infarct transmural extent influence regional LV wall thickness. In 22 patients with successful primary PCI, Baks et al. [8] showed an increased EDWT in infarcted segments without MVO compared with remote myocardium at 5 days, and they became comparable at 5 months; but segments with MVO demonstrated significant wall thinning at 5 months. In a larger study by Nijveldt et al. [10], segments with significant LGE (transmural extent>25%) and MVO showed a greater decrease in EDWT during the follow-up than segments without MVO. In the current study, we found significant wall thinning at follow-up occurred in segments with>75%

LGE transmural and further thinning was produced by the presence of MVO. Greater wall thinning in segments with MVO could be explained by reduced microvasculature within these regions which may hinder infarct healing, since the number of perfused capillaries within the infarct was previously shown to maintain a significant correlation with infarct thickness (r=0.60, p<0.03) [33]. Furthermore, by quantitative analysis, we showed a graded relationship between MVO extent and EDWT at follow-up, implying the extent of MVO also matters beyond its presence. At baseline, we observed a larger EDWT in infarcted segments compared to non-infarcted segments, which could be due to massive extracellular edema upon reperfusion [34,35]. MVO and LV remodeling. Wu et al. [4] first reported that the presence of MVO was associated with left ventricular enlargement. Recently, numerous studies have established its predictive value for adverse LV remodeling and long-term outcomes above infarct size [2,5,6,[9][10][11]. Currently, LGE imaging is preferred for assessing MVO since it enables full coverage of LV and produces high contrast between infarcted and MVO region. Besides, MVO assessed on LGE imaging seems to have superior prognostic value to that assessed at early contrast-enhanced imaging [36] because late MVO represents more overt microvascular injury than early MVO. Thus in the current study, we studied MVO at LGE imaging. Our results confirmed previous findings: patients with MVO had larger infarct size, greater rise in LV volumes and more impaired function. Additionally, we observed a similar improvement of LVEF in patients with and without MVO, which reflects our findings at the segmental level that wall thickening improved regardless of MVO presence. EF improvement, however, was through different mechanisms in the two groups: in patients without MVO, decrease in ESV led to increased EF at follow-up; but in patients with MVO, EF was restored at the expense of significantly increased EDV (i.e. ventricular enlargement). Although the detrimental effect of MVO to LV global remodeling is well studied, it is largely unknown how it acts locally on LV cavity. Recently, O'Regan et al. [37] studied the effect of infarct severity on local remodeling by three dimensional image coregistration. Forty-six STEMI patients underwent CMR imaging within 1 week following primary PCI with follow-up at 1 year. They reported non-uniformity in local remodeling: (1) greater dilation was observed in infarcted myocardium than in the non-infarcted but significant dilation occurred until infarct transmurality exceeded 50%; (2) more severe dilation occurred in MVO region than in no MVO region. In our study, analyses were performed separately in the patient group with and without MVO since we showed that LV cavity dilated in patients with MVO but shrank in patients without MVO. Unlike the work by O'Regan and coworkers, we found that the magnitude of either dilation or shrinkage was almost similar in infarcted and non-infarcted myocardium, except a trend toward a greater dilation in regions containing MVO. Furthermore, we revealed that local cavity change was independent of transmural extent of infarct and that of MVO. Our findings suggest a fairly uniform change throughout the LV during the observational period. Several facts might contribute to these inconsistencies. First, O'Regan et al. followed the patients up to one year whereas our follow-up was at 6 months. Indeed, ventricular dilation [38] and infarct healing [39] are progressive processes after reperfused MI, indicating that different pattern of local cavity remodeling may therefore occur at different stages after MI. Our findings might represent early-stage changes. Visually, we did not observe any sign of bulge (e.g. aneurysm) in MVO or transmurally infarcted regions, but a more uniform dilation throughout the ventricle. However, we did show a trend toward a greater dilation in MVO region and it may become more overt with longer observations. Also, our finding that wall thinning occurred within segments with transmural MI or MVO may eventually translate into wall dilation in these regions. Second, the registration techniques used are different, probably causing different registration errors that may be superimposed on final results. Broader validation is warranted for both techniques. All in all, our findings support the current concept of post-MI remodeling that the remodeling process involves both the infarcted and the non-infarcted myocardium [40], and early changes may occur uniformly throughout the left ventricle rather than restricted to severely injured regions. Limitations. For the segmental analysis, although matching between different image datasets was carefully made using anatomic hallmarks, mismatch will probably occur as the cardiac anatomy changes due to postinfarction remodeling. Besides, much broader studies are required to study local LV remodeling after MI, for example, comparing patient groups undergoing different reperfusion therapies, or exploring its evolution in multiple time points, or comparing with non-STEMI cases.

Conclusion

In patients with reperfused STEMI, both the presence and the extent of MVO have a significant effect on LV regional function and wall thinning. During a follow-up of 6 months, LV cavity dilates in patients with MVO presence whereas it shrinks when MVO is absent. Both the dilation and shrinkage occurs uniformly throughout the LV cavity, independent of local infarct severity but with a trend toward a greater dilation within the region containing MVO. Quantitative assessment of the impact of MVO on LV wall characteristics and local remodeling may provide pathoanatomic basis for global remodeling after MI, which might be useful in evaluating strategies aiming at reducing adverse remodeling. Longer follow-up is required to study subsequent changes occurring in these distinct myocardial regions. thickness (180). It is reasonable that MVO regions have reduced wall thickness because of impaired and reduced microvasculature in such regions.

Third, extensive studies have established the association between MVO and global remodeling of left ventricle after MI. But it is poorly understood how it acts on myocardial regions at injury degree. That is, we don't know if local remodeling occurs uniformly throughout the cavity or may be worse in regions with more overt injury (regions with MVO, for example). In the current work, we assessed the effect of MVO on both global and local LV remodeling. Image coregistration techniques make it possible for analysis of local remodeling. From global analysis, we found that patterns for LVEF restoration were different between patient group with MVO and that without MVO: in patients without MVO, EF was restored due to decrease in end-systolic volume at follow-up, but in patients with MVO, EF increased at the expense of significant LV cavity dilation, which may eventually result in heart failure. Consistently, local analysis revealed an overall shrinkage of LV cavity in patients without MVO and dilation in patients with MVO. If we make a detailed region-by-region analysis, we found that the degree of shrinkage was similar in infarcted and non-infarcted myocardium and was irrespective of infarct transmural extent. Also, cavity dilation in patients with MVO involved both infarcted and non-infarcted segments, towards a more severe dilation in infarcted segments containing MVO compared those without MVO. Another study with a much longer follow-up (1 year) showed a more overt difference in cavity dilation for regions with and without MVO (181). But in their analysis, they did not separate patients with and without MVO. In brief, our findings suggest that changes in LV cavity (shrinkage or dilation) may occur uniformly throughout the ventricle at the early stage of an acute MI. Yet, this uniformity will probably be broken over longer time with regions severely injured exhibiting more overt dilation. In the future, a larger population at a longer follow-up will be interesting to study the temporal evolution of local remodeling. Also, advances in image post-processing have opened new perspectives for cardiac MRI researches.

III. Overall conclusion and perspectives

The principal objectives of the thesis were to characterize infarct area and to assess LV remodeling after acute MI by using CMR. LGE and cine datasets were analyzed. In the first place, we compared three currently used methods for LGE quantification since there is no consensus on the best approach yet. They were manual delineation, n-SD, and FWHM, the latter two being semiautomated techniques based on image intensity thresholding algorithms. The results suggest that although semiautomated techniques may be time saving, they are susceptible to image quality and have each some constraints. So we used manual delineation for our subsequent analysis. Secondly, we did a quantitative analysis of LGE region. We confirmed previous findings that LGE size decreased by approximately 30% from the first few days to several months after acute MI. More interestingly, we revealed that the reduction magnitude of LGE size equaled to the extent of gray zone assessed at acute LGE imaging. Besides, the gray zone showed no significant relationship with cardiac injury biomarkers, suggesting that it represents salvageable rather than necrotic myocardium. This finding is clinically important. Through LGE heterogeneity analysis at the acute phase of MI, we can estimate the final infarct size and estimate how much myocardium remains salvageable.

Thirdly, we studied the potential CMR predictors of LV remodeling, mainly including infarct size, MVO size, the extent of acute gray zone, etc. We found that the extent of gray zone (that was normalized to total LGE area) was the only independent predictor for LV adverse remodeling, a large gray zone being associated with reduced risks for developing adverse remodeling. Conventional factors, infarct size and MVO, were not independent factors. We suppose that the effect of infarct size and MVO is translated as the extent of gray zone. This novel marker may be useful for risk stratification in patients early after MI. Larger studies are warranted to evaluate the significance of gray zone as well as its prognostic value over a longer period of follow-up. Lastly, we studied the impact of MVO on regional LV wall characteristics and that on local LV remodeling, which was less well understood than that from global analysis. We found that both the presence and transmural extent of MVO were significantly associated with wall thinning and impaired systolic wall thickening. Local remodeling was measured as the surface-to-surface distance of baseline and follow-up cine meshes. To this end, a three-dimensional image coregistration method was developed in collaboration with a research engineer of our lab. Distinct results were found in patients with and without MVO. In patients with no MVO, LV cavity shrinked, to a similar extent in infarcted and non-infarcted myocardial region, and was unrelated to infarction transmural extent. In patients with MVO, LV cavity dilated significantly in both infarcted and non-infarcted area, and tended to a more severe dilation in myocardium containing MVO. But the dilation was independent of MVO transmural extent. These findings provide us a better understanding of LV remodeling after MI. The significant impact of MVO indicates the importance of incorporating MVO assessment into routine CMR protocol for acute MI.

In summary, CMR is a useful tool for the assessment of infarct characteristics and of LV remodeling.

In the future, the following issues need to be addressed:

(1) Semiautomated techniques to quantify LGE areas often require manual drawing of LV borders particularly LV endocardial borders because of the poor contrast between infarct area and blood pool. Practically, cine imaging from the same scan session are usually put aside to better visualize LV endocardial borders. Dark-blood sequences such as T2WI has high contrast between myocardium and blood pool.

Fusion of LGE and T2WI images may help improve the detection of LV endocardial borders.

(2) Although our study has shown that gray zone may represent salvageable myocardium, direct evidence such as histology is lacking. Besides, its prognostic value should be compared with the conventional myocardial salvage index (MSI) calculated from the conjunction of LGE and T2WI sequences.

(3) The role of the partial volume effect in the formation of acute gray zone on LGE images should be clarified. In rats with chronic MI, ex vivo LGE images showed that the gray zone extent was dependent on image resolution, with increased gray zone due to degraded image resolution (134). Similar experimental studies should be performed in the setting of acute MI.

(4) In comparison to conventional breath-held multi-slice two-dimensional (2D) LGE imaging, navigator-gated free-breathing 3D LGE techniques allows acquisitions at higher spatial resolution (can be near-isotropic) with complete heart coverage(182-185). Besides, free-breathing 3D imaging avoids the misalignment due to variability in breath-held positions that occurs with 2D breath-held LGE imaging.

Thus, it could be used for more accurate gray zone assessment as for whole scar measurement. In the future, direct comparisons of 2D and 3D LGE imaging at free-breathing or breath-holding should be performed.

Alternatively, super-resolution reconstruction (SRR) methods can improve image resolution by reconstructing an isotropic volume from several anisotropic orthogonal views. One recent study (186) used three routinely acquired anisotropic views at 2D LGE imaging (short-axis, two-chamber, and four-chamber) to reconstruct isotropic heart volumes in 37 prior MI patients who referred for ventricular tachycardia ablation . They found that the SRR method resulted in reduced gray zone sizes compared to that used the short-axis volume alone. In particular, an improved agreement between LGE gray zone and that derived from bipolar voltage mapping was achieved with the SRR method.

(5) The dynamic evolution of gray zone needs to be studied by performing serial CMR exams after acute MI. Then, the gray zone at each measurement can be correlated to predefined endpoints (i.e., functional recovery, LV remodeling and clinical outcomes) to establish its role at each stage of MI. Moreover, our prediction model did not incorporate all potential risk factors associated with LV remodeling. Future studies with larger populations are required to validate the prognostic value of acute gray zone and to study its role in conjunction with other potential predictors.

(6) Controversies still exist regarding the appropriateness of using T2-weighted imaging to depict area at risk following acute MI because valid experiments are lacking [START_REF] Croisille | Controversies in cardiovascular MR imaging: T2-weighted imaging should not be used to delineate the area at risk in ischemic myocardial injury[END_REF]. T1 and T2 mapping may be promising alternatives, but again valid experimental studies are still deficient to date to establish the definitive value of these newly emerging techniques. Therefore, animal studies in the future are required to address these issues before broader utilization in clinic. (7) In the current study, we have studied the influence of MVO on regional LV wall characteristic changes and local LV remodeling from the acute events to six months.

We know that these findings may not be interpolated to other studies beyond this follow-up time frame since cardiac remodeling evolves over time. Larger and broader studies at longer follow-up will be interesting to study the effect of MVO on LV remodeling through a more comprehensive timeline.

(8) IMH is an ominous sign that is strongly related to MVO. Generally, it is considered to be a result of irreversible MVO. In the future, the following questions needed to be answered: 1) to clarify the correlations among LGE, T2WI, T2 * WI, T2 mapping in the delineation of IMH and MVO by comparing to histological findings, thus to define the best approach for IMH assessment; 2) to elucidate the temporal evolution of IMH and the influence of therapeutic interventions; 3) to study the clinical role of IMH beyond MVO in large populations. (9) In addition to parametric imaging (T1, T2 mapping), more recently, there are new attempts in diffusion MRI and hybrid imaging (i.e., PET/MRI) which may provide microstructural as well as metabolic information about myocardial tissue (6). (12). De nombreuses études (7,9,(13)(14)(15) ont montré que la taille de l'infarctus et la présence de l'obstruction microvasculaire (OMV), généralement appréciées en IRM cardiaque, étaient les deux déterminants principaux du remodelage VG après IDM. En outre, la sévérité régionale de l'infarctus peut être utilisée pour prédire la viabilité myocardique (16)(17)(18).

 Objectifs du travail

Les objectifs principaux de ce travail étaient :

(1) de caractériser le tissu de l'infarctus en phase aiguë et chronique.

(2) d'étudier les facteurs associés au remodelage ventriculaire gauche.

(3) d'étudier l'impact de la sévérité de l'infarctus (à savoir l'extension transmurale de l'infarctus et l'OMV) sur la cinétique segmentaire et le remodelage local. (2) Analyse quantitative de la zone de rehaussement tardif En accord avec la littérature, nous avons montré une diminution de l'ordre de 30% (33.8%) de la taille de la zone de rehaussement tardif (RT) en phase aiguë après IDM à 6 mois. D'ailleurs, par l'analyse de l'hétérogénéité de cette zone, nous avons pu montrer que cette diminution correspondait exclusivement à la taille de la zone grise en image RT acquise en phase aiguë (33.6%). La zone grise n'a pas montré d'associations significatives avec les biomarqueurs cardiaques (troponine I, CK-MB, CRP) (p>0.05 pour des corrélations de Pearson), indiquant que cette zone grise comprenait de la vii lésion myocardique réversible au lieu de la nécrose. L'ensemble des résultats suggère que la zone RT mesurée à la phase aiguë d'IDM surestime la taille de l'infarctus lorsque l'on inclut la zone grise qui est réversible mais aussi que nous pouvons estimer la taille de l'infarctus en retirant la zone grise.

 Méthodologie générale (1) Population étudiée

(3) Prédiction du remodelage ventriculaire gauche Premièrement, nous avons démontré que la zone grise (normalisée sur la taille de la zone RT), la taille de l'infarctus (i.e. zone centrale de RT), et l'OMV étaient toutes associées indépendamment aux paramètres fonctionnels du VG à six mois (volume télé-diastolique, volume télé-systolique, et fraction d'éjection). Deuxièmement, la zone grise était le seul facteur indépendant dans la prédiction du changement de volume ventriculaire, ce qui n'était pas le cas de la taille de l'infarctus et l'OMV.

Troisièmement, la zone grise plus élevée était liée à un risque réduit du remodelage délétère défini par une augmentation du volume télé-diastolique à 6 mois de plus de 20%. Le pourcentage de la zone grise sur la zone RT≥23.7% pourrait précisément identifier les patients qui n'ont pas subi un remodelage délétère (sensibilité, 83% ; spécificité, 74% ; aire sous la courbe, 0.86). La zone grise est donc un protecteur significatif contre le remodelage du VG. (2) Existence de la zone grise d'un IDM aiguë sur le rehaussement tardif Une zone grise sur image de rehaussement tardif existe à la fois à la phase aiguë et chronique d'un infarctus. Au stade chronique, la zone grise représente un mélange de myocytes viables et de tissus fibreux (22). Elle s'avère un substrat arythmogène qui facilite la réentrée de la tachycardie ventriculaire (23,24). A la phase aiguë, la signification tissulaire de la zone grise est moins connue. L'ensemble des études antérieures chez l'animal (25)(26)(27) et chez l'homme (28,29) suggèrent que la zone grise contient le myocarde de lésion réversible qui mène à une accumulation d'eau au lieu de nécrose.

En parallèle, de nombreuses études ont montré une diminution de la zone RT de l'ordre de 30% des premiers jours après IDM aiguë aux plusieurs mois (8,16,28,(30)(31)(32). Plus particulièrement, deux études (16,32) ont révélé que le taux de diminution était indépendant de la taille initiale de RT, mais sans donner une explication.

De même, nous avons observé une réduction de 33.8% de la zone RT de l'examen initial à six mois et aussi montré que le taux de diminution était indépendant de la taille initiale de RT. De plus, nous avons constaté que cette diminution correspondait x précisément à l'extension de la zone grise appréciée durant phase aiguë. Ce résultat intéressant indique que nous pouvons estimer la taille finale de l'infarctus par imagerie RT directement après IDM en retirant la zone grise. Cette conclusion reste à valider à l'avenir dans des études plus larges. En outre, des études animales seront nécessaires pour explorer le constituant tissulaire dans la zone grise. Notre travail a élargie les résultats antérieurs en démontrant que l'extension transmurale de l'OMV a une relation graduée avec la contractilité et l'épaisseur de la paroi. De plus, nous avons montré que la contractilité du myocarde pourrait être partiellement récupérable à suivi, ce qui confirme avec une étude précédente (21).

Cependant, d'autres études ont montré que la contractilité dans la zone d'OMV était définitivement irrécupérable (33,34). Cette contradiction pourrait être due en partie à la (2) Bien que notre résultat suggère que la zone grise représente le myocarde à lésion réversible, une comparaison avec l'histologie reste tout de fois manquante. Une expérimentation animale alliant histologie et rehaussement tardif par IRM sera utile afin de préciser la viabilité tissulaire dans la zone grise.

(3) L'effet de volume partiel peut, quant à lui, contribuer à la formation de la zone grise. Une étude chez le rat indique en effet que le volume de la zone grise d'IDM chronique augmente avec une résolution spatiale dégradée (22). Une telle étude est nécessaire pour clarifier le rôle de l'effet de volume partiel dans la formation de la zone grise en phase aiguë d'IDM. (7) En cas d'IDM aiguë reperfusé, l'hémorragie myocardique est une pathologie fortement liée à l'obstruction microvasculaire (OMV). Des recherches sur animaux (37,38) ainsi que des études cliniques (39,40) indiquent que l'hémorragie n'est pas une entité séparée de l'OMV, mais elle représente une forme plus sévère de l'OMV.

Cependant, la valeur pronostique de l'hémorragie au-delà de l'OMV reste à définir.
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 12 Figure 1. The anatomy of the heart. Ref.(11) 
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 4 Figure 4. Schematic representation of pathophysiological mechanisms that may contribute to reperfusion no-reflow in the setting of primary PCI for acute MI. Ref.(34) 

Figure 5 .

 5 Figure 5. Two paradigms relating to LV remodeling. Top, cascade from acute transmural MI to heart failure and death. Middle, diagrams showing LV remodeling process during infarct healing: topographic changes within infarcted zone (IZ) and non-infarcted zone (NIZ). Bottom, underlying extracellular collagen matrix (ECCM) remodeling that leads to LV rupture, dilation, and dysfunction. Ref.(5) 
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 67 Figure 6. T1 relaxation: the time it takes for Mz to increase to 63% of M0. Ref.[START_REF] Tseng | Introduction to Cardiovascular Magnetic Resonance: Technical Principles and Clinical Applications. Zhonghua Minguo Xin Zang Xue[END_REF] 

  loss. It is thus tricky when assessing cardiac diastolic function or the function of mitral valve and tricuspid valve. Retrospective gating allows continuous data acquisition during the whole cardiac cycle, and will resolve this problem. Acquired data is then retrospectively allocated to the corresponding positions in the cardiac cycle. Number of phases can be defined after data acquisition.
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 8 Figure 8. Two ECG gating techniques used in cardiac MRI. Ref.[START_REF] Ridgway | Cardiovascular magnetic resonance physics for clinicians: part I[END_REF] 
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 9 Figure 9. Sequential imaging planes for cardiac MRI.
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 1042 Figure 10. Illustration of 17-segment model for LV segmentation. (a) Representation of the 17 segments on bull's eye and the recommended nomenclature for tomographic imaging of the left ventricle. (b) Assignment of the 17 segments to three coronary arterial territories. Ref.(68)

Figure 11 .

 11 Figure 11. Stack of short-axis images acquired to cover the entire LV. The endocardial (red) and epicardial borders (green) are manually delineated to obtain LV volumes, mass, and EF.

Figure 12 .

 12 Figure 12. Display of regional wall thickening (left) and infarct transmuraltiy (right) on bull's eye on 17-segment model in a patient with inferior AMI. Severely impaired wall thickening occurs within (near-) transmurally infarcted segments.

  Verhaert et al. (99) compared T2 mapping and T2-weighted short tau inversion recovery (T2-STIR) in 27 AMI patients (STEMI/non-STEMI: 16/11). T2 mapping was more sensitive than T2-STIR in detecting edema (96% vs. 74%). Typical examples are shown in Figure 13. Data, however, is still scant.

Figure 13 .

 13 Figure 13. T2 maps, T2-STIR, and LGE images in patients with acute MI. (A) Acute STEMI in the LCX territory. T2 value: 72 msec of infarct region versus 56 msec of remote region (B)Acute non-STEMI in the RCA territory. T2 value: 71 msec of infarct region versus 58 msec of remote region. Ref.[START_REF] Verhaert | Direct T2 quantification of myocardial edema in acute ischemic injury[END_REF] 
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 14151617 Figure 14. Illustration of increased distribution volume for contrast media in acute infarctscompared to healthy myocardium. Ref.(6) 
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 1819 Figure 18. Influence of TI selection to LGE image appearance. (a) Plot of signal intensity versus TI in infarcted, normal myocardium, and blood pool for LGE imaging. (b) Short-axis MR images acquired at each TI value, with infarcts (arrows) optimally visualized at TI0. Image contrast between the infarct and viable myocardium varies depending on the TI used. Adapted from Ref. (117)

Figure 20 .

 20 Figure 20. Typical LGE patterns in various myocardial pathologies. (A) chronic myocardial infarction: subendocardial enhancement matching the LAD territory; (B) acute myocarditis: patchy midwall and subepicardial late enhancement involving LV lateral wall; and (C) dilated cardiomyopathy: diffuse midwall enhancement (arrows) within the LV. adapted from Ref. (120)

Figure 21 .

 21 Figure 21. Flowchart describing the process of generating the ECV map of a mid-ventricular short-axis slice through the left ventricle. Ref. (122)

Figure 22 .

 22 Figure 22. Measurement of aortic pulse wave velocity using phase contrast MR imaging. (A) Computation of the distance between two locations of the aorta (d1+d2). (B) Measurement of blood velocity from magnitude and phase images. (C) Estimation of transit time (Δt) of aortic blood flow between the two locations.

  Journal of Magnetic Resonance Imaging, JMRI (PMID: 27096741) in April 2016. Objectif : Comparer trois méthodes utilisées couramment pour quantifier la taille de l'infarctus du myocarde sur des images de rehaussement tardif (RT): délimitation manuelle et deux méthodes semi-automatiques (FWHM et n-SD). Matériels et méthodes : Les images ont été acquises en RT par la technique PSIR (phase-sensitive inversion-recovery) à 3T chez 114 patients ayant présenté un premier infarctus du myocarde (acquisition à jour 2 à 4 puis à 6 mois). Deux observateurs indépendants ont analysé ces images pour déterminer la taille de l'infarctus totale (TIS) et celle du coeur de l'infarctus (CIS). La méthode manuelle a servi comme la méthode de référence afin de déterminer les seuils optimaux pour les deux méthodes semi-automatiques. La reproductibilité et la précision des méthodes ont été exprimées en bias±95% limites d'agrément.

  ORIGINAL RESEARCHMyocardial Infarct Sizing by Late Gadolinium-Enhanced MRI: Comparison of Manual, Full-Width at Half-Maximum, and n-Standard Deviation Methods

FIGURE 1 :

 1 FIGURE 1: Workflow for the comparison of three LGE quantification methods. (A) Manual delineation: endocardial (red) and epicardial (green) borders were traced, then the overall LGE (white) and the brighter core (orange) were carefully delineated. (B) FWHM: a region of interest was drawn to encompass roughly the hyperenhanced region (ROI high, yellow), then a range of threshold (20-50%) values were tested to determine the optimal value. (C) n-SD: a region of interest was placed in the normal myocardium (ROI low, blue). A range of thresholds (from 1SD to 9SD) were analyzed.

FIGURE 2 :

 2 FIGURE 2: Infarct measurement using three methods. The paired-sample t-test was used to compare results from the semiautomated methods set at various thresholds to the manual measurements. Optimal thresholds for the total infarct sizing (TIS) and the core infarct sizing (CIS) were indicated by # and #, respectively. Two groups shared the same optimal thresholds (TIS: FWHM30%/3SD; CIS: FWHM45%/6SD).

FIGURE 3 :

 3 FIGURE 3: Intraobserver variability in the acute MI group. (A) The total infarct size was measured with manual, FWHM30%, and 3SD methods. (B) The core infarct size was measured with manual, FWHM45%, and 6SD methods. The solid line represents the overall bias. The dashed lines represent 95% limits of agreement.

FIGURE 4 :

 4 FIGURE 4: Intraobserver variability in the chronic MI group. (A) The total infarct size was measured with manual, FWHM30%, and 3SD methods. (B) The core infarct size was measured with manual, FWHM45%, and 6SD methods. The solid line represents the overall bias. The dashed lines represent 95% limits of agreement.

FIGURE 5 :

 5 FIGURE 5: Interobserver variability in the acute MI group. (A) The total infarct size was measured with manual, FWHM30%, and 3SD methods. (B) The core infarct size was measured with manual, FWHM45%, and 6SD methods. The solid line represents the overall bias. The dashed lines represent 95% limits of agreement.

FIGURE 6 :

 6 FIGURE 6: Interobserver variability in the chronic MI group. (A) The total infarct size was measured with manual, FWHM30%, and 3SD methods. (B) The core infarct size was measured with manual, FWHM45%, and 6SD methods. The solid line represents the overall bias. The dashed lines represent 95% limits of agreement.

FIGURE 7 :

 7 FIGURE 7: LGE quantification by manual, FWHM and n-SD methods for various infarct types. By using the manual method, the LGE core (red) was separated from the entire LGE (red plus yellow), and microvascular obstruction, when present, was also drawn (pink). Cases #1, #2, and #3 were acute MIs. Case #4 was chronic MI. Inconsistent LGE sizes were obtained with the three methods, especially in cases #1, #2, and #3, which showed either a diffuse gray infarct (cases #1 and #2) or inappropriate myocardial nulling (case #3). When the infarct was dense and bright (case #4), the three methods resulted in more similar LGE sizes, although still different from each other.

  change of total LGE and rGZ: p=0.917.

Figure 24 .

 24 Figure 24. Representative short-axis LGE images at baseline and follow-up. This male patient showed a right coronary artery occlusion resulting in an inferior infarction. A marked decrease of LGE region was noted. At baseline, the total LGE (yellow) was 62.8g, the CZ (blue) was 36.0g. At follow-up, the total LGE size (blue) was 33.1g, approximating to acutely measured CIS.

( 2 )

 2 Relationships between MVO and LGE size & LGE reduction 1-MVO and LGE size at baseline MVO was detected in 69 out of 114 patients (60.5%) at baseline LGE imaging, with the average size of 7.4±6.3g. As shown in Figure 25, the presence as well as the size of MVO was dependent on baseline LGE size (i.e. total LGE and CZ). The presence of MVO increased with increasing LGE size (p<0.05). The size of MVO showed a positive linear correlation with LGE size (r=0.60 and 0.72 with total LGE and CZ respectively).

Figure 25 .

 25 Figure 25. Relationship between MVO and LGE size at baseline

  : L'étude a été menée sur 114 patients atteints du premier infarctus du myocarde. Ils ont subi une IRM dans les 2 à 4 jours et à 6 mois suivant la revascularisation. La zone RT à la phase aiguë a été délimitée manuellement et divisée en deux parties : la zone centrale (CZ) et la zone grise (GZ). Cette dernière a été normalisée sur la zone RT totale, donnant la zone grise relative (rGZ). Le remodelage délétère du ventricule gauche a été défini comme une augmentation ≥20% du volume télédiastolique (VTD). Résultats : Les tailles moyennes de la zone RT totale, CZ, et GZ étaient 40.0±16.4 g, 27.3±13.7 g, et 12.7±6.3 g, respectivement, la rGZ étant de 33.6±13.6%. 69 patients (60.5%) é taient atteints d'obstruction microvasculaire (OMV). Les facteurs de risque traditionnels, i.e. la taille de l'OMV (OR: 1.112 [1.030-1.201], p=0.007) et taille de CZ (OR: 1.056 [1.014-1.100], p=0.008) é taient pré dicteurs significatifs du remodelage dé lé tè re seulement dans l'analyse univarié e. Au contraire, une rGZ plus é levé e é tait associé e indé pendamment à un risque ré duit du remodelage dé lé tè re (OR: 0.838 [0.756-0.930], p=0.001). Une valeur de rGZ ≥23.7% pourrait identifier les patients sans remodelage délétère avec précision (sensibilité, 83% ; spécificité, 74% ; aire sous la courbe, 0.86).

Figure 2 .

 2 Figure 2. ROC curves of the central zone (CZ), microvascular obstruction (MVO) and relative gray zone (rGZ) for the identification of patients with LV adverse remodeling. AUC, area under the curve.

Figure 3 .

 3 Figure 3. Two representative examples are shown. Baseline LGE images (lower left) and baseline (center column) and follow-up cine images (right column). ES and ED indicate end-systolic and end-diastolic cine frames. Case #1 shows an example without adverse remodeling. The proportion of the gray zone (rGZ) was 43%. Case #2 shows an example with adverse remodeling. Transmural myocardial infarcts with presence of microvascular obstruction (MVO) in the anterior-and antero-septal wall was observed. The rGZ was 15%.

Fig. 1 .

 1 In brief, it is comprised by the following automatic steps: (1) correction of slice-to-slice misalignment (by contour translations only); (2) rigid registration of the baseline and follow-up cavities from the resulting endocardial point clouds; (3) 3D surface reconstruction and calculation of a surface-to-surface distance map, resulting in a 3D color-coded map of the cavity change in mm units, with positive value indicating local dilation and negative values indicating local shrinkage. The processing was implemented with Matlab (2013a, The Mathworks, Natick, USA).

Fig. 1 .

 1 Fig.1. Illustration of image co-registration procedure. First, breath-hold inconsistencies were corrected slice by slice. Second, baseline and follow-up cine contours were co-registered using a point cloud rigid registration technique, with the surface-to-surface distance (mm) being calculated to generate the left ventricular cavity change map. Finally, infarct map was generated to display distinct myocardial region: infarcted region, MVO and healthy myocardium, and to register onto the cavity change map.

Fig. 2 .

 2 Fig.2. Left ventricular wall thickening according to acute LGE transmural extent. A, relationship between acute LGE transmural extent and segmental wall thickening. B, wall thickening improvement according to acute LGE transmural extent. C, proportion of dysfunctional segments according to acute LGE transmural extent. WT1 and WT2 indicate wall thickening at baseline and follow-up, respectively.

Fig. 3 .

 3 Fig.3. Impact of MVO on left ventricular wall thickening after adjustment of LGE transmural extent. A, baseline and B, follow-up wall thickening in segments with and without MVO. C, wall thickening improvement in segments with and without MVO. D, wall thickening according to MVO transmural extent. WT1 and WT2 indicate wall thickening at baseline and follow-up, respectively.

Fig. 5A ,

 5A in patients without MVO, LV cavity shrank, to almost equal magnitude in infarcted and non-infarcted myocardial regions (p=0.57). Contrarily, in patients with MVO, LV cavity dilated without statistically significant differences amongst distinct myocardial regions (non-infarcted region: 0.82±1.49mm vs. infarcted but no MVO region: 0.74±1.47mm vs. MVO region: 0.94±1.75mm; p=0.74). Furthermore, the local cavity change was independent of either the transmural extent of LGE or that of MVO (p>0.05) (Fig. 5B, 5C). MVO and LV global function. LV global function parameters (i.e. EF, EDV, and ESV) in patients with and without MVO were demonstrated in Table

Fig. 4 .

 4 Fig.4. Impact of MVO on left ventricular wall thickness after adjustment of LGE transmural extent. A, end-diastolic wall thickness (EDWT) according to acute LGE transmural extent. * P<0.0001for comparison between segments with no LGE and each of the four categories with LGE; § P<0.0001 for comparison at follow-up between segments with no LGE and those with transmural extent of 76-100%. B, baseline and C, follow-up wall thickness in segments with and without MVO. D, wall thickness according to MVO transmural extent. EDWT1 and EDWT2 indicate wall thickness at baseline and follow-up, respectively.

Fig. 5 .

 5 Fig.5. Impact of MVO on left ventricular local remodeling. A, local cavity change in patients without MVO (A1: non-infarcted myocardium, A2: infarcted myocardium) and with MVO (B1: non-infarcted myocardium, B2: infarcted myocardium showing no MVO, B3: myocardium showing MVO). B, local cavity change according to LGE transmural extent. C, local cavity change according to MVO transmural extent.

Fig. 6 .

 6 Fig.6. Demonstration of left ventricular wall characteristics within the MVO region. Mid-ventricular short-axis representations of MVO region at baseline LGE imaging (arrow) and matched cine end-diastolic and endsystolic frames at both baseline and follow-up. Within the MVO region, apparent wall thinning (arrowhead) and impaired systolic wall thickening (star) could be observed.

Fig. 7 .

 7 Fig.7. Illustration of local LV remodeling according to infarct severity. A, labeled LGE images at baseline showing LV borders (light green), myocardial infarcts (red), and MVO region (light blue). B, maps of myocardial infarcts with infarct transmuraltiy being displayed (from 0% to 100%). C, maps of MVO regions with its transmuraltiy. D, maps of LV local remodeling from baseline to follow-up; local remodeling is represented by surface-to-surface distance from two cine datasets. We exhibit each of the 3D maps from two cardiac views (top and lower panels) to better visualize the remodeling in different myocardial regions.



  Contexte du sujetLa mortalité due à l'infarctus du myocarde (IDM) a sensiblement diminué durant les dernières décennies grâce à l'amélioration de la prise en charge des patients(1, 2). En revanche, le taux d'insuffisance cardiaque (IC) n'a pas baissée de façon significative du fait du vieillissement de la population et du taux de survie accru après un IDM (2). La survenue de l'IC croît avec le temps, avec un taux de 1.3% par an(3). Chez les patients atteints d'un IDM, le développement d'une IC a pour conséquence une augmentation du taux de mortalité.(3)(4)(5). Ainsi, l'évaluation du risque après IDM est fondamentale.La taille de l'infarctus est un facteur déterminant dans l'évolution clinique d'IC et de mortalité(6)(7)(8)(9). L'âge avancé, la fraction d'éjection (FE) du ventricule gauche déprimée, et l'hypertension artérielle sont aussi des facteurs aggravants du développement de l'IC (3). L'IDM provoque une série de changements structuraux dans la zone myocardique, suscitant une dilatation progressive du ventricule gauche (VG), à savoir le remodelage, et pouvant conduire, par la suite, à une IC(10). De ce fait, le remodelage VG est un continuum de l'évolution de l'IC. Dans les essais cliniques, le remodelage VG est souvent utilisé comme un critère de substitution de l'IC(11) afin de réduire la grandeur de l'échantillon et la durée du suivi. L'identification précoce des facteurs de risque pour un remodelage constitue une étape critique pour la stratification des patients. L'imagerie par résonance magnétique (IRM) cardiaque est un outil d'imagerie unique dans la recherche du remodelage après infarctus puisqu'il permet d'analyser précisément, et simultanément, la fonction du VG ainsi que son volume grâce à des acquisitions dynamiques d'IRM (telles que les séquences Ciné). Les déterminants du remodelage, tels que la sévérité de l'infarctus, sont quant à eux quantifiés à l'aide d'une iii séquence de rehaussement tardif (RT) avec injection d'un produit de contraste. D'ailleurs, l'IRM ne cesse d'évoluer. Les séquences émergentes tels que la cartographie myocardique apporteront plus d'informations sur la caractérisation tissulaire et peuvent être intégrées dans la prédiction du remodelage

  Pour répondre à ces objectifs, un projet monocentrique (REMI) a été mis en place en 2010 au sein du CHU de Nancy. Les patients présentant un premier infarctus du myocarde avec sus-décalage du segment ST (STEMI) et ayant subi une angioplastie primaire, ont été étudiés prospectivement. Le STEMI aigu était défini par la présence des critères suivants : (1) douleur thoracique prolongée (>30 minutes mais <12 heures avant d'être revascularisé par angioplastie), (2) augmentation des enzymes cardiaques (Créatine Kinase-MB [CK-MB]>2 fois la limite supérieure de la normale), (3) présence d'un sus décalage du segment ST d'au moins 0.1mV et touchant au moins deux dérivations contiguës de l'ECG et (4) preuve angiographique de l'occlusion d'une artère coronaire. vi Image co-registration. En vue d'étudier la relation entre la sévérité de l'infarctus et le remodelage local à travers le VG, nous avons développé un workflow pour corriger le décalage de différentes séries d'image afin de pouvoir les combiner. Une carte 3D de remodelage a été générée d'après deux séries d'image ciné (celles à la phase aiguë et à suivi), avec l'affichage de la distance absolue (mm) entre les deux surfaces endocardiques. Cette carte de remodelage était ensuite corrélée avec celle de l'infarctus. Ainsi, le remodelage en fonction de la sévérité de l'infarctus pouvait être évalué.  Résultats obtenues (1) Comparaison des méthodes pour mesurer la zone de rehaussement tardif : délinéation manuelle, n-SD et FWHM La reproductibilité et la précision des trois méthodes ont été testées sur 114 patients.Une série de seuils ont été testée afin de définir les seuils optimaux avec les deux méthodes semi-automatiques. Les seuils définis étaient FWHM30%/3SD pour mesurer la zone RT totale, et FWHM45%/6SD pour mesurer la zone centrale du RT ; les seuils optimaux étaient identiques pour IDM en phase aiguë et durant la phase chronique.Nous avons montré que la technique FWHM était la plus reproductible, suivie par la délinéation manuelle. Cependant, les deux méthodes semi-automatiques ont démontré une précision limitée par rapport à la délinéation manuelle avec des différences très importantes (variabilités de 24% à 46%).
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 4 Analyse de l'impact de l'obstruction microvasculaire (OMV) sur la cinétique segmentaire et le remodelage local Nous avons constaté que la présence ainsi que l'extension transmurale de l'OMV ont eu un effet aggravant sur l'épaississement et l'épaisseur pariétal du VG au-delà même de la transmuralité d'un infarctus. En ce qui concerne le remodelage local, nous avons observé deux motifs différents chez les patients qui présentaient l'OMV et ceux qui n'avaient pas d'OMV. Un rétrécissement ventriculaire a été observé chez les patients sans OMV. Ce rétrécissement s'est produit à la même grandeur dans la zone myocardique à travers le ventricule. Au contraire, une dilatation ventriculaire significative est survenue chez les patients avec OMV. Bien que la dilation soit apparue viii à travers le ventricule, à savoir dans la zone infarcie et non-infarcie, elle s'est avérée plus importante dans la zone contenant l'OMV. Par ailleurs, la grandeur de dilation était indépendante de l'extension transmurale de l'OMV. Ces résultats indiquent que le développement du remodelage suit différents motifs chez les patients avec et sans OMV.  Discussion L'IRM représente aujourd'hui l'examen de référence dans l'évaluation du post infarctus et du remodelage cardiaque ischémique. L'imagerie par rehaussement tardif met en évidence, et avec précision, la viabilité myocardique. Cette technique d'acquisition possède une résolution spatiale supérieure à la scintigraphie, et est donc principalement utile dans la détection des petites séquelles d'infarctus mais aussi des cicatrices sous-endocardiques(19, 20). L'imagerie dynamique du coeur utilise souvent une séquence d'écho de gradient avec état d'équilibre, permettant une analyse précise de la fonction globale et régionale du VG(21).

( 1 )

 1 Méthodes utilisées pour quantifier la zone de rehaussement tardif Aucun consensus n'a été fait sur la méthode à utiliser pour la quantification de la zone de rehaussement tardif par IRM. Dans la littérature, trois méthodes sont largement utilisées, à savoir la délinéation manuelle, n-SD et FWHM. Ces deux dernières sont basées sur la technique du seuillage global. Même si l'utilisation des techniques semi-automatiques peut être un gain de temps considérable, elles ont certaines contraintes incontournables. En effet, la méthode n-SD n'est pas assez reproductible du fait qu'elle nécessite de sélectionner une région d'intérêt aléatoire dans la zone du myocarde sain. La technique FWHM s'avère cependant la plus reproductible. L'algorithme lui-même pourrait expliquer sa bonne reproductibilité : l'élément clé de cette méthode est la détermination du signal maximal dans la zone de rehaussement tardif. Une bonne sélection de la région d'intérêt comprenant le signal maximal est plus ix facile et est beaucoup moins indépendant de la variation du signal par antenne de surface que la méthode n-SD. Cependant, FWHM fonctionne bien à condition qu'un noyau brillant de la zone rehaussement tardif existe. Sa précision est limitée en cas de présence d'un infarctus gris et homogène, ce qui a été observé dans 11.4% des cas d'IDM aiguë et dans 6% des cas chronique de notre étude. La délinéation manuelle, bien qu'elle ne soit pas le gold standard, s'est avérée assez reproductible, et est un compromis nécessaire dans la recherche clinique lorsque le gold standard comme histologie est toujours manquant. Une des limites de ce travail est que notre étude est mono-centrique, et qu'il reste à définir si notre conclusion pourrait être adaptée à tous les cas. Pour la quantification de la taille de l'infarctus, la cartographie T1, qui permet la mesure directe du temps T1 à chaque voxel d'une image, pourrait être une alternative prometteuse des séquences par rehaussement tardif.
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 3 Prédiction du remodelage VG par les biomarqueurs d'imagerieLa taille de l'infarctus et la présence de l'obstruction microvasculaire (OMV) s'avère deux déterminants principaux du remodelage ventriculaire gauche après IDM(7, 9, 13- 15). Dans le travail présent, nous avons confirmé l'effet pénalisant d'un gros infarctus et de la présence de l'OMV. Au-delà de ces deux facteurs de risque connus, nous avons pu montrer que la zone grise était un facteur protectif du remodelage ventriculaire. Une zone grise importante s'est avérée associée indépendamment à un risque réduit du remodelage délétère. Son effet protectif pourrait d'être expliqué par la lésion réversible qu'elle contient. Ce nouveau paramètre devrait être intégré dans les modèles conçus pour prédire le remodelage après IDM. De plus, il pourrait d'être utilisé comme un index de sauvetage myocardique dans l'évaluation de l'efficacité des stratégies de revascularisation.
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 4 Impact de l'OMV sur la cinétique segmentaire et le remodelage localLa présence de l'OMV dans un segment myocardique est liée à une contractilité plus déprimée et à un amincissement de la paroi par rapport au segment sans OMV(16).

  xi disparité méthodologique pour évaluer l'OMV comme par exemple le délai après IDM auquel l'OMV est mesurée. Bien que de nombreuses études établissent l'effet néfaste de l'OMV sur le remodelage VG (i.e. dilation ventriculaire), il est toutefois mal compris comment l'OMV agit sur les différentes régions du myocarde à travers le ventricule. Autrement dit, nous ne savons pas si le remodelage se produit uniformément à travers le VG ou peut être dégradé dans les régions plus gravement blessées, par exemple, la région myocardique contenant l'OMV. Un workflow de co-registration d'image a été développé alliant le remodelage local et la sévérité de l'infarctus région par région. Deux motifs différents ont été observés dans notre étude : un rétrécissement plutôt uniforme à travers le VG chez des patients n'ayant pas d'OMV tandis qu'une dilation significative à travers le VG a été observé chez ceux qui ont eu l'OMV, avec une dilation plus importante dans la région myocardique comportant l'OMV. L'ensemble des résultats indiquent que le remodelage ventriculaire touche non seulement la zone myocardique infarcie mais aussi la zone non-infarcie. Ces résultats régionaux ont été confirmés par l'analyse globale de la fonction du VG. Chez les patients sans OMV, la fraction d'éjection a été restaurée du fait de la diminution du volume télé-systolique au suivi, alors que chez ceux atteints de l'OMV, l'augmentation de la fraction d'éjection était due à la dilation du ventricule en fin diastole. Une étude antérieure proposée par O'Regan (35) avait montré une différence du remodelage plus importante dans la région infarcie surtout en présence de l'OMV par rapport à la région non-infarcie. Cette incohérence peut être liée à la durée de suivi sachant que leur IRM de suivi avait été réalisée à un an, alors que nous avons effectué notre examen à 6 mois. Ainsi, les faits observés dans notre étude pourraient représenter le stade plus précoce du remodelage ventriculaire. Nous savons que le remodelage ainsi que le processus de guérison de l'infarctus sont progressifs après un IDM (32, 36). Avec un suivi plus long, par exemple, à un an, le décalage du remodelage peut être plus déclaré entre la zone infarcie et la zone non-infarcie comme décrit dans l'étude précédente, c'est-à-dire, remodelage plutôt non-uniforme (dilation plus importante dans les zones myocardiques gravement blessées) au lieu de xii quasi-uniformalité observée au stade précoce après un IDM. Par ailleurs, ils n'ont pas séparé le groupe avec OMV et celui sans OMV pour faire des analyses statistiques, ce qui peut encore contribuer à la différence entre leur étude et la nôtre, car nous avons montré deux motifs de remodelage bien différents chez ces deux populations. Une étude plus large, et qui examine le remodelage à plusieurs points du temps, est nécessaire pour clarifier l'évolution du remodelage ventriculaire au cours du temps.  Conclusion et perspectives Le but d'origine de ce travail est de caractériser le tissue myocardique et d'étudier le remodelage ventriculaire après un infarctus du myocarde par IRM. Pour ce faire, nous avons étudié 114 patients présentant un premier infarctus du myocarde avec sus-décalage du segment ST et ayant subi une angioplastie. Nous avons constaté que : (1) les deux méthodes semi-automatiques (n-SD et FWHM) sont sensible à la qualité d'image et chacune possède plusieurs contraintes ; (2) la zone grise appréciée tôt après revascularisation d'un IDM aiguë en imagerie par rehaussement tardif (RT) représente la lésion myocardique réversible, et sa quantité correspond à la diminution de la zone RT de la phase aiguë à six mois. Ainsi, nous pouvons estimer la taille finale de l'infarctus en retirant la zone grise depuis la zone RT ; (3) la taille de la zone grise, normalisée sur la taille de la zone RT, est un nouveau paramètre qui prédit indépendamment le remodelage ventriculaire au-delà de la taille de l'infarctus et celle de l'OMV. D'ailleurs, elle est un facteur protecteur : une taille importante de la zone grise est liée à un risque réduit du remodelage délétère. Ces résultats indiquent l'importance de l'appréciation de l'hétérogénéité de la zone RT à la phase aiguë après IDM dans la stratification du patient ; (4) le remodelage ventriculaire ne se limite pas seulement à la zone myocardique blessée, mais atteint aussi la zone du myocarde sain. En outre, le motif de remodelage est différent entre des patients atteints de l'OMV et ceux sans OMV. Un rétrécissement significatif se produit, au même degré, à travers le ventricule dans la zone infarcie et la zone myocardique non-infarcie. Cependant, en présence de l'OMV, le ventricule se dilate significativement à travers tout le VG, alors xiii que la zone contenant OMV montre une dilatation plus importante par rapport à la zone sans OMV. A l'avenir, les questions suivantes doivent être répondues : (1) Une délimitation de la zone de rehaussement tardif par la technique de seuillage nécessite une détermination du bon seuil (ce seuil étant sensible à l'apparence d'image). La cartographie T1, qui permet de mesurer le temps T1 dans chaque voxel d'une image pourrait être une méthode alternative d'imagerie par rehaussement tardif.
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 45 L'évolution à l'échelle temporel de la zone grise pourra d'être étudiée en effectuant une série d'examens IRM. En outre, nous avons montré la valeur prédictive du remodelage ventriculaire à six mois. Sa valeur pronostique à long terme reste à étudier dans le futur. La co-registration d'image a été utilisée dans notre étude. Cependant, l'imagerie conventionnelle (ex., séquences ciné et rehaussement tardif) est réalisé en 2D en l'apnée, ceci peut mener à un problème de recalage due à la variabilité des positions respiratoires. Une technique 3D en respiration libre pourrait le corriger. De plus, une plus haute résolution spatiale peut être atteinte avec une technique 3D. (6) Dans notre étude, l'exploration du remodelage local du VG en fonction de la sévérité de l'infarctus est limitée aux premiers 6 mois, donc elle ne représente xiv pas des changements au-delà de cette période de suivi. Il serait intéressant de poursuivre, à long terme, le remodelage dans les différentes régions myocardiques.
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Table 1 . Prognostic significance of infarct size measured by LGE

 1 

	Study	Imaging	time	Parameters	Main findings
		post-MI		examined	
	Larose et al. (20)	<12 hours		Infarct size	Infarct size was the strongest predictor of
	N=103	6 months		MVO	6-month LV dysfunction (EF<50%) and
		>2 year clinical	TN	2-year MACE;
		follow-up		MSI	Infarct size≥23% accurately predicted late
					LV dysfunction (se: 89%, sp: 74%)
	Lund et al. (62)	5±3 days		Infarct size	Infarct size was an independent predictor
	N=55	8±3 months		MVO	for adverse remodeling (ΔEDV≥20%), the
					risk increased 2.8-fold with each 10%
					increase of infarct size;
					Infarct size≥24% accurately predicted LV
					adverse remodeling (se: 92%, sp: 93%)
	Tarantini et al. (124)	6±2 days		Infarct size	The amount of transmural necrosis (TN)
	N=76	6±1 months		MVO	provided significant additional value to
				TN	infarct size and MVO for the prediction of
					LV remodeling.
	Hombach et al. (125)	6.1±2.2 days	Infarct size	All three parameters were predictive for
	N=110	225±92 days	MVO	LV adverse remodeling ((ΔEDV≥20%)
				TN	
	Eitel et al. (16)	1-4 days		Infarct size	Infarct size and MVO size were associated
	N=208	6 months		MVO	with 6-month MACE in univariate
				MSI	analysis;
					Only MSI was an independent predictor
	Roes et al. (126)	1.7-yr clinical	Infarct size	Infarct size was a stronger predictor of
	N=237 (healed MI)	follow-up		LV EF	all-cause mortality than LV EF and
				LV volumes	volumes
	Wu et al. (19)	1 week		Infarct size	Infarct size is the only independent
	N=122	4 months		LV EF	predictor of MACE at 2 years (se: 88%,
		2-yr clinical		LV ESV	sp: 96% with a cutoff value of 18.5% of
		follow-up			LV for infarct size)
	Note: LGE, late gadolinium enhancement; LV, left ventricle; MVO, microvascular obstruction; TN,
	transmural necrosis; MSI, myocardial salvage index; MACE, major adverse cardiac events; EF, ejection
	fraction; EDV, end-diastolic volume; ESV, end-systolic volume; se/sp: sensitivity/specificity; the symbol
	"Δ" indicates changes from baseline to follow-up measurements.

I.

4.3.2. Infarct shrinkage

  

	Although acutely measured infarct size carries significant prognostic value, it
	should be noted that infarct shrinks during the healing process. A huge body of
	evidences have supported an apparent decrease in infarct size from the first few days of
	MI to chronic phase after reperfusion for acute MI (19, 20, 62, 78, 81, 127-133) (Table
	2). Reasons for over-time decrease in infarct size measured at LGE are multiple (127).
	Of which, infarct involution (or scarification) and regression of initial
	hyperenhancement occurring in reversibly injured myocardium might contribute most.
	Regarding the reduction magnitude, Ingkanisorn et al. (127) described a reduction of
	infarct size by 31% between 5 days and 2 months. The same magnitude was found by
	Baks et al. (78) between 5 days and 5 months. Other studies (62, 130-132) also
	observed a decrease of infarct size in an order of 30% over months after acute MI. In
	our own study, we also noted a significant reduction in LGE from 4 days to 6 months,
	by ≈30%. Furthermore, two previous studies (78, 130) revealed that infarct size
	decreased to the same extent in small and large infarcts, seeming independent of initial
	infarct size, but potential reasons for this phenomenon were not provided in these
	studies. We speculate that the rate of LGE decrease might be fix due to some intrinsic
	reasons. To this end, we studied infarct characteristics including infarct tissue
	heterogeneity. This

work will be presented in Part II: Chapter 2.

  

	The exact time frame of infarct shrinkage has not been fully defined. Some studies
	(132, 133) performed serial MRI exams after acute myocardial infarction and showed
	that infarct size decrease occurred during the first week and remained unchanged
	thereafter. Others (81, 130) demonstrated that infarct shrinkage was not limited to the
	first week but rather underwent a continuous decrease over time. Yet, in these studies, a
	dominant decrease still occurred within the acute stage and relatively small changes
	afterwards.

Table 2 . Over-time decrease of infarct size measured at LGE imaging

 2 

	Study	Infarct sizing	Imaging	Main findings
		method	time post-MI	
	Ingkanisorn et al. (127)	Manual	5 days	Infarct sizes: 26±25g vs. 17±19g
	N=33		2 months	Reduction rate: 31%
	Baks et al. (78)	Manual	5 days	Infarct sizes: 35±21g vs. 24±17g
	N=22		5 months	Reduction rate: 31%, to the same extent in
				small and large infarcts
	Wong et al. (128)	FWHM	3±2 days	Infarct sizes: 33.5g vs. 23.1g (median size)
	N=40		90±8 days	
	Lund et al. (62)	>2 SD	5±3 days	Infarct sizes: 19±10% vs. 14±8% of LV
	N=55		8±3 months	Reduction rate: 26%
	Wu et al. (19)	Manual	1 week	Infarct sizes: 25±17% vs. 21±13%
	N=122		4 months	Reduction rate: 22%
	Larose et al. (20)	FWHM	12 hours	Infarct sizes: 22% vs. 16% (median size)
	N=103		6 months	
	Dall'Armellina et al.	>2SD	24 hours	Infarct sizes: 27±15% (24h) vs. 22±12% (6
	(129)		1 week	months)
	N=30		2 weeks	
			6 months	
	Engblom et al. (81)	New algorithm 1 day	Infarct size decreased at each time point and
	N=22		1week	the reduction occurred predominantly
			6 weeks	within the first week (64% of 1-year
			6 months	reduction)
			1 year	
	Pokorney et al. (130)	>2 SD	1 week	Infarct sizes: 25±17g vs. 17±12g vs. 15±11g
	N=66		4 months	32% decrease from acute necrosis to early
			14 months	scar, with 12% additional decrease between
				early and late scar
	Ripa et al. (131)	Manual	2 days	Infarct size decreased from day 2 to 1 month
	N=58		1 month	and was unchanged between 1month and 6
			6 months	months.
				30% reduction from day 2 to 6 months
	Ibrahim et al. (132)	Manual	1 day	Infarct sizes: 18.3% vs. 12.9% vs. 11.3% vs.
	N=17		7 days	11.6%; infarct size decreased by 34.2%
			35 days	within the first week and only minor change
			180 days	at subsequent imaging
	Mather et al. (133)	>2 SD	2 days	Infarct sizes: 27.2±13.9% vs. 21.6±14.1%
	N=48		7 days	vs. 21.1±13.7% vs. 19.0±13.9%
			1 month	Decrease occurred within the first week and
			3 months	remained unchanged thereafter.

Note: FWHM, full-width at half-maximum; SD, standard deviation.

I.4.3.3. Infarct heterogeneity

On late gadolinium enhancement (LGE) images, a gray zone or border zone can be observed, showing intermediate signal intensity (SI) between the infarct area and normal myocardium. In chronic MI, it is caused by the partial volume effect

(134, 135)

.

The admixture of tissues causing intermediate SI may occur in two manners:

(1) 

it could result from the volume-averaging effects of an area of uniformly fibrotic scar with an adjacent area of completely viable myocardium; (2) the intermediate SI could arise from the intermingling of viable myocyte bundles within the scar region. The disorganized mixture of viable and nonviable tissue at infarct border likely serves as the substrate for reentrant ventricular tachycardia (VT) (135-138).

Schmidt et al. (135) 

studied 47 patients with prior MI and LV dysfunction (EF≤35%) who were planned for prophylactic implantable cardioverter defibrillator (ICD). They found that large gray zone at LGE was associated with increased inducibility for sustained monomorphic VT. Furthermore, infarct heterogeneity quantification predicted future cardiovascular events (139, 140), which is assumed to be related to the occurrence of lethal ventricular arrhythmias. Infarct tissue heterogeneity of an acute MI, however, is rarely studied. Indeed, a gray zone with intermediate SI does exist at infarct border in the setting of acute MI (107, 112, 141). It represents enhancement in reversibly injured myocardium due to water accumulation within it subject to acute ischemia and reperfusion. The volume of distribution for gadolinium within this region was intermediate (i.e., less than infarct area but more than remote normal myocardium), causing intermediate SI on LGE images (107, 112). Residual myocardial contractility was detected at the border zone (141), the recovery of which being responsible for subsequent function improvement (142). These findings challenge the upheld belief that LGE regions correspond to nonviable myocardium (101). The assessment of gray zone may serve as a novel maker for myocardial salvage. With the hypothesis that acutely measured gray zone might be beneficial, we studied its associations with late function of LV and with LV remodeling. The work will be presented in Part II: Chapter 3.

I.4.3.4. No-reflow or microvascular obstruction, MVO

As discussed in chapter 2, no-reflow is an important manifestation of ischemia-reperfusion injury in acute MI, which results from obstruction of microcirculation (<200µm in diameter) due to acute inflammation, embolic debris, enthothelial swelling, and vasospasm. Clinically, it is an ominous sign, and occurs in more than 50% STEMI patients despite complete restoration of coronary artery flow (TIMI flow grade 3) (143).

Assessment of MVO using MRI. MRI using contrast agents can reliably

demonstrate the presence and extent of MVO after reperfused acute MI. It represents a central dark zone (hypoenhanced) within the hyperenhanced region (105). Three strategies are currently available: first-pass perfusion (FPP, acquisition during the first seconds after contrast injection), early gadolinium enhancement (EGE, acquisition at 2-5minutes post-contrast), and late gadolinium enhancement (LGE, acquisition at 10-20 minutes post-contrast). MVO assessed by FPP or EGE is termed "early MVO" while it is termed "late MVO" when using LGE. It has not been fully established which technique is the best. Generally, first-pass or early enhancement imaging has a higher sensitivity for the detection of MVO than LGE because small MVO region may diminish or even disappear due to gradual diffusion of contrast agents into initial MVO region. In literature, a lower prevalence and smaller size of MVO was reported with

LGE than with earlier imaging (63, 128, 144-149) (Table

3

). For instance, in the study of

Mather et 

al. (144), the prevalence and size of MVO was 65% (4.7g), 59% (2.3g), and 41% (0.2g) for first-pass, early, and late imaging, respectively. Consistent results were shown by Cochet et al. (149) (FPP-MVO, 69%; LGE-MVO, 47%). Despite the sensitivity of early imaging in detecting MVO, LGE imaging seems superior for the assessment of MVO. First, LGE enables full coverage of left ventricle and guarantees a significantly higher contrast between the infarcted myocardium and MVO region than early imaging techniques (150). Second, LGE allows at the same time a comprehensive measurement of infarct size, transmural extent of infarction and other MI sequelae that may assist in patient risk stratification. Third, MVO assessed with LGE imaging seems to have stronger prognostic value than that by FPP or EGE (147, 149, 150). De Waha et al. (147) examined 408 STEMI patients and found that MVO by LGE imaging (both the presence and the extent) was strong independent predictor for MACE at 19 months, but not MVO at FPP. Additionally, late MVO was found more predictive of LV function at follow-up compared to early MVO (128). Late MVO has stronger prognostic value because MVO persisting at LGE imaging represents more overt microvascular damage than those hypoenhanced areas that can easily fill in with gadolinium after a short delay.

Table 3 . MVO assessment on FPP, EGE and LGE imaging
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	Study	Method	Imaging time	MVO prevalence and size
			post-MI	
	Mather et al. (144)	FPP		
	N=34	EGE: 1-4min		
	Bekkers et al. (145)	EGE: 2min	5±2 days	
	N=84	LGE: 10min	104±11 days	
		FPP	4-7 days	FPP: 70% , EGE: 62%, LGE: 59%
	N=63	EGE: 2min	4 months	Late MVO showed superior image contrast, and was
		LGE: 13min		stronger than early MVO in predicting LV remodeling
	De waha et al. (147)	FPP:1min	3 days	EGE: 81% (2.0%LV), LGE: 73% (0.7%LV)
	N=110	LGE: 15min	19 months	Late MVO was independent predictor for MACE
	Bogaert et al. (148)	EGE: 2-5min	1 week	EGE: 62% (7.5±6.5g), LGE: 52% (4.1±4.8g)
	N=52	LGE: 10-25min	4 months	
	Cochet et al. (149)	FPP	3-7 days	FPP: 69%, LGE: 47%
	N=184	LGE: 10min	1 year	Correlations: FPP-LGE (r=0.528)
				Late MVO was superior to predict 1-year MACE
	Wong et al. (128)	FPP	3±2 days	FPP: 73%, LGE: 78%
	N=40	LGE	90±8 days	Late MVO independently predicted LV EF at 90 days

LGE: 10-15min within 3 days FPP: 65% (4.7g), EGE: 59% (2.3g), LGE: 41% (0.2g) Correlations: FPP-EGE (r=0.91), FPP-LGE (r=0.55) EGE: 63% (4.3±3.2%LV ), LGE: 54% (1.8±1.8%LV) Correlations: EGE-LGE (r=0.78) Nijveldt et al. (150) Note: FPP, first-pass perfusion; EGE, early gadolinium enhancement; LGE, late gadolinium enhancement; MVO, microvascular obstruction; MACE, major adverse cardiovascular events; EF, ejection fraction.

Prognostic significance of MVO. Apart from infarct size, MVO is another major determinant of patient prognosis after MI.

Wu et al. (115) 

first reported its prognostic significance: the presence of MVO was closely associated with ventricular dilation, fibrous scar formation and long-term prognosis even after control for infarct size.

Subsequently, numerous studies confirmed its value for the prediction of LV adverse remodeling

[START_REF] Weir | Microvascular obstruction remains a portent of adverse remodeling in optimally treated patients with left ventricular systolic dysfunction after acute myocardial infarction[END_REF][START_REF] Lombardo | Impact of microvascular obstruction and infarct size on left ventricular remodeling in reperfused myocardial infarction: a contrast-enhanced cardiac magnetic resonance imaging study[END_REF] 125, 128, 146, 148, 149,(151)(152)(153) 

(Table 4) and the occurrence of MACE in STEMI patients (115, 125, 143, 147, 149, 154-157) (Table 5), the prediction being largely independent of infarct size. Wong et al. (128) showed that the extent of MVO by LGE was the only independent predictor for LV EF at 90 days after control for other parameters such as infarct size, early MVO, and angiographic indices. Nijveldt et al. (146) examined 60 STEMI patients early after primary PCI. They found that MVO presence was the strongest parameter to predict changes in LV volumes and EF over 4 months. Regionally, the presence of MVO was associated with wall thinning and impaired function (78, 116, 146). Previous studies evaluating the prognostic value of MVO for clinical outcomes often used composite endpoints due to small populations. De waha et al. (155) reported in 438 MI patients that MVO extent assessed at LGE imaging was independently associated with MACE over 19 months, but not infarct size.

The ratio of MVO to infarct size was even more powerful than MVO alone. In a systemic review of 1025 patients, Van Kranenburg et al. (143) showed that MVO was an independent predictor for MACE and cardiac death at 2 years whereas infarct size was not an independent factor. The duration of MVO may also play.

Ørn et al. (151) 

showed that patients who had MVO lasting to 1 week had greater infarct size, and worse LV remodeling compared to those with MVO only at 2 days. Because timing is critical to assess MVO, this may explain the discrepancies among studies regarding MVO incidence, MVO size, as well as its prognostic value. Yet, the exact time course of MVO in human has incompletely understood.

Mather et al. (133) 

examined 48 patients at day 2, day 7, 1 month, and 3 months after reperfusion for STEMI. They found that MVO occurred in 60% patients on day 2 and day 7, 23% at 1 month, but none at 3 months, and the extent of MVO diminished significantly from day 2 to day 7 to 1 month (2.3±4.1 vs. 1.2±1.8 vs. 0.17±0.4 %LV). In other publications that we have examined, no MVO was reported in MI of more than two months. The persistence of MVO likely depends on its underlying mechanisms

(36)

. For instance, "functional" MVO caused by microvascular spasm may resolve more quickly than "structural" one that is caused by irreversible damage to microcirculation. Besides, time delay for reperfusion may also alter the time course of MVO. The incidence and extent of MVO was dependent on time-to-reperfusion

(17)

. MVO and intramyocardial hemorrhage, IMH. MVO and IMH are closely related phenomena. Animal experiments (158-160) and clinical studies (16, 161-165) have indicated that IMH lags behind MVO and hemorrhage represents irreversible form of MVO. Pathologically, IMH is caused by extravasation of erythrocytes through severely damaged vascular walls. Clinical studies have used T2 or T2 * CMR sequences to detect IMH because breakdown products of hemoglobin are paramagnetic, with IMH region

Table 4 . Predictive value of MVO for LV remodeling
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	Study	Imaging time	MVO prevalence	Main findings
		post-MI		
	Wu et al. (115)	10±6 days	25% (EGE)	MVO was associated with greater increase of LV volumes
	N=44	6 months		
	Hombach et al. (125)	6.1±2.2days	46% (LGE)	MVO, infarct size and amount of transmural infarction
	N=110	225±92days		predicted LV adverse remodeling (ΔEDV≥20%)
	Nijveldt et al. (146)	2-9 days	68% (FPP)	Late MVO was the strongest parameter to predict changes
	N=60	4 months	57% (LGE)	in LV volumes and EF over 4 months
	Ørn et al. (151)	2 days	day 2:	The duration of MVO was a major independent
	N=42	1 week	38% (FPP)	determinant of final infarct size and LV remodeling
		2 months	1 week:	
		1 year	34% (FPP)	
	Weir et al. (63)	4 days	69% (EGE)	ΔESVi: late MVO>early MVO>no MVO
	N=100	24 weeks	56% (LGE)	
	Wong et al. (128)	3±2 days	78% (LGE)	The extent of late MVO was the only independent
	N=40	90±8 days	73% (FPP)	predictor for LVEF at 90 days compared to early MVO,
				infarct size and angiographic indices
	Bogaert et al. (148)	1 week	62% (EGE)	
	N=52	4 months	52% (LGE)	
		5 days	89% (LGE)	Both the extent score and transmurality analysis of MVO
	N=36	6 months		and infarct size provided predictive value for LV adverse
				remodeling (ΔEDV≥20%)
	Bekkers et al. (153)	5±2 days	MVO: 54% (LGE)	
	N=90	103±11 days		

MVO was associated with larger infarct, greater LV volume change and lack of regional function recovery Lombardo et al. (64) IMH: 43% (T2WI) The presence of MVO or IMH was not an independent predictor of LVEF once adjusted for infarct size Hamirani et al. (152) meta-analysis Both early and late MVO were associated with lower EF, larger ventricular volumes and infarct size, and subsequent worse adverse remodeling Late MVO had a stronger predictive value for MACE compared to early MVO Note: FPP, first-pass perfusion; EGE, early gadolinium enhancement; LGE, late gadolinium enhancement; T2WI, T2-weighted imaging; ESVi, end-systolic volume indexed to body surface area; the symbol "Δ" indicates changes from baseline to follow-up measurements.

Table 5 . Predictive value of MVO for MACE
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	Study	Imaging time	MVO prevalence	Main findings
		post-MI		
	Wu et al. (115)	10±6 days	25% (EGE)	MVO remained a strong prognosticator for adverse clinical
	N=44	16±5 months		outcome even after control for infarct size
	Hombach et al. (125)	6.1±2.2days	46% (LGE)	Late MVO predicted MACE at follow-up, independently
	N=110	225±92days		of LV EF, EDV, and infarct size
	Bruder et al. (154)	4.5±2.5 days	61% (EGE)	MVO>0.5%LV predicted 1-year MACE, independently of
	N=67	1 year		LV EF and infarct size
	Cochet et al. (149)	1 week	69% (FPP)	Presence of MVO at FPP or LGE independently predict
	N=184	1 year	47% (LGE)	MACE adjusting over infarct size
				The predictive value seems greater of late MVO
	De waha et al. (147)	3 days	81% (FPP)	
	N=408	19 months	73% (LGE)	
		< 2 weeks	Overall: 56.3%	MVO was an independent predictor of MACE and cardiac
	(143)	2 years	TIMI3: 54.9%	death at 2 years, whereas infarct size was not
	N=1025 (review)			independently associated with MACE
	Bodi et al. (157)	7±1 days	31% (LGE)	
	N=214	553 days		
	Negative study			

Late MVO (presence and extent) better predicted MACE than early MVO, independently to and with incremental value over LV EF and infarct size De waha et al. (155) N=438 3 days 19 months 68% (LGE) In contrast to infarct size, MVO extent was independently associated with MACE adjusting for other CMR indices The ratio of MVO to infarct size was more powerful than either parameter alone Klug et al. (156) N=129 2 days 52 months 69% (FPP) MVO was an independent predictor for MACE adjusting for age, EF, and infarct size Van kranenburg et al. MVO was associated with MACE, but not independently Only the extent of systolic dysfunction and of transmural necrosis provided independent prognostic information Note: FPP, first-pass perfusion; EGE, early gadolinium enhancement; LGE, late gadolinium enhancement; MACE, major adverse cardiovascular events; MVO, microvascular obstruction. Summary of Chapter 4 (II)  Infarct size measured on late gadolinium enhancement imaging is a major determinant of LV remodeling, dysfunction, and long-term patient outcome.  Late enhancement overestimates acute infarct size; and it encompasses both necrotic region and salvageable myocardium at infarct border. The border zone represents intermediate signal intensity, namely also gray zone, is distinguishable from the brighter central enhancement region. The clinical significance of such gray zone is rarely studied.  The volume of late enhancement diminishes over time, in an order of 30% from the first days to several months after acute MI. It is still unclear why a relatively fix reduction rate (~30%) exists among various studies.  Microvascular obstruction (MVO), i.e., hypoenhanced area at late gadolinium enhancement imaging, is a frequent finding in acute MI (>50%). It is an ominous sign, relating to LV adverse remodeling and poor prognosis; and its prognostic value is largely independent of infarct size. How MVO works on LV local remodeling is less well studied.  Three techniques are currently used to assess MVO: first-pass perfusion, early-gadolinium enhancement, and late gadolinium enhancement. The latest one is superior because it allows full ventricular coverage, shows higher contrast-to-noise ratio, and has more robust predictive value.  Myocardial hemorrhage closely relates to MVO. Although it's exact interrelationship to MVO is not fully understood, existing data suggest that it might be the downstream consequence of MVO, representing a more severe form of MVO. Larger studies are warranted to clarify the clinical role of myocardial hemorrhage beyond MVO.

  CHRONIC MI GROUP. As summarized in Table1, better interobserver reproducibility was obtained with the FWHM technique. For example, in the acute MI group the

INTEROBSERVER VARIABILITY: ACUTE MI GROUP 1

TABLE 1 .

 1 Reproducibility of the Manual, FWHM and n-SD Methods

			Acute MI group		Chronic MI group
	Total infarct size, TIS	Intraobserver	Interobserver	Intraobserver	Interobserver
	Manual	a Bias b ICC	22.12 6 8.86 0.93 [0.86; 0.96]	0.18 6 16.12 0.81 [0.74; 0.87]	1.68 6 6.52 0.95 [0.89; 0.97]	22.88 6 9.62 0.88 [0.73; 0.94]
		%variability	10.0%	15.1%	11.9%	15.7%
	FWHM30%	a Bias b ICC	20.02 6 7.44 0.98 [0.98; 0.99]	20.74 6 5.52 0.99 [0.98; 0.99]	0.23 6 3.5 1.00 [0.99; 1.00]	22.28 6 15.06 0.91 [0.86; 0.94]
		%variability	2.4%	4.5%	1.9%	7.8%
	3SD	a Bias b ICC	0.31 6 9.78 0.92 [0.88; 0.94]	2.96 6 16.62 0.75 [0.63; 0.83]	20.29 6 10.46 0.92 [0.88; 0.94]	3.12 6 13.06 0.83 [0.71; 0.90]
		%variability	8.6%	16.5%	13.3%	20.0%
			Acute MI group		Chronic MI group
	Core infarct size, CIS	Intraobserver	Interobserver	Intraobserver	Interobserver
	Manual	a Bias b ICC	22.37 6 7.32 0.94 [0.79; 0.97]	1.83 6 11.0 0.88 [0.81; 0.92]	20.41 6 4.04 0.97 [0.96; 0.98]	20.31 6 2.77 0.95 [0.93; 0.96]
		%variability	13.7%	18.0%	11.9%	14.4%
	FWHM45%	a Bias b ICC	0.76 6 9.84 0.93 [0.90; 0.95]	20.95 6 6.22 0.97 [0.95; 0.98]	0.31 6 3.58 0.98 [0.97; 0.99]	21.71 6 10.38 0.86 [0.79; 0.90]
		%variability	5.4%	7.1%	2.8%	10.4%
	6SD	a Bias b ICC	0.92 6 7.42 0.94 [0.91; 0.96]	1.7 6 12.6 0.83 [0.75; 0.88]	20.01 6 6.64 0.95 [0.93; 0.97]	2.16 6 9.28 0.88 [0.79; 0.93]
		%variability	14.1%	23.6%	20.6%	28.6%
				n	P n i51	2 jmeasure22measure1j measure11measure2	3100%;

a Bias, overall bias 6 95% limits of agreement from Bland-Altman analysis. b ICC, intraclass correlation coefficients, with 95% CI in brackets. %variability 5 1

TABLE 2 .

 2 Agreements Between the Manual, FWHM and n-SD Methods

	Total infarct size, TIS		Acute MI group	Chronic MI group
	Manual vs. FWHM30%	a Bias b ICC	1.24 6 34.28 0.49 [0.33; 0.62]	3.95 6 40.86 0.14 [-0.04; 0.31]
		%variability	32.4%	41.9%
	Manual vs. 3SD	a Bias b ICC	20.41 6 22.42 0.63 [0.50; 0.73]	0.46 6 19.74 0.65 [0.53; 0.75]
		%variability	24.1%	29.1%
	FWHM30% vs. 3SD	a Bias b ICC	21.65 6 43.54 0.13 [-0.06; 0.31]	23.49 6 44.72 0.02 [-0.20; 0.16]
		%variability	42.9%	49.0%
	Core infarct size, CIS		Acute MI group	Chronic MI group
	Manual vs. FWHM45%	a Bias b ICC	1.71 6 21.26 0.63 [0.51; 0.73]	2.07 6 22.66 0.33 [0.15; 0.48]
		%variability	30.9%	37.5%
	Manual vs. 6SD	a Bias b ICC	21.67 6 21.0 0.56 [0.42; 0.68]	21.55 6 16.62 0.60 [0.47; 0.71]
		%variability	40.0%	45.8%
	FWHM45% vs. 6SD	a Bias b ICC	23.39 6 28.64 0.32 [0.14; 0.47]	23.62 6 28.26 0.07 [-0.11; 0.24]
		%variability	47.6%	59.9%

Abbreviations, see Table

1

.

TABLE 3 .

 3 LGE Quantification Method Standardization: a Summary of Studies

	Study	Object	Imaging time	Methods	Findings
			post-MI		
	Animal validations				
	Kim 1 1.5 T	Dogs	1 day	2SD	LGE extent and shape were similar
		Ex vivo	3 days		to TTC defined infarcted area
			8 weeks		throughout infarct healing
	Fieno 2 1.5 T	Dogs	4 h	3SD	LGE extent was identical to infarct
		Ex vivo	1,3,10 days		size defined by TTC; in vivo and
		In vivo	4, 8 weeks		ex vivo imaging highly correlated
	Amado 12 1.5 T	Dogs	24 h	FWHM	LGE extent by FWHM correlated
		In vivo		1-6SD	best with TTC defined infarcted
					area; interobserver agreement was
					better using FWHM; infarct size
					decreased with increasing threshold
					values (from 1SD to 6SD)
	Hsu 13 1.5 T	Dogs	2 days	FACT	Overestimation of LGE extent by
		Ex vivo	2 months	FWHM	manual, FWHM and 2SD versus
		In vivo		2 SD	TTC; FACT algorithm was accurate
					for LGE quantification imaged ex
					vivo and in vivo
	Gruszczynska 21 1.5 T Pigs	5 days	1-9SD	Best agreements with TTC-defined
		In vivo		FWHM:	infarct size were achieved with 4SD
				30-90%	and FWHM 70%; n-SD method
					was susceptible to ROIs location
	Clinical validations				
	Bondarenko 18 1.5 T	CMI: n 5 15	Not reported	2-6SD	Thresholding at 5SD achieved simi-
				Manual	lar infarct size in comparison to
					manual delineation
	Flett 19 1.5 T	AMI, CMI, HCM:	Not reported	2-6SD	The FWHM technique was more
		n 5 20 in each group		FWHM	accurate and reproducible in three
				Manual	etiologies
	Vermes 24 1.5 T	AMI: n 5 28	AMI:	Otsu	In AMI, Otsu and 5SD achieved
		Acute myocarditis:	2.1 6 1.0	2, 3, 5SD	similar LGE mass to manual
		n 5 30	daysacute	FWHM	method whereas the FWHM
			myocarditis:	Manual	underestimated LGE mass by 15%;
			2.8 6 1.6 days		Otsu and FWHM techniques
					showed the best reproducibility
					while SD method presented high
					variability
	Baron 25 1.5 T	AMI: n 5 52	50 6 21 hours	2-6SD	
		CMI: n 5 34	100 6 21 days	FCM	
				Manual	

Table 6 . Global LGE findings
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		Baseline	Follow-up	p-value
	LV mass, g	99.0±23.0	96.4±24.6	0.103
	Total LGE, g	40.0±16.4	26.5±13.8	<0.0001
	CZ, g	27.3±13.7 [a]	17.4±10.6	<0.0001
	GZ, g	12.7±6.3	9.1±4.8	<0.0001
	rGZ, %	33.6±13.6	37.2±12.5	0.001
	Absolute change (g): total LGE		13.5±10.7 [b]	

Table 7 . Global LGE findings in patients with MVO and without MVO
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		MVO+ n=69	MVO-n=45	P-value
	Baseline			
	LV mass, g	104.7±22.8	90.2±20.5	0.001
	Total LGE, g	44.8±15.6	32.6±15.0	<0.0001
	CZ, g	32.9±13.1	18.7±9.6	<0.0001
	GZ, g	11.9±5.3	13.9±7.4	0.096
	rGZ, %	27.2±10.1	43.4±12.4	<0.0001
	Follow-up			
	LVM, g	104.1±23.3	84.6±21.8	<0.0001
	Total LGE, g	31.4±13.3	18.9±11.1	<0.0001
	CZ, g	21.6±10.3	10.9±7.5	<0.0001
	GZ, g	9.8±4.7	8.0±4.6	0.042
	rGZ, %	32.3±9.8	44.7±12.5	<0.0001
	Absolute change (g): total LGE	13.4±11.1	13.7±10.0	0.893
	Relative change (%): total LGE	28.5±20.7	41.9±24.7	0.002

Table 8 . Correlations between LGE parameters and cardiac biomarkers
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		TnI	CK	CK-MB	CRP
	Baseline				
	Total LGE, g	0.45 **	0.60 **	0.61 **	0.27 *
	CZ, g	0.53 **	0.75 **	0.75 **	0.32 *
	GZ, g	0.006	-0.04	-0.01	0.02
	rGZ, %	-0.54 **	-0.68 **	-0.64 **	-0.25 *
	MVO, g	0.23	0.64 **	0.57 **	0.43 **
	Follow-up				
	Total LGE, g	0.52 **	0.70 **	0.74 **	0.30 *
	CZ, g	0.55 **	0.75 **	0.77 **	0.35 **
	GZ, g	0.28 *	0.38 **	0.46 **	0.10
	rGZ, %	-0.49 **	-0.53 **	-0.47 **	-0.24 *
	** P<0.0001 ;				

* P<0.05

 Discussion

The principal findings in this part are summarized as follows. First, we find a reduction in LGE (33.8%) from the acute measurement to measurement at 6 months, which is consistent with that reported in literature

(20,[START_REF] Baks | Effects of primary angioplasty for acute myocardial infarction on early and late infarct size and left ventricular wall characteristics[END_REF] 127, 129, 130, 132)

. The mechanisms of shrinkage of LGE area is unclear. The authors have speculated that reduction in LGE may have reflected initial enhancement in reversibly injured myocardium and the involution of the scar tissue into a smaller volume than the initial necrosis (127, 129). By analysis of LGE heterogeneity, we find that the reduction of LGE over time is closely reflected by the amount of gray zone. This is of clinical importance since we can estimate the final infarct size at acute LGE imaging. In addition, our study have confirmed previous findings that relative reduction of LGE was independent of initial infarct size

[START_REF] Baks | Effects of primary angioplasty for acute myocardial infarction on early and late infarct size and left ventricular wall characteristics[END_REF] 130)

. zone size and biomarkers. The occurrence of LGE in reversible injury have been reported previously in animals and in humans (107, 112, 141, 175), breaking the upheld belief that LGE occurs exclusively in irreversibly injured myocardium (101).

Table 2 ) . Table 2 . Quantitative analysis of the LV volumes and EF

 2.2 Flow diagram of the study cohort

			g, 27.3±13.7 g, and			
	12.7±6.3 g, respectively, and rGZ represented			
	33.6±13.6% of the total LGE. MVO was detected			
	in 69 of 114 patients (60.5%), with an average of			
	7.4±6.3 g. The LVEF significantly improved at 6			
	months (41.5±7.7% vs. 48.2±8.7%, p<0.0001)			
	with significantly increased EDV (177.7±35.5			
	mL vs. 183.8±39.9 mL, p=0.004) and decreased			
	ESV (105.0±30.6 mL vs. 97.2±34.4 mL,			
	p<0.0001) (Baseline:	Follow-up:	Absolute	Relative	p-value
		2-4 days	6 months	change	change, %	
	EDV, mL	177.7±35.5	183.8±39.9	6.1±22.3	3.8±12.6	0.004
	ESV, mL	105.0±30.6	97.2±34.4	-7.8±18.8	-7.7±16.8	<0.0001
	EF, %	41.5±7.7	48.2±8.7	6.7±6.5	17.5±19.3	<0.0001

Note: EDV, end-diastolic volume; ESV, end-systolic volume; EF, ejection fraction. p-values indicate comparisons between baseline and follow-up measurements.

F Figure 1.

Table 1 . Patient baseline characteristics (N=114)

 1 

	Characteristic

Table 3 . Analysis of factors associated with EDV, ESV and EF at 6 months using linear regression
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	models					
				Univariable	Multivariable (*)
	Dependent variable	Predictors	β	p-value	Β	p-value
		EDV at baseline	0.83	<0.0001	0.71	<0.0001
	6-month EDV	CZ rGZ	0.64 -0.40	<0.0001 <0.0001	0.19 -0.14	0.008 0.026
		MVO	0.49	<0.0001	-	-
		ESV at baseline	0.84	<0.0001	0.69	<0.0001
	6-month ESV	CZ rGZ	0.71 -0.53	<0.0001 <0.0001	--0.16	-0.006
		MVO	0.62	<0.0001	0.17	0.005
		EF at baseline	0.69	<0.0001	0.44	<0.0001
	6-month EF	CZ rGZ	-0.63 0.59	<0.0001 <0.0001	-0.19	-0.024
		MVO	-0.62	<0.0001	-0.26	0.002

Note: EDV, end-diastolic volume; ESV, end-systolic volume; EF, ejection fraction; CZ, central zone; MVO, microvascular obstruction; rGZ, relative gray zone. β indicates the standardized regression coefficient. (*)

Table 4 . Analysis of factors associated with absolute changes in EDV, ESV and EF over 6 months using linear regression models

 4 

	Univariable	Multivariable (*)

Note: EDV, end-diastolic volume; ESV, end-systolic volume; EF, ejection fraction; CZ, central zone; MVO, microvascular obstruction; rGZ, relative gray zone. β indicates the standardized regression coefficient. Δ indicates absolute changes from baseline to 6-month follow up. (*) indicates that only significant predictors were retained.

Table 5 . Analysis of factors associated with relative changes in EDV, ESV and EF over 6 months using linear regression models
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	Univariable	Multivariable (*)

Table 6 . Analysis of baseline CMR predictors for LV adverse remodeling using logistic regression model

 6 

			Univariable			Multivariable (*)	
		OR	95%CI	p-value	OR	95%CI	p-value
	EDV	0.995	0.979-1.011	0.540	-	-	-
	CZ	1.056	1.014-1.100	0.008	-	-	-
	rGZ	0.847	0.774-0.926	<0.0001	0.847	0.774-0.926	<0.0001
	MVO	1.112	1.030-1.201	0.007	-	-	-

Note: OR, odd ratio; CI, confidence interval. EDV, end-diastolic volume; ESV, end-systolic volume; EF, ejection fraction; CZ, central zone; MVO, microvascular obstruction; rGZ, relative gray zone. (*) indicates only significant predictors were retained.

Table 1 .

 1 Patient baseline characteristics

	MVO n=69	no MVO n=45	P

Table 2 . Global function in patients with MVO and those without MVO

 2 

	MVO n=69	no MVO n=45	P

https://clinicaltrials.gov/ct2/show/NCT01109225?term=REMI&rank=1
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étudié les paramètres de cinétique segmentaire : à savoir l'épaisseur et l'épaississement de paroi, associé avec la sévérité de l'infarctus tels que l'extension transmurale de l'infarctus et la présence de l'OMV.Images rehaussement tardif. La délimitation de la zone de rehaussement tardif (RT) a été faite manuellement sur les coupes petit-axes jointives, avec l'inclusion de la zone d'OMV. L'hétérogénéité de la zone RT a été prise en compte par l'identification de la zone grise. La taille de ces zones a été exprimée en valeur absolue. Nous avons aussi procédé à une analyse segmentaire. L'extension transmurale de la zone RT de chaque segment a été classée comme suit : 0%, 0-25%, 26-50%, 51-75% et 76-100%, de même que l'extension transmurale de l'OMV.En effet, nous avons réalisé une comparaison des différentes méthodes de quantification de la zone RT dans le but de déterminer une méthode appropriée, comprenant une délinéation manuelle et deux méthodes de segmentations semi-automatiques (n-SD et FWHM). Les méthodes semi-automatiques sont basées sur la technique du seuillage global. La délinéation manuelle s'est avéré la méthode préférable lorsque les méthodes par seuillage étaient imprécises, notamment lorsque la qualité d'image était insuffisante.
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Discussion

Standardizing image interpretation consists of a critical step to achieve appropriate intra-or inter-study comparisons. This first study aimed to define the optimal method for infarct sizing on LGE images. In line with previous studies, we found that the FWHM was the most reproducible technique for all measurements. The algorithm per se decides it; but FWHM works well provided that a bright core exists. It fails in case of homogeneous gray or multiple patchy infarcts, which was observed in 11.4% cases of acute MI and in 6% of chronic MI in our study. The n-SD method was also prone to errors under such situation. The n-SD exhibited worst reproducibility among the three methods studied. We are not surprised at this finding since the selection of a region of interest in the remote normal myocardium is extremely random even though great caution is paid to get rid of apparent artifacts. Moreover, although similar mean infarct sizes (to manual method) can be obtained using semiautomated techniques after setting at certain thresholds, important variabilities (24-46%) were observed at patient-to-patient analysis. Furthermore, in our experience, we don't think n-SD and FWHM techniques will significantly save processing time because most of the time is spent in identifying and delimitating endo-and epicardial contours on LGE images. It is sometimes difficult to separate the endocardial border from the bright blood cavity.

Apart from the three methods mentioned in our study, a few studies in literature used fuzzy-c means (FCM) to measure LGE infarct size (169, 170). It is a clustering method which allows voxels to be assigned automatically to two or more clusters according to their membership degree without the need to define a ROI. With the collaboration with a research engineer (S.L), we tested the FCM, again, this semiautomatique technique was influenced by similar confounding factors as to n-SD and FWHM methods (i.e., bright artefacts, thin layer of epicardial fat, suboptimal nulling, and image intensity inhomogeneity). To reduce false detection or rejection caused by such confounding factors, several researchers exploited the spatial information in MRI images in addition to the distribution of signal intensity (171-173).

For example, Hsu et al. (172,173) proposed a FACT algorithm which combined feature Third, we find that MVO occurs more frequently in larger infarcts. This is because MVO is a later event that lags behind myocardial cell injury (176). That is to say, MVO will be present in case of prolonged ischemia. In addition, both our findings and previous studies (148, 151) have shown reduced LGE resorption in patients with MVO, suggesting that MVO may hinder infarct healing process.

However, the exact tissue correlates of the gray zone at early LGE imaging needs more confirmatory evidence such as histology. Besides, more data are needed to clarify the impact of MVO on infarct healing process.

Taken together, we conclude that acutely measured LGE region overestimates final infarct size due to inclusion of reversible injury, i.e. gray zone; and the magnitude of reduction in LGE over time can be closely reflected by the gray zone extent. MVO is present in large infarcts and is associated with reduced resorption of LGE.
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Discussion

In this work, we validated the feasibility of delineating gray zone on LGE imaging at the acute stage of an MI, and the results well answered our initial hypothesis that the gray zone may be directly associated with later functional recovery and may be protective for LV remodeling. First, the rGZ measured at early LGE imaging was independently associated with ejection fraction and volumes of LV at 6 months and their evolutions. Second, a higher rGZ was independently associated with a reduced risk for adverse remodeling that was defined as a relative increase of end-diastolic volume≥20% at follow-up, whereas CZ and MVO size were only dependent predictors of LV adverse remodeling. We speculate that the effect of infarct size and MVO is translated as the extent of gray zone, rendering the latter as an independent predictor.

What deserves to be mentioned is, the rGZ rather than the absolute amount of GZ, was demonstrated to be significantly correlated with LV function recovery and remodeling. We think it is reasonable to use the normalized indice (rGZ), since it corrects for the individual difference of perfusion bed. For example, a small infarct of 10g with a gray zone of 3g has the same rGZ to a large infarct of 30g with a gray zone of 9g, both presenting an rGZ of 30%, thus they may represent identical myocardial salvage by reperfusion therapy. Instead, we cannot conclude that the latter is better treated since it has a larger absolute GZ. Similar principle is applied for the currently used myocardial salvage index (MSI), calculated as the proportion of salvaged myocardium at a given area at risk (AAR). However, although the MSI seems promising, controversies still exist in utilizing T2-weighted imaging to delineate AAR [START_REF] Croisille | Controversies in cardiovascular MR imaging: T2-weighted imaging should not be used to delineate the area at risk in ischemic myocardial injury[END_REF][START_REF] Kim | Relationship of T2-Weighted MRI Myocardial Hyperintensity and the Ischemic Area-At-Risk[END_REF]. In this respect, the rGZ assessed on early LGE imaging may be a substitute index to assess myocardial salvage. 
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Discussion

In this work, we assessed the impact of MVO, both its presence and transmural extent, on LV wall characteristics and local remodeling after reperfused STEMI, in combination with infarct transmuraltiy. Several novel findings were presented: First, in accordance with literature, we confirmed the inverse relationship between

LGE transmural extent and segmental wall thickening. Furthermore, we compared the absolute increase in wall thickening during the follow-up according to LGE transmural extent and found that wall thickening improved equally within each grade of LGE. This finding challenges conventional belief that transmural LGE represents nonviable myocardium [START_REF] Baks | Effects of primary angioplasty for acute myocardial infarction on early and late infarct size and left ventricular wall characteristics[END_REF]177,178). Two recently published works [START_REF] Engblom | Rapid initial reduction of hyperenhanced myocardium after reperfused first myocardial infarction suggests recovery of the peri-infarction zone: one-year follow-up by MRI[END_REF][START_REF] Kidambi | The effect of microvascular obstruction and intramyocardial hemorrhage on contractile recovery in reperfused myocardial infarction: insights from cardiovascular magnetic resonance[END_REF], however, demonstrated significant function recovery in transmural infarcts. Several facts can explain recoverable function in transmurally infarcted myocardium: (1) viable myocytes are present in infarcted region (38,179); (2) LGE region overestimates true necrosis since reversible injury can also hyperenhance ( 129). Yet, it is still difficult for us to explain why wall thickening increases equally in segments with non-transmural and transmural infarcts. One possible explanation could be similar fraction of viable myocytes in infarcts at distinct transmural extents. However, histological analyses are warranted to clarify this. Besides, more studies are still needed to validate our findings.

Second, in addition to previous studies, we found that the transmural extent of MVO exhibited a graded relationship with wall thickening as well as wall thinning. In these analyses, we revealed a complex interplay between MVO and infarct transmuraltiy: (1) in segments with LGE transmural extent<50%, wall thickening improvement was similar in those with and without MVO; but in segments with LGE transmural extent>50%, the improvement was significantly less in those with MVO. ( 2 

A. Acquisition par la séquence ciné

Une séquence d'écho de gradient avec état d'équilibre a été utilisée (FIESTA, Fast Imaging Employing Steady-sTate Acquisition). La procédure consistait en l'enregistrement, lors d'apnées de 10 à 15 sec, de coupes petit axes jointives couvrant l'ensemble du ventricule gauche. Les paramètres suivants ont été utilisés: TR/TE, 4.0/1.8msec ; angle de bascule, 45°; FOV, 300mm; matrice, 256 x 256 ; épaisseur de coupe, 8mm, avec un espace entre les coupes de 0 mm; 30 phases par cycle cardiaque.

Une pile de 10 à 15 images en petit axe est généralement obtenue.

B. Acquisition par la séquence de rehaussement tardif

Nous avons utilisé une séquence d'écho gradient segmenté comprenant une impulsion d'inversion-récupération type PSIR 2D. L'acquisition a été effectuée environ 10 à 15 minutes après l'injection du produit de contraste par voie intraveineuse (0.1mmol/kg de Dotarem, GEURBET, France). Cette séquence permet de couvrir la quasi-totalité du volume ventriculaire gauche en acquérant environ 10 coupes jointives en petit axe de 8 

Abstract

Cardiac MRI (CMR) has the unique ability to study left ventricular remodeling after myocardial infarction. The main objectives of this work were to characterize infarct tissue by CMR and to evaluate factors associated with LV remodeling. We prospectively studied 114 patients with a first ST-segment elevation myocardial infarction (STEMI) undergoing primary angioplasty. CMR was performed within 2-4 days and at 6 months after the revascularization. First, we compared different methods for the segmentation of myocardial infarcts on late gadolinium enhancement (LGE) imaging. Second, we described the evolution of different components of LGE area during 6 months. We found that the decrease of LGE area (33.8%) matched the extent of initial gray zone. Third, we studied the clinical role of gray zone. The gray zone was found to be a protective factor for adverse remodeling. Fourth, we studied the influence of microvascular obstruction (MVO) on local LV remodeling and observed distinct remodeling patterns in patients with and without MVO: equally-distributed shrinkage throughout the LV cavity in patients without MVO whereas significant dilation occurring in those with MVO, tending to be greater in myocardial regions containing MVO. Key words: cardiovascular magnetic resonance; myocardial infarction; remodeling; infarct size; gray zone; microvascular obstruction.

Résumé

L'IRM cardiaque a une capacité unique d'étudier le remodelage ventriculaire gauche (VG) après infarctus du myocarde. Les objectifs principaux de ce travail étaient de caractériser le tissue de l'infarctus par IRM et d'évaluer les facteurs associés au remodelage du VG. Nous avons étudié prospectivement 114 patients présentant un premier infarctus du myocarde avec sus-décalage du segment ST et ayant subi une angioplastie primaire. Des IRM cardiaques ont été réalisées dans les 2 à 4 jours et à 6 mois suivant la revascularisation. Premièrement, nous avons réalisé une analyse comparative de différentes méthodes de segmentation de l'infarctus sur l'imagerie de rehaussement tardive (RT). Deuxièmement, nous avons étudié l'évolution des différentes composantes de la zone RT au cours des six mois, et observé que la réduction de la zone RT (33,8%) était représentée par l'extension de la zone grise initiale. Troisièmement, nous avons évalué le rôle clinique de la zone grise. Elle s'est révélée protectrice vis-à-vis du remodelage délétère. Quatrièmement, nous avons étudié l'influence de l'obstruction microvasculaire (OMV) sur le remodelage local du VG. Différents motifs ont été observés entre les patients atteints de l'OMV et ceux ne présentant pas d'OMV: un rétrécissement uniforme à travers le VG chez les patients sans OMV lorsque les sujets avec OMV présentaient une dilatation globale significative, ainsi qu'une dilatation plus importante dans les régions atteint d'OMV. Mots clés: IRM cardiaque ; infarctus du myocarde ; remodelage ; taille de l'infarctus ; zone grise ; obstruction microvasculaire.