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SCOPE OF THE THESIS

Acute myocardial infarction (AMI) is one of the most common life-threatening
diseases. Due to advances in reperfusion and adjunctive therapies, there is an increase
in patients survived at the acute stage of an MI (1). However, ultimate heart failure (HF)
in these survivors continues to pose significant clinical challenges. Left ventricular (LV)
remodeling, referring to changes in LV geometry and function, is a key determinant of
HF progression, thus is often used as surrogate endpoint of HF (2-4). Earlier
identification of LV remodeling is desirable for accurate risk stratification and tailored
therapy. LV remodeling parallels the scarification of an AMI which allows the
replacement of necrotic tissue by dense fibrotic scar. The healing process involves
distinct topographic changes within the infarcted and non-infarcted myocardial region,
leading to progressive ventricular enlargement (5). Cardiac MRI (CMR) allows
accurate assessment of LV anatomy, function, viability and myocardial tissue
characterization (6), thus is a valid tool in exploring these aspects. The thesis describes
the utility of CMR in characterizing myocardial infarcts and in assessing
post-infarction remodeling. The thesis will be presented in an article-based form. It is
organized as follows:

In PART I, we’ll provide a global context of our work. It includes five chapters:
Chapter 1: introduction of the heart.

Chapter 2: introduction of myocardial infarction; with emphasis on reperfusion injury
and its two main clinical manifestations: myocardial stunning and no-reflow.

Chapter 3: introduction of LV remodeling, including the mechanisms, temporal
changes, and the importance as a surrogate endpoint in clinical trials.

Chapter 4: introduction of the current utilization of CMR in myocardial infarction.
Some basic concepts of CMR will be provided in the first place. Then, three commonly
used CMR sequences are introduced: cine, late gadolinium enhancement, and
T2-weighted imaging, with emphasis on their clinical application. Lastly, we will
discuss some important aspects of the clinical utility of CMR concerning infarct tissue
characterization and LV remodeling prediction.

Chapter 5: introduction of the project on which we are working for this thesis.
In PART II, we will present the work we have completed. It includes four chapters:

Chapter 1: comparison of three methods that are currently used to measure LGE. This
will allow us to select an appropriate method for quantitative analysis of LGE area.

Chapter 2: quantitative analysis of LGE area. The interesting finding is that the gray
zone as measured at LGE imaging early after acute MI represents the subsequent
reduction of LGE volume. These results indicate that we can estimate the final infarct
size and the amount of salvageable myocardium early after MI through LGE
heterogeneity analysis.

Xl



Chapter 3: prediction of LV remodeling. Acute LV volume, infarct size, microvascular
obstruction (MVO), and gray zone are included in the prediction model. We found that
the gray zone extent is an independent predictor for LV remodeling, but not the infarct
size and MVO. A large gray zone is associated with reduced risks for LV adverse
remodeling. It is supposed that the effect of infarct size and MVO is translated as the
extent of gray zone.

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.

Three scientific papers have been written based on these work, which in the text will
be referred to:

1- Zhang et al. Myocardial infarct sizing by late gadolinium-enhanced MRI:
Comparison of manual, full-width at half-maximum, and n-standard deviation
methods. Published in JMRI April 2016. Doi: 10.1002/jmri.252835.

2- Zhang et al. The gray zone acts as a protective factor for left ventricular
remodeling when assessed by late gadolinium-enhanced cardiovascular magnetic
resonance early after myocardial infarction. Submitted and rejected. Correction in
progress for resubmission.

3- Zhang et al. Impact of microvascular obstruction on left ventricular local
remodeling after reperfused myocardial infarction. Submitted and rejected.
Correction in progress for resubmission

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.
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|. INTRODUCTION

[.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) (8-10).
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Figure 1. The anatomy of the heart. Ref. (11)
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|.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®.

[.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 (18-20), 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 francaise de cardiologie concernant la prise en charge de l'infarctus

du myocarde aprées la phase aigué, 2001
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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).

|.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.
1.2.2.1. 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
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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.

PCI or fibrinolytics

100+ : = No reperfusion
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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)

1.2.2.2. 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.
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Figure 4. Schematic representation of pathophysiological mechanisms that may contribute to

Endothelial Swelling

reperfusion no-reflow in the setting of primary PCI for acute MI. Ref. (34)

[.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.
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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 M1 (6, 39, 40),
including myocardial viability, perfusion, tissue characterization, no-reflow, and

myocardial function.

v" Myocardial infarction is a common cause of mortality and disability.
v' Coronary occlusion is usually caused by atherosclerotic plaque rupture.

v' After ischemia, myocardial cell death propagates as a “wavefront” from the

endocardium to the epicardium.

v Final infarct size is determined by multiple factors: reperfusion delay, area at

risk, collateral blood flow, and lethal reperfusion injury.

v" Myocardial stunning and no-reflow or microvascular obstruction are clinical

manifestations of reperfusion injury.
v" Pre- and post-conditioning seems promising to reduce reperfusion injury.

v" Myocardial infarcts heal over time, replacing acute loose necrosis and

inflammation by firming fibrotic scar which takes about five to six weeks.



1.3. 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).
[.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,
41-43). Among them, the role of neurohormones and myocardial extracellular matrix
have received extra attention (44). 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 (45).
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, 43).



1.3.2. 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
(46-48). 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) (49). Acute infarct thinning
and regional dilation lead to significant increases in wall stresses (50), 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 (51). In pigs, the circumferential length
of non-infarcted region increased from day 3 to day 36 after AMI (52, 53). 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 (54).
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 (55). Figure 5 summarizes the two paradigms pertinent to LV

remodeling.

1.3.3. 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, 56). LV remodeling is
associated with reduced survival (57—60), therapies that can attenuate it thus improve
clinical outcome (59). 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).
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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 (1Z) 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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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 Ml 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.
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l.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 (61): 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 (62—65).

[.4.1. Basic concepts of cardiac MRI

1.4.1.1. 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 (M) 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
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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.

100% Mz

63% Mz

v

Time

Figure 6. T relaxation: the time it takes for M. to increase to 63% of M. Ref. (66)

100% Mxy

37% Mxy

Figure 7. T2 relaxation: the time it takes for M., to decrease to 37% of initial M.,. Ref. (66)
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1.4.1.2. 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)
(67). 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
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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Figure 8. Two ECG gating techniques used in cardiac MRI. Ref. (67)
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1.4.1.3. 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)
(68). 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 (69). Meanwhile, individual myocardial segments have been assigned

to the three major coronary arteries (RCA, LAD, and LCX) (Figure 10b).
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(d)Horizontal long axis (c) Short axis

Figure 9. Sequential imaging planes for cardiac MRI.
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Figure 10. lllustration 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. (0) Assignment of the 17 segments to three coronary arterial territories. Ref.(68)
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1.4.2. Common cardiac MRI sequences used in myocardial

infarction

1.4.2.1. Cine MRI

The dynamic acquisition of heart motion images resolved over the cardiac cycle is
referred to as cine MRI. Currently, cine imaging uses steady-state free-precession
(SSFP) gradient echo (GRE) sequences. It accelerates image acquisition and improves
image contrast in comparison to older spoiled sequences (70). Image contrast with
SSFP is related to the T2/T1 ratio of a tissue, with fluid and fat appearing as brighter
than other tissues.

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 (71-73). 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 (74),
which takes less time for LV contour delineation.

Regional wall motion abnormality independently predict patient mortality after
myocardial infarction (75). It can be assessed either by visual interpretation or by
measuring wall thickening on 17-segment model (76). 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 (77). Segments with systolic wall thickening below
45% is considered as dysfunctional (78). Regional function of LV are inversely related

to infarct transmuraltiy (79-81) (Figure 12). In addition, tagging MRI is also used to
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assess regional function. Myocardial strain can be obtained in each myocardial layer,

offering detailed information about myocardial mechanic deformation (30, 82, 83).

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.
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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.

More recently, several studies have used cine SSFP imaging to detect edema,

infarct and microvascular obstruction in AMI (84, 85). This could be an alternative for
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edema imaging and contrast-enhanced imaging. Its prognostic value, however, remains

to be defined in studies with longitudinal follow-up.

1.4.2.2. T2-weighted imaging, T2WI

Recently, T2-weighted imaging is used to depict AAR of acute MI (86) because it
is sensitive to myocardial edema (87, 88). The amount of salvageable myocardium can
be obtained when subtracting infarct size from the AAR (89), which is comparable to
that measured by SPECT (90). 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, 91, 92). However, MSI value may
vary depending on the measurement time frame after acute MI since edema gradually
diminishes (93).

Although T2WTI is useful in detecting myocardial edema, the technique per se is
challenged by a set of problems (86, 94): (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 (95). 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. (96) found that T2-weighted MRI closely represented infarcted regions rather than

the area at risk.

20



T1 and T2 mapping seems promising alternative techniques to delineate the AAR
(97-99). Langhans et al. (97) 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%.
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.

T2 Maps T2-STIR LGE

Figure 13. 72 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. (99)

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.
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1.4.2.3. Late gadolinium-enhancement,