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Patience is the ability to idle your motor,
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Summary

One of the major determinants of the final infarct size during an acute coronary
occlusion is the size of the myocardium subjected to ischemia. Identification and
quantification of this so-called myocardium at risk in the acute phase of
ischemia has been difficult in patients with conventional methods, such as
myocardial perfusion single-photon emission computed tomography (SPECT)
or electrocardiography. However, to assess cardioprotective strategies aimed at
reducing infarct size, an accurate measure of both myocardium at risk and
infarct size is needed. Both measurements are necessary in order to assess the
amount of myocardium that has been salvaged by the provided treatment.
Cardiac magnetic resonance imaging (CMR) has the opportunity to accurately
assess both the myocardium at risk as well as the infarct size. This thesis has
contributed to the knowledge on quantification of the myocardium at risk and
subsequently myocardial salvage with the use of CMR imaging.

Study I demonstrated, for the first time in humans, that there was a good
correlation between the myocardium at risk assessed by T2-weighted CMR,
which shows myocardial edema, and the myocardium at risk assessed by
myocardial perfusion SPECT. Furthermore, the study also showed that T2-
weighted CMR can be used up to 1 week after reperfusion therapy, allowing
assessment of both myocardium at risk and infarct size to determine myocardial
salvage in a single imaging session, without interfering with patient care.

Study II showed a significant difference between the myocardium at risk
assessed by T2-weighted CMR and the endocardial extent of infarction measu-
red by late gadolinium enhancement. Thus, endocardial extent of infarction can
not be used to determine myocardium at risk, especially in patients with early
reperfusion therapy with little or no infarction.

Study IIT demonstrated a good correlation between the myocardium at risk
assessed by T2-weighted CMR and the myocardium at risk assessed by cine
imaging early after injection of a gadolinium-based contrast agent, in patients 1
week after acute coronary occlusion. Thus, both methods can be used simulta-
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neously or separately to determine MaR and subsequently myocardial salvage in
a single imaging session.

Finally, Study IV showed that T2-weighted CMR can be used to determine
the myocardium at risk in an ex vivo experimental model, both with and
without the presence of gadolinium.
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Popularvetenskaplig
sammanfattning

Under de senaste 10 aren har antalet minniskor i Sverige som dor av akut
hjirtinfarkt minskat stadigt. Den ildre befolkningen dr dock vixande och med
okande antal minniskor med fetma och typ Il-diabetes, stir vi infér en stor
utmaning i framtiden vad giller hantering av patienter med akut hjirtinfark.
For att mota denna utmaning dr det viktigt att ka var formaga att behandla
akut hjirtinfarke. Korrekt behandling har dock alldd forlitatc sig pa korreke
diagnos. Okad noggrannhet och precision av diagnostisk prestanda ir dirfor
viktigt, inte bara f6r den enskilda patienten men ocksa for samhillet, eftersom
en liten behandlingsvinst kan ge stora besparingar pd grund av det stora antalet
patienter. Identifiering och kvantifiering av det ischemiska omréde, dven kallat
for riskarea, i den akuta fasen av ischemi har varit svirt pi patienter med
konventionella metoder, t.ex. scintigrafi eller elektrokardiogram. Om man vill
undersdka nya behandlingsstrategier, med syfte att reducera infarkestorlek,
behévs tillforlitliga méte pd bide infarkestorlek och riskarea for att kunna
bedéma hur mycket som riddas med hjilp av olika behandlingsstrategier. Denna
avhandlingen har i stor grad okat kunskapen kring mojligheten att kunna
bestimma riskarea med hjilp av magnetresonancetomografi (MR).

Delarbete I visade for forsta gingen i minniska att riskarea med T2-viktad
MR, vilket visar 6dem i hjirtmuskeln, korrelerade med scintigrafi (referens-
metod for bestimning av riskarea). Studien visade 4ven att T2-viktad MR kan
anvindas for bestimning av riskarea upp till en vecka efter reperfusions-
behandling. Vid jimforelse med infarkstorlek sigs att stora delar av riskarean
hade riddats genom reperfusionbehandling.

I delarbete IT underscktes sambandet mellan riskarea mitt med T2-viktad
MR och den endokardiella utbredningen av infarktstorlek mitt med kontrast-
forstarkt MR. Studien visade en signifikant skillnad mellan dessa tvd metoder for
att bestimma riskarea. Studien visade att den endokardiella utbredningen av

xiii



infarke kan inte anvindas for att bestimma riskarea hos patienter med tidig
reperfusionsbehandling med liten eller ingen infarkt som foljd.

I delarbete III studerades hur riskarea vid reperfunderad forstagingsinfarke
mitt med T2-viktad MR forhaller sig till riskarea mitt med funktionsbilder
tidigt efter kontrastinjektion (EGE). Studien visade ett starkt samband mellan
de tvi olika metoderna for att bedéma riskarea. Slutsatsen frin denna studie ir
att bide T2-viktad MR och EGE kan anvindas for att bedéma riskarea och
riddad hjirtmuskel.

Delarbete IV visade att T2-viktad MR i en ex vivo modell i gris kan
anvindas for att beddma riskarea. Dessutom studerades om T2-viktad MR kan
anvindas fér att beddma riskarea efter injektion av MR-kontrastmedel
innehdllande gadolinium. Resultaten visade att riskarea pi T2-viktade bilder,
med och utan kontrast, korrelerade starkt med scintigrafi.
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ATP adenosine triphosphate
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Chapter 1

Introduction

1.1 Ischemic heart disease

Ischemic heart disease is the leading cause of morbidity and mortality in the
western world. The number of patients who developed an acute coronary
syndrome has been increasing exponentially, and in 2007 it was estimated that
approximately 400.000 Americans died of an acute coronary occlusion.
Furthermore, each year approximately 785.000 Americans suffer from a new
coronary occlusion. This means that every 25 seconds a new coronary event will
occur, and approximately every minute, someone will die of one.' In Sweden,
the number of people that died from an acute coronary occlusion has declined
by 27% over the last 10 year. However, still 10.000 people die each year and it
is therefore still considered the single most important cause of death in Sweden.?

Notwithstanding the decline over the last 10 years, the elderly population is
growing, and with the increasing number of people with obesity and subse-
quently type-2 diabetes, we are facing an even bigger challenge in the future
handling patients with acute coronary occlusion. To face this challenge, it is
important to gain insight into the pathophysiology and increase our ability to
treat acute coronary occlusion. Correct treatment, however, has always relied on
accurate diagnosis. Enhancing the accuracy and precision of diagnostic perfor-
mance is therefore important, not only for the individual patient but also for
society, since a small benefit in outcome may yield major savings.

1.1.1 Pathophysiology

Ischemic heart disease evolves from a disease in the coronary arteries, most
commonly atherosclerosis. The coronary arteries are conductance vessels; their
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principal role is to deliver oxygen-rich blood to the myocardium so it can
maintain its function. In a normal heart, the coronary arteries provide almost no
resistance to blood flow, and myocardial circulation is mainly controlled by
constriction and dilation of arterioles in the myocardium. In advanced athero-
sclerosis, the coronary artery can be partly blocked by an atherosclerotic plaque,
which decreases the blood pressure distal to the sclerotic zone. To compensate
for this reduced blood pressure, coronary arteries will dilate to maintain normal
resting blood flow. Thus, most patients with coronary atherosclerosis do not
have symptoms of ischemia at rest, depending of course on the extent of the
stenosis of the coronary artery.” During exercise, however, the capacity of the
coronary arteries to dilate further is limited, and subsequently, there is a
decreased blood flow reserve. As a result, there is a higher demand of oxygen-
rich blood during exercise that can no longer be delivered by the coronary
arteries. Hence, when the coronary arteries can not deliver enough oxygen-rich
blood to supply the myocardial demands, myocardial ischemia occurs.

Although myocardial ischemia often occurs during physical activity,
myocardial ischemia can even occur at rest. In advanced atherosclerosis, the
atherosclerotic plaque in the coronary artery is very vulnerable to rupture, and
when this occurs, substances within the plaque are exposed to the blood
promoting thrombosis, thereby occluding the coronary artery.

If the coronary occlusion is not directly treated, and coronary blood flow is
not restored, a series of events can occur, cither simultaneously or sequential.?
The numbers of each section described below correspond to the numbers seen in
Figure 1.1.

1. Interruption of blood supply decreases delivery of oxygen and glucose.

2. Metabolic shift

When tissues are deprived from oxygen, the energy-rich adenosine
triphosphate (ATP) can no longer be produced by aerobic glycolysis.
Instead, the metabolism shifts from aerobic to anaerobic and the end-
product pyruvate is reduced to lactate in the cell, where its
accumulation lowers the cellular pH. A decreased pH results in a
decreased activity of many cellular enzymes that are necessary to
maintain normal function.

3. Ionic imbalance
Distortion of the activities of pumps in the plasma membrane changes
the ionic balance of the cell. The lack of ATP results into an inactive
Na*/K*-pump, which causes sodium to accumulate intracellularly and
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FIGURE 1.1 Schematic overview of the ischemic cascade in the
cell. The numbers 1-6 correspond to the numbers 1-6 in section

1.1.1 Pathophysiology. ATP = adenosine triphosphate; ROS =

reactive oxygen species.
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potassium to diffuse out of the cell. This gain of sodium is accom-
panied by the influx of water, causing the cell to swell. The failure of
the Na"/K*-pump leads to activation of the Na*/H*-pump. This pump
is normally dormant, but when intracellular acidosis threatens, H* is
pumped out of the cell in exchange for Na*, to maintain normal pH.
The resulting increase in intracellular sodium activates the Na*/Ca**-
pump, causing calcium to flow into the cell in exchange for sodium.
Normally, excess intracellular Ca®* is forced out of the cell by an ATP
dependent calcium pump. However, since only a limited amount of
ATP is available, Ca** will accumulate in the cell.

. Phospholipase and protease activation
High calcium concentrations inside the cell activate phospholipase A2,
leading to degradation of membrane phospholipids and consequent
release of free fatty acids and lysophospholipids. The latter acts as a
detergent that disrupts the cell membrane.”” Furthermore, fatty acids
and lysophospholipids are potent mediators of inflammation, an effect
that may further disrupt the integrity of the already compromised cell.
Calcium also activates a series of proteases that attack the cytoske-
leton and its attachments to the cell membrane.’ As the cohesion
between cytoskeletal proteins and the plasma membrane is disrupted,
membrane blebs form, and the shape of the cell is altered.

. Reactive oxygen species

Cells also generate energy by reducing oxygen to water. During this
process, small amounts of partially reduced oxygen are produced as an
unavoidable by-product of mitochondrial respiration. Some of these
forms are free radicals that can damage lipids, proteins and nucleic
acid. They are referred to as reactive oxygen species (ROS).® Under
normal circumstances, about 2% of the oxygen is converted to ROS
and our natural defense system can prevent injury from happening.
During ischemia, an imbalance occurs, which can result in oxidative
stress, a condition that has been associated with cell membrane
injury.9

. Transition from reversible to irreversible injury
In myocardial ischemia, there is no striking sudden change that marks
the point of transition from viable myocardium to irreversible injured
myocardium. Up till now, the cell is reversibly damaged, and myo-
cardial function can be recovered given that blood flow is restored.
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However, when the duration of ischemia is prolonged, the cell can no
longer maintain itself as a metabolic unit and it becomes irreversibly
damaged, necrotic cell death will occur. At this point, two distinctive
changes can be seen in the cell: the presence of amorphous matrix
densities in mitochondria and loss of cell membrane integrity. The
development of necrotic cell death is species dependent and will be
discussed later in this thesis.

15 Minutes 40 Minutes
3 Hours >6 Hours

I

@8 Normal Myocardium
() Ischemic Myocardium
() Necrotic Myocardium

FIGURE 1.2 Schematic short-axis slices of the left ventricle of the
heart with an occlusion in the left anterior descending coronary
artery. With increasing duration of ischemia, myocardial necrosis
(vellow) will evolve within the ischemic myocardium (pink) in a
wavefront manner from the endocardial borders of the myo-
cardium towards the epicardium, a concept first demonstrated in
a dog model by Reimer et 4. in 1977."!




Joey FA Ubachs, M.D.

1.1.2 Factors influencing development of necrosis

Duration of ischemia. A major determinant that affects the transition from
reversible to irreversible injured myocardium is the duration of ischemia.'® With
increasing duration of ischemia, myocardial necrosis will evolve within the
myocardium supplied by the occluded vessel in a wavefront manner from the
endocardium towards the epicardium (Figure 1.2)."V If there is no restoration of
blood flow, necrosis will ultimately involve the full thickness of the myocardial
muscle wall, a so called transmural myocardial infarction. On the positive side, if
blood flow is restored within a certain time period, there will not be a develop-

ment of myocardial necrosis,'> !> which is called aborted infarction.'® °

100 e

)

Pig = 37 min

Ml / MaR (%
[¢)]
<

I Rat = 41 min
257 / Dog = 181 min
,l'l"' Human = 288 min
0 — . : .
1 10 100 1000 10000

Duration of Ischemia (min)

FIGURE 1.3 Infarct progression for different species. The
indicated minutes are the times to reach 50% myocardial infarct-
tion of the initial ischemic myocardium. There was a significantly
slower infarct evolution in man compared to pigs, rats and dogs.

(Reprinted with permission from Hedstrom ez al)'®

Whereas the time course of infarct evolution is well known in animals due to
controlled experiments, in humans, this is much more challenging. Recently,
Hedstrom et al.'® provided evidence of infarct evolution in humans in relation
to the initial ischemic region. Their results showed that approximately 50% of
the ischemic myocardium has become irreversibly injured after almost 5 hours of
occlusion (Figure 1.3). Furthermore, infarct evolution in humans showed to be
significantly slower than infarct evolution in pigs, rats and dogs. Thus, with
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time, acute ischemic heart disease leads by necessity to transmural infarction
unless the acute event is treated by reperfusion therapy in time.'” '® The current
guidelines state that the treatment focus should be on increasing the number of
patients with timely access to percutaneous coronary intervention (PCI). This
focus should not only be on limiting the time from pain onset to arrival at the
hospital, but also on limiting the time from arrival at the hospital to
reperfusion.'” It was recently shown that a delay in time to reperfusion after
arrival at the hospital was associated with a higher risk of in-hospital mortality
up to 10.3%.%°

Preconditioning. Some patients may arrive at the emergency department with
complaints of on-and-off chest pain over a period of hours or even days. In these
patients, the myocardium has been subjected to repetitive short ischemic
episodes. Due to these repetitive ischemic episodes, the myocardium has
increased its tolerance for ischemia and when total occlusion finally occurs, the
myocardium is able to survive longer before becoming irreversibly injured. This
phenomenon is called ischemic preconditioning,®’ and there is a general
agreement that other than early reperfusion, preconditioning is a potent form of
in vivo protection against ischemic myocardial injury. Ischemic preconditioning
has been shown to consistently reduce myocardial infarct size experimentally in
dogs, rats, rabbits and pigs.?'?> Data from clinical studies suggest that precon-
ditioning also occurs in humans.?® %’

The mechanisms for preconditioning are complicated and not fully
understood. They seem to involve a variety of stress signals which include
activation of membrane receptors and signaling molecules.”® They also involve a
much lower utilization of ATP as well a lower accumulation of lactate in
preconditioned myocardium compared to the non-preconditioned myo-
cardium.”® ? This suggests that preconditioned myocardium has a reduced
energy demand and consequently a delayed onset of necrosis when blood flow is
interrupted. As a result, a slower progression of necrosis implies a longer window
of time in which it may be possible to salvage myocardium by reperfusion
therapy.

Collateral flow. A third factor, influencing the extent of ischemia as well as the
extent of irreversibly injured myocardium, is the presence and degree of
collateral vessels. Collateral vessels are defined as small vessels that interconnect
coronary arteries. They exist latently in the normal heart, although their
presence varies between species.ao’ 31 In response to myocardial stress factors,
these microscopic collateral vessels undergo a process called transformation that
widens the lumen of the vessels. Consequently, the collateral vessels may deliver
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sufficient blood and may slow cellular injury to allow survival of at least part of
the initial ischemic region when the coronary artery is suddenly occluded. The
myocardial stress factors that influence this transformation can be: myocardial
spasms, inflammation, shear stress or lack of oxygen. The latter being probably
the most important one in coronary artery disease. To point out the importance
of collateral vessels; guinea pigs do not produce myocardial infarction at all
when a single coronary artery is occluded due to their very well developed
intracoronary collateral network, which maintains normal perfusion.3 0

In humans with acute coronary occlusion and no previous history of coro-
nary heart disease, sufficient collateral vessels to maintain normal perfusion of
the myocardium may not have been developed yet due to the absence of
myocardial stress factors. However, in patients with severe angina pectoris, well
developed collaterals can be seen.>? Furthermore, patients with collateral vessels
have a smaller infarct size, less depressed left ventricular function and better
survival rates than patients without collateral vessels.>> 34

Size of the ischemic region. Apart from duration of ischemia, collateralization
and preconditioning, a major determinant of final myocardial infarction is the
size of the myocardium subjected to ischemia.’> % The size of ischemia depends
on the coronary distribution as well as the location of the occlusion in the
coronary arterial bed.”” This implicates that two patients with the same infarct
size do not necessarily need to have the same size of ischemia, and hence, this
shows how important an accurate measure of the ischemic region is when
assessing outcome of new reperfusion strategies. Furthermore, the ischemic
region has stopped functioning due to the altered metabolism during ischemia, a
process called stunning.® Myocardial stunning remains present up to several
weeks after the coronary artery has been opened, and an important clinical
implication of stunning is that this phenomenon may contribute to heart failure,
depending on the extent of the myocardium that is stunned.

1.1.3 Diagnosis of acute coronary occlusion

First, a clear distinction should be made between the terms myocardial infarc-
tion and myocardial ischemia. The term myocardial infarction reflects cell death
of cardiac myocytes caused by ischemia, which is the result of an imbalance
between blood supply and demand. The term myocardial infarction should
therefore only be used when there is evidence of necrosis, in relation to the
circumstances leading to the infarct (e.g. spontaneous or procedure related), and
in relation to the timing of the infarct relative to the time of the observation
(evolving, healing, or healed myocardial infarction).”
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Clinical signs of ischemia can most often be identified from the patients’
history. Possible symptoms include various combinations of chest, upper
extremity, jaw, or epigastric discomfort during exercise or at rest, and may be
accompanied by shortness of breath, sweating, nausea or loss of consciousness.
These symptoms, however, are not specific to myocardial ischemia and can be
misdiagnosed. Myocardial ischemia may even occur with atypical symptoms, or
even without symptoms. Therefore, acute myocardial ischemia/infarction is
defined as a combination of at least two of the following criteria: 1) typical
symptoms of ischemia, 2) acute electrocardiographic changes including ST-
segment deviation, T-wave elevation, new left bundle branch block or Q-wave
development, 3) detection of rise and/or fall of cardiac biomarkers, preferably
troponin, and 4) imaging evidence of new loss of viable myocardium or new
regional wall motion abnormalities.*

Patients with complaints of chest pain but no further signs of acute coronary
occlusion can be subjected to either cardiac exercise testing,”’ myocardial
perfusion single-photon emission computed tomography (SPECT) with or
without pharmacological stress induction,*! or perfusion cardiac magnetic
resonance (CMR) imaging after injection of dobutamine,*? to assess whether
there is an exercise-induced ischemia and whether they would benefit from
treatment.

1.1.4 Treatment of acute coronary occlusion

When a patient shows signs of an acute coronary occlusion, the main goal of
treatment is to restore blood flow to the ischemic myocardium to minimize the
extent of myocardial infarction. Even though blood flow is spontaneously
restored in some patients through activation of the fibrinolytic system,
pharmalogical and more so mechanical reperfusion can be of great value. 4
Current clinical guidelines recommend that patients with signs of acute
coronary occlusion undergo PCI within 90 minutes.'” However, in more remote
regions, hospitals may not be able to perform these procedures, and pharma-
logical reperfusion might therefore be more appropriate at these hospitals. In
Figure 1.4 a schematic overview of possible treatment strategies is given ac-
cording to the current guidelines."’

The aim of pharmacological reperfusion in the acute phase is to promote the
fibrinolytic system to dissolve the occluding thrombus and to prevent further
thrombus growth that occurs through platelet inhibition and anticoagulation.
Although studies have shown the benefits of pharmological reperfusion,> a
major limitation is that it is not possible to directly assess whether blood flow

has been fully restored in the ischemic myocardium.
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FIGURE 1.4 Schematic overview of possible treatment strategies
for patients with ST-elevation myocardial infarction (STEMI),
according to the current guidelines. Patients seen at a hospital not
capable of percutaneous coronary intervention (PCI) may be
transferred to a PCI capable hospital if the patient would benefit
more from mechanical reperfusion. Those patients treated with
fibrinolytic therapy, where ischemic symptoms persist and failure
to reperfuse is suspected, may also be transferred. CABG: coro-
nary artery bypass grafting. (Adapted from Kushner ez a)"

Mechanical reperfusion is most often achieved by PCI, where a balloon is
inflated at the location of the occlusion. Thereafter, a stent is expanded into the
vessel wall to prevent reoccurrence of the occlusion. In those patients not
suitable for PCI or with multivessel disease, mechanical reperfusion can be
achieved by coronary artery bypass grafting (CABG).%#/ During this procedure
an artery or a vein from elsewhere in the patient's body is grafted to the coronary
arteries to bypass the atherosclerotic occlusion.

In addition to restoration of coronary blood flow, myocardial infarct mor-
tality has been reduced throughout the years by introducing specialized coronary
care units, and drugs such as thrombocyte aggregation inhibitors, angiotensin-
converting enzyme inhibitors, beta receptor inhibitors, and statins.

Coronary heart disease is a chronic condition, and patients who have re-
covered from an acute coronary occlusion are at high risk for new events and
premature death. Approximately 10% of post-infarction patients have a
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recurrent occlusion within one year after discharge,49 and mortality after
discharge remains much higher than in the general population. Therefore,
possible causes of coronary heart disease should be discussed with the patient
during hospitalization, and advice on a healthy diet, weight control, smoking
and exercise should be given.

1.1.5 Assessment of reperfusion strategies

As mentioned above, acute occlusion of a coronary artery initiates a progressive
process of necrosis from the endocardium to the epicardium over time, the so-
called wavefront phenomenon. Without reperfusion or collateral flow from
other arteries, this process ends in complete necrosis of the region supplied by
the occluded vessel. To assess the efficiency of reperfusion therapy, two
important measurements should be obtained. First, an accurate measure of the
size of the ischemic region behind the occlusion should be acquired. This
ischemic region is referred to as the myocardium at risk (MaR) throughout the
remainder of this thesis. Secondly, an accurate measure of the size of irreversibly
injured myocardium should be obtained, called myocardial infarction (MI).
Finally, the efficiency of reperfusion therapy can be assessed by studying the
relation between myocardium at risk and final infarct size. This relation is called
myocardial salvage and expresses how much of the initial myocardium ar risk
has been saved by reperfusion therapy. How myocardial salvage can be calcu-

lated will be discussed in Chapter 3.

1.2 Cardiac imaging techniques

There are a number of techniques that have the possibility to generate images of
the heart. These techniques depend on different principles of physics on how the
images are generated. More importantly, different techniques can visualize
different characteristics, such as cardiac anatomy, physiology, function or a
combination of these. It is therefore important to consider the advantages and
limitations of each technique before choosing a technique to visualize the
different characteristics of the heart.”® Potential imaging techniques include
echocardiography, X-ray, computer tomography (CT), positron emission
tomography (PET), myocardial perfusion single-photon emission computed
tomography (SPECT) and magnetic resonance imaging (MRI). This thesis is
not meant to give a detailed description of all the potential techniques, and the
following sections will therefore only focus on those techniques used in this
thesis.
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1.2.1 Myocardial perfusion single photon emission
computed tomography

Myocardial perfusion SPECT is a widely utilized nuclear medicine imaging
technique for the diagnosis of coronary artery disease after injection of a
radioactive tracer and subsequent imaging with a gamma camera. Myocardial
perfusion SPECT can be performed at rest or during exercise and can detect,
localize, and quantify the degree of ischemic myocardium. The result of a
myocardial perfusion SPECT is related to the prognostic outcome of cardiac
events. Therefore, myocardial perfusion SPECT is used to guide treatment in
patients with stable angina and after acute coronary occlusion. Myocardial
perfusion SPECT is a mature technique and part of the international guidelines
for treatment of patients with ischemic heart disease.®® > > There are interna-
tional guidelines on how to perform, how to report and when to use myocardial
perfusion SPECT.41-53: >4

Myocardial perfusion SPECT has shown to correlate well with the
myocardium at risk when the radioactive tracer is injected during occlusion
before opening of the coronary artery.”> > When the radioactive tracer is injec-
ted after opening of the coronary artery, the perfusion defect seen on the images

is more likely to correlate with myocardial infarct size.”’”

Radioactive tracers

Cardiac nuclear medicine studies are based on the injection of a gamma-
emitting radioactive tracer, which is distributed in relation to perfusion. Image
quality depends heavily on the physical properties of this radioactive tracer and
preferably, a good tracer requires: a high grade of extraction from blood, prefe-
rential uptake into cardiac myocytes, a rapid decay to make a repeat examination
possible, and a distribution proportional to regional blood flow. The most com-
monly used perfusion tracers are technetium 99m (*™Tc)-labeled tetrofosmin or
sestamibi, which have a superior image quality compared to the formerly used
tracer thallium-201 due to their higher emission of energy.”® The photons from
the technetium-labeled tracers are emitted at approximately 140 keV, which is
well suited for gamma camera imaging, and which results in less photon
attenuation and scatter due to soft tissue as compared to thallium-201, where
the photons are emitted at approximately 82 keV.

Thallium has a rather long half-life of 73 hours, and the radiation dose is
somewhat high (18 mSv), which makes this tracer less favorable to use in
patients. Thallium can be found in the same group as potassium in the periodic
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table and it has therefore a similar biological behavior. Thallium enters myocytes
by both active transport and passive diffusion, and is distributed fast into the
myocardium in proportion to the blood flow. Following thallium's initial extrac-
tion, there is a continuous exchange between the myocytes and the extracellular
compartment, resulting in a phenomenon known as redistribution. Intake of
thallium into the cell continues via additional extraction of thallium that still
remained in the blood and via extraction of thallium that re-circulated after it
has been washed out of the intracellular compartment. Redistribution often
begins as early as 20 minutes following thallium administration,” and may
result in the partial or total resolution of perfusion defects noted shortly after
stress imaging. Therefore, imaging has to be performed within 10-15 minutes
after administration to be able to visualize any perfusion defects.

#™Tc has good characteristics for myocardial perfusion SPECT acquisitions,
with a medium half-life of approximately 6 hours and a relatively low radiation
dose for a combined rest and stress study (7-8 mSv). The extraction of tetro-
fosmin and sestamibi from the blood is slower than thallium and they diffuse
passively into the myocytes. Once the tracers are in the myocytes, they are
bound to the mitochondria and can only be cleared metabolically.
Consequently, the injection does not have to be adjacent to the gamma camera,
and the patient can be transported to the gamma camera without haste.
However, this also means that a separate resting injection must be administered
if stress imaging shows a perfusion defect.

Image acquisition

To acquire perfusion images, a gamma camera is used to detect the radiation
emitted from the tracer injected into the patient. The gamma camera normally
consists of one or more detectors that detect the emitted radiation. These
detectors are equipped with a filter, a collimator, which only detects photons
that hit the detector at a 90 degree angle. Thus, rotation around the body is
necessary to acquire data covering the entire heart. A typical myocardial
perfusion SPECT acquisition uses 2 detectors with a rotation arc of 90 degrees.
The detectors acquire data during a certain time and then move to the next
predefined position along its orbital path. When a photon is finally absorbed
into one of the detectors, scintillation occurs and the created light spot is
registered by photomultiplier tubes, amplified, and sent through decoding
circuits that record the energy and spatial location of the photon.

Once image acquisition has been performed at all angles, the data is
reconstructed to enable assessment of left ventricular volumes and myocardial
perfusion.
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Limitations

Radiation originating from different parts of the myocardium travels different
distances through the chest towards the gamma camera detector. If there is tissue
of high density between the myocardium and the detector, some photons may
not reach the detector. This is called attenuation of the signal and may mimic a
perfusion defect in both rest and stress myocardial perfusion SPECT images.®’
Additional imaging in the prone position or transmission attenuation correction
can be used to overcome this problem. Today, hybrid systems combining myo-
cardial perfusion SPECT with CT are available, and the information gained
from CT can be used for attenuation correction.®! Furthermore, myocardial per-
fusion SPECT has a limited spatial resolution, affecting its ability to detect non-
transmural perfusion defects. Due to this limited spatial resolution, it is also
difficult to distinguish papillary muscles that are often excluded when analyzing
the myocardium by MRI. Finally, in instances where there is a large perfusion
defect present within the apical regions of the myocardium, it can be difficult to
accurately assess the size of the left ventricle, which may potentially affect the
quantification of the ischemic area. Commercially available algorithms exist for
segmentation of the LV in myocardial perfusion SPECT,*> © which showed to
underestimate the LV mass compared with manual segmentation of MRI
images.®* More recently, an algorithm was developed by Soneson ez 2% for
automatic delineation of LV volumes based on MRI data in patients where a
perfusion defect was present on the myocardial perfusion SPECT images.

1.2.2 Cardiac magnetic resonance imaging

In this section, the basic principles of magnetic resonance imaging will be
introduced. The descriptions are not meant to be exhaustive, and since many
principles are quite complex, explanations are kept as simple as possible focusing
only on those that are important for this thesis. More detailed information on
MRI can be found elsewhere.®¢%8

An MRI system has three main components necessary for generating images:
the main magnet, three gradient coils and a radiofrequency coil. The first two
are built into the MRI unit, while the radiofrequency (RF) coil can be selected
by the operator depending on the anatomy to be examined. These components
each generate a different type of magnetic field, which in combination produces
spatial information of magnetic resonance signals. Finally, a fourth component
is necessary, a computer system, which is the core unit for the instructions and
control of all the components in the scanner. In addition, the computer is used
to process all the magnetic resonance signals to compose the final MR image.
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Basic Principles

There are a number of elements, including *'P, *Na and "C, whose nuclei
exhibit properties that can be used for magnetic resonance imaging. However,
hydrogen ('H) is generally used to create MR images due to its natural
abundance in the form of water and lipid molecules. Hydrogen consists of a
single proton, which has a magnetic moment. This magnetic moment has a
magnitude and a direction. The magnitude is identical for all protons, but the
orientation is random (Figure 1.5a). Once placed in an external magnetic field
(Bo), such as an MRI system, the magnetic moments start to spin (precess)
around the direction of the magnetic field (Bo) (Figure 1.5b). The frequency of
precession is determined by the strength of the magnetic field and the type of
nucleus, and is called the Larmor frequency. The precessions are not in phase at
this point in time. The magnetic moments interact with each other and the
magnetic field. As a result, they slowly find an equilibrium state where a small
fraction of the magnetic moments are aligned along the applied magnetic field
(Bo) (Figure 1.5b). A slightly larger fraction of the magnetic moments will be
aligned with the magnetic field since this requires the least amount of energy.
The fraction of protons that are aligned with the applied magnetic field is
directly related to the strength of the magnetic field and the temperature. The
sum of all the magnetic moments combined form a net magnetization (M),
which also precesses around the magnetic field. The magnitude of the net
magnetization (M) determines the maximal signal intensity that can be
generated and used to form images. Thus, the greater the applied magnetic field
strength (Bo), the greater the amount of magnetic moments aligned with the
magnetic field and the greater the size of the net magnetization (M,). A typical
field strength used for cardiac imaging is 1.5 Tesla, which is approximately
30.000 times stronger than the earth’s magnetic field strength.

Radlio frequency

In order to generate a MR signal from the net magnetization, the magnetization
has to be deviated from its equilibrium state. This is achieved by letting the
system absorb energy. Energy is supplied via generation of a radiofrequency (RF)
field, applied at a characteristic Larmor frequency and at an angle orthogonal to
the main magnetic field (Bo). The RF field is normally generated by a short
pulse from the RF coils. When the RF pulse is switched on, two effects will
occur: some protons are lifted to a higher level of energy and align against the
main magnetic field, and it also causes the protons to precess in phase (Figure
1.5¢). The net magnetization (M) begins to rotate away from its alignment.
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FIGURE 1.5 Basic principles of MRI. The magnetic moment of
the hydrogen nuclei (*H) has an axis and a direction (black
arrow). Initially, these directions are randomly oriented (A), but
when they are exposed to an external magnetic field (Bo), they
precess around it. There will be a slight preference to align with
the magnetic field (B). The sum of all magnetic moments forms a
macroscopic net magnetization (Mo). When an RF pulse is
applied (C), the net magnetization is flipped at an angle and all
the "H protons start to precess in phase. This phase coherence is
lost due to interactions (T2 relaxation). After the RF pulse is
switched off, the net magnetization starts to return back to its
original alignment along the applied magnetic field (T1
relaxation) (D).

Magnetic Field (By)

Magnetic Field (B,)
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The product of RF amplitude and duration determines the angle of rotation.
Thus, if this RF pulse is applied for a sufficient time, it can cause the net
magnetization to position at 90 degrees, 180 degrees or any other angle from the
main magnetic field, which is known as the flip angle of the RF pulse.

In general, the direction of an angle can be expressed on an x-axis, y-axis and
z-axis, where the z-axis is parallel to the main magnetic field. Once the RF pulse
has caused the net magnetization (M) to make an angle with the z-axis, it can
be split into two components: the longitudinal component (M,), which is
parallel to the z-axis, and the transverse component (M,,) which rotates in the
xy-plane (Figure 1.6). Of these, only the M,, component will generate a
detectable MR-signal. These two components are important to understand the
relaxation of the net magnetization back to its original position along the main
magnetic field after the RF pulse is switched off (Figure 1.5d).

z

M,
Alignment 30° RF pulse 90° RF pulse 180° RF pulse

FIGURE 1.6 When an RF pulse is applied, the net magnetization
(My) (red arrow) is flipped at an angle, which produces two
magnetization components: a longitudinal component (M,),
which is parallel to the main magnetic field, and a transverse
component (M,,), which rotates around the main magnetic field.

T1 and T2 Relaxation

Immediately after the RF pulse, the net magnetization (M) starts to return back
to its original state. This process is known as relaxation and it is caused by the
exchange of energy to its surrounding tissue. Relaxation occurs simultaneously
along the longitudinal and transverse component.

17



Joey FA Ubachs, M.D.

T1 Relaxation

MZ
Fat
Muscle
Fluid
Repetition time (TR)
w: T2 Relaxation

Xy

Fluid
Fat
Muscle

Echo time (TE)

FIGURE 1.7 T1 relaxation. Application of a 90° RF pulse causes
the longitudinal magnetization (M,) to become zero. Over time,
the longitudinal magnetization will recover. The T1 relaxation of
fat is typically faster than the T1 relaxation of muscle and fluids.
T2 relaxation. The transverse magnetization (M,,) has a maxi-
mum amplitude as the spins rotate in phase due to the appli-
cation of a 90° RF pulse. The amplitude decays as the spins move
out of phase.
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The rate with which the net magnetization regains its longitudinal
component in the direction of the main magnetic field is called T1 relaxation.
The longer the M, component is allowed to re-grow before a subsequent RF
pulse is applied, the more signal will be available then.

The second relaxation occurs along the transverse component. The protons
that precessed in synchrony around the main magnetic field start to dephase,
which is called T2 relaxation. As the precessions become more and more de-
phased, the magnitude of M,, dwindles, and the signal detected will decrease.

Relaxation occurs in all tissues, but the values of T1 and T2 relaxation are
different for each tissue. For example, compared to fat, free water is unfavorable
for energy exchange at the Larmor frequency and it has therefore a longer T1
relaxation time (Figure 1.7). Furthermore, free water contains small molecules
that are relatively far apart and move rapidly. It has therefore a slower T2
relaxation compared to tissue with a high macromolecular content (e.g. muscle)
(Figure 1.7). Hence, based on when the image is taken after the RF pulse,
different tissues are visualized with different contrast on the MR images due to
their differences in relaxation time. There might even be a difference in contrast
within the same tissue according to whether it is in a normal or diseased state.

Spin-echo sequences

One way to recover from the T2 relaxation that occurs when the RF pulse ends,
is to apply a spin-echo sequence (Figure 1.8). After the 90° RF excitation pulse,
protons that were in phase begin to dephase in the transverse plane. After a
certain amount of time, a 180° RF pulse can be applied causing the spins to
rotate in the opposite direction. As a result, rather than to continue dephasing,
the spins will begin to align again, and at a certain time point, a new signal
maximum is reached. This is then once again followed by dephasing. The
increased signal caused by rephasing is called a spin echo. The time between the
first 90° RF pulse and the peak of this echo is called the echo time (TE).
Furthermore, in a sequence of RF pulses, the repetition time (TR) is the time
lapsing between two RF excitation pulses, which would be the time between two
consecutive 90° RF pulses when applying a spin-echo sequence (Figure 1.8).

As described above, one of the most important advantages of MR imaging is
the ability to generate contrast between different soft tissue types. This is
because different types of soft tissue have different characteristic T1 and T2
relaxation times. The MR signal generated for a particular tissue depends on its
relaxation properties, and the contrast between tissues is controlled by the choice
of sequence parameters. The spin-echo sequence can produce T1-weighting
where fluid appears dark on the MRI images. In order to generate a T1-
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FIGURE 1.8 A spin-echo pulse sequence diagram showing the
relative timing of the RF and gradient pulses to localize and
encode the MR signal for image formation. The initial 90° RF
pulse is followed by a 180° RF pulse to refocus the spins. Gs, Gp
and Gf are the slice selective, phase encoding and frequency
encoding gradients, respectively. Signal represents the signal
received from the slice of interest in the body. TR = repetition
time; TE = echo time.

Turbo Spin-Echo Sequence
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FIGURE 1.9 A turbo spin-echo pulse sequence diagram showing
the relative timing of the RF and gradient pulses to localize and
encode the MR signal for image formation. The initial 90° RF
pulse is followed by multiple 180° RF pulse to refocus the spins
several times. Gs, Gp and Gf are the slice selective, phase
encoding and frequency encoding gradients, respectively. Signal
represents the signal received from the slice of interest in the
body. Multiple echoes are created during one repetition time
(TR), which greatly reduces the acquisition time. TE = echo time.
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Inversion-Recovery Sequence
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FIGURE 1.10 An inversion-recovery spin-echo pulse sequence
diagram showing an initial 180° RF pulse, applied to invert the
magnetization, followed by a 90° RF excitation pulse at a pre-
determined inversion time (TI) to null the fat signal while
maintaining water and soft tissue signal. Abbreviations as in
Figure 1.9.

weighted image, both the repetition time and echo time have to be short. A
spin-echo sequence can also produce T2-weighting, where water appears bright
on the MRI images. Thus, T2-weighting is of specific interest for this thesis
since it enables visualization and possibly quantification of edema in the
myocardium. In order to generate a T2-weighted image, both the repetition
time and echo time have to be long.

The spin-echo sequence is a commonly used pulse sequence. However, it
may take an extensive amount of time to acquire all the data using a
conventional spin-echo sequence. This problem has been addressed by applying
a turbo spin-echo sequence (Figure 1.9). In addition to a regular spin-echo
sequence, multiple 180° RF pulses are used to create multiple echoes. Hence,
more data is acquired during one repetition time period, which greatly reduces
the total image acquisition time. An issue with turbo spin-echo sequences is
their many high energy RF pulses. In order to stay within safety limits to
prevent patient heating, turbo spin-echo sequences can be difficult to apply at
higher field strengths without compromising image quality.

Inversion-recovery sequences

The inversion-recovery sequences are used to give T1-weighting. However, they
can also be used for suppressing unwanted signals in MR images, while T1- and
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FIGURE 1.11 T1 relaxation of fat and fluid (water) after a 180°
RF pulse in an inversion-recovery pulse sequence. When the 90°
RF pulse flips the net magnetization into the transverse plane at
TI (inversion time), the magnetization of fat is zero and will not
provide any signal on the MRI image. TR = repetition time.

T2-weighting can still be controlled through selection of TR and TE. In T2-
weighted images, both fat and edema typically appear bright, which could
potentially affect accurate assessment of the size of the myocardium at risk.
Thus, it would be favorable to suppress the signal acquired from fat.

The difference between an inversion-recovery sequence and a spin-echo
sequence is the occurrence of one or more 180° RF pulses prior to the regular
spin-echo sequence (Figure 1.10). The 180° RF pulse causes an initial inversion
of the longitudinal magnetization (M,), as shown in Figure 1.11. As soon as the
RF pulse is switched off, T'1 relaxation occurs in all tissues at different rates, as
described earlier. When the M, from the tissue to be suppressed (fat) crosses the
transversal plane, application of a 90° RF pulse will rotate all M, into the
transverse plane. Since the signal from fat is zero, there is nothing to rotate into
the transverse plane. Hence, this tissue will be dark on the MRI image. The time
between the initial 180° RF pulse and the start of the spin-echo sequence is
called inversion time (TT). Fat has a relatively fast T1-relaxation, which indicates
that the inversion time is rather short. This sequence is therefore often called
short TT inversion recovery (STIR).
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Other imaging sequences

Steady state free precession (SSFP) cine imaging requires very short repetition
times, on the order of 4 ms. This makes it suitable for data acquisition
throughout the cardiac cycle with good temporal resolution. As balanced SSFP
sequences also have excellent contrast between blood and myocardium, they are
the sequence of choice for imaging of myocardial function. Such short repetition
times can only be achieved by using a gradient-echo sequence. Compared to the
spin-echo sequences, gradient-echo sequences only have one RF pulse within
each TR interval. As opposed to 90° or 180°, the flip angle of the RF pulse in
gradient-echo sequences commonly varies between 10° and 80° degrees. This
allows the net magnetization (M,) to remain closer to its equilibrium along the
main magnetic field, which results in a larger signal compared to multiple 90°
RF pulses with short repetition times. The contrast generated in SSFP images is
dependent on the ratio between T2-weighting and T1-weighting. Larger flip
angles provide more T1-weighting, whereas smaller flip angles provide more T2-
weighting to the images. Thus, these sequences can potentially be used to
visualize edema within the myocardium.

Despite the excellent contrast that can be generated by MRI without
administration of a contrast agent, some situations may benefit from increased
tissue contrast obtained by the presence of a paramagnetic contrast agent. In
these situations, a gadolinium-based contrast agent can be administered
intravenously, which will distribute freely into the extracellular space. The
concentration of gadolinium in the myocardium is directly proportional to the
relative amount of extracellular space. In the situation of acute myocardial
infarction, the extracellular space in the infarcted region is increased due to the
presence of edema and the rupture of cell membranes. Thus, this myocardium
contains more gadolinium compared to viable myocardium. Gadolinium has
paramagnetic properties that affect the T1 relaxation time of tissues.”’
Therefore, T1 relaxation will be shorter in tissue containing more gadolinium
compared to tissue with less gadolinium. In order to visualize the differences in
TT1 relaxation, the above mentioned inversion-recovery sequence can be applied,
now with a longer inversion time (TI), adjusted to null the signal from viable
myocardium. This way, myocardium that contains more gadolinium is hyper-
enhanced whereas viable myocardium will appear black.

Imaging planes

MRI has the possibility to acquire images in any plane. This is done by utilizing
the three gradient coils to define and encode any oblique plane. The imaging
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projections in three different views: the 2 chamber view, 3 chamber view and the
4 chamber view (Figure 1.12).

3 Chamber View 4 Chamber View

FIGURE 1.12 Example of short- and long-axis views of the heart.

RV = right ventricle; LV = left ventricle; LA = left atrium; RA =
right atrium; Ao = aorta.
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Chapter 2

Aims of the Work

The general aim of this thesis was to explore the use of CMR imaging to
quantitatively and qualitatively assess the myocardium at risk after acute
coronary occlusion.

The specific aims for each studie were:

L

II.

III.

To validate the measurements of the myocardium at risk on T2-weighted
imaging over time, in comparison with myocardial perfusion SPECT in
humans with acute myocardial infarction, and to assess the amount of
salvaged myocardium after 1 week.

To assess the ability of endocardial extent of infarction assessed by late
gadolinium enhanced CMR to predict myocardium at risk as compared
to T2-weighted imaging in patients with first-time early reperfused
myocardial infarction.

To explore the relationship between early gadolinium enhancement and
T2-weighted imaging with regards to myocardium at risk in patients with
first-time reperfused acute myocardial infarction.

IV. To test the ability of ex wivo T2-weighted imaging to assess MaR

compared to myocardial perfusion SPECT and to investigate whether
MaR could also be assessed by ex vivo T2-weighted imaging after
injection of a gadolinium-based contrast agent in pigs with experimentally
induced myocardial infarction.
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Chapter 3

Materials and Methods

All protocols and procedures were approved by the regional research ethics
committee at Lund University, Sweden. All patients (Study I, IT and III) were
recruited at the Skdne University Hospital and gave their written informed
consent to participate in the studies.

3.1 Human studies (Study I, Il and IlI)

3.1.1 Study population and design

Patients presenting with acute ST-elevation myocardial infarction (STEMI) due
to a single occluded coronary artery, as seen by angiography, were included in
the studies. Patients with a non-occluded coronary artery, contraindications for
CMR such as metal implants, claustrophobia or signs of an old infarction were
excluded. All patients were treated by primary PCI with coronary stenting and a
GPIIb/III inhibitor, resulting in Thrombolysis in Myocardial Infarction (TIMI)
grade 3 flow in the culprit artery. All patients were transferred to the coronary
care unit for conventional therapy that included a thrombocyte aggregation
inhibitor, ACE inhibitor, beta receptor inhibitor, and a statin. All included pa-
tients had an uncomplicated time course between the acute phase and follow-up.

Study |

Before primary PCI, ”™Tc-tetrofosmin was administered intravenously, and
myocardial perfusion SPECT imaging was performed approximately 3 to 4
hours after primary PCI to determine the MaR. For comparison, CMR with
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T2-weighted imaging was performed 1 week after primary PCI. In 1 patient, no
adequate T2-weighted images could be obtained at 1 week for determination of
MaR. To determine the evolution of the increase in T2-weighted signal, early
imaging was performed within 1 day in 8 patients and within 2 days in 2
patients (hereafter described as day 1), and 9 patients underwent CMR follow-
up at 6 weeks and 6 months. In addition to T2-weighted imaging, all patients
underwent late gadolinium enhanced (LGE) CMR with administration of
gadolinium at 1 week for determination of the final infarct size.

Study Il

CMR with T2-weighted imaging was performed within the first week after
primary PCI in all patients to determine the MaR. For comparison, all patients
underwent LGE CMR during the same examination with administration of
gadolinium to determine both the MaR by endocardial extent of infarction as
well as the final infarct size.

Study il

CMR with T2-weighted imaging was performed within the first week after
primary PCI to determine MaR. For comparison, steady state free precession
(SSFP) cine imaging was performed approximately 8 minutes after admini-
stration of gadolinium for determination of MaR. In addition, LGE CMR was
performed to determine final infarct size. For 1 patient, myocardial infarct size
could not be determined due to poor LGE image quality resulting from frequent
arrhythmias. Another patient had a clinical history of prior infarction in a
coronary artery tetritory different from that supplied by the current occluded
vessel. This patient had, however, no sign of infarction by LGE imaging in the
part of the myocardium previously reported to be infarcted, and was therefore
included in the study.

3.1.2 Myocardial perfusion SPECT

Imaging

Patients were injected with 500 to 700 MBq *™Tc-tetrofosmin (Amersham
Health, Buckinghamshire, United Kingdom), depending on body weight.
Myocardial perfusion SPECT was performed according to the standard clinical
protocol, using a dual-head camera. Patients were imaged with either an ADAC
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Vertex camera (ADAC, Milpitas, CA, USA) or a cardiac dedicated GE Ventri
camera (GE Healthcare, Buckinghamshire, United Kingdom). The patients
were placed in a supine position and imaged in steps of 5.6° using a 64 x 64
matrix with a pixel size of 5.02 mm for the Philips SKYLight camera and a pixel
size of 6.4 mm for the GE Ventri camera. Image acquisition time was
approximately 15 minutes, which was extended to 25 minutes when imaging
was performed after 3 hours.

Short-axis images covering the left ventricle were reconstructed using a
commercial application (AutoSpect+InStllTM 6.0, ADAC, Milpitas, CA,
USA). Iterative reconstruction using maximum likelihood-expectation maximi-
zation (MLEM) was performed with a low-resolution Butterworth filter with a
cut-off frequency set to 0.6 of Nyquist and order 5.0. No attenuation or scatter
correction was applied.

Image analysis

The endocardial and epicardial borders of the left ventricle (LV) as well as the
MaR were determined using an in-house developed segmentation software
Segment v1.7 (http://segment.heilt)erg.se).65 > 7% The algorithm for segmenting
the LV finds the centerline through the LV wall and identifies the endocardium
and epicardium based on individually estimated wall thickness and signal
intensities. In few patients, manual adjustment of the automatic delineation was
required in the LV outflow region. The perfusion defect was determined by an
automated algorithm that considers myocardium with less than 55% of maximal
LV counts as being ischemic.

3.1.3 Cardiac magnetic resonance

Imaging

CMR was performed on either of two 1.5T systems: Siemens, Magnetom Vision
(Siemens, Erlangen, Germany) with a CP body array coil, or Philips Intera
CV/Achieva (Philips, Best, the Netherlands) with a cardiac synergy coil. All
subjects were placed in supine position and images were acquired at end-
expiratory breath hold with electrocardiographic gating. After initial scout
images to locate the heart, SSFP cine imaging, T2-weighted imaging, and LGE
imaging was performed in all patients.

Short- and long-axis, retrospectively gated SSFP cine images, covering the
left ventricle from base to apex were acquired before (Study I, II, and III) and
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approximately 8 minutes after administration of 0.2 mmol/kg extracellular
gadolinium-based contrast agent (gadoteric acid, Gd-DOTA; Guerbet, Gothia
Medical AB, Billdal, Sweden) (Study IIT). These images were referred to as early
gadolinium enhancement (EGE) images. Typical image parameters were: echo
time, 1.4 ms; repetition time, 2.9 ms; flip angle, 60 degrees; image resolution,
1.5 x 1.5 x 8 mm; slice gap, 0 mm.

In Study I and II, a T2-weighted triple inversion turbo spin-echo sequence
(T2-STIR) was employed to depict MaR. T2-weighted images were acquired in
the short-axis view, covering the LV from the base to apex. Image parameters for
T2-weighted imaging were: echo time, 43 ms (Siemens), or 100 ms (Philips);
repetition time, 2 heart beats; number of averages, 2; inversion time, 180 ms;
image resolution, 1.5 x 1.5 mmy; slice thickness, 10 mm (Siemens), or 8 mm
with a slice gap of 2 mm (Philips). In Study III, similar image parameters were
used as for those patients imaged with the Philips system in Study I and II, with
the difference that an image resolution of 1.5 x 1.5 x 8 mm was used with a 0
mm slice gap.

Approximately 15-30 minutes after intravenous administration of
gadolinium, long- and short-axis LGE images were acquired covering the left
ventricle from base to apex. The LGE images were acquired with an inversion-
recovery sequence with the following imaging parameters: slice thickness, 10
mm; field of view. 380 mm; matrix, 126 x 256; flip angle, 25 degrees; repetition
time, 100 ms; echo time, 4.8 ms (Siemens) or slice thickness, 8 mm; field of
view, 340 mm; flip angle, 15 degrees; repetition time, 3.14 ms; echo time, 1.58
ms (Philips). Inversion time was adjusted to null the signal from viable
myocardium.

Image analysis

All CMR images were analyzed using an in-house developed segmentation
software Segment v1.7 or above (http://segment.heiberg.se).71’ 2

To assess the MaR by T2-weighted imaging, endocardial and epicardial
borders of the left ventricle were traced manually in all short-axis slices. An
incomplete dark-blood preparation sometimes leaves a bright rim blood artifact
adjacent to the endocardium. This so-called slow flow artifact can affect
delineations when differentiating endocardium from blood pool. Therefore,
SSEP cine images where used for side-by-side comparison with the T2-weighted
images in the same cardiac phase, to verify wall thickness. The papillary muscles
were excluded from the myocardium. The hyperintense regions within the
myocardial borders were then delineated manually in all short-axis slices by
independent observers blinded to any other data. The MaR was defined as the
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total amount of hyperintense myocardium in all short-axis slices and expressed
as percentage of LV myocardium. If present, an area of hypointense signal
within the area of increased signal intensity was included in the MaR.
Furthermore, in Study III, the contrast ratio for the T2-weighted images was
determined for each patient as the mean intensity in the MaR divided by the
mean intensity in remote myocardium.

To derive the MaR from the EGE images 8 minutes after injection of
gadolinium, endocardial and epicardial borders of the left ventricle were traced
in all short-axis slices in end-diastole and end-systole. This was then followed by
manual delineation of the hyperintense regions in both end-diastole and end-
systole, by two observers blinded to both the T2-weighted and LGE images. The
values of MaR in end-diastole and end-systole were averaged and expressed as
percentage of the LV. The contrast ratio for the EGE images was determined for
each patient as the mean intensity in the MaR divided by the mean intensity in
remote myocardium.

The infarcted myocardium was automatically quantified from the short-axis
LGE images, after manual tracing of the endocardial and epicardial borders of
the LV, according to a previous described method.”* Papillary muscles were
excluded from analysis. The LGE myocardium was then defined using a
computer algorithm that takes into consideration partial volume effects within
the infarcted region. Manual adjustments were made when the computer
algorithm was obviously wrong. If present, a hypointense signal within the area
of LGE (microvascular obstruction) was included in the analysis as being
completely infarcted. Finally, myocardial infarct size was expressed as percentage
of the LV.

The MaR by endocardial extent of infarction (Study II) was determined in
each short-axis slice by measuring the circumferential distance between the
lateral borders of the LGE region (Figure 3.1). The lateral borders of LGE were
used since the mid-mural LGE might extent beyond the endocardial
circumferential edges. The endocardial extent of infarction was then defined as
the sum of the LGE endocardial circumferential distance in each short-axis slice,
divided by the total endocardial extent of the LV (Figure 3.1).

Myocardial salvage was defined as 100*([MaR - infarct size]/MaR).

3.1.4 Statistical analysis

The software SPSS version 17.0 or above was used for all statistical analysis.
Data is presented as mean * standard deviation (SD) unless otherwise is
specified. A value of p below 0.05 was considered statistically significant.
Pearson’s correlation was used to determine the relationship between MaR
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FIGURE 3.1 Late gadolinium enhanced (LGE) CMR showing
short-axis slices covering base (top left) to apex (bottom right) in
a patient with an occlusion of the left anterior descending
coronary artery. The endocardial borders are traced in red and the
epicardial borders are traced in green. The infarct is shown as an
LGE area within the myocardial borders and is delineated in
yellow. The circumferential endocardial extent of LGE is marked
by the solid arrow (@) and the remote myocardium is marked by
the dashed arrow (B). The endocardial extent of MI was defined
as the sum of the LGE circumferential endocardial extent in each
short-axis slice (Xa), divided by the total endocardial extent
(Z[a+B]) of the LV. In this patient, the MaR by T2-weighted
imaging and LGE endocardial extent was 37% and 32%,
respectively. The corresponding infarct size was 32%, resulting in
a myocardial salvage of 13% and 0% when measured with T2-
weighted imaging and LGE endocardial extent, respectively.
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assessed by T2-weighted imaging and the MaR determined by myocardial
perfusion SPECT (Study I), endocardial extent of infarction (Study II) and early
gadolinium enhancement (Study I1I).

In Study I, a paired t-test was used to detect differences in MaR between T2-
weighted imaging and myocardial perfusion SPECT, differences in MaR by T2-
weighted imaging at different time points, and differences between MaR by T2-
weighted imaging and final infarct size by LGE imaging. The agreement
between T2-weighted imaging and myocardial perfusion SPECT was expressed
as mean difference + SD, and the limits of agreement were shown in a Bland-
Altman graph as mean difference + 2 SD.

In Study II, the agreement between T2-weigthed imaging and endocardial
extent of infarction was expressed as mean difference + SD, and the limits of
agreement were shown in a Bland-Altman graph as mean + 2 SD. The difference
between using T2-weighted imaging and endocardial extent of infarction for
determination of MaR to derive myocardial salvage was assessed by a paired t-
test.

In Study III, the agreement between T2-weigthed imaging and EGE was
expressed as mean difference + SD, and the limits of agreement were shown in a
Bland-Altman graph as mean + 2 SD. The interobserver variability was ex-
pressed as mean difference + SD. A paired t-test was used to compare the means
of the contrast ratio between MaR and remote myocardium for both T2-
weighted imaging and EGE. Pearson’s correlation was used to determine the
relationship between T2-weighted imaging and EGE with regards to deter-
mination of myocardial salvage.

3.2 Animal studies (Study IV)

3.2.1 Experimental preparation

Healthy domestic male and female juvenile pigs weighing 42-53 kg were
anesthetized with 12.5 mg/kg thiopental (Pentothal, Abbott, Stockholm,
Sweden) followed by intubation with cuffed endotracheal tubes. Mechanical
ventilation with a mixture of nitrous oxide (70%) and oxygen (30%) was
established in a volume-controlled mode, adjusted in order to obtain normo-
capnia (pCO2: 5.0-6.0 kPa). A slow infusion of 1 pg/ml fentanyl (Fentanyl,
Pharmalink AB, Stockholm, Sweden) in buffered glucose (25 mg/ml) was
started at a rate of 2 ml/min and adjusted if needed. During balanced anesthesia,
thiopental was titrated towards animal requirements with small bolus doses. The
pigs were continuously monitored by electrocardiography. Heparin (200 1U/kg)
was given intravenously at the start of the catheterization. A 6 F introducer
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sheath (Boston Scientific Scimed, Maple Grove, MN, USA) was inserted into
the surgically exposed left carotid artery upon which a 6 F FL4 Wiseguide™
(Boston Scientific Scimed, Maple Grove, MN, USA) was inserted into the left
main coronary artery. The catheter was used to place a 0.014-inch PT Choice™
guide wire (Boston Scientific Scimed, Maple Grove, MN, USA) into the distal
portion of the left anterior descending coronary artery (LAD). A 3.0-3.5 x 15
mm Maverick monorail™ angioplasty balloon (Boston Scientific Scimed, Maple
Grove, MN, USA) was then positioned distal to the first diagonal branch of the
LAD.

3.2.2 Experimental protocol

An overview of the experimental protocol is shown in Figure 3.2.

In 18 domestic pigs, a percutaneous coronary intervention balloon was
inflated in the left anterior descending artery for either 30 or 40 minutes. Two
different ischemia times were chosen to vary the amount of infarction within the
MaR. An angiogram was performed after inflation of the balloon and before
deflation of the balloon in order to verify total occlusion of the coronary vessel
and correct balloon positioning. Ten to twenty minutes prior to deflation, the
animal was intravenously injected with 1000 MBq *™Tc-tetrofosmin (Amers-
ham Health, Buckinghamshire, United Kingdom). After deflation of the
balloon, a subsequent angiogram was performed to verify restoration of blood
flow in the previously occluded artery, which was then followed by a 4 hour
reperfusion period. Fifteen minutes before sacrificing the pigs, 60% (11/18) of
the pigs were injected intravenously with a 0.2 mmol/kg gadolinium-based
contrast agent (gadopentate dimeglumine, Magnevist, Bayer Pharma, Berlin,
Germany). All pigs were sacrificed by injection of a saturated potassium chloride
solution, followed by explantation of the hearts. After explantation, the atria
were removed and the left and right ventricles were rinsed and filled with
balloons containing deuterated water. The hearts were then suspended in air
hanging in a cylindrical plastic container (diameter 13 cm, height 12 cm) and
imaged by myocardial perfusion SPECT and CMR imaging for determination
of MaR. Following imaging, the hearts were cut into 5 mm thick short-axis
slices that were immersed in a 1% triphenyltetrazolium chloride (TTC) solution
(Sigma-Aldrich, Stockholm, Sweden) in saline at 34 degrees Celsius for
approximately 5-7 minutes. The TTC-stained short-axis slices were then photo-
graphed under blue light to verify infarction. The hearts from 3 pigs were placed
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FIGURE 3.2 A schematic overview of the experimental study
protocol from balloon inflation to TTC-staining. Ischemia
duration was varied (30 and 40 min.) to vary the amount of
infarction within the myocardium at risk. (*) After the first CMR
imaging, 3 pig hearts were stored at 4 degrees Celsius for
approximately 24 hours after which they underwent a second
CMR imaging session and TTC-staining. CMR = cardiac mag-
netic Resonance. SPECT = single-photon emission computed
tomography. TTC = triphenyltetrazolium chloride.

in a refrigerator at 4 degrees Celsius for approximately 24 hours, followed by a
second CMR imaging session, before TTC-staining was performed.

3.2.3 Myocardial perfusion SPECT

Imaging

The excised ex vivo heart underwent myocardial perfusion SPECT imaging with

a dual head camera (Philips SKYLight, Best, the Netherlands) and a vertex high
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resolution collimator (ADAC Vertex, Milpitas, CA, USA) at 32 projections (40
s per projection) with a 64 x 64 matrix, yielding a digital resolution of 4.24 x
4.24 x 4.24 mm. Image acquisition time was approximately 30 minutes.
Iterative reconstruction using MLEM was performed with a low-resolution
Butterworth filter with a cut-off frequency set to 0.6 of Nyquist and order 5.0.
No attenuation or scatter correction was applied. Finally, a short-axis image

stack was reconstructed (AutoSPECT Plus, Pegasys software version 5.01,
Philips, Best, the Netherlands).

Image analysis

To ensure co-registration of endocardial and epicardial borders of the myo-
cardium, an image fusion module was implemented into the software segment
for registration of the endocardial and epicardial borders defined in the CMR
images to be transferred to the myocardial perfusion SPECT images (Figure
3.3). The fusion module allows for co-registration by rigid body motion
(translation and rotation). Fusion of the myocardial perfusion SPECT and
CMR images was then performed by overlaying the myocardial perfusion
SPECT images, with variable translucency, on top of the delineated CMR
images. The combined fusion image was used to visually ensure optimal co-
registration in all three orthogonal imaging planes. If necessary, manual
adjustments were made.

The perfusion defect was determined by an automated algorithm that
considers myocardium with less than 55% of maximal LV counts as being
ischemic.”® In some pigs minor adjustments were made in the most basal short-
axis slice containing a perfusion defect within the delineated left ventricle not
depicted by the computer algorithm.

3.2.4 Cardiac magnetic resonance

Imaging

CMR imaging on the ex vivo hearts was performed using a 1.5T Philips Achieva
(Philips, Best, the Netherlands) with a quadrature head coil. Initial scout images
were acquired to locate the heart. All hearts were imaged with a T2-weighted
double inversion black blood breath hold sequence (T2-TSE) with an
asymmetric turbo spin-echo, modified to enhance differences in signal between
water and normal myocardium. T2-TSE images were acquired in the short- and
long-axis views, covering the left ventricle from base to apex with a simulated
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FIGURE 3.3 Co-registration of T2-weighted CMR (left column)
with myocardial perfusion SPECT (middle column) and fusion
of the two image modalities (right column) in three different
orthogonal imaging planes. The left ventricular endocardial
border (red dots) and epicardial border (green dots) from the T2-
weighted CMR images are copied to the myocardial perfusion
SPECT images.
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heart rate at 60 beats per minute. Imaging parameters for the T2-TSE sequence
were: field-of-view, 140 mm; echo time, 60 ms; repetition time, 2 heart beats;
number of averages, 2; black blood inversion delay, 574 ms; acquisition matrix
size, 140 x 124; image resolution, 1.0 x 1.13 mmy; slice thickness, 4 mm; slice
gap, 0 mm; no parallel imaging.

For demonstration of the effect of gadolinium on a standard clinical T2-
weighted triple inversion turbo spin-echo sequence (T2-STIR), two hearts were
also imaged with such a clinical T2-weighted sequence, covering the LV from
base to apex. One heart was imaged without the presence of gadolinium and one
heart was imaged with the presence of gadolinium. Imaging parameters for the
T2-STIR sequence were: simulated heart rate at 60 beats per minute. Imaging
parameters for the T2-STIR sequence were: field-of-view, 140 mm; echo time,
117 ms; repetition time, 2 heart beats; number of averages, 2; black blood
inversion delay, 879 ms; acquisition matrix size, 280 x 281; image resolution,
0.5 x 0.5 mmy; slice thickness, 5 mm; slice gap, 0 mm; no parallel imaging.

Image analysis

The endocardial and epicardial borders of the LV were traced manually with
inclusion of the papillary muscles. In all short-axis slices, the hyperintense
regions were delineated manually by independent observers blinded to the
myocardial perfusion SPECT data. If present, an area of hypointense signal
within the area of increased signal intensity, either due to microvascular
obstruction or presence of gadolinium, was included in the MaR. The MaR was
then defined as the total amount of hyperintense myocardium in all short-axis
slices and expressed as percentage of LV myocardium.

3.2.5 Statistical Analysis

SPSS version 18.0 (Chicago, Illinois, USA) was used for statistical analysis.
Continuous variables are presented as mean + SD and a value of p below 0.05
was considered statistical significant. The Spearman’s rank correlation was used
to determine the relationship between MaR assessed by T2-weighted imaging
and myocardial perfusion SPECT. The interobserver variability was expressed as
mean difference + SD. The agreement between T2-weighted imaging and
myocardial perfusion SPECT was expressed as mean difference + SD, and the
limits of agreement were expressed as mean + 2 SD. A Wilcoxon Signed Rank
test was performed to determine the bias between the two difference methods
for assessment of MaR.
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Chapter 4

Results and Comments

4.1 Validation of T2-weighted imaging (Study )

Earlier studies have demonstrated the use of T2-weighted imaging during acute
coronary occlusion, in both reperfused and non-reperfused infarcts, and
validated T2-weighted imaging for MaR in animals.”>”” There were, however,
no validation studies in humans for the quantification of MaR using T2-
weighted imaging. Hence, the purpose of Study I was to validate T2-weighted
imaging to determine MaR in comparison with myocardial perfusion SPECT in
humans with first-time acute coronary occlusion.

75, 78 and animals,M’ 76

In agreement with studies on humans the area with
high T2 signal exceeded the area of irreversible injury seen by LGE imaging
(Figure 4.1). The amount of edema present after 1 week was similar to the
amount of edema at 1 day after reperfusion (31 + 6% and 29 + 7% of LV,
respectively), and there was no significant difference between these two
measurements and the MaR assessed by myocardial perfusion SPECT (p = 0.16
and p = 0.49, respectively). Furthermore, the amount of edema present after 1
week correlated strongly with the MaR assessed by myocardial perfusion SPECT
(r* = 0.70, p < 0.001) (Figure 4.2). Hence, T2-weighted imaging can be used to
assess the MaR up to one week after opening of the occluded artery.

Myocardial ischemia increases cellular and extracellular osmolarity, alters
plasma membrane permeability, causes cell swelling and interstitial edema.”’ 8!
Quantification of interstitial edema has been demonstrated in experimental
studies of MaR after reperfusion by light microscopy, autoradiography, and
contrast-enhanced inversion-recovery echo-planar CMR.*> ¥ During reperfu-
sion of the culprit artery, normo-osmotic blood will flow into the hyperosmotic

myocardium, which creates an osmotic gradient causing water to shift towards
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FIGURE 4.1 Short-axis slices at the same ventricular level of
myocardial perfusion SPECT at day 1, T2-weighted imaging at
week 1, and late gadolinium enhancement (LGE) at week 1, in a
patient with reperfused right coronary artery occlusion resulting
in an inferior infarct. The epicardium is traced in green, the
endocardium is traced in red, and the affected region is traced in
yellow. Note the similarity in size of the affected region between
perfusion defect size by SPECT and T2-weighted imaging, sho-
wing that T2-weighted imaging can be used to quantify MaR up

to one week after opening of the occluded vessel.

the interstitial space.84 Thus, reperfusion further enhances the amount of edema
present in the myocardium. Myocardial edema is therefore a consistent feature
of acute ischemia, which can be used to assess the MaR. Furthermore, the
ischemic episode causes post-ischemic stunning,?® associated with a decreased
contractility in the previously ischemic myocardium. This decreased contractility
is likely associated with a decreased lymphatic drainage from this part of the
myocardium, which may also contribute to residual increased water content seen
several days after the acute event. Pathology studies in humans have shown
complete resorption of this residual edema within 5 weeks after the acute
coronary occlusion.”” More recently, Aletras et al”* showed that edema was still
present at the 2-month follow-up CMR in a canine model. The results of Study
I showed that the size of MaR declined over time, and no evidence of edema was
seen on the T2-weighted images 6 months after the acute coronary occlusion in
most of the patients (Figure 4.3 and Figure 4.4). Subsequently, one may
hypothesize that those patients with presence of edema at 6 months may have
had residual or recurring ischemia within the same myocardial region.
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FIGURE 4.2 A) Relationship between T2-weighted imaging at
week 1 versus myocardial perfusion SPECT for myocardium at
risk. Solid line = line of identity. B) The limits of agreement be-
tween the two measures of MaR. The difference between the two
methods was -2.3 + 5.7%. Solid line = mean difference; dashed
lines = + 2 SD.
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FIGURE 4.3 Mid-ventricular short-axis slices of myocardial per-
fusion SPECT and T2-weighted imaging over time, in a single
patient with a left anterior descending coronary artery occlusion.
The epicardium is traced in green, the endocardium is traced in
red, and the affected region is traced in yellow. Note that the
signal of the affected region on T2-weighted imaging is similar at
day 1 and week 1, but disappears at week 6.
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The clinical usefulness of the present study is mainly that both the MaR and
final infarct size can be assessed in a single CMR imaging session 1 week after
the acute coronary occlusion, without interfering with patient care in the acute
setting. The relation between MaR and final infarct size enables determination
of the amount of myocardial salvage, which can be used to evaluate new drugs
and therapeutic procedures aimed at reducing infarct size.®> 8 Indeed, Ibanez et
al¥ recently showed that pigs treated with a beta recepror inhibitor during
ongoing myocardial infarction had a 5-fold-larger myocardial salvage compared
to pigs treated with a placebo. In this study, the MaR and final infarct size were
assessed with T2-weighted imaging and LGE imaging. The results of Study I, in
patients with primary PCI, showed that 75% (range 41% to 100%) of the initial
myocardium, on average, was salvaged. Hence, this line of research can be
applied in patient populations, providing a salvageable index for each patient
undergoing PCI after acute coronary occlusion, and would potentially increase
the knowledge on infarct-related tissue injury.
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FIGURE 4.4 T2-weighted imaging over time in all patients in
relation to perfusion defect at occlusion by myocardial perfusion
SPECT. Ratio between T2-imaging and myocardial perfusion
SPECT at day 1, week 1, week 6, and month 6 were 0.97 + 0.20,
0.97 + 0.18, 0.35 + 0.40, and 0.11 + 0.27, respectively. The
presence of edema at 6 months was found in 2 of 9 patients.
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FIGURE 4.5 A) MaR by endocardial extent of infarction versus
T2-weighted imaging. Solid line = line of identity. B) Bland-
Altman graph showing the difference between myocardium at risk
quantified by endocardial extent of infarction versus T2-weighted
imaging. Solid line = mean difference; dashed lines = + 2 SD. The
two patients with an aborted infarction and the two patients with
more than 90% myocardial salvage are encircled.

4.2 Endocardial extent of infarction underestimates
myocardium at risk (Study II)

Endocardial extent of infarction has been suggested as an alternative method to
determine MaR.# # The pathophysiological basis for using endocardial extent
of infarction to determine MaR is the before mentioned wavefront pheno-
menon.'!

In Study II, the MaR by T2-weighted imaging was 34 + 10% (range 18 -
59) of the LV, whereas the MaR by endocardial extent of infarction was 23 +
12% (range 0 - 66) of the total LV endocardial surface. There was a weak
correlation (r* = 0.17, p = 0.002) between T2-weighted imaging and endocardial
extent of infarction for the quantification of MaR (Figure 4.5a) with a bias of -
11 + 12% of the LV (Figure 4.5b). This indicates that endocardial extent of
infarction underestimates the MaR, and should therefore not be used when an
accurate measurement of the MaR is required.
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T2-Weighted Endocardial
Imaging Extent of Infarction
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FIGURE 4.6 Short-axis slices at the same ventricular level of T2-
weighted imaging and LGE imaging for endocardial extent of
infarction in three patients after reperfusion of an acute coronary
occlusion. Within the myocardial borders, the affected region is
traced in yellow (MaR for T2-weighted imaging and infarction
for LGE imaging). The borders of the endocardial extent of
infarction are indicated by dashed lines. Within each image the
total MaR is given as a percent of left ventricle. The upper panel
shows a patient with an aborted infarction, the middle panel a
patient with > 90% myocardial salvage and the lower panel a
patient with 40% myocardial salvage. Note the difference in size
of the MaR by T2-weighted imaging and endocardial extent of
infarction for the patient with an aborted infarction and the
patient with > 90% myocardial salvage.
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When using endocardial extent of infarction for the assessment of MaR,
several aspects need to be considered. If early reperfusion is accomplished in the
situation of acute coronary occlusion, there might be an absence of LGE on the
CMR images, referred to as aborted infarction (Figure 4.6)."*"> Consequently,
LGE imaging does not allow for determination of MaR in this situation,
whereas T2-weighted imaging does. This can in part be explained by the
presence of an aborted infarction. In Study II, there were four patients with
either an aborted infarction or a very small infarct size (encircled in Figure 4.5),
where the MaR by endocardial extent of infarction ranged between 0 and 8% of
the LV. In comparison, the MaR assessed by T2-weighted imaging in these
patients ranged between 36 and 46% of the LV. Consequently, these differences
in MaR also affected determination of myocardial salvage (Figure 4.7). The
myocardial salvage assessed by T2-weighted imaging was 58 + 22% of LV,
which was significantly (p < 0.001) higher than the myocardial salvage assessed
by endocardial extent of infarction (45 + 23% of LV).
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FIGURE 4.7 Mean percent myocardial salvage with T2-weighted
imaging and endocardial extent of infarction as the measure for
MaR. Myocardial salvage assessed with T2-weighted imaging was
significantly higher than when assessed with endocardial extent of
infarction. Error bars indicate two standard error of the mean.
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In an experimental setting, Fieno ez 4/. 9 showed that the endocardial extent
of infarction assessed by LGE imaging might change over time. Furthermore,
Engblom ef /.’ recently showed that the endocardial extent of LGE signifi-
cantly decreased during the first week after coronary occlusion. This was
explained by a possible decrease in LGE of a viable peri-infarction zone that
surrounded the irreversibly injured core of myocytes in the early post-infarction
period. This reduction of endocardial LGE implicates a difference in MaR
between day one and week one when assessed by CMR. Thus, the endocardial
extent of infarction as measured with LGE imaging may change within the first
week after coronary occlusion due to initial enhancement of the peri-infarction
zone not present at one week. Myocardium at risk by T2-weighted imaging,
however, does not change during the first week after infarction, as was shown in
Study I.

T2-weighted imaging has been shown to enable distinction between acute
and chronic myocardial infarction.”? Hence, MaR can potentially be assessed
even in the presence of old infarction. Presence of old infarction, however,
disables determination of MaR using endocardial extent of infarction by LGE
imaging. Finally, in the case of peri-procedural induction of myocardial infarc-
tion, which has been reported to occur in approximately 6% of all patients with
non-STEMI undergoing acute reperfusion therapy,”® a significant myocardial
salvage might be missed if MaR is based on the endocardial extent of a small
transmural PCl-induced infarct caused by distal embolization of a small
coronary branch.

4.3 Early gadolinium enhancement to assess the
myocardium at risk (Study Ill)

Several experimental studies have demonstrated that the region supplied by the
occluded coronary artery, the myocardium at risk, is a major independent
variable that determines final infarct size, which in turn is closely related to the
clinical outcome.*® 7 9394 Thus, feasible and accurate methods for determina-
tion of MaR are of significant value, especially in those studies where the effec-
tiveness of acute interventions that aim to reduce final infarct size is analyzed.®>
86. 87 In Study III, a region with increased signal intensity by T2-weighted
imaging and EGE was observed in all patients, yielding a mean MaR of 29 +
11% (range 12 - 65) and 32 + 12% (range 8 - 70) of the LV, respectively. Figure
4.8 and Figure 4.9 show examples of the agreement of the MaR by T2-weighted
imaging and EGE. There was a strong correlation between the two methods (2
=0.89, p < 0.01) with a bias of -3.0 + 3.9% of the LV (p < 0.01) (Figure 4.10).
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FIGURE 4.8 T2-weighted, early gadolinium enhanced and late
gadolinium enhanced short-axis images at the corresponding LV
levels in a patient with a reperfused left anterior descending
coronary artery occlusion. The epicardium is traced in green and
the endocardium is traced in red. The hyperenhanced regions
constituting the myocardium at risk (dashed arrows) and the
infarcted myocardium (solid arrow) are traced in white. Note the
similarity in location and extent of the affected region between
T2-weighted imaging and early gadolinium enhancement.

47



Joey FA Ubachs, M.D.

LAD LCx RCA

T2-Weighted
Imaging

Early
Gadolinium
Enhancement

Late
Gadolinium
Enhancement

FIGURE 4.9 Corresponding T2-weighted, early gadolinium en-
hanced and late gadolinium enhanced mid-ventricular short-axis
from a patient with an occlusion in the left anterior descending
coronary artery (LAD), left circumflex coronary artery (LCx) and
the right coronary artery (RCA), respectively. The epicardium is
traced in green and the endocardium is traced in red. The
hyperenhanced regions constituting the myocardium at risk
(dashed arrows) and the infarcted myocardium (solid arrows) are
traced in white. Note the similarity in location and extent of the
affected region between T2-weighted imaging and early
gadolinium enhancement.
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The mechanisms behind the enhanced myocardium observed in EGE are
not completely known. Steady state free precession (SSFP) cine imaging is
normally used to assess myocardial function. Compared to T2-weighted
imaging, the contrast seen on the SSFP images is dependent on the ratio
between T2-weighting and Tl-weighting.95 Since the T2/T1 ratio of edematous
myocardium is higher than that of normal myocardium,%’ 97 Green et al’®
hypothesized that edema should appear brighter on single-shot SSFP images.
Indeed, single-shot SSFP proved to be feasible to detect myocardial edema with
a moderate sensitivity and high specificity. More recently, early gadolinium
enhanced SSFP (EGE) has been introduced as a method to assess MaR, which
was validated against myocardial perfusion SPECT.” This method is based on
acquisition of time resolved SSFP images early after injection of a gadolinium-
based contrast agent. In the presence of paramagnetic gadolinium, the T1
relaxation time for the surrounding tissue is shortened. This is utilized for infarct
visualization in T1-weighted LGE imaging, where the concentration of an
extracellular gadolinium-based contrast agent is increased due to an increased
distribution volume in irreversibly injured myocardium.3? 8% 100 101 T¢ hag
however, also been shown that reversibly injured myocardium has an increased
distribution volume after an ischemic episode.® # Hence, it is possible that the
T2/T1 ratio in the entire MaR, including both reversible and irreversible injured
myocardium, is affected by the presence of gadolinium. This might explain the
increased signal intensity in the MaR as seen by EGE.

Another possible mechanism behind EGE is the altered wash-in/wash-out
kinetics after an ischemic episode, affecting the early distribution of gado-
linium.'®'%7 Kim et 2/'°® found no significant difference in wash-in time
between remote, adjacent and infarcted myocardium. There was, however, a
significant difference in wash-out time between these regions, which might
explain why there is transmural hyperenhancement within the MaR in EGE
images.

The clinical usefulness of the present study is mainly that there are several
advantages of having access to more than one method for determination of MaR
by CMR imaging. Even though T2-weighted imaging is promising for assess-
ment of MaR, this technique still has certain limitations, such as difficulties in
distinguishing blood pool from myocardium, especially in the apical parts of the
left ventricle where hypokinesia and trabeculation causes stagnant blood flow.'%?
Likewise, reduced cardiac motion decreases the likelyhood of misregistration
between dark-blood preparation and imaging phases.'®® Therefore, hypokinetic
myocardium may appear hyperintense in comparison with normal regions that
have suffered signal loss because of through-plane motion. In addition, artifacts
caused by signal dropout are more common at higher heart rates. Finally, the
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signal-to-noise ratio is often low and can vary between slices in the same patient,
making automatic definition of the MaR difficult and operator-dependent. Early
gadolinium enhanced SSFP imaging does not show the artefacts encountered
with T2-weighted imaging and can therefore be used as an alternative method to
assess the MaR in those patients where artefacts are present on the T2-weighted
images. Furthermore, EGE could be the method of choice when limited time for
scanning is available, due to heavy clinical load or an unstable patient. In such a
situation, gadolinium can be injected prior to the examination and the imaging
protocol can be shortened, since LV dimensions/function and MaR can be
assessed from the same set of images. On the other hand, T2-weighted imaging
can be performed in those patients where administration of a gadolinium-based
contrast agent is contraindicated.
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FIGURE 4.10 Relationship between T2-weighted imaging and
early gadolinium enhancement for myocardium at risk. A) MaR
by T2-weighted imaging versus early gadolinium enhancement
(EGE). Solid line = line of identity. B) Bland-Altman graph. The
difference between T2-weighted imaging and EGE was -3.0 +
3.9%. Solid line = mean difference; dashed lines = + 2 SD.
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4.4  Ex vivo T2-weighted imaging for MaR in the presence
of gadolinium (Study V)

In experimental models, the presence of edema in ischemic myocardium has
been observed in in vivo studies with the use of T2-weighted imaging.'* 74
There are, however, only few studies that validated T2-weighted imaging for
measuring MaR ex vivo.”® Furthermore, ex vivo T2-weighted imaging has never
been compared against myocardial perfusion SPECT.

In humans (Study I), we validated T2-weighted imaging against MaR
assessed by myocardial perfusion SPECT, showing a strong correlation between
the two methods (r* = 0.70) with a small bias of -2.3 + 5.7%. Study IV showed a
strong correlation (r* = 0.70, p < 0.01) and a small bias 2.1 + 4.2% when ex vivo
T2-weighted imaging, both with and without the presence of gadolinium, was
compared to myocardial perfusion SPECT (Figure 4.11). The current findings
are also in accordance with previous experimental studies where the MaR by T2-
weighted imaging was compared against microspheres and fluoroscein.”* 7
Aletras ez al.”* found a small bias between the two methods with a slightly larger
standard deviation, whereas Garcia-Dorado et /7¢ also showed a small over-
estimation of the MaR by T2-weighted imaging. The correlation between T2-
weighted imaging and myocardial perfusion SPECT remained significant when
the animals were separated into a group without the presence of gadolinium (r?
=0.78, p < 0.01; bias 4.3 + 2.9%) and a group with the presence of gadolinium
(r* = 0.63, p < 0.01; 0.6 + 4.4%). An example of a comparison between T2-
weighted imaging and myocardial perfusion SPECT without the presence of
gadolinium can bee seen in Figure 4.12.

In a standard clinical protocol, a patient is injected with a gadolinium-based
contrast agent for infarct visualization by CMR. The gadolinium is distributed
in the myocardium proportional to the amount of extracellular space in the
tissue.?? In regions with ischemic injury, the distribution volume is increased®’
and the presence of gadolinium affects the T1 tissue properties in this region.®’
However, gadolinium also affects the T2 tissue properties of the myocardium
that are normally utilized for visualization of edema by T2-weighted imaging.
The triple inversion-recovery sequence (T2-STIR), used in standard clinical pro-
tocols, is particularly sensitive to the presence of gadolinium and imaging is
therefore performed prior to administration of gadolinium to avoid signal loss.
This is, however, difficult in an ex vivo experimental model since gadolinium has
to be administered before sacrificing the animal to enable assessment of
myocardial infarction. The effect of gadolinium on T2-STIR is shown in Figure
4.13. Without the presence of gadolinium, a distinct hyperintense region can be
seen on the T2-STIR image, whereas in the presence of gadolinium, no hyper-
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FIGURE 4.11 A) Relationship between T2-weighted imaging and
myocardial perfusion SPECT for assessment of MaR, both with
and without the presence of gadolinium. Solid line = line of
identity. B) The limits of agreement between the two measures of
MaR. The difference between the two methods was 2.1 + 4.2%.
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FIGURE 4.12 Short-axis slices at the same ventricular level for T2-
weighted imaging and myocardial perfusion SPECT in a pig
subjected to 30 minutes of coronary artery occlusion. The
epicardium is traced in green, the endocardium is traced in red,
and the MaR is traced in white. In this particular pig, the MaR
was 33% by T2-weighted imaging and 29% by myocardial
perfusion SPECT.
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FIGURE 4.13 Short-axis T2-TSE and T2-STIR images in one pig
before injection of gadolinium and in one pig after injection of
gadolinium. The epicardium is traced in green, the endocardium
is traced in red, and the corresponding MaR is traced in white. A
hyperintense region can be seen in both T2-TSE and T2-STIR
without the presence of gadolinium. Note that no hyperintense
region can be seen on the T2-STIR image due to the presence of
gadolinium (white arrows), whereas the T2-TSE image clearly
shows both hyperintense and hypointense regions within the
MaR.

enhancement can be seen in the myocardium. There was, however, a hypo-
intense region that corresponded to the MaR seen by T2-TSE (double
inversion-recovery sequence) and myocardial perfusion SPECT (white arrows in
Figure 4.14). In comparison, the T2-TSE images after injection of gadolinium
had both hyperintense and hypointense regions within the MaR. The
hypointense regions were shown to be closely related to the infarcted regions
seen by TTC-staining, whereas no myocardial infarction could be seen by TTC-
staining in those regions showing a hyperintense region by T2-TSE imaging
(Figure 4.14). Thus, T2-TSE can therefore be used to assess myocardial salvage
in an experimental model since this method enables determination of MaR after
administration of gadolinium used to assess infarct size.
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SPECT T2-TSE TTC-staining

FIGURE 4.14 Corresponding mid-ventricular short-axis slices
from a pig subjected to 30 minutes of coronary artery occlusion.
The MaR is shown in white on the myocardial perfusion SPECT
image (left) and on the T2-weighted image (middle) after
injection of a gadolinium-based contrast agent. The infarcted
myocardium can be seen as the pale areas on the TTC-staining
image (right). Note that the hypointense regions on the T2-
weighted image correspond well with the infarcted regions by
TTC-staining, as indicated by *, whereas no infarct can be seen in
the areas with hyperintense signal on the T2-weighted image.
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Chapter 5

Conclusions

This thesis has investigated and validated different CMR techniques to
quantitatively and qualitatively assess the myocardium at risk. The major
conclusions of each study were:

L.

II.

I1I.

Iv.

T2-weighted imaging performed up to 1 week after reperfusion can
accurately determine myocardium at risk as it was before opening of the
occluded artery in patients with acute coronary occlusion. Furthermore,
the outcome of cardioprotective strategies can be assessed within one
CMR session by determining the amount of myocardial salvage.

The endocardial extent of infarction as assessed by late gadolinium
enhanced CMR underestimates myocardium at risk in comparison to T2-
weighted imaging, especially in patients with early reperfusion and
aborted myocardial infarction.

There is a strong agreement between myocardium at risk assessed by T2-
weighted imaging and myocardium at risk assessed by early gadolinium
enhancement in patients with reperfused acute myocardial infarction 1
week after the acute event. Thus, both methods can be used to determine
MaR and subsequently myocardial salvage at this point in time.

T2-weighted imaging can be used to determine the myocardium at risk in
an ex vivo experimental model, both with and without the presence of
gadolinium. Thus, CMR can be used to assess myocardial salvage in
experimental studies without the use of myocardial perfusion SPECT.
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