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We have not succeeded in answering all our problems, indeed we sometimes feel we have not

completely answered any of them. The answers we have found have only served to raise a whole

set of new questions. In some ways we feel that we are as confused as ever, but we think we are
confused on a higher level and about more important things.

Earl C. Kelley, 7he Workshop Way of Learning
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Abstract

Ischemic heart discase is one of the greatest causes of death in the world today. The advent
of reperfusion therapy has seen a marked decrease in mortality and new cardioprotective
therapies are being researched continuously. To evaluate these therapies, accurate and pre-
cise measures of the injured area is necessary. Following occlusion of a coronary artery the
arca supplied by this artery becomes ischemic and is known as myocardium at risk (MaR).
Persisting ischemia leads to myocardial cell death (myocardial infarction) which gradu-
ally develops until the entire MaR is infarcted. If reperfusion therapy is applied, however,
the infarct progression can be halted and an part of the MaR will be saved. This area is
known as myocardial salvage and it is an important measure of the efficacy of cardiopro-
tective treatment. Cardiovascular magnetic resonance (CMR) can be used to measure the
size of the infarcted area and has, more recently, been used to measure MaR using CMR
sequences such as T2-STIR and CE-SSFP. While T2-STIR has been validated both exper-
imentally and in patients, there has been a lack of experimental validation using CE-SSFP.
Also, it has not been known which of the techniques are most suitable for implementation
in cardioprotection trials. In addition to evaluating treatment effect, the use of CMR to
measure MaR, infarct, and salvage offers potential to investigate coronary supply areas and
investigate factors associated with different rates of infarct development. To these ends the
following projects have been undertaken:

Paper I - Validating the use of CE-SSFP to measure MaR in an experimental model, show-
ing that CE-SSFP can be used to measure MaR with good accuracy and precision over the
first 30 min after contrast injection

Paper II - Comparing performance of CE-SSFP and T2-STIR to measure MaR in a multi-
vendor, multicentre setting. The paper shows that CE-SSFP and T2-STIR provide similar
estimates of MaR in images of diagnostic quality and that CE-SSFP had a higher degree of
diagnostic images

Paper III - Mapping the extent of coronary supply areas in patients after ST-elevation my-
ocardial infarction

Paper IV - Testing the association between gender, smoking, hypertension, and diabetes



vi Abstract

versus infarct development in patients after ST-elevation myocardial infarction, showing
that female gender is associated with smaller infarcts and higher myocardial salvage.



Populirvetenskaplig sammanfattning

Hjirtactack, hjirtinfarkt och hjirtstopp nimns ofta i sammanhang som handlar om det
som kallas ischemisk hjirtsjukdom. Ischemi betyder otillricklig blodf6rsérjning, och nir
det drabbar hjirtat beror det ofta pa att det uppstitt en propp i ett av kirlen som forsorjer
hjirtat med blod (kranskirl). Om ischemin far fortgd kommer hjirtmuskel (myokard)
gradvis att do, det vill sdga utveckla hjirtinfarkt.

For bara nagra decennier sedan fanns ingen bra behandling for att ridda hjiremuskel
nir ett stopp i kranskirlen uppstod men sedan dess har reperfusionsbehandling, da man
18ser stoppet och slipper pa blodflédet igen, revolutionerat varden av dessa patienter och
idag kan utvecklingen av infarke ofta stoppas innan stora hjirtinfarkter uppstact. Det finns
dock fortfarande potential att férbittra behandlingen, ridda mer hjirtmuskel och dirmed
forbatera éverlevnaden och vilmiendet hos patienter med hjirtinfarke. For att gora det
behévs metoder att kunna mita och utvirdera dels infarkten och dels det omride som
hade skadats om ischemin fate fortsitea, det vill sdga hur stort det ischemiska omradet var
innan blodférsorjningen dterstilldes. Det sistnimnda kallas for myokardiellt riskomrade,
“myocardium at risk (MaR)”. Har man information om infarktstorlek och riskomride
sd kan man rikna ut mingden riddat myokard, myocardial salvage”, vilket anvinds som
effekematt i studier som testar effekten av nya behandlingar.

Med magnetisk resonans(MR)-teknik har infarktstorlek kunnat mitas sedan borjan
av 2000-talet. Det har ocksa tagits fram metoder for att mita riskomrdde med MR som
forenklat bygger pé avbildning av 6dem (svullnad) i hjartmuskeln vilket kan mitas upp «ill
en vecka efter hjirtinfarke. Betink ett stort skrapsir, efter ett tag kommer det att bulta,
smirta och svullna upp. Den svullnaden kan sigas motsvara ddemet som uppstar i den
del av hjirtmuskel som varit ischemisk och som dirmed kan mitas med MR. En av de
vanligaste MR-metoderna for att mita riskomride 4r T2-STIR medan en nyare metod ir
CE-SSFP. Det finns utmaningar med T2-STIR som gor att den inte alltid producerar bilder
av bra kvalité¢ dir CE-SSFP verkar vara ett lovande alternativ. Darfor behévs studier som
testar att CE-SSFP verkligen miter riskomride (delarbete I) samt som jimfor prestandan
mellan T2-STIR och CE-SSFP (delarbete II).

Att mita riskomrade erbjuder ocksd méjligheter att f& kunskap om hur hjirtinfarke
utvecklas och vad som paverkar utvecklingen (delarbete IV) samr att det gar att kartigga
omriden som varit ischemiska i ett stort antal patienter och didrmed se vilka omriden som

vii



viii Populiirvetenskaplig sammanfattning

forsdrjs av respektive kranskarl (II1).

Delarbete I - CE-SSEP testas i en experimentell modell dir det visas act CE-SSFP kan
anvindas for att mirta riskomride jimfore med si kallad myokardscintigrafi som referens-
metod.

Delarbete II - T2-STIR och CE-SSFP jimfors i en population av ca 200 patienter frin
olika center i Europa och avbildade med MR-kameror frin olika tillverkare. Det visar sig
att CE-SSFP producerar bilder av diagnostisk kvalité i 98% av fall oberoende av vilket
center som avbildat patienten eller vilken MR-kamera som anvints. T2-STIR diremot
producerar bara diagnostiska bilder i 65% av fallen och dr beroende av vilket center som
skote avbildningen samt av vilken MR-kamera som anvints.

Delarbete III - Riskomréide och hjirtinfarkt avbildas i ca 200 patienter och anvinds fér att
kartligga vilka omriden av hjirtmuskel som forsorjs av respektive kranskarl.

Delarbete IV - Genom att avbilda riskomrade och hjirtinfarke i ca 300 patienter underséks
hur utvecklingen av hjirtinfarke sett ut beroende pa kon, om patienten réker, om patienten
har hogt blodtryck och om patienten har diabetes. Delarbetet visar att kvinnor utvecklar
mindre hjirtinfarkter 4n min och ate behandlingen har riddac mer myokard hos dem.
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PCI Percutaneous coronary intervention
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MR Magnetic resonance

SPECT Single photon emission computed tomography
MPS Myocardial perfusion SPECT

MaR Myocardium at risk

Ml Myocardial infarction

MS Myocardial salvage

MSI Myocardial salvage index

LAD Left anterior descending artery

LCx Left circumflex artery

RCA Right coronary artery
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Lv Left ventricle

RV Right ventricle

STEMI ST-elevation myocardial infarction
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ECG Electrocardiogram
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mPTP Mitochondrial permeability transition pores
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Chapter 1

Introduction

This organ deserves to be styled the starting point of life and the sun of our microcosm just as
much as the sun deserves to be styled the heart of the world. For it is by the hearts’ vigorous beat
that the blood is moved, perfected, activated, and protected from injury and coagulation.

W. Harvey, De Motu Cordis, 1628
Translation by Kenneth J. Franklin

The cell is the common denominator for life as we know it. Cells can reproduce and perform
a number of different tasks which increase in complexity when more cells are added to an
organism, thus providing the means for life-forms such as humans to evolve. A prerequisite
to supporting an organism as large and complicated as a human is the ability to transport
nutrients and oxygen into close enough proximity of the cell to allow for uptake by means
of diffusion or active transport over the cell membrane. Most cells need to be within tens
of micrometers from the closest blood vessel to sustain life [1]. Our circulatory system can
be seen as an elegant solution to this challenge which, in its most elementary parts, consists
of a pump which circulates blood through vessels to pick up the nutrients and oxygen and
deliver them to the tissues of the body [2].

The human heart does not only deliver blood to the rest of the body but also sustains
itself by pumping blood via the aorta into the coronary arterics. Myocardial ischemia is
an inability to supply the heart with enough blood to cover the demand and, if severe and
prolonged enough, inevitably leads to cell death which is commonly referred to as myocar-
dial infarction. While a greater demand of blood may certainly cause or worsen ischemia,
ischemic heart discase is usually associated with impaired supply. In fact, myocardial is-
chemia and infarction was probably first understood as a consequence of investigating coro-
nary arteries and finding that they can narrow or even become occluded, thus decreasing
the supply of blood to the heart. In this, as in so much else, Leonardo da Vinci was a pi-
oncer who is responsible for the first known account of coronary artery discase. From the
writings of da Vinci as translated in Keele 1973 [3]:
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And this old man, a few hours before his death told me that be had lived one hundred years
and that he did not feel any bodily ailment other than weakness; and thus while sitting on a bed
in the hospital of Santa Maria Nuova at Florence, without any movement or sign of anything
amiss be passed from this life. And I made an anatomy in order to see the cause of so sweet a
death which I found to proceed from debility through lack of blood and failure of the artery
which feeds the heart and the other lower organs, which I found to be very dried, shrunken and
withered”

Later, in the 18th century and after much work by key individuals such as William
Harvey, Friedrich Hoffmann, and Giovanni Morgagni, Edward Jenner wrote to his teacher
William Heberden about an autopsy after a case of sudden death.

“...a kind of firm, fleshy tube, formed within the vessel, with a considerable quantity of
ossific matter dispersed irregularly though it. This tube did not appear to have any vascular
connection with the coats of the artery, but seemed to lie merely in simple contact with it.” [4]

This autopsy revealed what today may be understood as an arterial thrombus having
occluded a coronary artery that had been “ossified” by atherosclerosis and caused the death
of the patient via myocardial ischemia.

It would take until the later part of the 20th century for treatments that would re-
move the offending occlusion to appear with the advent of thrombolytic therapy and per-
cutancous transluminal coronary angioplasty, also commonly referred to as percutancous
coronary intervention (PCI) [5, 6]. With reperfusion strategies available the situation for
these patients changed drastically as mortality numbers plummeted [7-9]. It also, however,
brought with it a clinical conundrum hitherto not researched. It became apparent that
opening a previously occluded vessel and thus reperfusing ischemic myocardium brought
danger in the form of arrhythmias and possibly increased upon the already established
injury of the myocardium [10, 11]. The term reperfusion injury was coined and great
amount of research resources has since been devoted to decreasing reperfusion injury with,
as of yet, limited success [12-21]. It is worth noting here that, as the development of
myocardial infarction in ischemic myocardium is happening over a relatively short time
span and that reperfusion therapy is urgently applied in patients, the separation of what
is injured due to the original ischemic period or from reperfusion is not easily performed.
Therefore, as we shall see, it is more common to measure and refer to the combined effects
of ischemia-reperfusion injury.

In parallel to the expanding use of reperfusion therapy, the field of magnetic resonance
imaging began to appear based on discoveries such as tissue relaxation constants by Odeblad
and Lindstrém, spin echoes by Erwin Hahn, and the utilization of magnetic field gradients
for spatial localization attributed to Paul Lauterbur [22-24]. Magnetic resonance imaging
of the heart, henceforth referred to as cardiovascular magnetic resonance imaging (CMR),
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allowed for characterization of the cardiac muscle 77z-vivo in a manner that was unparalleled
by any other technique. Recall that the discussion on ischemic heart disease so far has
concerned examining the coronary arteries and that while autopsy has long been available
it does not lend itself to studies of in-vivo pathophysiology.

Of particular interest with regards to ischemia-reperfusion injury, CMR techniques
were shown to accurately depict irreversibly damaged myocardium [25]. Additionally, car-
lier studies had looked at myocardial edema following myocardial ischemia [26]. The study
of myocardial edema led to the development of techniques to quantify the extent of edema
in patients who had suffered myocardial ischemia and then been subjected to reperfusion
therapy. The edematous area was shown to closely agree with the area of myocardium that
had been ischemic [27-29]. This meant that there was a way to measure not only the size
of the actually infarcted myocardium but also the size of the ischemic myocardium that
would inevitably have become infarcted if reperfusion therapy had not occurred, so called
myocardium at risk (MaR), and that this could be done in the relatively tranquil period
after the culprit occlusion had been removed.

The difference between myocardial infarct size and MaR is myocardial salvage. This
new measure, often normalized to MaR which results in myocardial salvage index (MSI),
could now be used to evaluate the efficacy of therapies to minimize myocardial infarct size.
One of the main focuses for therapies such as these are, as previously alluded to, to reduce
reperfusion injury. Two of the studies testing such therapies, MITOCARE and CHILL-
MI, provided the patient data used in this thesis along with patients from the SOCCER trial
which tested the effect of oxygen therapy on MSI after myocardial infarction. Apart from
providing a measure on the efficacy of therapy, measuring MaR can offer pathophysiological
insights in its own right. For Cxampic, Paper III of this thesis utilizes the fact that MaR
is a reflection of the distribution area of the occluded culprit artery in patients reperfused
following myocardial ischemia while Paper IV looks at the factors affecting development of
infarction based on its relation to myocardium at risk.

This thesis concerns quantification of MaR in ischemic heart disease by using CMR
techniques and applying those techniques to better understand the coronary artery distri-
bution areas and to find which factors affect the development of myocardial infarction.

1.1 Ischemic heart disease

Understanding MaR and its implications requires understanding the underlying discase,
here referred to as ischemic heart disease. This section will seek to introduce definitions and
subclassifications pertaining to ischemic heart disease and to discuss its’ pathophysiology
and relevant anatomy.
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1.1.1 Definitions

Ischemia refers to an inadequate blood supply to an organ or part of the body. Inadequate
blood supply to the heart could stem from a systemically decreased blood supply, such as
from bleeding or cardiogenic shock, but is most commonly discussed in the context of
decreased flow in one or several parts of the coronary circulation. In this thesis the term
ischemic heart disease is limited to ischemia caused by an obstruction of flow through the
coronary arteries.

Myocardial cell death is called myocardial infarction (MI) which usually refers to injury
due to prolonged myocardial ischemia [30]. All myocardium does not become infarcted
instantaneously when subjected to ischemia, it is rather a process that can be interrupted
by reperfusion (Figure 1.1). Myocardium which is saved by reperfusion therapy is termed
myocardial salvage (MS, Equation 1.1) while the entircty of the arca that was ischemic is
referred to as the myocardium at risk (MaR).

MaR =MI+MS (1.1)

In studies, myocardial salvage is often normalized to myocardium at risk to calculate my-
ocardial salvage index (MSI, Equation 1.2).

MS

MSI = Vak

(1.2)

1.1.2 Epicardial disease and presentation

Coronary blood flow can cither be reduced due to an incomplete blockage of the epicardial
coronary artery (coronary stenosis) or it can be halted due to a complete blockage (coronary
occlusion). Coronary stenosis is thought to be the result of progressive atherosclerosis start-
ing with thickening of the vessel intima and progressing into fibroatheromas with necrotic
cores [31]. At any point in this progression, when coronary flow is insufficient to meet
increasing demand, symptoms such as chest pain or dyspnea during exertion may appear
and progress with the atherosclerotic lesion. The current understanding of occlusive lesions
is that a thrombus suddenly develops [32]. The thrombus is commonly catalyzed by cither
rupture of a plaque which exposes the thrombogenic core, or by erosion of vessel endothe-
lium exposing the intima and thus triggering thrombocyte aggregation [31, 33, 34]. 'The
degree to which a plaque obstructs blood flow has little bearing on the risk of rupture or
crosion which means it is entirely possible, and even common, for coronary occlusion to
occur without preceding symptoms [35, 36]. The acute symptoms of coronary occlusion
include acute persisting chest pain, dyspnea, unconsciousness and sudden death.

1.1.3 Coronary anatomy

‘This text will be limited to describing the most common coronary artery layouts. Please
refer to Figure 1.2 for visualization.



1.1. ISCHEMIC HEART DISEASE 5

_ Salvageable
~ myocardium

- =Infarct
@ v

+jJ =Mar
Figure 1.1: Showing the subendocardial to transmural development of infarct due to prolonged myocardial
ischemia, also known as the wavefront phenomenon. Myocardium shown in yellow is potentially salvageable
by reperfusion. If that were to happen it would be known as myocardial salvage. Dark red myocardium is
irreversibly injured. LV=left ventricle, RV=right ventricle
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The location of myocardial ischemia is often categorized by which epicardial vessel is
affected where the left anterior descending artery (LAD), left circumflex artery (LCx), and
right coronary artery (RCA) are the ones most commonly specified. 'The left coronary
artery, also referred to as the left main, is in the majority of cases present to branch into the
LAD and LCx after arising from the left anterior sinus of Valsalva in the aorta [37]. The
LAD courses through the anterior interventricular groove to supply the anterior aspect of
the left ventricle and terminates before, at, or after wrapping around the apex. Thereby
it sometimes supplies part of the territory usually attributed to the posterior descending
artery (PDA) [38]. The two main types of branches of the LAD are (1) diagonals which
travel laterally along the epicardial surface of the left ventricle with the first diagonal being
the most proximal to the LAD origin, and (2) septal branches which penetrates into the
septal myocardium to supply the anterior interventricular septum. The LCx initially runs
in the left atrioventricular groove around the lateral aspect of the heart towards crux cordis.
If the LCx supplies the PDA the variant is known as a left-dominant system, if it supplies
a posterolateral branch but not the PDA the variant is known as a co-dominant system
and otherwise it is known as a right-dominant system. Branches arising from the LCx
and supplying the left ventricle are termed marginals where the first margin is the one
most proximal to the LCx origin. The LCx also supplies part of the left atrium and not
infrequently the sinus node [39]. The RCA, instead, arises from the right anterior sinus
of Valsalva and travels through the right atrioventricular groove to run around the right
ventricle and frequently to supply the PDA. Similar to the branches of the LCx, the carly
branches of the RCA are called marginals and they supply the lateral wall of the right
ventricle. The atrioventricular node, and to a lesser degree the sinus node, is also commonly

supplied by the RCA [39].

1.1.4 Infarct development

It has been shown that sustained myocardial ischemia in dogs will progress into myocar-
dial infarction which starts at the endocardial surface and spreads towards the epicardium.
This is called the wavefront phenomenon of ischemic cell death (Figure 1.1) [40, 41]. The
effect is thought to result from the epicardial to endocardial direction of blood flow in
collateral vesscls. As intramyocardial tension is highest in the subendocardial myocardium
the collaterals are unable to supply these parts to the same degree as the subepicardial my-
ocardium [42]. 'The subepicardial-subendocardial difference could be further accentuated
since it seems that the subendocardium consumes more energy than the subepicardium,
possibly due to the increased intramyocardial tension [43]. It should be noted that while
the wavefront phenomenon is found in dogs it was not found in a sheep model where it
was speculated that the collateral-deficient hearts of sheep would be more similar to hu-
mans [44]. Experience from pig experiments also tells us that they do not regularly develop
infarct according to the wavefront phenomenon. Clinical experience in humans seems con-
sistent with the wavefront pattern which is corroborated in a small study by Hedstrom ez
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Figure 1.2: Coronary anatomy. a: the right coronary artery (RCA) running in the right atrioventricular groove,
b: the position of the left coronary artery hidden behind the pulmonary trunk, c: the left anterior descending
artery (LAD) running through the anterior interventricular groove, d: the left circumflex artery (LCx) running
in the left atrioventricular groove, e: the first diagonal of the LAD (D1), f: a marginal of the LCx, g: a marginal
of the RCA. Drawing provided by courtesy of dr. Mia Stiernman.
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al. [45].

The time-scale over which acute myocardial infarction develops has been the subject of
some controversy. Early data from dogs showed that it takes an average of 180 minutes for
50% of MaR to become infarcted after acute coronary occlusion, while for pigs and rats the
development was substantially quicker at around 40 minutes [46-51]. In 2009 Hedstrém
et al. published a study on human patients admitted for acute ST-clevation myocardial
infarction (STEMI). Myocardium at risk was measured using myocardial perfusion SPECT
(MPS) and myocardial infarct size was measured using CMR. They found that in a highly
selected, previously healthy population with coronary occlusion of a single vessel and no
visible collaterals, the time for 50% of MaR to become infarcted was 290 minutes from pain
onset [45]. In interpreting this result one should remember that most patient populations
are not as selected. In other populations there is not always a good correlation between the
duration of pain and infarct size, even for populations of exclusively STEMI-patients. This
could be because of sometimes incomplete occlusion, collateral flow, or intermittent brief
bouts of reperfusion during ischemia. Thus, it is reasonable to suspect that for most patient
populations infarct would develop at a slower rate [52]. ‘The difference in rate of infarct
development seen between the species could at least partly be attributed to a difference in
how well-developed the coronary collateral circulation is [53].

1.1.5 Subclassification

One of the first tests used when myocardial ischemia is suspected is the electrocardiogram
(ECG), due to its” accessibility and ability to determine if immediate interventional treat-
ment is appropriate [32, 54-56]. It should therefore not come as a surprise that one of the
major sublassifications of ischemic heart disease is based on the ECG.

* ST-elevation myocardial infarction (STEMI) is so called because it is seen as a rela-
tive “rise” in the ST-segment of the ECG. ST-clevation is a sign of transmural my-
ocardial ischemia caused by coronary occlusion. This will cause myocardial infarc-
tion to develop over time unless flow is restored, cither spontancously or by inter-
vention [57].

* Non ST-elevation myocardial infarction (NSTEMI) is defined as ischemic myocar-
dial cell death in the absence of ST-clevation on the ECG. Naturally this definition
contains a broad spectrum of conditions ranging from small injuries without any
ongoing ischemia to severe ischemia [58].

* Myocardial ischemia which causes symptoms but not cell death is termed either sta-
ble or unstable angina. Clinically, the difference between angina and NSTEMI is
often based on a blood sample showing whether there are markers of cell death in the
blood while the difference between stable or unstable angina is based on the character
of the symptoms [58].
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Figure 1.3: ECG showing ST-clevation, a sign of transmural myocardial ischemia.

As STEMLI is a clearly defined group compared to NSTEMI, stable angina, and unstable
angina it lends itself well to studies aiming to understand what we see using CMR. The
patient data in this thesis comes from patients in the STEMI group while the experimental
setup used could arguably be said to mimic the STEMI situation.

1.2 Ischemia/reperfusion injury

Where the previous section discussed the macroscopic events of ischemic heart disease the
following section will seck to summarize some of what is known about the pathophysiology
of ischemia/reperfusion injury on a cellular level, starting with a cursory overview of normal
cellular respiration.

1.2.1 Normal physiology of cellular respiration

Consider a collection of cells supplied by an artery. The cells will, among other things, take
up glucose and oxygen from the blood while metabolic rest products will be exported from
the cells via the blood (Figure 1.4). Glucose is broken down in the cell plasma through
glycolysis to generate pyruvate and a small amount of adenosine tri-phosphate (ATP), a
molecule which is used to fuel energy demanding processes in the cell [59]. Pyruvate is
then metabolised to generate NADH and acetyl coenzyme A which in turn is metabolized
in the process known as Kreb’s cycle into more NADH as well as an additional small amount
of ATP [60, 61]. The main production of ATP, however, happens in the mitochondsria,
whereby NADH via the proton it carries causes the generation of a proton gradient over
the mitochondrial inner membrane which in turn fuels the generation of ATP by passive
movement of protons along this gradient. This is a process known as the mitochondrial
clectron transport chain and it is key to the following discussion that the electron trans-
port chain requires oxygen to generate a proton gradient [62, 63]. It is also worth noting
that the proton gradient drives not only the passive movement of protons but also affects
the movement of strong anions such as sodium, potassium, calcium and chloride over the
mitochondrial membranes.
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Figure 1.4: Showing the metabolism of a cardiomyocyte supplied by a blood vessel. Glucose is metabolized
through a series of steps resulting in NADH which provides the process known as the electron transport chain
(ETC) with protons (H™). The ETC also requires oxygen and is the main source of ATP in the cardiomyocyrte.
ATP in turn is used to fuel the Na™ /K™ antiporters.

1.2.2 Ischemia

A sudden occlusion of the artery will suspend the cellular functions described in the pre-
vious section and cause compensatory mechanisms to be activated (Figure 1.5). Oxygen
will no longer be available and thus the electron transport chain is discontinued and can
no longer uphold the proton gradient over the mitochondrial membrane [64]. As a con-
sequence ATP production is impaired leading to a cell-wide deficiency in available energy,
eventually accentuated by a depletion of the available glycogen deposits [64, 65]. Addition-
ally, data suggests that the loss of the proton gradient shifts the balance of potassium/proton
antiporters towards an influx of potassium into the mitochondrial matrix, causing net
movement of water and thus swelling of the mitochonderia, initially at the expense of chris-
taec which would then shrink, and eventually by expanding the outer membrane [66-68].
‘This occurs as mitochondrial permeability transition pores (mP’I'P) are opening in the in-
ner mitochondrial membrane which intensifies the influx of ions and may trigger oncosis
[69]. The swelling is associated with release of cytochrome ¢, a substance involved in apop-
totic/oncotic cell death, and may thus play a part in the eventual ischemic demise of the cell
though there is some controversy surrounding the causality of cytochrome ¢ and swelling
[67, 70, 71]. On the other hand, there is data to suggest that potassium influx into the
mitochondrial matrix may be cardioprotective which lends itself to speculation that maybe
some degree of swelling could be functional in the ischemia-reperfusion situation [72].
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As discussed, ischemia causes a decrease in the ATP-production of the mitochondria.
From this follows that the protons, carried as NADH, that were being utilized in the elec-
tron transport chain start accumulating in the plasma [73]. A shift in the metabolism of
glucose and glycogen to lactate instead of pyruvate mitigates the resulting acidosis but the
result is still a net decrease in ATP production as well as intracellular acidosis [74]. In the
cardiomyocyte, ATP is crucial for muscle relaxation and to fuel the sodium/potassium an-
tiporters sustaining the polarization over the cell membrane, both directly and by driving
other membrane transporters. The ischemic cell is therefore unable to uphold electrical
stability and it will accumulate strong ions, maybe most importantly sodium and chloride,
to thus shift the osmotic gradient more into the cell [75]. This shift is further accentuated
by transporters which compensate the intracellular acidosis such as the sodium/proton an-
tiporter and sodium/bicarbonate cotransporter, both of which will shift the sodium balance

into the cell [76-78].
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Figure 1.5: Cell metabolism during coronary occlusion. (1) Oxygen is no longer available, the electron trans-
port chain (ETC) is discontinued and as a result far less energy/ATP is available. (2) Increased K* concentra-
tion in the mithochondria and opening of mitochondrial permeability transition pores (mPTP) initially causes
swelling of the mitochondrial matrix and eventually the outer membrane. (3) Intracellular H™ concentration
increases as H' is no longer used in the ETC. This effect is mitigated by a shift in metabolism toward lactate.
(4) The lack of ATP disrupts the activity of Nat/Kt antiporters and the increased H™ concentration causes
activation of transporters such as the Na™/H™* antiporter and the Nat/HCOj cotransporter. Overall Na™
and Cl™ accumulates in the cell.
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1.2.3 Reperfusion

During myocardial ischemia due to coronary occlusion the ischemic area is effectively cut
off from the rest of the circulation. Suddenly restoring coronary flow, for example by
revascularization therapy, can therefore be a dramatic event where the conditions for the
previously ischemic cells change rapidly (Figure 1.6) [79]. This is further accentuated by
the effect known as reactive hyperemia referring to that blood flow increases to more than
baseline levels for several minutes following ischemia-reperfusion [80-82]. The mechanism
for this is incompletely understood but involves regulation of substances such as adrenaline,
ADP and ATP, adenosine, substance P, and bradykinin [83-86]. The hyperemic reperfu-
sion is a mechanical stressor on the myocardial tissue and on the blood vessel walls. This
likely contributes to hemorrhage in myocardial infarction, where the vessel walls are al-
ready injured by ischemia [87]. It also increases the hydrostatic pressure in the capillaries,
favouring movement of water into the interstitial space [88].

During ischemia, the metabolites created in the myocytes diffuse into both the intersti-
tial and intravascular spaces and thereby equilibrate the osmotic gradient over these mem-
branes. Come reperfusion the hyperosmotic solution in the blood vessel is flushed away by
isotonic blood, causing an osmotic gradient into the interstitial space and the intracellular
space, further accentuating swelling of the cell [79, 89]. The movement of water across the
vascular endothelium is thought to be facilitated by an increased capillary permeability due
to endothelial damage caused by the ischemia/reperfusion injury [90]. Also, movement of
water into myocytes is possibly increased by up-regulation of channels such as aquapor-
ins, connexins, and pannexins [79, 91-93]. Restoration of physiological pH outside of the
myocytes also cause the compensatory mechanisms previously mentioned to accentuate the
movement of sodium into the cell, thus exacerbating cell swelling. In the mitochondra, is-
chemia causes the cessation of the electron transport chain which creates a pent up potential
for creation of oxygen free radicals come restoration of blood flow. This in combination
with an inflow of calcium into the mitochondria may stimulate further opening of mPTP
which decreases mitochondrial function and facilitates swelling [64, 69, 70, 94].

In conclusion, there is a mechanical stress and an osmotic stress on the reperfused my-
ocardium which may activate cell death by oncosis. In addition to the already mentioned
mechanisms there has also been data suggesting that calcium overload, and inflammatory
responsc through necutrophil activation could play a role in reperfusion injury by, for ex-
ample, causing endothelial damage, impairing perfusion, and activating apoptotic/oncotic

pathways [95-97].

1.2.4 Myocardial edema

As the previous discussion on ischemia/reperfusion injury alluded to, it seems that during
ischemia there is an increase in intracellular space due to mitochondrial swelling, and an
increase in cell plasma [65, 79]. Since the ischemic area is not connected to the circulation
this swelling of myocytes needs to happen at the expense of interstitial space [89]. After
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Figure 1.6: Effects of acute reperfusion. (5) Reactive hyperemia and endothelial damage contribute to move-
ment of plasma into the interstitial space and to hemorrhage. (6) Flush-out of metabolites cause an osmotic
gradient into the interstitium and further into the cell. Movement of plasma into the cell is facilitated by up-
regulation of channels such as aquaporins, connexins, and pannexins. (7) Sudden restoration of extracellular
pH causes an increased HT gradient which in turn increases transport of sodium into the cell. (8) Sudden
return of oxygen increases creation of reactive oxygen species (ROS) to supernormal levels. Along with an
influx of Ca®+, this further causes opening of mPTP.
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reperfusion, however, it seems that not only swelling of the myocytes but also interstitial
edema plays a part in myocardial injury [89, 98, 99]. Indeed data shows that the extracellu-
lar volume of myocardium is increased following reperfusion, both in infarcted regions and
non-infarcted regions [46, 100, 101]. The increase is greatest in infarcted regions which
is explained by a breakdown of cellular membranes to create space where there were cells
previously [100]. In the non-infarcted regions, salvaged by reperfusion, most cells are in-
tact and the increase in extracellular volume can instead be attributed mainly to interstitial
edema [46]. Apart from possibly playing a role in reperfusion injury, myocardial edema
may negatively affect systolic and diastolic function of the myocardium, may impair perfu-
sion of the myocardium, and could cause electrical instability of the heart [98, 102, 103].
All of these effects make it a potential target for treatment or prevention, something that
has been studied in the context of cardioplegia for thoracic surgery as well as experimentally
but where there currently seems to be a lack of patient data for epicardial coronary artery
occlusion/reperfusion [104-106].

1.2.5 Cell death

The subject of cell death in general is incompletely understood and there seems to be many
different mechanisms and variations causing cell death who often have common denomina-
tors. Ischemic cell death is relatively extensively researched and the pathways of importance
are often divided into three categories (1) oncosis, (2) apoptosis, and (3) autophagy [107—
109]. 'The historic background for the division between the first two is in the microscopic
appearance where oncosis is associated with swelling of the cell and apoptosis with cell
shrinkage [110]. Apoptosis has been called programmed cell death, a felicitous name since
in many ways it scems to results in a more ordered, albeit ATP-dependent, destruction of
the cell through several defined pathways [111]. One of these pathway includes making
the mitochondrial membranes permeable to cytochrome ¢ which can then combine with
factors in the cell plasma to form an apoptosome. The apoptosome then triggers caspases
that, through several steps, cause DNA in the cell nucleus to fragment [112, 113]. Oncosis,
on the other hand, is associated with an ATP-depleted state and bears connotations of a
less ordered process in that it has been associated with more inflammation and could be
the result of more severe ischemia. Like apoptosis, oncosis is associated with an increased
mitochondrial membrane permeability, in this case mediated by opening of mPTP, but is
not associated with release of cytochrome c. Thus, instead of activating the apoptotic path-
way, the resulting loss of membrane integrity causes mitochondria and the cell to swell (see
the sections on ischemia and reperfusion) without fragmentation of the nucleus DNA. One
way of interpreting the resulting cell death is that the cells "burst” from the oncotic pressure,
keeping in mind though that the mechanism is still not fully elucidated. True to it’s perhaps
less ordered nature, oncosis has been associated with higher degrees of inflammation than
apoptosis though widespread apoptosis has also been shown to attract inflammatory cells
[114-116]. Autophagy is a more recent discovery wherein organelles and proteins are in-
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cluded into vacuoles and fused with lysosomes which degrades the contents of the resulting
autophagolysosome and could cause cell death. It may have a modulating role on ischemic
injury and could promote survival of hibernating myocardium [117].

1.3 Magnetic resonance imaging

As Magnetic resonance (MR) imaging of the heart is used throughout all projects of the
thesis this section will introduce a simplified model of understanding the method and seck
to provide a background to the discussions that follow in the separate projects.

1.3.1 Introduction

Figure 1.7 shows an image of a corn cob acquired through MR imaging. For us to be able
to correctly interpret this image as a cob of corn we need to identify defining attributes
such as the stem and the corn. In order to do so there is some information that needs to
be conveyed through the image.

* Contrast - In order to identify different tissue types there needs to be a difference
in intensities between them, such as the difference in intensity between surrounding
air and corn in Figure 1.7. Contrast in MR images is acquired through differences
in how much 7signal” tissues generate and understanding the generation of contrast
thus comes down to understanding how signal is generated.

¢ Location in-plane - The image needs to provide information on where the attributes
of the imaged object are in relation to cach other. Imagine the image of the cob
of corn where all the corn is scattered randomly across the image and this becomes

apparent.

* Location through-plane - Not shown in Figure 1.7 per se is the fact that the two-
dimensional image we sce was selected from a three-dimensional volume and there
therefore needs to be a way to determine location in the through-plane as well as in
the two-dimensional plane.

The following explanation will begin by examining generation of signal, and thus contrast,
to then delve into how information on in-plane and through-plane location is acquired.
After this, CMR imaging will be specifically addressed.

1.3.2  Signal generation

A proton can be considered to have a property called spin, observed by the magnetic mo-
ment it induces [118]. For our purposes this could be said to turn some of the protons
in a cob of corn (or indeed in a human body) into small magnets. Normally, the poles of
these small magnets would be randomly directed in space and would thus, on a big scale,
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Figure 1.7: A photo of a cob of corn (above) and an MRI image of the same cob (below).

cancel each other out. If the cob were to be put inside a strong magnetic field (Byp), such
as in an MR scanner for example, it would introduce a bias in the direction of the small
magnets along the By as they would start to precess around By. This bias causes coherence
in the given direction and the resulting vector will be used to generate signal. There is a
challenge in measuring this vector however, the strength of the magnetic vector in the cob
of corn is only a small fraction of By. Therefore, a second magnetic field (B;) is added
for a short amount of time which turns the resultant vector of magnetization at an angle
from By thus allowing the measurement of magnetization in a direction where By does
not interfere [119]. Applying B; causes spins to precesses around this new magnetic field.
Thus a B; applied along the y-axis will cause magnetization to “flip” towards the x-axis.
B is always played out at a certain frequency for any given nucleus, dependent on the
strength of the By. This is because it turns out that precession happens at a rate that is
dependent on the magnetic field which causes it, according to Equation (1.3) where w is
the rate of precession, y denotes inherent properties of the protons and By the strength of
the magnetic field.
w =y * By (1.3)

Thus, in order to affect the direction of the magnetization vector, B; needs to be played
out at the frequency that the precession around By happens. This frequency is called the
Larmor frequency and Equation (1.3) is called the Larmor equation after Joseph Larmor
[120]. As the Larmor frequency at the field strengths regularly used in MR imaging are
within the radiofrequency (RF) spectrum (3 * 103 to 3 * 10™ Hz), the By pulses applied
are termed RF pulses.
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Frame of reference

Imagine the MR scanner as consisting of a tube along which there is a magnetic field, By.
'The axis of By will be called z. Further imagine there are sensors perpendicular to this field
that sense the component of magnetization aimed towards them. These sensors exist in the
x-, and y-axes. As the magnetization vector is always precessing about By it will always be
rotating on the xy-plane after excitation by Bj, thus giving rise to an oscillating sinusoidal
waveform pattern of signal (Figure 1.8). For simplicity, we introduce the rotating frame
where the xy-plane rotates at the Larmor frequency and thus “keeps pace” with the rotating
magnetization vector making it appear still (Figure 1.8). In the rest of this thesis reference
will be made to Z, X, and y’ which denote the z, x, and y axises in the rotating frame.
The direction of the RF-pulse will be defined as x” and thus the direction along which the
magnetization vector flips’ will be y’.

1.3.3 Phase

Before going into magnetization relaxation and spatial encoding it will be important to
consider the concept of phase. A magnetization vector has two basic properties, magnitude
and direction. As signal is measured in the X'y’ plane the angle of magnetization in this
plane will affect signal and is known as phase. Additionally spins can be described as being
in phase, resulting in higher amplitude of the signal, or out of phase, resulting in lower
amplitude of the signal.

Frequency is a closely related concept to phase which can be described as the rate of
phase change. This becomes important when discussing spatial encoding as the information
about the phase of magnetization can be used in parallel to information about the frequency
of precession.

T1 and T5

The previous sections can be summarized in that we have a magnetic field, By, which
results in a magnetization vector along the 7’ axis, by affecting protons in the tissue we are
interested in, that can then be brought to the y'-plane by playing a RF-pulse along the x-
plane. The resulting transversal magnetization can be measured as voltage which constitutes
the MR signal. We shall now consider what happens over time after the RE-pulse flips the
magnetization to the y’-axis, namely two things. (1) the magnetization along the y’ starts
to decay, and (2) the magnetization along Z starts to recover (Figure 1.9).

Magnetization decay is happening due to so called spin-spin interactions, where the
spin properties of the protons interact, and because of small inhomogeneities in the mag-
netic field [119]. Both these effects affect the rate and phase of precession and therefore
decrease coherence which in turn decreases the signal. While spin-spin interactions reflect
properties of the tissue, magnet field inhomogeneities are dependent on outside factors
such as MR scanner hardware (though is also sensitive to tissue properties, notably iron
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Figure 1.8: Following excitation of the magnetization vector by By a signal will be generated which decays
over time. A detector placed perpendicular to Bo will measure signal in the so called laboratory frame wherein
it will follow a sinusoidal shape as the magnetization vector precesses towards or away from the detector. In
the rotating frame the xy-plane is rotated at the same speed as the magnetization vector, thereby canceling the
waveform pattern of the signal that is generated and allowing simpler visualization. Axes in the rotating frame
are called 7, X, and y’.
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Figure 1.9: Showing the relaxation of magnetization after a 90°flip. Bascline magnetization on the z’ axis is
flipped entirely to the x’ axis. As time elapses both T1-relaxation causes regrowth of magnetization along z’
while T2-relaxation causes magnetization along the X axis to diminish. Eventually the magnetization vector
will be restored to the 2’ axis, in line with Bg.

content used to diagnose hemochromatosis) [121]. Therefore it is desirable to be able to
separate the effects into T-time reflecting the effect of spin-spin interactions and 75 -time
reflecting the combined effects of spin-spin interaction and magnet field inhomogeneities.
These times then govern the signal decay according to Equations (1.4) and (1.5) where M,
is the magnectization along the y’-axis, M is the initial magnetization immediately after the
RF pulse, # is the time from bringing the magnetization to the y’-axis, and YA B is the
difference in rate of precession caused by magnet field inhomogeneities.

—t
My = My+eT (1.4)
1 1
= — +~ADB 1.
o T +vABy (1.5)

Simultaneously, magnetization recovery occurs. When the RF-pulse was applied to flip
magnetization onto the y’-axis it deposited energy into the spins. Subsequently the spins
start dispersing this energy onto their surroundings, lattice, in what is known as spin-lattice
interactions which leads to a regrowth of magnetization along the z'-axis [119]. The rate
at which this happens is dependent on the strength of By, the tissue characteristics and on
what constitutes the lattice. If gadolinium-based contrast agent is present, for example, it
facilitates the dispersion of spin energy and thus accelerates the regrowth of Z magnetization
[122, 123]. The rate of regrowth is governed by the time-constant T} according to Equation
(1.6) where M/ is the magnetization in the Z axis, My is the remaining magnetization in
the 2’ axis immediately after the RF-pulse, and ¢ is the time from the RE-pulse flipping the
magnetization.

My = My (1—eT) (1.6)
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Figure 1.10: Showing the magnetization vector of two different tissue types, Tissue #1 and Tissue #2. As
the two tissues have an equally large magnetization vector at baseline they will also have an equally large
magnetization vector in the X’ axis immediately after the 90°flip. Since these particular tissues have different
T} and T properties however, it will be possible to distinguish them based on the differences that develop over
time as z and X magnetization is allowed to relax. If too long time is allowed to pass magnetization is once
again restored to baseline and no more contrast between the tissues can be seen.

The reason 77 and 7% are important for this discussion has to do with the difference
in 77 and 75 in different tissues. Playing out an RF-pulse to flip the magnetization and
then waiting allows for those differences to manifest as difference in signal (Figure 1.10).
Note that for the effect of 77 to become apparent it is necessary to play an additional pulse
to once again bring the 7 magnetization to the y’-axis in order to measure it. Sequences
of RF-pulses that mostly make apparent the differences between tissues caused by T are
called T —weighted sequences while those that mostly bring out differences in T are called
T5-weighted sequences.

1.3.4 Spatial encoding

As was alluded to in the introduction, the relative location of any element that should be
visualized needs to be recorded in order to form a comprehensive image. For MR imaging
this is performed through so called spatial encoding by using magnetic field gradients and
repeated experiments to calculate the origin of the signal. Since there are three spatial
dimensions to consider, three encoding strategies are commonly used; (1) slice selection,

(2) frequency encoding, and (3) phase encoding.

Slice selection

Remember that an RF-pulse needs to be played at the same frequency as the rate of preces-
sion of the spins in any given system to flip the magnetization. Also remember that the rate
of precession is dependent on the strength of the magnetic field that the spins are in. These
facts are utilized to select a slice of tissue wherein spins are flipped, thereby allowing signal
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2D slice
Slice selection gradient

Figure 1.11: Slice selection in a cob of corn. A static field gradient is applied while the RF-pulse is played out.
As the gradient changes the precession rate only the spins in a thin slice of the cob precess at the rate which is
excited by the RF-pulse. In the image this is visualized by a 2-dimensional MR image of the cob despite the
fact that both frequency encoding and phase encoding are also needed to create this image.

recording from this slice selectively without interference from other slices [124]. This is
performed by applying a magnetic gradient during the application of the RE-pulse which
changes the strength of the field in one axis, thereby causing the spins to precess at different
rates over the gradient, so that only a thin band of the object that is imaged resonates with
the RF-pulse (Figure 1.11). Slice selection solves the problem of determining position-
ing in one dimension, cffectively turning our 3-dimensional problem into a 2-dimensional
problem.

Frequency encoding

Frequency encoding utilizes the same principles as slice selection in that a gradient is applied
which changes the frequency of precession for different points in space in one dimension
[24]. This gradient, however, is not applied during application of the RF-pulse as this
would interfere with (and would by definition be) the slice selection gradient. Rather, the
frequency encoding gradient is played out during readout. Since the effect of the gradient
is present during readout the signal that is acquired will originate from spins precessing
at different rates depending on their position in the frequency encoding direction. The
waveform of this combined signal can then be separated into the original signals, and thus
positions, using Fourier transform (Figure 1.12).

Phase encoding

Taking slice selection and frequency encoding into account, there is still a need to encode
for a third dimension. Phase encoding solves this elegantly by using information about the
phase, or angle, of the magnetization vector at different positions [125]. First, a gradient
is applied along the phase encoding direction after slice selection but before readout. This
speeds up or slows down the spins for a short amount of time, thus affecting the phase of
the spins.
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Figure 1.12: Frequency encoding of the slice selected in Figure 1.11. By adding a magnetic gradient during
the readout the excited spins will precess at different frequencies, thereby creating a signal consisting of the
combined waveforms of spins from all across the gradient. Using Fourier transform these waveforms can be
separated based on frequency and, thus, the signal components can be tracked to their position along the
frequency encoding direction.

The phase encoding gradient affects the phase of spins over the entire spectrum of the
frequency encoding direction meaning that, in order to separate the spatial origin of the
signals, the acquisition needs to be repeated as many times as the desired number of picture
elements in the phase encoding direction (Figure 1.13). A consequence of this is that the
time it takes to acquire an MR image is dependent on the resolution in the phase encoding
dircction but not in the frequency encoding direction.

1.3.5 Spin echo and gradient echo

It is possible to generate signal by only applying a single RF-pulse which flips the magneti-
zation to the X'y’ plane. There is, however, a challenge when trying to interpret this signal
in that it will not only be dependent on the tissue properties we may be interested in but
also on magnet field inhomogeneities (sce the discussion on 75 and 7%). One solution to
this challenge is the spin echo [23].

Imagine that magnetization is flipped onto the X'y’ plane and time is allowed to pass.
The magnetization vector will start to dephase due to spin-spin interactions and due to
magnet field inhomogeneities. Now imagine flipping the magnetization 180°and allowing
an equal amount of time to pass. The same inhomogeneities which caused dephasing will
now work in the opposite direction to rephase spins, effectively canceling the effect of
inhomogeneities on the acquired signal. If we now acquire signal immediately following
the 180°flip it will increase until the spins are entirely rephased and then start abating again
in a pattern that is called an “echo” (Figure 1.14).

Another way of creating an echo would be by using a magnetic gradient, like the ones
used for spatial encoding. The gradients are by design dephasing spins and so if a gradient
was played in one direction and then at equal strength and for an equal amount of time
in the opposite direction it would also generate an echo. This second kind of echo is often
referred to as a gradient echo [126].
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Figure 1.13: Schematic overview of spatial encoding. The slice selection gradient is played during the RF-
pulse which flips magnetization onto the Xy’ plane while the frequency encoding gradient is played during
readout. The phase encoding gradient is played in between the RF-pulse and readout to affect the phase of the
precessing spins depending on their location in the phase encoding direction. To solve the resulting equation
of what phase corresponds to each respective position requires one experiment per pixel of resolution in the
phase encoding direction. Therefore the entire sequence is repeated while changing the strength of the phase
encoding gradient for as many times as required.

1.3.6 DPulse sequences

So far the discussion has been focused on the principles and tools available to create an
image from an MR acquisition. In practice the RF-pulse, or indeed several RF-pulses, and
gradients are played out as pulse sequences which can be varied depending on which resule
is sought. Some of the parameters that are varied will be listed below.

* Flip angle - The angle from 2’ with which the magnetization is flipped by an RE-pulse
¢ Echo time (TE) - The time from the center of an RF-pulse and the peak of the

consequent signal (echo)

* Repetition time (TR) - The time from one RF pulse to the corresponding one in the
subsequent acquisition

¢ Preparation pulses - Additional RF pulses can be played before the one that flips
magnetization for readout. These pulses could affect weighting of the sequence or
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Figure 1.14: Showing the principles of a spin echo. After flipping magnetization 90°to the x’ axis the magne-
tization starts dephasing duc to T3 effects. By flipping magnetization by 180° the inhomogeneities previously
causing the dephasing instead works in the opposite way to rephase spins. Measuring the signal after the
180°flip therefore shows an increasing signal which peaks as magnetization is completely rephased and then
diminishes again as dephasing occurs in the other direction.

be used null the signal from, for example, fat or blood or could be used to enhance
signal contrast

* Inversion time (TT) - When an 180°pulse is played before the RF-pulse used to bring
magnetization to the transversal plane, this creates an inversion recovery. The Tl is

the time from the 180°pulse to the RF-pulse

* Gradients - Gradients may be applied for spatial encoding as discussed and may also
be used to modify the signal

Together these parameters form a protocol for a pulse sequence. The sequences mentioned
below have been selected duc to their relevance for this thesis.

SSFP

Balanced steady state free precession (SSFP) is a fast imaging technique [127]. In cardiac
imaging it is, for example, used to acquire cinematic images over the cardiac cycle [128].
Imaging is performed by flipping the magnetization back and forth around the Z’ axis using
RF-pulses of the same magnitude but alternating polar signs, thus eventually creating a
steady state where cach readout yields identical results. Readout is performed around TTR
to capture the resulting spin echo while a balanced frequency encoding gradient is timed to
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allow refocusing of the transversal magnetization at the peak of the spin-echo. Thus, SSFP
is technically a gradient-echo sequence but displays the properties of a spin-echo sequence
[129]. Apart from refocusing the transversal magnetization at readout it is also necessary to
refocus it at the RF-pulse in order to ensure that residual magnetization does not affect the
following pulses. To this end, the effects of all the spatial encoding gradients are canceled
out by making sure that for any gradient that is applied another gradient of equal size in
the negative direction is also applied (Figure 1.15) [130]. This is the reason balanced SSFP
is referred to as “balanced”.

'The SSFP signal is dependent on both 75 and 77 which can be realized when consid-
ering that the signal is directly proportional to the amount of transversal magnetization
present during readout. The effect of T3, then, can be seen as straightforward where higher
T5 means that the decay of transversal magnetization is slower and thus signal increases
with higher T5-values (Figure 1.15). To understand the effect of 77, consider that a faster
recovery of magnetization in the z axis leads to a larger transversal component in subse-
quent pulse iterations where this magnetization is brought down to the X'y’ plane. Larger
T -values result in slower magnetization recovery and therefore less signal. At flip angles
of around 50-80°both T and 17 effects are relevant, thus making the SSFP-signal % de-
pendent [131].

T>-STIR

‘The Ts-weighted short tau inversion recovery (13-STIR) sequence is a sequence designed to
be T-weighted with the additional properties of showing no signal from blood or fat [132].
This is potentially useful when imaging myocardium to visualize edema as edema, blood,
and fat are all shown as hyper-intense in standard T5-weighted images. The STIR part of
the name refers to preparatory pulses that are added before flipping magnetization to the
transverse plane [133, 134]. First a non-selective 180°pulse is used to flip all magnetization
almost immediately followed by a second, sclective 180°which returns magnetization to
baseline in all stationary tissue. In the time between pulscs, however, blood has had time
to flow through the plane of interest and magnetization is therefore not restored in blood
which is “nulled” and will not contribute any signal in the subsequent imaging. After the
blood-nulling pulses, but still before flipping magnetization to the transverse plane, another
180°pulse is played at a timing which allows the magnetization of fat to ”grow” back to
zero. Since fat has short T compared to other tissues of interest, such as myocardium,
these will still retain magnetization at the time of imaging (Figure 1.16).

1.3.7 Contrast agent

Another way of affecting image contrast which is not directly related to the pulse sequence
is by introducing intravenously injected contrast agent. Contrast agents are commonly
based on gadolinium, a metal with very large magnetic moment. As mentioned before,
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Figure 1.15: In SSFP imaging, steady-state is achieved by flipping magnetization back and forth around z".
This causes a steady state which is dependent on the flip angle (@), 71, and T5. Longer T will result in slower
regrowth of magnetization along the z’ axis and thereby a smaller magnetization vector while longer T will
result in slower decay of magnetization in the x’ axis. The box in the lower right of the figure portrays space
encoding gradients in relation to RE-pulse and signal acquired. All gradients are balanced, meaning that for
any gradient played in one direction an equal amount is played in the opposite direction.
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Figure 1.16: The T2-STIR pre-pulses consist of a non-selective inversion recovery pulse paired with a selective
pulse and a second selective inversion recovery pulse. The non-selective pulse inverts magnetization in all
tssues (here represented by blood, fat, and myocardium) after which magnetization of all tissues except blood
is restored by the selective pulse. Application of these pulses is timed for magnetization of blood to recover close
to 0 at the start of the imaging sequence, thereby canceling the signal. Fat supression is performed similarly by
timing inversion of tissues so that fat has recovered to 0 at the start of imaging. Tissues with longer 77, such
as myocardium, will not reach 0 at this point and will therefore still contribute to signal.
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Figure 1.17: Examples of modalities used to measure MaR in different hearts. Angiography image shows
contrast injection into the LAD and LCx and the other pancls show midventricular short-axis images of the
left ventricle. Myocardium at risk is colored white in the MPS, T2-mapping, T2-weighted, T1-mapping, and
CE-SSFP images while it is teal in the early gadolinium enhancement (EGE) panel. In the histopathology
panel, blue dye has been injected into the left ventricle during occlusion. Consequently the blue colored area
in the image shows remote myocardium, red is salvaged myocardium, and white is infarcted myocardium. The
histopathology image was adapted from Bohl ez al. [136] and the EGE image was adapted from Hammer-
Hansen ez al. [137].

introducing gadolinium reduces 77 as it facilitates dispersion of energy from spins. It also
directly affects spins by changing their phase, thus decreasing 75 [122, 123].

Gadolinium is usually chelated to a carrier molecule, such as diethylenctriaminepen-
taacetic acid (DTPA), which does not permeate cellular membranes and therefore stays in
the extracellular space. In CMR imaging this is utilized to separate viable myocardium
from infarcted myocardium where cellular membranes are no longer intact [135].

1.4 Methods of determining MaR

Myocardium at risk has been determined with methods using different principles (Figure
1.17). Recall that MaR is the myocardium that, following acute myocardial ischemia,
was at risk of dying including both myocardium that did become infarcted and salvaged
myocardium.

1.4.1 Myocardial perfusion SPECT

Single photon emission tomography (SPECT) is a method whereby the activity of radioac-
tive isotope is quantified using detectors sensitive to gamma radiation [138]. For myocar-
dial perfusion SPECT (MPS), an isotope such as %*™technetium is bound to a suitable
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carrier molecule and injected intravenously [139-141]. This isotope then distributes in
proportion to perfusion and is taken up by myocytes with viable mitochondria. As a re-
sults, where there is an area of hypo-perfusion this is seen as an area with lower radioactive
levels. Most commonly MPS is used to gauge whether there exists exercised-, or pharmaco-
logically induced myocardial ischemia but if the opportunity exists to inject isotope during
coronary occlusion just before reperfusion it could also be used to measure MaR by assess-
ing the size of the area not supplied by blood [45, 142]. Needless to say this leaves a small
window of opportunity to prepare the exam and requires the logistics to have radioisotope
readily available.

1.4.2  Angiography

Coronary angiography has been employed to determine MaR. Where MPS indirectly mea-
sures the perfusion of the myocardium, angiographic measures take the anatomy of visible
epicardial coronary vessels into account and weigh the findings by scoring them to estimate
the amount of myocardium supplied by these arteries [143—145]. Angiographic scores have
shown poor correlation with both MPS and 75-weighted CMR for measuring MaR and
should be interpreted with caution [146, 147].

1.4.3 Histopathology and microspheres

Histopathological dyes such as Evans bluc have can be used to color perfused myocardium
by injection into the left ventricular cavity during coronary occlusion [148]. It binds to
plasma albumin, distributes to perfused tissue and stains the tissue dark blue. Some issues
with smearing of the Evans’ blue dye have been reported and alternative dyes proposed
[136]. Alternatively, fluorescent microspheres have been similarly used with the effect that
MaR can be visualized under ultraviolet light [149]. Both the Evans’ blue and microsphere
techniques require the heart to be explanted and sliced for evaluation limiting their use to
acute experiments and making them unsuitable for use in patients.

1.4.4 Cardiac MR

After the advent of so called late gadolinium enhancement (LGE) to determine infarct
size by CMR it became increasingly appealing to develop an MR-sequence which could
measure MaR and thereby allow determination of MSI through one modality. This section
will cover some of the sequences developed for this purpose and will briefly touch upon
possible mechanisms of action.

T5-weighted imaging

T5-weighted imaging was first thought to be a potential method of measuring infarct size
without the use of contrast agent but increased T5 was shown to also be seen in viable
dssue [150]. Instead, Th-weighted imaging was shown to accurately depict MaR when
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imaged 2 days after myocardial ischemia-reperfusion injury and later that it could be used
for up to one week after the ischemic injury [27, 28]. These T5-sequences used so called
“black-blood” (see T5-STIR) imaging which is theoretically appealing but seem to be out-
performed by newer bright-blood sequences [151-153].

Early gadolinium enhancement

Early gadolinium enhancement (EGE) has come up as a potential method of quantifying
MaR. It employs inversion recovery imaging similar to LGE but acquires images in the
immediate first couple of minutes following contrast injection. EGE is validated with 15-
weighted imaging and microspheres respectively however it is still unknown how sensitive
it is to timing of imaging and there is a challenge in capturing whole-heart coverage in the
limited time available [137, 154, 155].

T1- and T5-mapping

T - and Th-mapping are techniques which not only utilize weighting depending on T or
T5 but which quantify T7- or T5-values. The mapping techniques show promise and may
be able to provide a more standardized way of evaluating myocardial edema [156, 157].
‘They are still relatively new and untested, however, and it remains to be seen how they
perform in large trials.

Contrast enhanced SSFP

Contrast enhanced SSFP (CE-SSFP) is a relatively new technique utilizing the %—weighting
of the SSFP signal together with the effects of gadolinium-based contrast agent [158]. It
has been validated against MPS in human patients and was compared to T2-STIR in a
separate paper [29, 159]. The first paper of this thesis concerns the experimental validation
of CE-SSFEP wherein the effect of timing of imaging after administration of gadolinium is
also investigated. The second paper of this thesis concerns the reliability of CE-SSFP in a
clinical trial setting compared to T2-STIR.

Mechanism of action

Empirically it is evident that myocardium at risk can be visualized as a hyperintense area of
myocardium [27-29, 151]. To understand the mechanism it seems prudent to investigate
the differences between myocardium that has been ischemic and myocardium that hasn'e.
As mentioned before, following ischemia-reperfusion there is an increase in myocardial wa-
ter content, myocardial edema, which expands the extracellular space [46, 100]. It has been
showed that T% and T5 both increase with increased water content in tissues [160—-163]. For
T5-weighted imaging this could explain an increase in signal of edematous tissue, and thus
MaR, as transversal magnetization decays at a slower rate. The edema model of explanation
does not, however, satisfactorily explain all findings [164]. Remember that MaR consists
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of both infarcted and salvaged myocardium and that the increase in extracellular space is on
the order of 2-3 times higher in infarcted vs salvaged myocardium [46]. Considering that
for most of the techniques used to image MaR it is not possible to differentiate infarcted and
salvaged myocardium by intensity, it scems that another explanation of the mechanisms is
required. One such explanation concerns the magnetic properties in different states such
as "bound” and “free” water. Bound water is used to refer to water that is gathered in
hydration layers close to the surface of larger proteins/molecules or that is located within
the structure of the proteins [165]. Protons in the vicinity of these molecules would be
affected by for example hydrogen bonding which restricts their motion and thus causes
more rapid dephasing of transversal magnetization, i.e. shorter 75 [166]. Additionally the
bound water and large proteins in themselves can be seen as “lattice” for the free water to
deposit energy onto, resulting in shorter T [166-168]. Some later studies have questioned
whether water in hydration layer is restricted enough to contribute to faster relaxation but
rather the effect could depend mainly on “intramolecular” water [169, 170]. Regardless,
myocardial ischemia-reperfusion seems to decrease this effect and that way increase both
T}, and 1%, be it through changes in the structure/concentration of large proteins or some
other mechanism [171].

Sequences acquired after administration of contrast agent, such as CE-SSFD, also seem
to show little difference between infarted myocardium and salvaged myocardium. Recall
that the gadolinium-based contrast agents used distribute extracellularly, that extracellular
space is greater in infarcted tissue compared to salvaged myocardium, and that gadolinium
lowers both 77 and T5 [46, 122, 123]. It could be speculated that an increased fraction of
free water in infarcted tissue would balance this change by increasing 17 and 75 causing the
infarcted area to be of similar intensity as salvaged myocardium while still being of higher
intensity than normal myocardium. To conclude this section it should be clarified that the
mechanisms behind the contrast seen in the sequences used to visualize MaR are currently
not thoroughly understood and work to elucidate these still remains to be done.






Chapter 2
Aims

‘This thesis validates a CMR method of measuring MaR and compares it to an existing
method. It also applies the measurements of that method to better understand coronary
artery distribution and which factors affect the development of myocardial infarction. The
aims of the individual papers are stated below.

Paper I

To determine whether the CMR sequence CE-SSFP could be used for determining MaR
ex vivo as well as in vivo and to determine whether the timing of imaging after contrast
agent administration affects the quantification of MaR i vivo.

Paper I1
To study how well the CMR sequences T2-STIR and CE-SSFP perform in quantifying

MaR and determining culprit vessel across sites, MR camera vendors, treatments, and imag-

ing timing using data from the CHILL-MI and MITOCARE trials.

Paper 111

To quantify and visualize the extent of the perfusion territories for the 3 main coronary
arteries, left anterior descending artery (LAD), left circumflex artery (LCx), and right coro-
nary artery (RCA), using CE-SSFP and T2-STIR CMR sequences and to provide data on

perfusion territories to be used for simulation and programming.

Paper IV

To investigate to what extent gender, smoking status, presence of diabetes or history of hy-
pertension affects the rate at which infarct evolves by assessing the amount of infarction and
myocardial salvage observed using CMR in a cohort of ST elevation myocardial infarction
(STEMI) patients from three recent multi-center trials.
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Chapter 3

Materials and methods

The strongest argument proves nothing so long as the conclusions are not verified by experience.
Experimental science is the queen of sciences, and the goal of all speculation.

Roger Bacon, Opus Tertium, 1267
Translation by Robert Belle Burke

3.1 Experimental model

For Paper I, an experimental porcine model was used. The study protocol was approved by
the regional Ethics committee for animal experiments in Lund, Sweden. The protocol is
described in greater detail in the methods section of Paper I [172].

3.1.1 Anesthesia and monitoring

Animals weighing 40-50 kg were sedated, intubated and mechanically ventilated while
anesthesia was maintained on sevoflurane gas. Fluid balance was maintained using sodium
chloride (0.9%), 5% glucose was given as a slow infusion, and fentanyl was used to prevent
pain during interventions. During the experiment the animals were monitored including
continuous arterial blood pressure, ECG, heart rate, temperature, pulse-oximetry, and serial

blood gas analyses.

3.1.2 Interventions

Introducer sheaths were inserted in the femoral artery and vein as well as the carotid artery
after which heparin was administered. An angiography catheter was inserted through the
carotid introducer and a coronary angiogram was performed. Based on the appearance of
the angiogram a balloon-tipped catheter was placed either before or after the second diag-
onal branch of the LAD to obtain a wide range of MaR without needlessly jeopardizing
survival of the animal. The balloon was inflated, thus occluding the LAD, for 35 or 40

35



36 CHAPTER 3. MATERIALS AND METHODS

minutes before reperfusion. Prior to occlusion, an amiodarone infusion was administered
to decrease potential arrhytmias due to ischemia-reperfusion. Ten minutes prior to reper-
fusion, isotope (?Y"Tc tetrafosmine) was administered. Any malignant arrhytmias were
treated by chest compressions and defibrillation.

After induction of ischemia-reperfusion the animal was transported to the MR depart-
ment for imaging.

3.1.3 Imaging
CMR imaging

In-vivo CMR imaging included late gadolinium enhancement (LGE) to detect myocardial
infarction and CE-SSFP to detect MaR. One midventricular left ventricular (LV) short-axis
slice of SSFP was repeatedly acquired over 10 minutes following administration of gadolin-
ium. After that a short-axis stack of SSFP covering the LV and 2-, 3-, and 4-chamber projec-
tions were acquired before another single short-axis slice at 20-30 minutes after gadolinium
administration. One full coverage short-axis LV stack and long-axis images in the 2-, 3-,
and 4-chamber projections of LGE images were acquired 15-20 minutes after gadolinium
administration.

After in-vivo imaging an additional dose of gadolinium contrast agent was administered
and allowed to circulate for 15 minutes. The animals were subsequently euthanized by
intravenous administration of saturated potassium chloride solution and the hearts were
excised and mounted in plastic jars for ex-vivo imaging.

The same SSFP sequence used 77 vivo was also used to acquire a full coverage left ven-
tricular short-axis stack ex vivo. Additionally a short-axis stack of a high resolution T1-
weighted sequence was acquired to be used for ex-vivo infarct quantification.

Myocardial perfusion SPECT

After ex-vivo MR imaging the hearts were imaged using myocardial perfusion SPECT
(MPS). A dual head camera was used to record radioactivity of the 99mT¢ administered
previously. As the ™ Tc was administered during occlusion it would only distribute in
the non-ischemic parts of the heart thus allowing quantification of MaR.

3.2 Patient data
The patient data in this thesis was collected in the context the three clinical trials CHILL-

MI, MITOCARE, and SOCCER [21, 173, 174]. Paper 1L, III, and IV contain data from
CHILL-MI and MITOCARE while only Paper IV contains data from the SOCCER trial.
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3.2.1 CHILL-MI

The purpose of the CHILL-MI trial was to test whether cooling by an endovascular catheter
reduced infarct size as a percentage of MaR. It did not show a reduction in the primary
endpoint. However, when looking at the subgroup of patients with anterior myocardial
ischemia who were in the cooling arm of the study there was a reduction in both infarct
size and in the incidence of heart failure. A total of 101 patients underwent CMR in any
of the 9 centers involved in the trial.

Exclusion criteria
o Cardiac arrest or Killip class II-IV

Inclusion criteria

o Patients of 18 to 75 years of age
® Previous myocardial infarction
o Previous PCI or CABG

® Congestive heart failure

o ST clevation >0.2 mV in 2 contiguous leads
o Inferior STEMI: total ST deviation of >0.8mV
o Symptom duration <6h
® End-stage kidney discase
® Hepatic failure
® Recent stroke or coagulopathy
® Pregnancy

3.2.2 MITOCARE

The MITOCARE trial was a cardioprotection trial testing an experimental drug called
TRO40303, which previously have been shown to block mitochondrial permeability. The
hope was therefore that it would have prevented reperfusion injury but TRO40303 did not
show any effect on the primary endpoint of infarct size as percentage of MaR. Within the
trial 111 patients underwent CMR from a total of 9 different centers.

Inclusion criteria Exclusion criteria

® Age >18 years old o Cardiac arrest or ventricular fibrillation

o ST clevation in 2 contiguous leads:
>0.2mV in men in V2-V3
>0.2mV in women in V2-V3
>0.1mV in other leads

o Nitrate-resistant chest pain >30 min

e Previous myocardial infarction/CABG
e Cardiogenic shock

® Pacemaker

o Stent thrombosis

® Angina <48h before ischemia

o Fibrinolytic therapy <72h prior to PCI
o Atrial fibrillation

o Claustrophobia at MR-scan

o Symptom duration <Gh
o Clinical decision to treat with PCI
o Presenting TIMI flow 0-1 of culprit artery

o Occlusion of LAD, RCA, or LCx
o Signed informed consent
® Non-child-bearing-potential

o Inflammatory/infectious/malignant
disease

o Biliary obstruction/hepatic insufficiency

o Egg allergy
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3.2.3 SOCCER

Oxygen therapy is routinely administered to STEMI patients in many centers but some data
suggests it may be detrimental. The SOCCER trial compared patients receiving oxygen
therapy in the setting of STEMI to those who did not, using infarct size as percentage of
MaR as primary endpoint. A total of 103 patients from a single center underwent CMR
within the scope of the trial.

Inclusion criteria Exclusion criteria

e STEMI ® Previous myocardial infarction

o Transport via ambulance o Inability to make the decision to
o Accepted for primary PCI at the study center  participate; dementia and the like
e Symptom duration <Gh o Significant claustrophobia

o Blood oxygen saturation >94% ® Magnetic material inside the body

o Informed consent

3.3 Magnetic resonance imaging

3.3.1 Image acquisition

All CMR images were acquired on 1.5 T MR scanners from one of three major manu-
facturers; Philips (Philips Healthcare, Best, The Netherlands), Siemens (Siemens AG, Er-
langen, Germany), or General electrics (GE Healthcare, Waukesha, W1, USA). The scans
were performed within any of 17 centers throughour Europe, either by the center of the
core laboratory Imacor AB (Lund, Sweden) or at a site which had received training by the
core laboratory and undergone subsequent quality control. Imaging was performed on one
occasion 1-8 days after inclusion in the respective clinical trial.

After placing subjects in a supine position, scout images were acquired and anatomical
views of the heart were located. In order to minimize motion artifacts image acquisition
was performed at end-expiratory breathhold and ECG-gating was used.

T2-STIR and CE-SSFP

A short-axis stack covering the entire left ventricle was acquired before contrast administra-
tion using the unmodified version of 12-STIR provided by each respective vendor (Philips,
Siemens, or General Electrics).

Long-axis CE-SSFP images, and short-axis images corresponding to the T2-STIR im-
ages were acquired approximately 5 minutes after administration of gadolinium-based con-
trast agent. CE-SSFP images are cinematic images where temporal resolution typically was
set to around 30 ms. Slices for both T2-STIR and CE-SSFP were set to 8 mm thickness and
the typical in-plane resolution was 1,5 x 1,5 mm. For further details on imaging parameters
see Paper II [175].
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LGE

Late gadolinium enhancement short-axis images were acquired in the same position as the
T2-STIR and CE-SSFP images after adjusting inversion times to minimize signal from
viable myocardium [151]. In addition, long-axis images in the 2-chamber, 3-chamber, and
4-chamber projections were acquired. The LGE sequences used inversion-recover gradient
recalled echoes with or without so called phase-sensitive reconstruction (PSIR). Similar to
T2-STIR and CE-SSFP slice thickness was set to 8 mm and in-plane resolution was set to
1,5x 1,5 mm.

3.3.2 Image evaluation

Images used in the CHILL-MI and MITOCARE trials were analyzed in the context of the
core-lab Imacor AB, of which two members are the supervisor and co-supervisor of this
thesis. Images from studies not used in the trials as well as all data from the SOCCER trial
was not analyzed as part of a core-lab assignment but all data was reviewed by at least one
of the researchers participating in the CHILL-MI and MITOCARE core-lab analyzes. A
second observer was used in all cases.

Data was analyzed using the software Segment [176]. Endocardial and epicardial bor-
ders were delineated in T2-STIR and LGE images as well as both in end-diastolic and
end-systolic time-frames of the CE-SSFP images. Myocardium at risk was then delin-
cated manually in T2-STIR and CE-SSFP images by including hyperintense myocardium.
Hypointense myocardium within the hyperintense zone was considered to be microvascu-
lar obstruction or hemorrhage and was therefore included as MaR [98]. Observers were
blinded to the CE-SSFP images and results when delincating T2-STIR and vice versa but
had access to the LGE images to aid in confirming the infarcted area of interest.

Infarct was delineated by including hyperintense areas of myocardium in LGE images
as well as hypointense areas within the hyperintense areas as for MaR-delineations (see
above).

3.3.3 Polar plot visualization

Itis a challenge to present 3-dimensional data such as from MR images in a 2-dimensional
format such as a manuscript. Inevitably, all information will not be conferred to the reader
so the best one can hope for is to select a mode of presentation which conveys the important
points in an intuitive manner. Polar plots have been used in map-making to represent the
world and this technique has been adapted to present the heart in a similar manner. In such
a projection the apex of the heart will be in the center and as we move towards the base we
also move outwards in the plot (Figure 3.1) [177]. For our purposes this can be used to
visualize the extent of, for example, MaR or myocardial infarction in more than one slice
at the time. However, the plot visualizes the myocardium in two dimensions and thus loses
the ability to contain information about differences in the endocardial to epicardial extent
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Figure 3.1: Polar plot of the left ventricle of the heart according to the American Heart Association 17-segment
model. The middle segment (17) is the apex while the segments further out signify more basal segments.

of myocardium. Polar plots were used to visualize extent of MaR and infarct size in Paper I11
[178]. In an effort to compensate for the lack of information on endocardial to epicardial
extent the polar plot was intensity coded on a gray scale. The intensity of the plot reflects the
transmurality of the parameter it’s showing. For example, an infarct of 50% transmurality
would have an intensity of 50% compared to an infarct of 100% transmurality. When
adding information from several patients together and visualizing them simultaneously this
means that the intensity of the polar plots reflect both the transmurality of the parameter
it’s showing as well as the frequency at which any given part of myocardium contains the
parameter. If 50% of patients had infarcted myocardium in a given part of the polar plot
and of these the average transmurality was 50% it would mean that the intensity of the
polar plot, in that part, would be 25% of maximum intensity.

3.4 Coronary angiography

Coronary angiography was performed by in all patients within the scope of the original
trials. The images were analyzed by experienced interventional cardiologists and reviewed
by the author of this thesis.

Angiography images were analyzed with regards to culprit vessel, location of the coro-
nary obstruction, degree of flow over the coronary obstruction before and after reperfusion
according to the thrombolysis in myocardial infarction (TIMI) classification, and presence
of collaterals according to Rentrop grading [179].
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3.5 Statistical methods

3.5.1 Standard deviation and standard error

The standard deviation (SD) measures the spread of sample data and is therefore useful in
describing that data. It is calculated by comparing the actual values measured to the mean
value of those measurements according to Equation 3.1 where ¥; are the individual values
of the sample, 7 is the sample mean and N is the sample size. Note that even though sample
size is part of the equation, SD is not necessarily affected by it since it is included only to
correct for the number of comparisons between y; and 7.

(3.1)

Standard error, instead, is a measure of the precision of the data and therefore can be used
to make predictions about the entire population that the sample is representative of. When
used to describe the precision of determining a mean value it is referred to as standard error
of the mean (SEM) which can be calculated according to Equation 3.2. In contrast to
SD, SEM will decrease with increasing sample size as the degree to which the sample is
representative of the population increases.

sEm = 2P (3.2)

2

3.5.2 Sample size

When designing a study it is important to determine what number of participants is appro-
priate. In hypothesis driven rescarch a null hypothesis is defined, allowing for calculations
of statistical power by taking into account how large the sample needs to be to show a dif-
ference of predefined size. 'The CHILL-MI trial, for example, defined a 25% reduction in
MSI as a positive outcome, making the null hypothesis: There is no difference greater than
25% between the study groups. Assuming a similar spread in MSI as in previous studies
with similar populations, the number of patients calculated to reach statistical power would
be a total of 72 [173].

Paper I of this thesis is not hypothesis driven in the sense that clinical trials are. Clinical
trials seek to ensure a causal relationship between the intervention and the effect measured
while Paper I, a validation study, secks to determine the accuracy and precision of the
method in question. Thus the sample sized required becomes harder to define. Still, there
are some aspects that can be taken into consideration. (1) How good already existing meth-
ods are, a new method would need to be at least as accurate and precise to be useful. (2)
What degree of accuracy and precision is enough for the intended purpose, such as deter-
mining MSI in cardioprotection trials. (3) How much adding more data increases statistical
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certainty. In an experimental study adding more data could be an ethical concern if it does
not meaningfully increase the value of the output.

Existing methods

Comparable studies using '12-weighted imaging and the previously published CE-SSFP
validation in patients typically show a bias of 0-2% with an SD of around 5% compared to
the reference method [27-29]. It could be argued that the reference methods used could be
a limiting factor. However, as the interobserver variability of CE-SSFEP for detecting MaR
was 1,61£3,7% it is unlikely that the SD of the difference will be lower than a few percent
[29].

Cardioprotection trials

The cardioprotection trials that are relevant for using CE-SSFP as a method to detect MaR
typically use MSI as endpoint. The spread of MSI in patient populations varies depending
on where in the world the trial is undertaken but for our purposes lets consider MSI for
CHILL-MI, MITOCARE, and SOCCER which, when pooled, is a mean of 53% = an SD
of 20%. This means that a 10% error in calculating MaR gives an 8% error in MSI, a 5%
error in MaR gives a 5% crror in MSI, and 1% MaR gives a 1% crror in MSI. These trials
all have around 100 patients included and it may be reasonable to accept a measurement
crror of a few percent. At 5% or 10% ecrror, however, it would add considerably to the
spread in data and thus the number of patients needed to power the trial [180].

Effect of increasing sample size

Keeping the previous sections in mind, a rough goal in designing the validation of CE-
SSEP would be for it to detect a bias of more than a few percent. This has to be weighed
against the cthical implications of how many animals the experiment warrants. Therefore
it is prudent to understand the impact of increasing sample size.

The spread of the mean value, as noted previously, is the SEM. Consequently, two
measures with small SEM:s require smaller samples to discern a true difference than do
measures with large SEM. As SEM is dependent on SD and N (Equation 3.2) it is illustra-
tive to plot SEM as a percentage of SD versus N, as we are interested in the effect of sample
size (Equation 3.2). The plot shows that with a sample size of 4 SEM is half of SD, with a
sample size of 8 it is roughly 35% of SD, and with a sample size of 12 it is rougly 29% of
SD. The SD of the bias for CMR-methods to determine MaR and reference method has
previously been around 5% (see previous section). Thus, according to Equation 3.2, testing
the accuracy of the technique down to a few percent would require at least approximately
6-8 subjects. Six to ten subjects would also be an amount which is fairly resistant to single
outliers skewing the result.
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Figure 3.2: This figure is intended to show the effect of sample size on standard error of the mean (SEM), and
thereby statistical power, by correcting for standard deviation (SD). y-axis: Standard error of the mean (SEM)
divided by standard deviation (SD), x-axis: Sample size (N)

3.5.3 Statistical testing
Comparing means

The statistical method for comparing means between two groups was chosen depending
on whether the data was paired/unpaired and whether it could be assumed that the data
was distributed according to Gaussian distribution (i.e. whether it was parametric or non-
parametric). Paired data which was deemed parametric was tested using a paired t-test,
non-paired parametric data using an independent t-test, and non-paired non-parametric
darta using the Wilcoxon rang test [181, 182]. In one instance, concerning comparisons
of diagnostic quality in Paper II, it was not clear from viewing the data whether it could
be considered parametric. Therefore the D’Agostino-Pearson test for normality was run,
testing the symmetry and kurtosis of the data to guide in the decision [183].

When comparing means of several groups at the same time an ANOVA-test was used
for Paper 1I, excluding missing data [184]. Since N was substantially smaller in Paper
I and, due to sub-grouping, in Paper III linear mixed models were created for repeated
measurements including incomplete datascts.

Comparisons of ratios between two groups, such as the ratio of correctly assigned culprit
artery in Paper II, were performed using Fishers’ exact test [185].
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Correlation

The Pearson correlation coefficient is appropriate in data either of Gaussian distribution
or of large enough sample size [186, 187]. It was used to calculate correlation in Paper
I-III. For Paper IV a two pronged approach was used to test multiple variables. First a
univariable analysis was performed where all results significant to p<0.10 were entered into
a multivariable analysis.

Agreement

When comparing two methods, using mean difference can be deceptively misleading as
there can be large variances in random error. Such data should therefore be visualized and
judged in the context it is to be used. In that regard, Bland Altman analysis is a simple
way to visualize the differences over the entire spectrum of values [188]. The Bland Altman
method plots the difference in the values attained from cach respective method against the
mean of those two methods. If one method is considered reference method it may instead
be appropriate to plot the difference of the methods against the reference method.



Chapter 4

Results and discussion

There is no more difficult art to acquire than the art of observation, and for some men it is
quite as difficult to record an observation in brief and plain language.

William Osler, On the Educational Value of the Medical Society, 1903

4.1 Introduction

This chapter serve to give an overview of the results and a brief discussion to put them in
context. For more detailed results and discussion please refer to each respective paper.

4.2 CE-SSFP for measuring MaR
4.2.1 Validation of CE-SSFP

There was excellent agreement and low bias when comparing ex-vivo CE-SSFP to ex-vivo
MPS, ex-vivo CE-SSFEP to in-vivo CE-SSFP, and when comparing 7n-vivo CE-SSFP to ex-
vivo MPS (Figure 4.1).

4.2.2 Timing after contrast administration

There was no difference in size of MaR when comparing acquisitions of CE-SSFP taken
sequentially between 2-30 minutes after contrast administration (Figure 4.2).

4.2.3 Performance and reliability

When comparing analysis of MaR using CE-SSFP to T2-STIR, more data of diagnostic
quality was found using CE-SSFP (Figure 4.3). There was neither a difference in size of
MaR achieved between sequences in images of diagnostic quality, nor was there any dif-
ference between treatment groups and/or controls (Figure 4.4). 'The ratio of diagnostic

45



46 CHAPTER 4. RESULTS AND DISCUSSION

A5 Bg
o = 0
w40y =092 . ° g
z° p<0.001 %§ =8
<w 30 P <3
% [$] o 14 é
= _g 20 e 2 o
5 L
5 10] e %
W 0 10 20 30 40 50
1Y S — o
0 10 20 30 40 50 Average
MaR (%) ex-vivo MPS
o
Cso D 2
% 40| =004 .° E 10;
~ - ¢
oﬁﬁ 30 p<0.001 ’ FTo St PR +2SD
x © 4 =2z e o @
S o L x> 0 0 gg— Bias
E-; 20 /0" gE i ® 88D
* /
o 10 R T)]
ol 3 0 10 20 30 40 50
0 10 20 30 40 50 o Average
MaR (%) in-vivo CE-SSFP
E 50 . F E
)
& 40]  r2=0.87 g 10
-3 b4 =9
39 p<0.001 o® S
<uw 30 L/ >
x O d xe
28 20 ¥ =,
.$ ”, [ ] %
£ 10 @ 10—
) W o0 10 20 30 40 50
o
0 10 20 30 40 50 Average
MaR (%) ex-vivo MPS

Figure 4.1: Myocardium at risk (MaR) by MRI and MPS show overall good correlation and agreement. Panel
a shows a good correlation between MaR by ex-vivo CE-SSFP and MaR by myocardial perfusion SPECT
(MPS). The corresponding Bland-Altman plot in panel b shows a low bias. Panel ¢ shows a good correlation
between MaR by ex-vivo CE-SSFP and MaR by in-vivo CE-SSFD, with a low bias (panel d). Panel e shows a
good correlation between MaR by in-vivo CE-SSFP and MaR by MPS. The corresponding Bland-Altman plot
in panel f shows a low bias. In all cases, MaR is expressed as percent of left ventricular mass. The dotted lines
in a, c and e represent the line of identity
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Figure 4.2: Myocardium at risk (MaR) by CE-SSFP over time after contrast agent administration in single
midventricular slices. There was no change in MaR up to 30 min after contrast agent administration (p=0.95)
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Figure 4.3: Image quality by T2-STIR and CE-SSFP. Pie charts show per cent of datasets where MaR was
considered not of diagnostic quality, acceptable, or good in a total of 200 T2-STIR and 204 CE-SSFP datasets.

datasets differed markedly between different centers and vendors for 12-STIR but not for
CE-SSFP (Figure 4.5).

4.2.4 Discussion

Measuring MaR using CE-SSFP is an accurate, precise and reliable method across different
vendors and centers. It has previously been validated in humans using MPS as reference
standard and has been compared head-to-head with T2w imaging. However, Paper I of this
thesis is the first to validate the use of CE-SSFP experimentally [29, 159]. Experimental
validation is necessary to ensure the appropriateness in using the technique for future exper-
imental models. Maybe more importantly, it provides stronger evidence that the technique
is accurate compared to validation in patients alone. The experimental model is controlled
and standardized in a way which is not feasible in patients. It is also possible to study the
heart histologically to, for example, visualize infarct size independently of any MR-based
methods.

While using contrast in conjunction with SSFP imaging to determine MaR is relatively
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Figure 4.4: Myocardium at risk by T2-STIR and CE-SSFP. (A) MaR by T2-STIR vs. CE-SSFP divided by
vendors, r2 % 0.71. (B) MaR by T2-STIR vs. CE-SSFP divided by treatment groups. Dashed lines are identity
and solid lines regression. (C) The Bland—Altman plot of CE-SSFP and T2-STIR divided by vendors, and (D)
the Bland-Altman plot of CE-SSFP and T2-STIR divided by treatment groups, mean difference 0.02+6%,
dashed lines indicate+2SD. Measurements are expressed as % of LV mass. MaR, myocardium at risk.
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Figure 4.5: Datasets of diagnostic quality divided by site. All 17 sites that participated in the CHILL-MI and
MITOCARE trials are represented. Numbers are expressed as per cent of total datasets. Note that CE-SSFP
had a higher rate of images of diagnostic quality compared with T2-STIR in 13 of the sites.
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new, SSFP imaging has been used for many decades in different contexts [29]. Since it is
a useful sequence that has been used for a long time it has been thoroughly developed
and tested for a broad range of vendors and applications. In contrast, T2-STIR has more
limited and specialized applications and since imaging MaR has not been a priority in
clinical routine it could be speculated to not have been as fully developed and tested on
all systems. Additionally it requires the timing of 3 different sets of pulses to match the
properties of blood and fat for maximum quality while the steady-state signal of CE-SSFP
is reached irrespective of timing (though it is of course not completely insensitive to timing).
As the name implies, CE-SSFP uses gadolinium-based contrast to accentuate the differences
between MaR and remote myocardium. As this increases the physical difference between
MaR and remote it may not be far fetched to imagine that it would be easier to detect more
consistently than the non-contrast enhanced techniques.

In the light of thorough validation and high degree of reliabilicy CE-SSFP is an appeal-
ing choice for quantifying MaR in studies where CMR is available. Other methods such
as T'1- or '12-mapping have been proposed as possible alternatives [156, 157]. ‘These are
promising in that they may offer more objective and reproducible ways to determine MaR
but a lot of work remains before they are validated and standardized to a degree which make
them reliable enough for clinical trials.

Validation and reliability aside, the mechanism behind tissue contrast in CE-SSFP still
remains largely unknown and is the subject of speculation. Understanding the mechanism
will be important when applying CE-SSFP in different populations. Itis, for example, con-
ceivable that a potential cardioprotective treatment may affect the measurement of MaR in
itself [189, 190]. The more we understand about what underlies generation tissue contrast,
the more it will be possible to predict challenges such as these and design trials accordingly.

4.3 Extent of coronary perfusion

Paper II used the extent of MaR by CE-SSFP and T2-STIR to map the coronary perfusion
territories. The results are presented in Figure 4.6. These were then visually compared to
previous work using MPS (Figure 4.7).

Discussion

‘The available data on coronary perfusion areas in humans have previously largely been
attained cither from studies of coronary anatomy or have been studied using MPS. While
it is possible to collect data on coronary anatomy in a large number of patients through
for example coronary angiography or CT, it is not possible to depict smaller vessels in the
myocardium using these methods. Therefore any conclusions regarding coronary perfusion
will be rough estimations. As for MPS, the logistical challenges involved, such as handling
of isotopes and need to inject during coronary occlusion, result in studies with few patients
and technical limitations result in a low effective spatial resolution [191, 192]. Paper III of



50 CHAPTER 4. RESULTS AND DISCUSSION

CE-SSFP T2-STIR

100 %

LAD

Anterior

RCA

Inferior

LCx

0%

Figure 4.6: Polar plots of myocardium at risk (MaR). On the left are average contrastenhanced steady state
free precession (CE-SSFP) polar plots of (a) the left anterior descending artery (LAD), using 78 patients (b)
the right coronary artery (RCA), using 99 patients, and (c) the left circumflex artery (LCx), using 25 patients.
‘The polar plots on the right use T2-weighted short tau inversion recovery (T2-STIR) to show (d) the LAD,
using 61 patients (e) the RCA, using 69 patients, and (f) the LCx, using 17 patients. The intensity of the plots
reflect the fraction of patients with MaR in that area as shown on the bar that ranges from 0% to 100%. For
reference purposes, the 17-segment model is shown in g.
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Figure 4.7: Polar plots, comparison between cardiovascular magnetic resonance (CMR) and myocardial perfu-
sion single-photon emission computed tomography (MPS). The first and second rows show contrast-enhanced
steady state free precession (CE-SSFP) and T2-weighted short tau inversion recovery (T2-STIR) images from
the present study. The third row shows maximal extent of perfusion territories using MPS (Pereztol-Valdés et al
[191]). The fourth row shows perfusion territories also using MPS (Persson et al [192]). The left column shows
left anterior descending artery (LAD), the middle column right coronary artery (RCA), and the right column
left circumflex coronary artery (LCx). The intensity of the plot is proportional to the fraction of patients with
myocardium at risk in that area.






Chapter 5

Conclusions

Words can be meaningless. If they are used in such
a way that no sharp conclusion can be drawn.

Richard Feynman, 7he meaning of it all: Thoughts of a citizen-scientist, 1963

¢ Contrast-enhanced SSFP cine CMR imaging can be used to measure MaR, both i
vivo and ex vivo, in a porcine model with good accuracy and precision over the first
30 min after contrast injection. This offers the option to use the less complex ex-vivo
imaging when determining myocardial salvage in experimental studies. (Paper I)

¢ In data from three multi-center trials and in images of diagnostic quality, T2-STIR
and CE-SSFP provided similar estimates of MaR, were constant over the first week,
and were not affected by treatment. (Paper II)

* CE-SSFP had a higher degree of diagnostic quality images compared with T2 imag-
ing for sequences from two out of the three vendors based on data from three multi-
center trials. Therefore, CE-SSFP is currently more suitable for implementation in
multicentre, multi-vendor clinical trials. (Paper II)

¢ 'The coronary perfusion territories for the 3 main coronary arteries LAD, RCA, and
LCx were visualized using using CE-SSFP and T2-STIR. The agreement with MPS,
which acts by a different mechanism, makes it likely that these 3 methods depict
MaR accurately. (Paper I1I)

* Female gender, but not diabetes, hypertension or smoking, was associated with
smaller infarct size and higher myocardial salvage when adjusting for confounders,
suggesting a pathophysiological difference in infarct evolution between men and
women. (Paper IV)

55



...l don’t think it was for reading. It was for having written...

Terry Pratchett
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when assessing myocardial salvage. Contrast-enhanced steady-state free precession (CE-SSFP) is a recently developed
cardiovascular magnetic resonance (CMR) method for assessment of MaR up to 1 week after AMI. Our aim was to
validate CE-SSFP for determination of MaR in an experimental porcine model using myocardial perfusion single-photon
emission computed tomography (MPS) as a reference standard and to test the stability of MaR-quantification over time
after injecting gadolinium-based contrast.

Methods: Eleven pigs were subjected to either 35 or 40 min occlusion of the left anterior descending artery followed
by six hours of reperfusion. A technetium-based perfusion tracer was administered intravenously ten minutes before
reperfusion. In-vivo and ex-vivo CE-SSFP CMR was performed followed by ex-vivo MPS imaging. MaR was expressed as
% of left ventricular mass (LVM).

Results: There was good agreement between MaR by ex-vivo CMR and MaR by MPS (bias: 1+ 3% LVM, * =092,

p < 0.001), between ex-vivo and in-vivo CMR (bias 0+ 2% LVM, r’ =094, p < 0001) and between in-vivo CMR and MPS
(bias -2 + 3% LVM, =087, p < 0001. No change in MaR was seen over the first 30 min after contrast injection (p = 0.95).
Conclusions: Contrast-enhanced SSFP cine CMR can be used to measure MaR, both in vivo and ex vivo, in a porcine
model with good accuracy and precision over the first 30 min after contrast injection. This offers the option to use the
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less complex ex-vivo imaging when determining myocardial salvage in experimental studies.

Background

Treatment options for acute myocardial infarction
(AMI) have steadily increased over the recent decades.
Experimental models have been instrumental to this
since they offer a controlled environment where treat-
ment effects can be developed and assessed prior to pa-
tient trials. An important endpoint for such models is
myocardial salvage and myocardial salvage index (MSI)
[1], used to quantify treatment efficacy. Myocardial
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salvage is defined as myocardium at risk (MaR) minus
infarct size and MSI is defined as myocardial salvage
divided by MaR.

Cardiovascular magnetic resonance (CMR) is consid-
ered the reference standard for determining infarct size
in vivo using late gadolinium enhancement (LGE)
imaging typically performed 15-20 min after contrast
administration [2, 3]. Furthermore, CMR has been
shown to enable assessment of MaR using T2-weighted
(T2w) imaging which has been validated both in an ex-
perimental AMI model [4] and in patients up to 1 week
after AMI [5]. However, T2w imaging performs incon-
sistently depending on vendor [6] and on the particular
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implementation of the T2w pulse sequence. Also, T2w
imaging has been shown to be prone to artefacts [7, 8].
Another CMR method for MaR quantification is
contrast-enhanced steady state free precession (CE-
SSFP), which is based on standard SSFP cine images
acquired after contrast injection(9). Since SSFP cine
imaging performs consistently for all vendors and since
images are included in the majority of standard CMR
protocols for assessment of cardiac function, CE-SSFP
can be implemented across centers and does not add to
the total scanning time [6]. CE-SSFP has been validated
in patients with myocardial perfusion single-photon
emission computed tomography (MPS) [9], compared
head-to-head with T2w imaging [10] and used in two
multinational cardio-protection trials, CHILL-MI and
MITOCARE [11, 12]. However, to date CE-SSFP has not
been validated experimentally.

The specific aims for this study were: A. To determine
whether CE-SSFP could be used for determining MaR in
an ex-vivo setting, which would be advantageous for
designing cardioprotective studies where performing
complex in-vivo CMR is not possible. B. To test if the
findings in patients with respect to quantification of
MaR with CE-SSFP would also hold in an in-vivo animal
model and C. To determine whether the timing of
imaging after contrast agent administration affects the
quantification of MaR in vivo.

Methods

Experimental model

The study was approved by the local Ethics Committee
for animal experiments. Pigs (weighing 40-50 kg) were
pre-medicated with ketamine 15 mg/kg (Ketaminol,
Intervet, Danderyd, Sweden) and midazolam 0.5 mg/kg
intramuscularly (Dormicum, Roche AB, Stockholm,
Sweden) after overnight fasting with free access to water.
Anesthesia was induced with propofol 20 mg/ml (Propo-
fol Sandoz A S, Copenhagen, Denmark) and the animals
were intubated using cuffed endotracheal tubes.
Anesthesia was maintained with inhalation of sevoflur-
ane gas (Sevorane, Baxter Medical AB, Kista, Sweden)
using a disposable administration system (AnaConDa,
Sedana Medical AB, Uppsala, Sweden) and titrating to
desired effect. Mechanical ventilation was established
using a 900C ventilator (Siemens AB, Upplands Visby,
Sweden) in volume controlled mode regulated to a
pCO; of 5.0-6.0 kPa. Monitoring included arterial blood
pressure, heart rate, ECG, pulse-oximetry and
temperature. Arterial blood gases were drawn and ana-
lyzed directly after establishing arterial access, before
occlusion, after reperfusion, and to follow up any unex-
pected deviation of the blood gas results or change in
the clinical condition of the animal. Venous and arterial
femoral access, jugular access and carotid access were
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established using 6-8Fr introducer sheaths. After estab-
lishing all accesses, 20,000 IU of heparin (LEO Pharma
AB, Malmé Sweden) was administered intravenously
and 5% glucose (Baxter Medical AB, Kista, Sweden) was
slowly infused. During the experiments amiodarone
(Sanofi AB, Stockholm, Sweden), fentanyl (50 mikrog/
ml, B. Braun Medical AB, Danderyd, Sweden) and so-
dium chloride (0.9% Baxter Medical AB, Kista, Sweden)
was titrated to desired effect.

Experimental protocol

Pigs were subjected to either 35 or 40-min of left
anterior descending (LAD)-occlusion using a balloon-
tipped catheter, followed by six hours of reperfusion.
The balloon occluder was placed either after the first
or the second diagonal branch of the LAD to obtain
a wide range of MaR. An angiogram was acquired
after inflation of the balloon and before deflation in
order to confirm occlusion of the coronary vessel and
correct balloon placement. Isotope (1000 MBq **™Tc
tetrofosmine) for MPS imaging was administered ten
minutes prior to reperfusion. After deflation of the
balloon a subsequent angiogram was performed to
verify restoration of blood flow. After reperfusion, an-
imals were transported to the MR department.

CMR
In vivo
Imaging was performed on a 1.5 T MR scanner (Phi-
lips Achieva, Best, Netherlands) using a 32-channel
cardiac coil. During in-vivo imaging 0.2 mmol/kg
gadolinium (Gd) based contrast agent (Gd-DOTA)
(Dotarem, Guerbet, Roissy, France) was administrated
intravenously 15 min before LGE-CMR. Using a
retrospectively gated SSFP single slice sequence, a
midventricular short-axis slice of the left ventricle
(LV) was repeatedly acquired during the first ten mi-
nutes after contrast injection. Then, a short-axis
stack covering the entire LV was acquired, using the
same sequence parameters as for the single slice
(typical parameters: TE 1.40 ms, TR 2.8 ms, flip
angle 60°, 25 phases, slice thickness 8 mm, no slice
gap, acquisition matrix 230 x 230, reconstructed
matrix 240 x 240, FOV 320 x 320 mm, pixel band-
width 860 Hz/pixel). LGE images were acquired 15—
20 min after contrast injection using an inversion re-
covery gradient echo sequence (typical parameters:
TE 3.0, TR 6.1 ms, TI 320 ms, slice thickness 8 mm,
no slice gap, acquisition matrix 200 x 158, recon-
structed matrix 510 x 510, FOV 320 x 320 mm, pixel
bandwidth 260 Hz/pixel).

After CE-SSFP and LGE imaging an additional single
slice of SSFP in the same position as above was acquired
20-30 min after contrast injection. Both CE-SSFP and
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LGE slices were obtained during end-expiratory breath
hold. Long axis 2-, 3 and 4-chamber views using both
CE-SSFP and LGE were also acquired. Fifteen minutes
before euthanization an additional 0.2 mmol/kg Gd-
DOTA was administrated. Pigs were euthanized with a
rapid infusion of saturated potassium chloride solution
and the hearts were explanted and suspended in plastic
containers with deuterated water-filled balloons in the
ventricles for ex-vivo imaging.

Ex vivo

ex-vivo CMR was performed on the same scanner as
above, using a simulated ECG with heart rate 60 beats per
minute for triggering. A full coverage LV short-axis stack
was acquired using the same settings as for the in-vivo se-
quence above (typical parameters: TE 1.40 ms, TR 2.8 ms,
flip angle 60°, 25 phases, slice thickness 8 mm, no slice
gap, acquisition matrix 60 x 50, reconstructed matrix 80 x
80, FOV 100 x 100 mm, pixel bandwidth 1400 Hz/pixel).
A high resolution T1-weighted short axis stack was ac-
quired for detailed infarct visualization (TE 3.4 ms, TR
20 ms, 0.5 mm isotropic voxels, no slice gap, acquisition
matrix 200 x 200, reconstructed matrix 220 x 220, FOV
100 x 100 mm, pixel bandwidth 440 Hz/pixel).

MPS

ex-vivo MPS was performed approximately 8-10 h after
intravenous injection of a 1000 MBq dose of **™Tc-
tetrofosmin using a dual head camera (Philips SKYlight,
Best, the Netherlands) and a vertex high resolution colli-
mator (ADAC Vertex, Milpitas, CA, USA) at 32 projec-
tions (40 s per projection) with a 64 x 64 matrix yielding
a digital resolution of 4.24 mm isotropic voxels. Iterative
reconstruction using maximum likelihood expectation
maximization (MLEM) was performed with a low reso-
lution 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 using commercially available software
(AutoSPECT Plus, Pegasys software version 5.01, Philips,
Best, The Netherlands).

Image analysis

All images were analyzed using the software Segment,
version 1.9 R3314 (http://segment.heiberg.se) [13]. MaR
from the in-vivo CE-SSFP images was assessed according
to a previously described method [9]. In short, LVM was
defined by manual delineation of the epicardial and
endocardial borders in end-diastolic and end-systolic
timeframes. Hyperintense myocardium was then manu-
ally delineated and defined as MaR. The same method
was used to delineate MaR in ex-vivo CE-SSFP images.
The analysis of CE-SSFP images was performed both by
a blinded primary observer and an independent, blinded
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secondary observer. When delineating CE-SSFP images
over time after injection of gadolinium all images were
sorted randomly both between timepoints and between
experiments and observers were blinded to the
randomization.

Infarcted myocardium was delineated from the in-vivo
short-axis LGE images according to a previously defined
method [14]. In short, the endocardial and epicardial
borders were manually traced with exclusion of the pap-
illary muscles. The LGE myocardium was defined using
a computer algorithm that takes into consideration par-
tial volume effects within the infarcted region [14].
Manual adjustments were made when image artefacts
caused misinterpretation by the computer algorithm.
Hypointense signal within the area of LGE, microvascu-
lar obstruction [15], was included and considered as
infarction.

The high resolution T1-weighted ex-vivo images were
also delineated according to a previously described and
validated method [16]. In short, the endocardial and
epicardial borders were traced manually including the
papillary muscles. Infarct was defined as >8 standard de-
viations from a manually defined remote region. Manual
adjustments were made if the computer algorithm was
clearly wrong due to image artefacts or inclusion of
intramyocardial fat as infarct.

MaR and infarct size was expressed as percentage of
LVM. Myocardial salvage index (MSI) was calculated as
(MaR-infarct size)/MaR = MSL.

Evaluation of MPS images was performed by using
anatomical information from the high resolution T1-
weighted ex-vivo images and perfusion information from
MPS according to a previously described method [17].
In short, both T1-weighted and MPS images were re-
sampled to similar resolutions and were spatially
matched using purpose-designed software. Delineations
of endocardium and epicardium from the T1-weighted
images were then used for defining the myocardium in
the MPS images. MaR was then automatically defined by
calculating and applying a threshold and performing
manual adjustments as previously described [17].

Statistics

Analyses were performed using GraphPad Prism (ver-
sion 6.00, GraphPad Software, San Diego, USA) or IBM
SPSS Statistics (version 23, IBM Corporation, New York,
USA). Results for continuous variables are expressed as
mean + standard deviation. Bias according to Bland-
Altman was used to compare MaR by MPS, in-vivo CE-
SSFP and ex-vivo CE-SSFP. Bias according to Bland Alt-
man was also used to compare MaR by MPS, in-vivo
CE-SSFP and ex-vivo CE-SSFP to infarct size by LGE
imaging [18], and for inter-observer analysis. A paired t-
test was used to test ex-vivo CE-SSFP vs MPS and in-
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vivo CE-SSFP vs ex-vivo CE-SSFP. Pearson correlation
coefficient was used for assessment of correlation between
ex-vivo CE-SSFP, MPS, in-vivo CE-SSFP, infarct, and for
inter-observer analysis. When comparing MaR over time
for the single-slice images, the MaR was normalized to
MaR of the first acquired slice. Subsequently a repeated
measures linear mixed model using time as a nominal vari-
able and a fixed effect was used to test for differences in
MaR between different time points after contrast injection.
P <0.05 indicated statistical significance.

Results

Study population

Twelve pigs were included in the study. In one pig
no infarct or MaR could be identified neither with in-
vivo or ex-vivo CMR nor with MPS. In two pigs the
in-vivo images were considered of non-diagnostic quality
due to severe arrhythmias and high heart rate (>120 bpm).
MPS images were of diagnostic quality in all pigs.

MaR

Images of MaR by ex-vivo CE-SSFP and MPS from
one pig of typical quality is shown in Fig. 1. A good
correlation with a low bias was found between MaR
by ex-vivo CE-SSFP (29 + 9%) and MPS (30 £ 9%) (n =
11, bias: 1+3%, r*=0.92, p <0.001, Fig. 2). There was
also a good correlation with a low bias between MaR
by in-vivo CE-SSFP (31 +8%) and ex-vivo CE-SSFP (1
=9, bias: 0+2%, r*=0.94, »<0.001, Fig. 2). MaR by
in-vivo CE-SSFP vs MPS showed a low bias (-2 +3%)
and a good correlation (n=9, =087, p<0.001,
Fig. 2). Inter-observer analysis for the ex-vivo CE-
SSFP showed a low bias (7 =11, bias: -1.5 + 3.7%, =
0.98). For the in-vivo CE-SSFP bias was also low (1 =
9, bias: -0.4 +4.3%, r* =0.77).
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Infarct

Examples of infarct- and MaR-images in vivo and ex vivo
of typical quality are seen in Fig. 3. Infarct size was 13 +
10% by high-resolution T1-weighted ex-vivo imaging. In-
farct size on average was smaller than MaR by MPS,
CE-SSFP ex vivo and CE-SSFP in vivo in all pigs
(mean difference 17 +10%, 15+8% and 16+9%
respectively).

Myocardial salvage Index
Myocardial salvage index was 52 +28% by ex-vivo CE-
SSFP and high resolution T1-weighted ex-vivo imaging.

MaR over time

Images of MaR over time in one animal are seen in
Fig. 4. On average, the MaR at baseline did not change
over 30 min after contrast injection (p =0.95). Bias for
different times after contrast injection compared to
baseline is shown in Fig. 5. Inter-observer analysis for
MaR over time showed a low bias (0.9 +5.7%, r* = 0.77).

Discussion

This study validates CE-SSFP in an experimental setting
and shows that this technique can be used to measure
MaR with high accuracy and precision in vivo and ex
vivo. It also shows that CE-SSFP for measurement of
MaR is stable at least up to 30 min after contrast
injection.

Potential mechanisms for detecting MaR with CE-SSFP

The increased signal found in the entire MaR is likely
explained by a shift in the T2/T1 ratio that deter-
mines signal contrast for the balanced SSFP sequence
[19]. Without the contrast agent the tissue edema
results in a higher ratio as T2 seems to be

Ex-vivo CE-SSFP

MPS

emission tomography

Fig. 1 Myocardium at risk (MaR) is shown to have similar extent with ex-vivo CE-SSFP (top row) and MPS (bottom row) in matched slices from the
same heart. The green line denotes epicardium, the red line endocardium and the white line MaR. MPS =myocardial perfusion single photon
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proportionally more increased than T1 [20]. At cer-
tain concentrations of contrast agent myocardial T1
may decrease proportionally more than T2, thus fur-
ther increasing the T2/T1 ratio. It has been shown
that the MaR has an increased distribution volume of con-
trast agent compared to remote myocardium [21-23],
which could allow for the contrast agent to affect the T2/
T1 ratio to a greater degree in MaR yielding an observable
difference in signal intensity. Further studies will be
needed to elucidate the mechanisms behind the tissue
contrast between MaR and remote myocardium in CE-
SSEP.

The single-slice data over time shows that CE-SSFP
MaR imaging can be performed from less than 2 min
up to 30 min after contrast agent injection with no

detectable changes in the extent of the MaR. This
suggests a rapidly established equilibrium of contrast
agent between the extracellular compartments (in
blood, remote myocardium, MaR, infarct) in which
the contrast agent is distributed (excepting areas of
microvascular obstruction wherein contrast wash in is
delayed or wholly obstructed). Previous studies have
shown an increase in Tl-relaxation times that is
proportional between the extracellular compartments
over 30 min after contrast injection which corrobo-
rates this finding [21, 22, 24, 25].

Previous studies using CE-SSFP for MaR
Sorensson et al. validated CE-SSFP using MPS as reference
standard in patients with ST-elevation ~myocardial
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Infarct

CE-SSFP

Fig. 3 Infarct and myocardium at risk (MaR) in vivo and ex vivo. The
upper row shows infarct by late gadolinium enhancement (LGE) and
MaR by CE-SSFP in vivo and the lower row shows infarct by high-
resolution T1-weighted imaging and MaR by CE-SSFP ex vivo. Note
the significantly larger MaR compared to infarction both in vivo and
ex vivo

infarction [9]. They found a bias of 0.5+5.1% with a
correlation of #*=0.78. In addition, Ubachs et al.
showed good agreement between T2-STIR and CE-
SSFP for assessment of MaR in a single-center, single-
vendor setting [10]. More recently, CE-SSFP has been
shown to be more robust than T2-STIR in a multi-
center, multi-vendor setting [6]. Furthermore, in ac-
cordance with the findings in the present study that
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MaR is constant over time early after contrast injec-
tion, Ubachs et al. showed a constant relationship be-
tween MaR by pre-contrast T2-STIR and CE-SSFP
acquired 2—-12 min after contrast injection [10].

Thus, CE-SSEP offers a robust method for determin-
ation of MaR which has made it the method of choice
for several clinical cardioprotection trials [11, 12, 26].

Experimental and clinical implications

MaR has been determined experimentally for several
decades but has required separate modalities such as
histopathology dyes, microspheres, and radioisotope
imaging, making image co-registration a challenge
[4, 21, 22, 27, 28]. Using CE-SSFP to determine MaR
abolishes the need for separate modalities as both
infarct size and MaR can be assessed in one single
CMR session. Thus, co-registration of infarct and
MaR can be performed accurately on a slice-by-slice
basis. Furthermore, CE-SSFP cine imaging enables
assessment of both MaR and myocardial function
which enables calculation of myocardial salvage and
myocardial salvage index and reducing the number
of subjects with preserved power [29]. Since myocar-
dial function is an essential part of most in-vivo pro-
tocols, the use of CE-SSFP shortens the CMR
examination as it abolishes the need for separate
scanning for assessment of MaR and myocardial
function. In addition. The ability to use ex-vivo or
in-vivo CE-SSFP interchangeably confers the option
to perform only ex-vivo scanning and forego the
more complex in-vivo scanning when determining
myocardial salvage in experimental studies.

3 min 5 min

End-
Diastole

End-
Systole

Fig. 4 Myocardium at risk (MaR) by CE-SSFP at various time points after contrast agent administration. The upper row shows CE-SSFP at the end-diastolic
(ED) time-frarne and the bottomn row at the end-systolic (ES) time-frame. The green line denotes epicardium, the red line endocardium and the white line
MaR. Note that there is no change in the extent of MaR over time. Note also that there is a hypointense core within MaR at 3 min not visible at later
timepoints. This could be due to slower contrast filling to this area, possibly because of microvascular obstruction
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Fig. 5 Myocardium at risk (MaR) by CE-SSFP over time after contrast
agent administration in single midventricular slices. There was no change
in MaR up to 30 min after contrast agent administration (p = 0.95)

Limitations

The findings in the present study should be interpreted in
the light of the following limitations. First, when compar-
ing MaR-size over time, single midventricular slices, and
not full LV coverage, were acquired. Thus, the total MaR
was not assessed repeatedly, rather the percentage of MaR
in a single slice. Second, the data over time after contrast-
injection could not be acquired at all timepoints for all
animals. This was due to both technical (e.g. triggering
problems) and medical reasons (e.g. hemodynamic instabil-
ity requiring intervention), interrupting imaging acquisition
in some animals. Third, manual delineation was used to as-
sess MaR. Manual delineation has, however, been validated
against MPS [9]. In future studies, techniques such as T1-
or T2-mapping sequences could potentially allow auto-
matic or semi-automatic evaluation of MaR [20, 30], how-
ever, more standardization and validation is needed before
these techniques can be used in clinical trials.

Conclusion

Contrast-enhanced SSFP cine CMR imaging can be used
to measure MaR, both in vivo and ex vivo, in a porcine
model with good accuracy and precision over the first
30 min after contrast injection. This offers the option to
use the less complex ex-vivo imaging when determining
myocardial salvage in experimental studies.
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Aims Myocardial salvage, determined by cardiac magnetic resonance imaging (CMR), is used as end point in cardioprotection
trials. To calculate myocardial salvage, infarct size is related to myocardium at risk (MaR), which can be assessed by
T2-short tau inversion recovery (T2-STIR) and contrast-enhanced steady-state free precession magnetic resonance
imaging (CE-SSFP). We aimed to determine how T2-STIR and CE-SSFP perform in determining MaR when applied

Methods A total of 215 patients from 17 centres were included after percutaneous coronary intervention (PCl) for ST-elevation
and results myocardial infarction. CMR was performed within 1-8 days. These patients participated in the MITOCARE or CHILL-
MI cardioprotection trials. Additionally, 8 patients from a previous study, imaged 1 day post-CMR, were included. Late
gadolinium enhancement, T2-STIR, and CE-SSFP images were acquired on 1.5T MR scanners (Philips, Siemens, or GE).
In 65% of the patients, T2-STIR was of diagnostic quality compared with 97% for CE-SSFP. In diagnostic quality images,
there was no difference in MaR by T2-STIR and CE-SSFP (bias: 0.02 + 6%, P = 0.96, r* = 0.71, P < 0.001), or between
treatment and control arms. No change in size or quality of MaR nor ability to identify culprit artery was seen over the
first week after the acute event 0.44).

In diagnostic quality images, T2-STIR and CE-SSFP provide similar estimates of MaR, were constant over the first week,
and were not affected by treatment. CE-SSFP had a higher degree of diagnostic quality images compared with T2 im-
aging for sequences from two out of three vendors. Therefore, CE-SSFP is currently more suitable for implementation
in multicentre, multi-vendor clinical trials

Conclusion

Keywords ischaemia ® magnetic resonance imaging ® myocardium at risk ® AAR e area at risk

Introduction becomes ischaemic and is known as myocardium at risk (MaR).
. Overtime, MaR will gradually develop into infarction until reperfu-

ST-elevation myocardial infarction is a major cause of death world-  : sion occurs."™* The main objective with acute cardioprotective

wide. The myocardium supplied by an occluded coronary vessel . therapy is to inhibit infarct evolution by timely reperfusion and to
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minimize further injury associated with reperfusion therapy, thus
minimizing final infarct size (IS).S To evaluate the efficacy of such
treatments, IS in relation to MaR is used to calculate myocardial
salvage index (MSI) defined as 1-IS/MaR.*"

Late gadolinium enhancement (LGE) cardiac magnetic resonance
(CMR) is currently considered the clinical reference method for
quantification of IS.%7 Assessment of MaR, however, is challenging.
Recently, CMR has shown potential for quantification of MaR up
to 7 days after the acute event using either T2-weighted magnetic
resonance (MR) imaging®'®~ ™ or contrast-enhanced steady-state
free precession magnetic resonance imaging (CE-SSFP)." Both
sequences have been validated against myocardial perfusion
SPECT"®'"® and compared against each other in a single-centre set-
ting."® However, it is not known how these techniques perform ina
multicentre, multi-vendor setting or whether cardioprotection
treatments affect MaR. Recently, two international, multicentre,
multi-vendor cardioprotection trials, CHILL-MI'” and MITO-
CARE,"® used MSl assessed by CMR as primary (CHILL-MI) or sec-
ondary (MITOCARE) end point. Both T2-STIR and CE-SSFP images
were acquired duringa CMR examination performed 2—6 days after
the acute event in these trials.

The aim of the present study was to determine how well T2-STIR
and CE-SSFP perform in quantifying MaR and determining culprit
vessel across vendors, sites, treatments, and imaging timing using
data from the CHILL-MI and MITOCARE trials.

Methods

Study population and design

Patients from the CHILL-MI and MITOCARE trials (n = 215) under-
went CMR imaging at one occasion within 1-8 days after primary PCI
for first-time STEML"” Inclusion and exclusion criteria for the clinical
trials have been previously published.””'® In short, all patients had
clinical signs of acute myocardial infarction defined as symptoms and
electrocardiogram (ECG) consistent with ST-elevation infarction or
new left bundle branch block (LBBB) and were >18 years old with
symptom duration <6 h. Patients with previous myocardial infarction
or PCl were excluded. Both the CHILL-MI and MITOCARE trials
were approved by the institutional review boards/ethics committees.
All patients provided written informed consent.

Since the amount of patients with MR Day 1 was limited in the CHILL-
Ml and MITOCARE materials, 8 patients with T2-STIR CMR performed
on the first day after STEMI from a previous material'® were included
and pooled with the CHILL-MI and MITOCARE data exclusively for
the analysis concerning changes in MaR over the first week after infarc-
tion. Inclusion criteria for this material have been previously published."®
In short, patients with no history of MI, presenting with acute STEMI and
TIMI 0 flow, were included.

Coronary angiography
Coronary angiography was used to determine culprit vessel. Angiog-
raphy data from the CHILL-MI trial were analysed by a core laboratory,

while angiographic data from the MITOCARE trial were analysed at the
respective site.”7 17

CMR image acquisition
All CMR examinations were performed on 1.5T scanners from Philips
(Philips Healthcare, Best, The Netherlands), Siemens (Siemens AG,

Erlangen, Germany), or General Electrics (GE Healthcare, Waukesha,
WI, USA). Throughout this article, the vendors have been placed in

random order as Vendor 1, 2, and 3. Subjects were placed in a supine
position, and images were acquired at end-expiratory breath hold
with ECG gating. Initial scout images were acquired to locate the ana-
tomical views of the heart. A black-blood triple inversion recovery
T2-weighted sequence (T2-STIR) was used to acquire short-axis imaging
covering the entire left ventricle from base to apex before intravenous ad-
ministration of a gadolinium-based extracellular contrast agent
(0.2 mmol/kg). The T2-STIR sequences used were the ones provided
by the respective vendor for the particular hardware/scanner model,
and no further optimization was performed. Approximately 5 min after
the contrast injection, a multi-slice, multi-phase, contrast-enhanced
steady-state free precession (CE-SSFP) sequence was applied to acquire
short-axis images corresponding to the T2-STIR images.'*'® Slice thick-
ness was 8 mm with no slice gap. In-plane resolution was typically
1.5 x 1.5 mm.

For details regarding imaging and analysis by LGE imaging, see
Appendix 1.

For detailed imaging parameters and quality control protocol, see
Appendix 2.

CMR analysis

Images were analysed using Segment, version 1.9R3314 (http:/segment.
heiberg.se).”® MaR was assessed from the T2-STIR and CE-SSFP short-
axis images as previously described.'®"® In short, for T2-STIR images,
left ventricular (LV) myocardium was defined by manual delineation
of epicardial and endocardial borders. The same was performed for
CE-SSFP images in end-diastole and end-systole as previously de-
scribed.'® Hyperintense myocardium in T2-STIR and CE-SSFP images
was manually delineated for assessment of MaR. If present, hypointense
myocardium within the hyperintense area was included as MaR (micro-
vascular obstruction or haemorrhagic infarct). For CE-SSFP, the end-
diastolic and end-systolic values of LV mass and MaR were averaged.
The delineation of each data set, T2-STIR or CE-SSFP, was performed
by one of the three experienced observers (H.E., M.C,, and H.A. with
13, 14, and 20 years of experience). Every case was read by a second
observer to ensure high-quality measurements. The observer was
blinded to the other method for MaR assessment (T2-STIR or CE-SSFP)
when performing image analysis. Different opinions were resolved in
consensus with a third observer when necessary. Observers had access
to LGE images when delineating T2-STIR and CE-SSFP. MaR was
expressed as per cent of the LV mass.

MaR by CE-SSFP and infarct delineations were performed by a core
laboratory (Imacor AB) as a part of the original MITOCARE and CHILL-
MI data analysis, and T2-STIR was analysed by the same observers
blinded to the CE-SSFP data ~1.5 years later.

Image qualitative analysis

Qualitative analysis was performed separately for T2-STIR and CE-SSFP,
by HE blinded to all other data. Images were rated as follows: (i) not diag-
nostic quality, (ii) acceptable, or (iii) good for defining MaR. Not diagnostic
quality were those where MaR could not be evaluated due to artefacts,
low signal, high noise levels, or where no clear demarcation between
MaR and remote could be identified. Acceptable were those where
MaR could be identified, even though some of the issues above were pre-
sent. Good were those without any of the issues above. The same scale
was employed to rate ability to define endo- and epicardium. Acceptable
and good images were considered to be of diagnostic quality. The obser-
ver also identified the culprit artery as the left anterior descending artery
(LAD), right coronary artery (RCA), or left circumflex artery (LCx), with-
out information from LGE images. In cases of left dominance where the
MaR involved both the lateral and inferior wall, the observer had to
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designate the most probable culprit vessel (LCx or RCA). This was com-
pared with the culprit artery by coronary angiography.

Statistical analysis

Results for continuous variables are expressed as mean =+ standard de-
viation. Bias according to Bland—Altman was used to compare MaR for
T2-STIR and CE-SSFP in patients with complete T2-STIR and CE-SSFP
data of diagnostic quality (n = 127). The D’Agostino and Pearson test
was used to test for normality (Appendix 3). Paired t-test was used to
test the difference between T2-STIR and CE-SSFP. When comparing
MaR in controls and treated groups, an independent t-test was used.
The Pearson correlations coefficient was used for assessment of correl-
ation between T2-STIR and CE-SSFP. For comparing image quality, the
Wilcoxon test was used. Fisher’s exact test was used to compare ratio
of diagnostic tests and correctly assigned culprit arteries between
T2-STIR and CE-SSFP. Assessment of differences in size and quality of
MaR over time and heart rates for different image quality groups was
tested using a one-way ANOVA test. P < 0.05 indicated statistical
significance. Analyses were performed using Graphpad Prism (version
5.02, GraphPad Software, San Diego, CA, USA).

Results

Study population

Of the 215 patients included in the study, 200 (93%) had complete
T2-STIR datasets, 204 (95%) had complete CE-SSFP datasets, and
191 (89%) had complete LGE datasets. Fifty patients (50%) from
the CHILL-MI trial received adjuvant hypothermia treatment, and
60 patients (52%) from the MITOCARE trial received adjuvant
treatment with TRO40303. For patient and CMR characteristics,
see Appendix 4.

Image quality

Sixty-five per cent of T2-STIR vs. 97% of CE-SSFP datasets were
considered of diagnostic quality (P < 0.001, Figure 1). Ratio of data-
sets of diagnostic quality for T2-STIR was 73% for LAD, 65% for
LCx, and 59% for RCA, whereas for CE-SSFP it was 97% for LAD,
100% for LCx, and 98% for RCA. Anterior (LAD) ischaemia trended
towards higher level of T2-STIR images of diagnostic quality
compared with lateral and inferior (LCx + RCA) culprit vessels,
P =0.068, while there was no difference between vessels for
CE-SSFP, P = 1.0. Image quality of MaR for T2-STIR was 1.8 + 1.1
and for CE-SSFP 2.7 + 0.5 (P < 0.001). Heart rate did not
differ with image quality for T2-STIR (image quality 1: 68 + 16, 2:
69 + 10, 3: 68 + 10, P = 0.87) or CE-SSFP (image quality 1: 71 + 12,
2: 67 + 14, 3: 68 + 11, P = 0.81). Image quality (score 1-3) for
endo- and epicardial delineation was 2.3 + 0.7 for T2-STIR and
2.8 + 0.4 for CE-SSFP (P < 0.001).

T2-STIR vs. CE-SSFP for MaR

Figure 2 shows correlation between T2-STIR and CE-SSFP images by
vendor and treatment groups. For images of diagnostic quality, bias
between MaR by T2-STIR and CE-SSFP was 0.02 + 6% (P = 0.96,
n=126), while size of MaR was 36 + 11% by T2-STIR and
36 + 10% by CE-SSFP. There was a strong correlation between
MaR by T2-STIR and CE-SSFP in images of diagnostic quality
(r*=0.71,P < 0.001, n = 126). MaR by culprit artery did not dif-
fer between T2-STIR and CE-SSFP in images of diagnostic quality

CE-SSFP

T2-STIR

W Good

Acceptable W Not diagnostic quality
Figure | Image quality by T2-STIR and CE-SSFP. Pie charts
show per cent of datasets where MaR was considered not of diag-
nostic quality, acceptable, or good in a total of 200 T2-STIR and
204 CE-SSFP datasets.

(LAD: 44 + 9 vs. 43 + 10%, P = 0.45, n = 55; LCx: 26 + 7 vs.
28 + 8%, P=0.57,n=14, RCA: 31 £ 7 vs. 32 + 6%, P = 0.68,
n = 57). Figure 3 shows examples of T2-STIR, CE-SSFP, and LGE
images from two patients.

Treated vs. controls

There was no difference in MaR between controls and patients
treated with hypothermia in the CHILL-MI trial (bias by T2-STIR:
1.66 + 2.84%, P = 0.56; bias by CE-SSFP 0.23 + 2.25%, P = 0.91).
Neither was there any difference in MaR between controls
and patients receiving TRO40303 treatment (bias by T2-STIR:
—0.69 + 2.64%, P = 0.80; bias by CE-SSFP: 0.14 + 1.94%, P =
0.94). For details, see Appendix 4.

Culprit vessel

CMR located correct culprit vessel in 89% of patients by T2-STIR
and 97% of patients by CE-SSFP (P = 0.0015, Table 1). Sensitivity
for LCx was lower than LAD/RCA for both T2-STIR and CE-SSFP.
Using T2-STIR, the observer was unable to assign culprit vessel
in 11% of patients with RCA occlusion, 17% of patients with LCx
occlusions, and 4% of patients with LAD occlusion. All patients
were assigned a culprit vessel using CE-SSFP. A low sensitivity for
assigning LCx as culprit artery was due to incorrect classification
as RCAin five patients for CE-SSFP, while for T2-STIR it was incor-
rect classification as LAD for one patient, RCA for two patients, and
inability to assign culprit vessel in four patients.

Differences between vendors and sites

Vendors 1 and 3 had lower rates of T2-STIR datasets of diagnostic
quality compared with CE-SSFP (T2-STIR: 58 and 48%, CE-SSFP:
100 and 99%, respectively, P < 0.001), whereas no difference was
found for Vendor 2 (T2-STIR: 90% and CE-SSFP: 96%, P = 0.19,
Figure 4). Figure 5 shows examples of T2-STIR and CE-SSFP images
from each vendor. In 13 sites, rate of CE-SSFP of diagnostic quality
was higher compared with T2-STIR (Figure 6), and the remaining
four sites were using MR cameras from Vendor 2. Rate of datasets
of diagnostic quality for sites using Vendor 1 was: 55 + 5% by
T2-STIR and 100 + 0% by CE-SSFP, for vendor 2: 88 + 17% by
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Figure 2 MaR by T2-STIR and CE-SSFP. (A) MaR by T2-STIR vs. CE-SSFP divided by vendors, r> = 0.71. (B) MaR by T2-STIR vs. CE-SSFP divided
by treatment groups. Dashed lines are identity and solid lines regression. (C) The Bland—Altman plot of CE-SSFP and T2-STIR divided by vendors,
and (D) the Bland—Altman plot of CE-SSFP and T2-STIR divided by treatment groups, mean difference 0.02 + 6%, dashed lines indicate + 2SD.

Measurements are expressed as % of LV mass. MaR, myocardium at risk.

A T2-STIR

CE-SSFP

LGE

Figure 3 MaR by T2-STIR and CE-SSFP and infarct by LGE in corresponding mid-ventricular short-axis slices from two patients. Upper row
(A) shows corresponding T2-STIR and CE-SSFP images of good quality. Bottom row (B) shows T2-STIR not of diagnostic quality with correspond-

ing CE-SSFP image. For technical details on image acquisition see Appendix 5. LGE, late gadolinium enhancement.
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Table | Culprit arteries by T2-STIR and CE-SSFP in
relation to angiography, presented as sensitivity and

T2-STIR
LAD 96 98 78
LCx 70 100 23
RCA 88 98 99
CE-SSFP
LAD 100 100 79
LCx 80 99 25
RCA 99 95 100

Culprit artery was correctly identified in 89% of patients using T2-STIR and 97% of
patients using CE-SSFP (P = 0.0015).

T2-STIR, T2-weighted short tau inversion recovery; CE-SSFP, contrast-enhanced
SSFP; LAD, left anterior descending artery; LCx, left circumfle artery; RCA, right
coronary artery; n, number of patients for each culprit vessel decided by
angiography.

= CE-SSFP
g = T2STR
2
3
@
£
]
-
2
»
o
e
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Figure 4 Datasets of diagnostic quality divided by vendor and all
vendors together. Numbers are expressed as the ratio of datasets of
diagnostic quality divided by the total number of datasets (%). There
was a significant difference between T2-STIR and CE-SSFP for Vend-
or 1, Vendor 3,and for all vendors (P < 0.001) and no difference for
Vendor 2 (P = 0.19). ns, not significant, *** = P < 0.001.

T2-STIR and 95 + 9% by CE-SSFP, and for Vendor 3: 40 + 20% by
T2-STIR and 98 + 5% by CE-SSFP. Two sites (5 and 8, both using
Vendor 2) had a higher rate of T2-STIR of diagnostic quality com-
pared with CE-SSFP. For these sites, only one CE-SSFP dataset
was not of diagnostic quality (Figure 6).

Changes in MaR over time

No change in size or quality of MaR or ability to identify culprit
artery was seen over the first week after ischaemia reperfusion
(P = 0.44, Figure 7).

Discussion

The findings in the present study, with data from two multicentre,
multi-vendor studies on cardioprotection, showed that CE-SSFP

CE-SSFP

Vendor 2 Vendor 1

Vendor 3

Figure 5 T2-STIR and CE-SSFP images of good quality. The
green line delineates the epicardial border of the left ventricle,
the red line delineates the endocardial border, and the white
line shows MaR.

enabled determination of MaR across vendors and sites, whereas
T2-STIR imaging was not of diagnostic quality in approximately
one-third of patients. In images of diagnostic quality, however, CE-SSFP
and T2-STIR showed a good agreement for assessment of MaR.

A non-contrast-enhanced balanced SSFP yields a T,/T¢-weighted
contrast that creates an extraordinarily high steady-state signal.
After myocardial ischaemia, both T4 and T, are increased due to oe-
dema with T being affected to a higher degree, thus increasing the
T,/T4 ratio. Gadolinium-based contrast agent distributes in propor-
tion to extracellular space, which is greater in salvaged than in nor-
mal myocardium and even greater in infarcted myocardium.*'?? As
T, time is affected more than T, time at lower concentrations of
gadolinium, the T,/T ratio increases further in salvaged myocar-
dium, but the effect may be attenuated at higher gadolinium concen-
trations, such as in infarcted myocardium, when the effect on T,
time is more marked.”? This might explain the homogenous appear-
ance of MaR in CE-SSFP images; however, further investigation is
needed to elucidate these mechanisms.

The differences in diagnostic quality may have several explana-
tions. Since CE-SSFP is a multi-phase cine sequence, MaR can be vi-
sualized and quantified in several timeframes; thus, the distinction
between MaR and remote myocardium may be easier to appreciate.
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Figure 7 MaR by T2-STIR and CE-SSFP over the first week. (A) MaR as per cent of LV mass over time, (B) image of diagnostic quality over time,
and (C) ratio of correctly assigned culprit vessel compared with angiography over time. Note that there is no significant change in MaR during the
first week in any of the above aspects. Open and closed circles show mean values of MaR by CE-SSFP and T2-STIR, respectively. Error bars show

=+ 1 SD. MaR, myocardium at risk; LV, left ventricular mass.

Differences in experience with CMR between the different sites
could also affect image quality and implementation of the different
sequences. However, since CE-SSFP images were considered of
diagnostic quality in almost all the patients (97%), this technique
seems to be independent of the level of experience. SSFP cine im-
aging is included in most CMR protocols, and the implementation of
this sequence is highly standardized, which can be appreciated when
considering the similarities in imaging parameters (Appendix 2)
compared with T2-STIR where imaging parameters were markedly
different. CE-SSFP is also known to be robust to changes in TR and
thus image resolution.”* The implementation of T2-STIR may, how-
ever, differ with regard to, e.g., surface coil sensitivity correction, re-
sulting in differences in image quality. It has previously been shown
that dark-blood T2-STIR imaging is subject to artefacts due to
through-plane motion, particularly in the lateral and inferior LV

wall."?* This might explain the trend towards a difference in diag-
nostic quality of MaR by T2-STIR seen in different vessels, with more
images of diagnostic quality in the anterior lesions (LAD: 74%) com-
pared with the lateral and inferior lesions (LCx: 65% and RCA: 59%).
It could also explain the inability to assign culprit artery to patients
with LCx occlusion using T2-STIR. The incorrect assignment of LCx
occlusions as RCA by using CE-SSFP is, however, to be expected
based on the significant overlap of their distribution territories.2*%’
Some of these limitations with black-blood T2-STIR imaging might be
overcome by using white-blood T2-weighted sequences such as
T2-prepared SSFP'? or ACUT,E-TSE-SSFP,"” which has been shown
to provide improved image quality and diagnostic accuracy compared
with black-blood T2-weighted imaging.2*?’ Furthermore, quantitative
T1- and T2-mapping techniques have shown promise in assessing
MaR.?°~32 Validation and standardization, however, on how these
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mapping techniques should be implemented on different platforms
are still lacking.

It should be noted that, given similar hardware capabilities, all
vendors could potentially reach similar performance with T2-STIR.

To what extent MaR assessed by CMR is affected by cardiopro-
tection treatment has been a topic of discussion in the CMR com-
munity. Findings in the present study suggest that MaR is not affected
by the adjuvant treatments in the CHILL-MI and MITOCARE studies
since there was no significant difference in MaR between the treat-
ment and placebo groups, neither for T2-STIR nor for CE-SSFP. Ina
recent post-conditioning cardioprotection trial, however, Thuny
et al.”* showed a decrease in MaR assessed by T2-STIR compared
with controls. Additionally, White et al.**
MaR assessed by T2-mapping after ischaemic pre-conditioning.
There are, however, differences in the methodology used in the
study by White et al. compared with the present study. The White
study used five short-axis slices and not the entire left ventricle as in
the present study. Furthermore, it used the semi-automated meth-
od of Otsu, which has been shown to have limited accuracy for
assessment of MaR in T2-weighted imaging.® Thus, there are still
conflicting results regarding the accuracy of T2-weighted imaging
for determination of MaR in cardioprotection trials.

Recent experimental data suggest a bimodal pattern of oedema
after ischaemia/reperfusion injury as measured with T2-STIR
and T2-mapping, suggesting that the oedema is pronounced imme-
diately after reperfusion then decreases over the first day and slowly
increases again over the first week.*® The clinical data from the
current study do not support such a bimodal pattern either in
size, quality of MaR images, or in ability to detect culprit artery.

The findings in the present study have implications for designing
clinical cardioprotection trials using MSI as surrogate end point. If
T2-STIR alone had been used for assessment of MaR in CHILL-MI
and MITOCARE, approximately one-third of the patients would
have been excluded due to images not being of diagnostic quality.
This would increase the number of patients needed to reach statis-
tical power, thus increasing time and costs to perform a successful
cardioprotection trial. Furthermore, CE-SSFP shortens the protocol
since cine SSFP images are acquired anyway for functional assess-
ment, which means no extra scanning to determine MaR. T2w
imaging requires additional imaging and thereby longer protocols.

showed a decrease in

Limitations

Only STIR black-blood T2-weighted imaging was compared with
CE-SSFP. Thus, the results of this study cannot be generalized to
other T2-weighted sequences (e.g. bright-blood methods or T2 map-
ping). Surface coil intensity correction varied between vendors and
sites which may have affected the results. However, this did not
seem to affect the quality for CE-SSFP images, which is a strength
of this technique. No reference standard for MaR assessment was
available. Thus, it is not possible to conclude that one technique is su-
perior in correctly determining MaR. Previous studies, however, have
validated both T2-STIR' and CE-SSFP"® against myocardial perfusion
SPECT, with good agreement in images of diagnostic quality.

The current difference in image quality between CE-SSFP and
T2-STIR might be explained by differences in implementation of
T2-STIR between vendors. The T2-STIR sequences could probably
become more equal if they are further improved and standardized.

Conclusions

In images of diagnostic quality, T2-STIR and CE-SSFP provide simi-
lar estimates of MaR, were constant over the first week, and were
not affected by treatment. CE-SSFP had a higher degree of diagnos-
tic quality images compared with T2 imaging for sequences from
two out of the three vendors. Therefore, CE-SSFP is currently
more suitable for implementation in multicentre, multi-vendor
clinical trials.
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Appendix 1

(1) Long- and short-axis slices covering the left ventricle were ac-
quired ~15 min after injection of the gadolinium-based contrast
agent. The LGE images were acquired using an inversion-recovery
gradient-recalled echo sequence, with or without phase-sensitive
reconstruction (PSIR), with a slice thickness of 8 mm with no slice
gap. In-plane resolution was typically 1.5 x 1.5 mm. Inversion
time was adjusted to null the signal of viable myocardium."" In-
farcted myocardium was delineated from the short-axis LGE
images according to a previously described method.*

Appendix 2

T2-STIR typical imaging parameters from DICOM files

Parameter Vendor 1 Vendor 2 Vendor 3
Pixel size X (mm) 15(1.0-20) 22(19-23) 15(1.4-16)
Pixel size Y (mm) 17(12-20) 25(23-29) 21(14-25)
Tl (ms) 150 180 150 (150-170)
TE (ms) 73 (59-84) 100 (65-100) 47 (47-63)
ETL (n) 32(31-32) 32(31-33) 15 (15-15)
Bandwidth (KHz) 94 (63-125) 93 (72-138) 60 (60-61)
Slice thickness (mm) 8 8 8

TR (n of heartbeats) 2 2 2(1-3%)

Time (s) 161 (67-268) 204 (158-241) 306 (226-372)

Numbers are given as median (interquartile range).

T, inversion time; TE, echo time; ETL, echo train length; TR, repetition time; time,
time to acquire a full short-axis stack.

“One instance using a TR of 1 heartbeat and one instance using a TR of 3
heartbeats.
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CE-SSFP typical imaging parameters from DICOM files

Vendor 1 Vendor 2 Vendor 3

Pixelsize X (mm) 17 (11-23) 1.3 (11-17) 08 (0.8-09)
Pixelsize Y (mm) 23 (13-27) 14 (12-19) 12 (1.1-14)

a () 57.5(45-70) 60 (60-60) 65 (54-71)

TE (ms) 16(14-18) 17(1.5-18) 13(1.1-15)

VPS (n) 19 (16-24) 12 (11-16) 16 (13-23)

Bandwidth (KHz) 164 (109-219) 200 (196-200) 197 (179-227)

Slice thickness 8 8 8

(mm)

TR (ms, range) 37 (32-40) 35(31-36) 29 (26-35)

Time (s) 98 (90-193) 156 (107-189) No
information

Temporal 30 (28-33)  21(18-30) 51(39-65)

resolution (ms)

Numbers are given as median (interquartile range).
«, Flip angle; TE, echo time; VPS, views per segment; TR, repetition time; time, time
to acquire a full short-axis stack.

Quality control

The same protocol for quality control was used for both the CHILL-
Ml and the MITOCARE trials. Before inclusion began, all centres had
to qualify by sending images from two patients, including LGE,
T2-STIR, and CE-SSFP, which they considered to be of diagnostic
quality to the core lab. The core lab then ensured that the images
were of sufficient quality before a centre was accepted.

During inclusion, all studies were continuously evaluated by the
core lab.

Appendix 3

The D’Agostino and Pearson test was used to test for normality.
T2-STIR (P = 0.22) and CE-SSFP (P = 0.07) of diagnostic quality
did not show statistically significant deviation from a Gaussian distri-
bution, neither did controls (T2-STIR: P = 0.29, CE-SSFP: P = 0.18)
or treated (T2-STIR: P = 0.39, CE-SSFP: P = 0.15) in the CHILL-MI
subset nor controls (T2-STIR: P = 0.53, CE-SSFP: P = 0.20) or trea-
ted (T2-STIR: P = 0.81, CE-SSFP: P = 0.09) in the MITOCARE
subset.

Appendix 4

MaR by CE-SSFP (% LV) 36+ 10
MaR by T2-STIR (% LV) 36+ 11
Infarct by LGE (% LV) 17410

Continued

Appendix 4 Continued

MSI (% MaR)

Ejection fraction (%) 48+9
Heart rate during CMR (beats/min) 68 + 12
CE-SSFP T2-STIR
MaR, hypothermia treated (% LV) 36+ 10 36+ 12
MaR, CHILL-MI controls (% LV) 37+12 37+M
MaR, TRO40303 treated (% LV) 35+ 10 37+12
MaR, MITOCARE controls (% LV) 35+ 10 36+11
Image quality ‘non-diagnostic’ (n) 4 70
Image quality ‘acceptable’ (n) 52 63
Image quality ‘good’ (n) 148 67

Numbers are given as mean + SD.
MaR, myocardium at riski % LV, per cent of left ventricular mass; LGE,

late gadolinium enhancement; CMR, cardiac magnetic resonance imaging:
CE-SSFP, contrast-enhanced SSFP; T2-STIR, T2-weighted short tau inversion
recovery.

Patient characteristics

Number of patients (n) 215
Complete CE-SSFP datasets (n) 204
Complete T2-STIR datasets (n) 200
Treated with hypothermia (n) 50
Treated with TRO40303 (n) 60
Culprit vessel by angiography

LAD (n) 84

LCx (n) 25

RCA (n) 106
Peak cTnT? (ng/L) 12100 + 9300
Peak hsTnT® (ng/L) 7000 + 4600
Time from pain to balloon (min) 184 +73
Time from ischaemic event to CMR (days) 38+14
MR Day 1 (n) 2
MR Day 2 (n) 39
MR Day 3 (n) 53
MR Day 4 (n) 53
MR Day 5 (n) 40
MR Day 6 (n) 19
MR Day 7 (n) 3
MR Day 8 (n)
MR day unknown (n) 4

CE-SSFP, contrast-enhanced SSFP; T2-STIR, T2-weighted short tau inversion
recovery; TnT, fourth-generation cardiac troponin T; hsTnT, high-sensitivity
troponin T; CMR, cardiac magnetic resonance imaging.

“Patients in the MITOCARE trial.

PPatients in the CHILL-MI trial.
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Appendix 5

T2-STIR

Parameter

CE-SSFP

Pixel size X (mm) 1
Pixel size Y (mm) 1
() 180
TE (ms) 47
ETL (n) 15
Bandwidth (KHz) 61
Slice thickness (mm) 8
TR (ms) 1756
Temporal resolution (ms) -
Tl (ms) 170
Heart rate 64

1 0.80 0.80
1 120 120
180 76 73
47 112 1.12
15 15 15
61 179 182
8 8 8
2056 26 26
- 39 39
170 - -
69 64 69

a, Flip angle; TE, echo time; ETL, echo train length; TR, repetition time; Tl, inversion time.
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IMAGE FOCUS

A 47-year-old woman with cor triatriatum (Panel
A, see Supplementary data online, Video S1 and
$2) and small ostium secundum atrial septal
defect (ASD) was evaluated for percutaneous
closure of left atrial appendage (LAA) due to per-
manent AF and Cooley’s disease (CHA2-DS2-
VASC:2;HAS-BLED:4). 3D transoesophageal
echocardiography shows the fibromuscular
membrane (F-M) dividing the left atrium into
two chambers: the accessory left atrium (A-LA)
receives venous blood, whereas the true left at-
rium (T-LA) is in contact with mitral valve (MV),
fossa ovalis (FO), and LAA (Panels B and C, see
Supplementary data online, Video S3 and $4).
There is one large unrestrictive communication
between the two chambers (C1) with mean gra-
dient of 2 mmHg at Doppler interrogation and
two smaller communications in the membrane it-
self (C2—C3) corresponding to Loeffler’s classifi-
cation type 3 (Panel D, see Supplementary online
data, Video $5). A small ASD just below the mem-
brane is also associated (Panel E, see Supplemen-
tary data online, Video S6). During the procedure,
after exclusion of clots and definition of LAA
anatomy, a transseptal puncture was performed
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device

A

to cross the interatrial septum not through the ASD but in a more postero-inferior position below the membrane to reach easily
the LAA (see Supplementary data online, Video $7). A Watchman device n.21 was implanted. The final result shows the device inside
the LAA, with no interference with the membrane originating from the infold separating the LAA and left upper pulmonary vein (Panel
F, see Supplementary data online, Video $8). 3D transoesophageal reconstruction is a useful tool to understand the anatomy of this rare
case of congenital heart disease in detail, even more when interventional procedures are needed.

Supplementary data are available at European Heart Journal — Cardiovascular Imaging online.

Published on behalf of the European Society of Cardiology. All rights reserved. © The Author 2016. For permissions please email: journals.permissions@oup.com.










onary Artery Disease

Extent of Myocardium at Risk for Left Anterior Descending
Artery, Right Coronary Artery, and Left Circumflex Artery
Occlusion Depicted by Contrast-Enhanced Steady State Free
Precession and T2-Weighted Short Tau Inversion Recovery
Magnetic Resonance Imaging

David Nordlund, MD; Einar Heiberg, PhD; Marcus Carlsson, MD, PhD;
Ernst-Torben Friind, PhD; Pavel Hoffmann, MD, PhD; Sasha Koul, MD, PhD; Dan Atar, MD, PhD;
Anthony H. Aletras, PhD; David Erlinge, MD, PhD; Henrik Engblom, MD, PhD;
Hikan Arheden, MD, PhD

Background—Contrast-enhanced steady state free precession (CE-SSFP) and T2-weighted short tau inversion recovery
(T2-STIR) have been clinically validated to estimate myocardium at risk (MaR) by cardiovascular magnetic resonance
while using myocardial perfusion single-photon emission computed tomography as reference standard. Myocardial
perfusion single-photon emission computed tomography has been used to describe the coronary perfusion territories
during myocardial ischemia. Compared with myocardial perfusion single-photon emission computed tomography,
cardiovascular magnetic resonance offers superior image quality and practical advantages. Therefore, the aim was to
describe the main coronary perfusion territories using CE-SSFP and T2-STIR cardiovascular magnetic resonance data in
patients after acute ST-segment—clevation myocardial infarction.

Methods and Results—CE-SSFP and T2-STIR data from 2 recent multicenter trials, CHILL-MI and MITOCARE (n=215),
were used to assess MaR. Angiography was used to determine culprit vessel. Of 215 patients, 39% had left anterior
descending artery occlusion, 49% had right coronary artery occlusion, and 12% had left circumflex artery occlusion.
Mean extent of MaR using CE-SSFP was 44+10% for left anterior descending artery, 31+7% for right coronary artery,
and 30+9% for left circumflex artery. Using T2-STIR, MaR was 44+9% for left anterior descending artery, 30+8% for
right coronary artery, and 30+12% for left circumflex artery. MaR was visualized in polar plots, and expected overlap was
found between right coronary artery and left circumflex artery. Detailed regional data are presented for use in software
algorithms as a priori information on the extent of MaR.

Conclusions—TFor the first time, cardiovascular magnetic resonance has been used to show the main coronary perfusion territorics
using CE-SSFP and T2-STIR. The good agreement between CE-SSFP and T2-STIR from this study and myocardial perfusion
single-photon emission computed tomography from previous studies indicates that these 3 methods depict MaR accurately in
individual patients and at a group level.

Clinical Trial Registration—URL: http://www.clinicaltrials.gov. Unique identifiers: NCT01379261 and NCT01374321.
(Circ Cardiovasc Imaging. 2016;9:e004376. DOI: 10.1161/CIRCIMAGING.115.004376.)

Key Words: coronary occlusion M coronary vessels M magnetic resonance imaging
B myocardial ischemia B myocardium

fter occlusion of a coronary artery, an area corresponding

to the perfusion territory of that artery becomes ischemic
and will become infarcted unless timely reperfusion occurs.'®
This area is known as the myocardium at risk (MaR), and it currently used as an end point in at least 19 ongoing clinical
can be used to calculate myocardial salvage index,” which is trials (Appendix I in the Data Supplement).

See Editorial by Mangion and Berry
See Clinical Perspective
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Earlier attempts to measure the coronary perfusion terri-
tories have relied on animal studies or anatomic studies, such
as dissections and casts of the vasculature in autopsy stud-
ies.*” More recently, the advent of perfusion imaging, such
as by myocardial perfusion single-photon emission computed
tomography (MPS),'*> and tissue characterization by car-
diovascular magnetic resonance (CMR)'* has allowed for
visualization of MaR directly. However, only 2 MPS studies
with a limited number of patients have looked at the extent
of perfusion territories.”?! Where MPS uses injection of a
radioactive perfusion tracer during occlusion to image relative
perfusion, CMR imaging uses pulse sequences that are sensi-
tive to tissue properties in postischemic myocardium, such as
contrast-enhanced steady state free precession (CE-SSFP)!*!*
and T2-weighted short tau inversion recovery (T2-STIR).'™'
Although both MPS and CMR are used for imaging of MaR,
CMR offers higher spatial resolution and provides an accurate
anatomic representation of the heart making it ideally suited
for visualization of the MaR and thus the coronary perfusion
territories.

Knowledge of the perfusion territories and the size of the
perfusion defect associated with different arteries is impor-
tant when designing clinical trials using myocardial salvage
index as end point. In addition, computer models for auto-
matically analyzing and delineating myocardium, MaR, and
infarct for CMR and MPS often use a priori information about
the extent of perfusion territories.”*? Such models are becom-
ing increasingly important both for research and for clinical
practice. The perfusion territories have also been of interest
for electrocardiography research where effort has been made
trying to predict position and extent of the myocardial injury
from an ECG.*2¢

Thus, the aim of this study is to quantify and to visualize
the extent of the perfusion territories for the 3 main coronary
arteries, left anterior descending artery (LAD), left circumflex
artery (LCx), and right coronary artery (RCA), using CE-SSFP
and T2-STIR CMR sequences and to provide data on perfu-
sion territories to be used for simulation and programming.

Methods

Study Population and Design

The CHILL-MI*” and MITOCARE* studies were approved by the re-
gional ethics committees, and all patients provided written informed
consent to participate in the respective study. Patients from these 2
multicenter cardioprotection trials underwent CMR imaging within 2
to 6 days after being diagnosed with acute myocardial infarction and
treated with primary percutancous coronary intervention.?” Inclusion
and exclusion criteria for each of the clinical trials have been previ-
ously published.”” In short, all patients had clinical signs of acute
myocardial infarction defined as clinical symptoms and ECG signs
consistent with ST-segment—elevation myocardial infarction or new
left bundle branch block, were > 18 years old, and had symptom dura-
tion of <6 hours. Patients with previous infarction or history of coro-
nary revascularization were excluded.

Coronary Angiography

For the CHILL-MI trial, the culprit lesion and Rentrop grade was
estimated by an angiography core laboratory.”” For the MITOCARE
trial, Rentrop grade and culprit lesion was estimated and documented
by the interventionist performing the coronary intervention at the re-
spective site using the coronary angiogram information together with
clinical data, such as ECG changes.”

CMR Image Acquisition
All CMR examinations were performed on a 1.5 T system from ei-
ther Philips (Philips Healthcare, Best, The Netherlands), Siemens
(Siemens AG, Erlangen, Germany), or General Electrics (GE
Healthcare, Fairfield). All subjects were placed in a supine position,
and images were acquired at end-expiratory breath hold with ECG
gating. Initial scout images were acquired to locate the heart. For
MaR visualization, a triple inversion recovery T2-STIR black blood
sequence was applied before administration of the contrast agent.
In addition, a multislice multiphase SSFP sequence was applied =5
minutes after intravenous administration of a gadolinium-based ex-
tracellular contrast agent (0.2 mmol/kg). Both the T2-STIR and the
contrast-enhanced SSFP images were acquired in the short-axis view
covering the left ventricle (LV) from base to apex. The slice thickness
was 8 mm with no slice gap, and the in-plane resolution was typically
1.5x1.5 mm. The temporal resolution of the CE-SSFP images was 20
to 30 frames per cardiac cycle.

For infarct visualization, long- and short-axis late gadolinium en-
hancement (LGE) images covering the LV from base to apex were

T2-STIR CE-SSFP

LGE

Figure 1. Cardiovascular magnetic resonance
images of myocardium at risk (MaR) and infarct.
The MaR by contrast-enhanced steady state free
precession (CE-SSFP) and T2-weighted short

tau inversion recovery (T2-STIR) are shown on
the top and middle rows and infarct size by late
gadolinium enhancement (LGE) on the bottom
row in corresponding levels of the left ventricle. All
images are from the same patient who underwent
reperfusion following occlusion in the left anterior
descending artery. MaR by CE-SSFP: 29% of

left ventricular mass, MaR by T2-STIR: 28%, and
infarct size by LGE: 7%. The epicardium is traced
in green and the endocardium in red, whereas
MaR is traced in white and infarct in yellow.
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Table 1. Comparison of Diagnostic and Nondiagnostic T2-
Weighted Short Tau Inversion Recovery
Diagnostic Not Diagnostic
Quality Quality PValue
mﬂz 'i";‘m a 36 35 053
Infarct size, % LV 17 17 0.83
mg‘;ﬁf‘mﬁ'vage 54% 54% 0.94
LAD (n) 57 21 0.07
LCx (n) 14 9 0.14
RCA (n) 59 40 0.65

LAD indicates left anterior descending artery; LCx, left circumflex artery; LV,
left ventricle; MaR, myocardium at risk; and RCA, right coronary artery.

acquired =15 minutes after injection of gadolinium. The LGE images
were acquired using an inversion-recovery gradient-recalled echo se-
quence with a slice thickness of 8 mm with no slice gap. In-plane
resolution was typically 1.5x1.5 mm. Inversion time was adjusted to
null the signal from viable myocardium.*®

CMR Analysis
All CMR images were analyzed by a core laboratory (Imacor AB,
Lund, Sweden) using the software Segment, version 1.9 R3314 (http:/
segment.heiberg.se).’! The myocardium in each LV short-axis slice was
manually analyzed by delineating the LV epicardial and endocardial
borders. Regions of MaR were defined as hyperintense regions within
the myocardium on the T2-STIR and CE-SSFP images and were delin-
eated manually. CE-SSFP images were delineated in both end-diastole
and end-systole as previously described.”® The size of MaR was ex-
pressed as a percentage of the total LV myocardial volume.

Infarction was delineated from the short-axis LGE images according
to a previously described method that has been validated both experi-
mentally and clinically.® In short, the endocardial and epicardial borders

were traced manually with exclusion of the papillary muscles, and the
LGE myocardium was quantified using a computer algorithm taking
partial volume effects into account when estimating the amount of in-
farction. Manual adjustments were made when image artifacts caused
misinterpretation by the computer algorithm. If present, a hypointense
signal within the area of LGE (microvascular obstruction®) was included
in the analysis as 100% infarction. Finally, the myocardial infarct size
was expressed as a percentage of the total LV myocardial volume. All
delineations were performed by 1 observer with a second opinion with
respect to the delineations in each case. In case of disagreement, differ-
ences were resolved by reaching consensus via a third expert observer.

Polar Plot Representation of Coronary Artery
Distribution

Delineations of MaR from T2-STIR and CE-SSFP short-axis images and
infarction from LGE short-axis images were represented as polar plots.
The plots were created by resampling each stack to 20 slices, with each
slice divided into 80 zones. Each zone was assigned a signal intensity
proportional to how frequently MaR or infarction was present in the dif-
ferent patients. This was done for each culprit artery separately. The polar
plots were then divided into the 17-segment model of the heart recom-
mended by American Heart Association.* Patient images were aligned
by marking the right ventricular insertion points in all short-axis slices
with a visible right ventricular lumen. The LV was then rotated so that the
average position of the right ventricular insertion points was aligned with
the border between segments 2 and 3 of the 17-segment model.

Comparison With Previous MPS Studies

Data were compared with those from previous MPS studies published
by Persson et al*® and Pereztol-Valdés et al.”’ Because the ranges and
SDs of extent of MaR were not published in the article by Persson et
al,™ the lead author was contacted and kindly supplied the data.

Statistical Analysis

The size of MaR for each vessel was presented as mean+SD. A linear
mixed model was used to assess differences of MaR and infarct size
between the different vessels and for comparing infarct size, MaR
by CE-SSFP and MaR by T2-STIR. The correlation between infarct

CE-SSFP T2-STIR

100 %

RCA LAD

Septal

LCx

0%

Anterior

Figure 2. Polar plots of myocardium at risk
(MaR). On the left are average contrast-
enhanced steady state free precession
(CE-SSFP) polar plots of (A) the left anterior
descending artery (LAD), using 78 patients
(B) the right coronary artery (RCA), using 99
patients, and (C) the left circumflex artery
(LCx), using 25 patients. The polar plots on
the right use T2-weighted short tau inver-
sion recovery (T2-STIR) to show (D) the

LAD, using 61 patients (E) the RCA, using 69
patients, and (F) the LCx, using 17 patients.
The intensity of the plots reflect the fraction
of patients with MaR in that area as shown
on the bar that ranges from 0% to 100%. For
reference purposes, the 17-segment model
is shown in G.

lesore

Inferior
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Figure 3. Polar plots of myocardium at risk (MaR) with isocon-
tour lines. Polar plots of left anterior descending artery (LAD;

78 patients), right coronary artery (RCA; 99 patients), and left
circumflex artery (LCx; 25 patients). The white lines show 10%
increments proportional to the fraction of patients with MaR in
that area. The most central increment represents 90% to 100%,
and the most peripheral increment represents 0% to 10%.

size and MaR was assessed by using Pearson correlation coefficient.
Infarct size by LGE, MaR by CE-SSFP, myocardial salvage index.
and culprit vessel were compared for patients with diagnostic ver-
sus nondiagnostic T2-STIR images. Comparisons of infarct size and
MaR were performed using unpaired 7 tests, and the comparison of
culprit vessel was performed using Fisher’s exact test. Differences
with a P<0.05 were considered to be statistically significant.

Results

Study Population

Of 215 patients, 39% had LAD occlusion, 49% had RCA occlu-
sion, and 12% had LCx occlusion by angiography. As described
in previous work, MR and angiography agreed in assigning
culprit artery in 97% of patients by CE-SSFP and 89% by
T2-STIR.* Figure 1 shows an example of CE-SSFP, T2-STIR,
and LGE images taken from 1 patient. Eleven CE-SSFP data sets
were excluded from MaR analysis because of incomplete image
acquisition. An additional 2 CE-SSFP data sets were excluded
because of inability to define MaR. Also, 86 T2-STIR data sets
were excluded: 15 because of inadequate image acquisition and
71 because of inability to define MaR. Table 1 shows compari-
sons of patients with diagnostic versus nondiagnostic T2-STIR.

Distribution of MaR

The perfusion territories for each of the 3 main coronary arter-
ies divided into the 17-segment model are shown in Figure 2,
overlayed with isocontour lines in Figure 3, and compared
with LGE to show myocardial salvage in Figure 4. Detailed
data on the distributions are provided in Appendix II in
the Data Supplement. The extent of the 3 coronary arteries
together is shown in Figure 5. The overlap between perfu-
sion territories was mainly between LCx and RCA including
segments 4, 5, 10, 11, and 15. Average sizes and ranges of
MaR are given in Table 2. MaR size by both CE-SSFP and
T2-STIR was greater for LAD than for both RCA and LCx
(P<0.001). No statistically significant difference in MaR size
was found between RCA and LCx by CE-SSFP (P=0.606) or
by T2-STIR (P=0.226). There was no statistically significant
difference in MaR by CE-SSFP and by T2-STIR (P=0.674).

Infarct Size

Of 215 data sets, LGE was diagnostic in 190. In data sets with
nondiagnostic LGE, the LGE was excluded from further analy-
sis, whereas CE-SSFP and T2-STIR were still included (if diag-
nostic). The average sizes of infarctions are given in Table 2.
Infarct size was greater for LAD than for both RCA and LCx
(P<0.001), whereas there was no statistically significant differ-
ence in infarct size between RCA and LCx (P=0.206). Average
infarct size was significantly smaller than MaR for all 3 vessels
(P<0.001) and for all vessels grouped together (P<0.001). All
patients had larger MaR than infarct size using CE-SSFP and
all but one when using T2-STIR imaging (Figure 6).

Discussion
This is the first study to give a representative picture of the
coronary perfusion territories using CMR.

Coronary Perfusion Territories
In 2008, Ortiz-Pérez et al*® used LGE imaging to map the dis-
tribution of infarct in 93 patients. The present study uses MaR

T2-STIR

MaR LGE

Salvage

(n=53)

LCx
(n=14)

RCA
(n=56)

(n=89)

CE-SSFP

29
e
o

Salvage

LAD
(n=72)

LCx
(n=24)

RCA

Figure 4. Polar plots of myocardium at risk (MaR), late gadolinium enhancement (LGE), and salvage in corresponding patients. The 3 col-
umns to the left show MaR by T2-weighted short tau inversion recovery (T2-STIR), LGE, and salvage in patients with diagnostic T2-STIR
and LGE. The columns to the right show MaR by contrast-enhanced steady state free precession (CE-SSFP), LGE, and salvage in
patients with diagnostic CE-SSFP and LGE. Salvage is defined as the difference between MaR and LGE. The intensity of the plots reflect
the fraction of patients with MaR, LGE, or salvage in that area as shown on the bar that ranges from 0% to 100%.
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CE-SSFP

T2-STIR

Figure 5. Combined extent of myocardium at risk (MaR). The
sum of bull’s-eye plots from Figure 2. Image intensity is propor-
tional to overlap in the extent of MaR. Note the bright area rep-
resenting overlap, mainly between right coronary artery and left
circumflex artery territories.

instead and may, therefore, more accurately visualize the true
perfusion territories of the coronary arteries. The location and
spatial extent of MaR found in the present study are similar
to the location and the extent of local perfusion loss found in
previous studies using MPS**?! (Figure 7). The overlap found
between the RCA and the LCx perfusion territories (segments
4,5, 10, 11, and 15) is similar to what was found by Pereztol-
Valdés et al’’ and Persson et al.”” When comparing average
size of coronary perfusion territories, however, both the RCA
and the LCx sizes were smaller in the Pereztol-Valdés et al*!
and Persson et al*® MPS studies compared with both CE-SSFP
and T2-STIR in the present study (Table 2). A possible expla-
nation for this difference is that the patients in the MPS studies
were treated electively for chronic coronary stenosis in con-
trast to the patients in the present study who all presented with
first-time acute coronary occlusion. The likelihood of col-
lateral flow influencing the results may, therefore. be less in
the present study because, in cases with chronic stenosis, col-
laterals might have been developed that decrease the amount
of myocardium affected by ischemia on occlusion. This is

Table 2. Comparison of Myocardium at Risk-Size by CMR and
Extent of Hypoperfusion by Myocardial Perfusion Single-Photon
Emission Computed Tomography

LAD RCA LCx
CMR CE-SSFP | 44210% (23-64) | 31=7% (15-45) | 3029% (15-53)
CMRT2-STIR | 44x9% (24-63) | 308% (12-52) | 30+12% (16-66)
CMR infarct size | 23+11% (3-47) | 13+7% (2-29) | 146% (6-44)

Values are expressed as mean+SD (min-max). CE-SSFP indicates contrast-
enhanced steady state free precession; CMR, cardiovascular magnetic
resonance: LAD, left anterior descending artery; LCx, left circumflex artery; RCA,
right coronary artery; and T2-STIR, T2-weighted short tau inversion recovery.

80 1

MaR (%LV)

o T2-STIR
e CE-SSFP

0 T T T 1
0 20 40 60 80

Infarct size (%LV)

Figure 6. Myocardium at risk (MaR) vs infarct size. Linear regres-
sion plot comparing infarct size by late gadolinium enhance-
ment imaging and MaR by contrast-enhanced steady state free
precession (CE-SSFP) (e) and T2-STIR (o) imaging. The dashed
line denotes the line of identity. %LV indicates percent of left ven-
tricular mass.

reflected by the low ratio of patients with high Rentrop grade
(Table 3). Another explanation may be that the plaques that
tend to cause chronic stenosis have been shown to be located
more distally in the coronary arteries when compared with the
unstable plaques causing acute coronary occlusion.’”

In the present study, segments 1, 2, and 3 were only
involved in MaR to a limited extent (Figure 5). Segments 1, 2,
and 3 partly represent the fibrous part of the basal septum not
being a part of MaR. Furthermore, segments 1 and 2 should
be supplied by either the left main or the proximal LAD, and
none of the patients in this study had left main occlusion.

CMR for MaR

Both T2-STIR and CE-SSFP have earlier been validated
against MPS for the detection of MaR."™ In this study, the
extent of the coronary perfusion territories is similar using
T2-STIR, CE-SSFP, and MPS. Note that T2-STIR, CE-
SSFP, and MPS use different principles for imaging MaR.
MPS uses a radioactive isotope, which binds to viable mito-
chondria and which needs to be administered during occlu-
sion of a coronary vessel, whereas T2-STIR and CE-SSFP
are thought to be sensitive to edema generated within the
MaR. The similar results obtained by 2 different mechanisms
increase the confidence that these methods accurately depict
MaR. Some controversy still exists around both T2-STIR
imaging and CE-SSFP for depicting MaR.** There has
been some debate whether CE-SSFP and T2-STIR may
actually depict infarction instead of MaR and if MaR may
be overestimated using these 2 CMR techniques.*’ However,
the results shown herein compare nicely with MPS findings
and make it more likely that the 2 CMR techniques depict
MaR accurately. Moreover, in the present study, infarct size
was smaller than MaR in all data sets (except for one of the
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T2-STIR images), and significant differences were found
between MaR and infarct size for all 3 coronary vessel
groups indicating that it is unlikely that the hyperenhanced
myocardium, seen on both T2-STIR imaging and CE-SSFP,
represents only infarction. The findings are consistent with
previous findings on the relation between MaR by CE-SSFP
and infarct size.'™!" Furthermore, the coronary artery over-
lap found in the present study occurred in parts of the myo-
cardium congruent with previous MPS studies.**!

A significant number of data sets acquired using T2-STIR
was considered to be of nondiagnostic quality, which may
limit its utility in multicenter, multivendor settings as recently
shown.*

Limitations

The findings in the present study should be interpreted in the
context of some limitations. Apart from CMR, no other method
was used to estimate MaR, which means that there is no ref-
erence standard to compare with the CE-SSFP or T2-STIR
imaging in the present study. Instead, reference is made to pre-
viously published studies.'™'” Manual delineation was used to
estimate MaR both for CE-SSFP and for T2-STIR, which may
introduce observer dependence in MaR quantification. How-
ever, automatic methods that rely on a fixed number of stan-
dard deviations from remote myocardium are not applicable in
a multicenter setting with different signal:noise ratio in images
from different centers and scanners.*’ Although this study used

Present study

LAD

CE-SSFP

T2-STIR

Previously published

MPS

(Pereztol-Valdés, 2005)

MPS

(Persson, 2002)

n=8

LAD, Proximal

RCA, Proximal

RCA

LCx

n=18 n=9

LCx, Proximal

Figure 7. Polar plots, comparison between cardiovascular magnetic resonance (CMR) and myocardial perfusion single-photon emis-
sion computed tomography (MPS). The first and second rows show contrast-enhanced steady state free precession (CE-SSFP) and
T2-weighted short tau inversion recovery (T2-STIR) images from the present study. The third row shows maximal extent of perfusion ter-
ritories using MPS (Pereztol-Valdés et al*’). The fourth row shows perfusion territories also using MPS (Persson et al®°). The left column
shows left anterior descending artery (LAD), the middle column right coronary artery (RCA), and the right column left circumflex coronary
artery (LCx). The intensity of the plot is proportional to the fraction of patients with myocardium at risk in that area.
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Table 3. Patient Characteristics

No. of patients (n) 215
Men (n) 179
Women (n) 36
Age, y, mean+SD 60+11
Complete CE-SSFP data sets (n) 204
Complete T2-STIR data sets (n) 200
Treated with hypothermia (n) 50
Treated with TRO40303 (n) 60
Culprit vessel by angiography (n)

LAD 84

LCx 25

RCA 106
Rentrop grade (n)

0 127

1 40

2 24

3 2

Unknown 22
Peak cTnT,* (ng/L, mean+SD) 12100+9300
Peak hsTnT,t (ng/L, mean+SD) 7000+4600
Time from pain to balloon, min, mean+SD 18473
Time from ischemic event to CMR, d 3.8+1.4

CE-SSFP indicates contrast-enhanced steady state free precession; CMR,
magnetic cTnT, fourth cardiac troponin
T; hsTnT, high-sensitivity troponin T; LAD, left anterior descending artery; LCx,
left circumflex artery; RCA, right coronary artery; and T2-STIR, T2-weighted
short tau inversion recovery.
*Patients in the MITOCARE trial.
FPatients in the CHILL-MI trial.

right ventricular insertions as reference points for rotation of
the heart the MPS studies by Persson et al*” and Pereztol-Val-
dés et al’! used an algorithm commonly applied in the MPS
software.*? The difference in methods used is a limitation when
comparing the results; however, the epicenters of MaR using
CMR correspond well with those using MPS (Figure 7), which
indicates that this may not be a significant limitation.

Conclusion

The present study has shown the coronary perfusion territories
for the 3 main coronary arteries LAD, RCA, and LCx using
CE-SSFP and T2-STIR. The agreement with MPS, which acts
by a different mechanism, makes it likely that these 3 methods
depict MaR accurately.
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CLINICAL PERSPECTIVE
This article provides data on the extent of the coronary perfusion territories for the three major coronary vessels left ante-
rior descending artery, right coronary artery, and left circumflex artery based on quantification of myocardium at risk by
contrast-enhanced steady state free precession and T2-weighted short tau inversion recovery magnetic resonance imaging
in 215 patients with acute myocardial infarction. This information may be useful in the planning of cardioprotection trials,
in creating computer models requiring a priori information on perfusion territories and in clinical contexts where precise
knowledge on the extent of injured myocardium could guide risk evaluation.
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