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Summary

Both presence and extent of myocardial infarction aretémpprognostic fac-
tors for mortality and quality of life in patients with igtiseheart disease. Thus,
it is of great clinical importance to be able to diagnoséharaettterize myocar-
dial infarction. One way to diagnose myocardial infarstlonusing the 12-lead
electrocardiogram (ECG). For estimation of infarct sideeation from infarct-
related ECG changes, the so called Selvester QRS scatingagdbe used.
This system is based on a forward modeling of the myoaztididian sequence.
To further develop QRS scoring and for better understarimqathophysio-
logic basis for infarct-related ECG changes, it is funtireeanderstand how
anatomic infarct characteristics relate to changes ia-tbadlECG. The cur-
rent reference standard for non-invasive visualizatioyooérdial infarction is
delayed contrast-enhanced magnetic resonance imagM&(DHence, DE-
MRI can be used to de ne the anatomic correlate to infdatede€)RS changes.

Paper |demonstrated that there was a good correlation betweendpiRS sc
and infarct size by DE-MRI in patients with reperfusedimst-infarction. Fur-
thermore, the data showed that QRS score was related tarafesrurality,
whereas presence of Q waves was not indicative of trairgfamatan.

Indeed,Paper |l revealed that the endocardial extent of infarction was a
stronger determinant for presence of pathological Q Wwamegds infarct trans-
murality in patients with reperfused rst-time infarction

In Paper lll, the sequential changes of the infarction, left ventrficnétion
and QRS score were studied in patients with reperfuseithesitafarction. It
was shown that almost two thirds of the total decreaserit 8if& seen after
one year occurred during the rst week after infarctionthémmore, regional
wall thickening was shown to decrease progressivelycregséat infarct trans-
murality. Also, the timing and magnitude of decrease matisfae assessed by
DE-MRI was shown to correlate to the decrease in QRS score.

Finally,Paper IVdemonstrated that in patients with chronic anterior infarc
tion, frequently suffering from severe remodeling ancetgficular aneurysm,
QRS score was only moderately correlated to infarct szedbyeDE-MRI.

In summary, DE-MRI has been used to describe the anatamie&dte to
infarct-related QRS changes in acute, evolving, and hgatzddial infarction.






Popularvetenskaplig
sammanfattning

Vid blodbrist till en del av hjartmuskeln, t.ex. vid ettsiagit av hjartats krans-
karl, kommer delar av hjartmuskeln att vara utsatt fortridkabas av infarkt.
Hjartinfarkt de nieras som ddda hjartmuskelceller. Dat &tor vikt for en pa-
tient med kranskarlssjukdom att man kan skilja de delaérawdgkeln som
drabbats av infarkt ifrdn de delar som inte drabbats &.ibfet har namligen
visats att sdval narvaro av infarkt som infarktens utigeédiaiv stor betydelse for
patientens livskvalitet och livslangd. Darfor ar detraggeat att utveckla metoder
som kan anvéandas for att beskriva en hjartinfarkts uthgettti lokalisation.

En av de mest anvanda hjartundersokningar ar elektrgkar(i<G), med
vilken man undersoker hjartats elektriska aktivitet. jjldabdrabbats av en in-
farkt kommer hjartats elektriska aktivitet att forAnfrassa EKG-forandringar
kan kvanti eras med hjalp av ett podngséattningssystenakbassddvester QRS
scoringFor att battre kunna utnyttja EKG for att beskriva en itsfaitbredning
och lokalisation kravs en okad forstaelse for sambanidetinfarktrelaterade
EKG-férandringar och de delar av hjartmuskeln som drabhafarkt.

Kontrastforstarkt magnetisk resonanstomogra (MR) kaimdas for att i
detalj avbilda vilka delar av hjartmuskeln som drabbafar&t. i delarbete 1-1V
nedan anvandes darfor MR som referensmetod for att bestgmimearktens
utbredning och lokalisation.

| delarbete visades a&elvester QRS scorlan anvandas for att uppskatta
en infarkts storlek och dess tjocklek genom hjartmugjexiv@gss transmurali-
tet). Det visade sig ocksa att tillkomst av en sa kallad @ké&gt efter infarkt
inte behdver betyda att infarkten stracker sig genom helaltjockleken som
man tidigare antagit.

| delarbete llvisades att uppkomst av Q-vagor istallet beror mer pagnfarkt
utbredning pa vansterkammarmuskelns insida an pa dessiteditet.

| delarbete Ill undersdktes forandringar av infarktens utbredningexnst
kammarens funktion och infarktrelaterade EKG-foraradrimader ett ar efter
det att de studerade patienterna drabbats av hjartidfafétsta gangen. In-
farktstorleken matt med MR minskade over tiden i sammacakising som

Xi



EKG-forandringarna normaliserades. Vansterkammarbakadlinktion ater-
hamtade sig successivt under aret medan dess regiotiatadterthamtade sig
olika snabbt beroende pa hur mycket infarkt som fanns ietmrad

| delarbete IWisades det att sambandet medlaiwester QRS scorimgh in-
farktstorlek métt med MR var relativt svagt for patienterahaee, utlakt infarkt
i vansterkammarens framvagg.

Sammanfattningsvis har MR anvéants for att beskriva hudrénfajkts ut-
bredning paverkar hjartats elektriska aktivitet bAdkutideh aldre, utlakt in-
farkt.
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Chapter 1

Introduction

1.1 Ischemic heart disease

Ischemic heart disease (IHD) is the leading cause of tyaabidimortality in
the western worlt.Furthermore, it is the primary cause of heart f&il(iee
prevalence of IHD increases with increasingaagkin the year 2000 approx-
imately 6.9 million Americans aged 65 years and older tiraagezbsto suffer
from IHD. The same year, 450000 deaths were attributaliie thsease in this
population. From a health economic perspective, thisnéeddar more than
$50 billion in the year 2000. Since the elderly populatigmowing, we are fac-
ing an even bigger challenge handling patients with IHDeifuthre. To face
this challenge, it is important to gain insight into the ggtigsiologic basis of
IHD and increase our ability to correctly diagnose anditbat

Pathophysiology

Ischemic heart disease evolves from disease in the canteni@s; Ischemia
is de ned as an insuf cient oxygen supply of a tissue iforetatits oxygen
demand. Hence, when the coronary arteries cannot detiughesxygen to
supply the myocardial demands, myocardial ischemia ddweinsequences
of myocardial ischemia are dependent on several factbrswilthe discussed
below in conjunction with the so called ischemic cabcade.

Before discussing the consequences of myocardial istiseimportant to
understand the cause of it. The blood ow to the myocardiarbepartially
reduced due to coronary stenosis or completely absentdrantiry occlusion.
The major pathophysiologic basis of coronary stenosischrsian is the forma-
tion of an atherosclerotic plaque in the coronary vedselerahary occlusion
can also result from embolizationspasf’ of the coronary artery.
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The evolution of an atherosclerotic plaque is initiatec¢dwyrailation of
lipoproteins in the intima of the vessel wall. When theg@difgins are subject
to oxidative stress they can induce local cytokine rdlbasg/tokines increase
the expression of adhesion molecules enabling leucoeytasht and migrate
into the intima. As monocytes enter the intima their exmmesisscavenger re-
ceptors is increased, which results in an increased dpakkative modi ed
lipoproteins by the monocytes. This process promotes tioeytes to develop
into so called foam cells. Local cytokine release alsesmaatie muscle cells
from the media of the vessel wall to migrate into the intirpesse@&eting ex-
tracellular matrix, smooth muscle cells contribute tothefion of the brous
capsule surrounding the lipid-rich core of the evolviegsitierotic plaque. The
mechanical strength of this capsule is a major factor latiregythe propensity
for a plague to rupture. Thus, both impaired productionrzeréased catabolism
of extracellular matrix makes the plaque vulnerable twefpf As the plaque
ruptures, the tissue factor within the plaque is exposhkd tmagulation fac-
tors in the blood. Thus, plaque rupture promotes coronamybosis. In fact,
plague rupture accounts for approximately 75% of all éatedary thromboses.

The formation of a coronary thrombus and consequent @doctbsence
of coronary blood ow is the initiator of the ischemic cas@@dure 1.1). If
the resulting ischemia is severe enough and persistg Bmrdagh the ultimate
fate of the ischemic myocytes is irreversible injury éegil)d This irreversible
injury is represented by myocardial infarction (MI) aatistep of the ischemic
cascade. Before ischemia causes Ml several alterdimnsyotcardium can be
observed:

Diastolic dysfunction. Soon after the coronary artery has been occluded, dias-
tolic dysfunction can be observed in the myocardium siipplighe occluded
artery. The diastolic dysfunction is de ned as impairedamjial relaxation.
The relaxation is the rst to be affected by the ischem&isisdthe most en-
ergy demanding process of the cardiac cycle. Normallydbgtes relaxes by
pumping cytosolic Gainto the sarcoplasmatic reticulum or out of the cell. This
process requires adenosine triphosphate (ATP). As tha&rge@dery becomes
occluded, the oxygen supply to the myocardium distal tecthesion is in-
terrupted. The lack of oxygen results in a shift of the aarmtabolism to
anaerobic glycolysis within secdhdghe high-energy phosphate reserve, avail-
able predominantly as creatine phosphate, is almosttebmgdeausted after 30
seconds of ischemia. Thus, there is an imbalance betweprodddion and
consumptiort? The latter exceeds the former, which initially resultsiomty
tional myocyte relaxation.

Systolic dysfunction As the ischemia persists>’Geccumulates in the cytosol,




Quantitive Assessment of Myocardial Infarction: MRI and ECG

Ischemia

¢Perfusion due to coronary
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FIGURE 1.1 The ischemic cascade. The sequential events occur-
ring after onset of ischemia are illustrated.
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the cytosol becomes acidotic and exhibits a rise in pleosphe¢ntratiok’ 14
This eventually causes impairment of myocyte contyaatititsystolic dysfunc-
tion which is the next step in the ischemic cascade.

ECG changesThe earliest and most consistent electrocardiographétiat
due to acute ischemia is ST-segment deviation resultimigjiioy currents in-
duced in the border zone between ischemic and non-ischeraradium->-17
These ST-segment changes arise from reduction of therrestibrane poten-
tial, decrease of action potential duration and decraase @f rise and ampli-
tude of the initial, rapid depolarization phase of thergatiential®

Angina pectoris Eventually the accumulation of metabolites in the ischgmic
ocardium will cause development of chest pain, so calleal pegoris® The
chest pain is often experienced in conjunction with raglipin in the arms,
the neck, the jaw, the shoulders, or the back. The accudmkttbolites (in-
cluding adenosine) stimulate afferent cardiac nervissthaith afferent nerves
from the organs mention above, explaining the radiatiairof p

Myocardial infarction. If the ischemia is severe enough and persists long enough
without restoration of blood ow, the ultimate fate of theoayyes supplied by

the occluded artery is irreversible injury (cell deattfeAschemia persists even
further, the Ml will evolve from the endocardial borderrpesing toward the
epicardium in a wave-front man#etf there is no restoration of blood ow the

MI will ultimately involve the full thickness of the myoidnmtiuscle wall. This

is called transmural MI. Thus, the duration of ischemia é&§a determinant of

the extent of MI.

Ischemic preconditioning and collateral ow

In addition to the duration of ischemia, there are otharfaittat affect the con-
sequences of coronary occlusion. If the myocardium it snilajéew repetitive
short ischemic episodes, it has increased its protedtiost agbsequent pro-
longed ischemic episodes. This phenomenon, rst dedoyithdairy et al?!

is called ischemic preconditioning. Ischemic precoridgidnas been shown
to reduce the level of ST-segment devigidod decrease MI sZ&2* The
mechanisms for the preconditioning are complicated arfdllgatnderstood.
They involve a much lower utilization of ATP, delayed geweld of acido-
sis, and slower accumulation of lactate in preconditionguhced to the non-
preconditioned myocardium. This suggests that precoreditmyocardium has
a reduced energy demand, and consequently, a delayed chgaitytvhen the
blood ow is interrupted®2® The concept of ischemic preconditioning in hu-
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mans has been supported by clinical stéfcfés.

Another factor that determines the extent of Ml after coraelusion is
the degree of collaterals, de ned as vascular channigiethahnect coronary
arteries. If present, it is the collaterals that supplgdhemic myocardium in
the situation of total or sub-total occlusidhe collaterals are preexisting, im-
mature and nonfunctional vessels and their density vasehetpecié$.The
collaterals can develop into functional vessels by lestiennl such as in am-
mation, shear stress, exercise, and hypoXiae latter is probably the most
important in coronary artery disease. It has been showhehsgverity of a
coronary stenosis must exceed 70% in humans for collateta®lop. For
coronaries with >70% stenosis the amount of collateras oclvsely related to
the degree of steno¥isThis can explain why patients with severe angina pec-
toris often have well developed collaterals. Theseghtieatone or more tight
stenoses that cause episodes of myocardial ischemiagiadityiph stimulate
the collateral development to the ischemic myocardiurhe Hffected vessel
subsequently occludes, the myocardium distal to the@t@usipplied by col-
lateral ow from other coronary arteries. Indeed, it has diemvn that if the
collateral ow exceeds 28% of the normal maximal blood dteiroccluded
artery, no ischemia is seen after occluding the arteryldonkeigioplasf}
Thus, in acute MI, collateral ow can decrease MI size, wapell ventricular
(LV) function, and improve surviv4i3®

Diagnosing myocardial infarction

Myocardial infarction can be de ned from several persgectiated to clini-
cal, pathologic, electrocardiographic, imaging andebiicdl characteristis.
The classic clinical diagnosis of Ml, according to the Wedith Organization
(WHO), is de ned by a combination of two of the three followiagifestations:
1) typical symptoms such as chest pain, radiation paimesisaf breath, weak-
ness, nausea, or loss of consciousness 2) acute ECGrattadigesS T-segment
deviation, hyperacute T-wave elevation, or Q-wave degatd®nbiochemical
markers of infarcted myocardium present in plasma suehtagedtinase isoen-
zyme MB (CK-MB) and cardiac troponin T or | (¢TnT or cTnl).

Pathology. The de nition of Ml is, as discussed above, cell death due-to p
longed myocardial ischemia. The cell death can be iddntiggeci ¢ histolog-
ical patterns such as coagulation or contraction bandise&y pathology, the
MI can be localized and quanti ed as well as classi ed iagctardhe timing of
the MI (acute, healing, or healed) by description of thestriticture of the Ml
and the presence of polymorphonuclear leucocytes.
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ECG. The ECG can show signs of acute transmural ischemia sugti as si
cant ST-segment deviaft6ri® or tall T wave$® % but also signs of non-acute
MI such as alterations of the QRS confptékor T-wave abnormalitiéscan

be observed. During the MI healing process infarct-r&l@@dchanges may
resolvé®>* Electrocardiographic signs of ischemia and MI will besgletur-
ther in subsequent chapters.

Imaging. Different imaging techniques utilize different aspessiated with
MI. Impaired global and regional LV function due to ischemiafarction can
be assessed with imaging techniques such as echochydmafepsingle pho-
ton emission computed tomography (SPECT), gated positiesian tomogra-
phy (PET), gated computed tomography (CT), and cardiacetiamgsonance
imaging (MRI). Cardiac MRI is considered the referencet&ihassessment
of cardiac function. Echocardiography, gated SPECT, @hacdslR| are also
frequently used to assess myocardial function at stregsalomyocardial dys-
function due to stress-induced ischemia. These techcégualso be used to
assess myocardial perfusion at rest and at stress. Htatigeasgsessment of
myocardial perfusion, PET is considered the referencam@&thevaluate the
coronary arteries with regard to presence of stenosiksion¢cinvasive coro-
nary angiography by x-ray uoroscopy is the referencedndthoontrast to
invasive coronary angiography, CT and MR angiography esedi® noninva-
sively depict the coronary arteries. For noninvasiw rifaralization, delayed-
contrast enhanced MRI (DE-MRYI) is considered to be themetemethod.
Delayed-contrast enhanced CT has also shown promisltggwebuegard to
noninvasive infarct visualization. The different cardaging modalities will be
discussed further below.

Biochemical markersThe most common biochemical markers used to diagnose
acute myocyte death are CK-MB, ¢TnT, and c¢Tnl. The CK-MB dasalic
protein which leaks out of the myocyte as its cell membianeass The tro-
ponins also leak out of the cytosol as the myocytes dieitionaitbda cytosolic

pool, the troponins also exit bound to the tropomyosin eémphus, the tro-
ponins remain elevated for a longer time after acute Ml teenG@K-MB. By
serial sampling of the two markers the peak concentratidre chetermined,
which has been shown to correlate well with MP%ie.

Different outcomes after acute infarction

If the duration of ischemia is prolonged enough to causédié are several
factors determining the subsequent cardiac function dendtmaitcome. As
discussed above, in the absence of collateral ow, thenkthtreality increases
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progressively with increased duration of isci&nfiae MI transmurality has
been shown to be an important determinant for functionraleggc after acute
MI >3 or after revascularization in chronic ischemic heasetts#aaddition to
duration of ischemia, the localization of the occlusideasnaportant for the
resulting Ml size. The more proximal the site of occlustomtiie myocardium
is at risk. Furthermore, the different coronary artengdystifferent amounts
of myocardiunt® Usually, the left anterior descending artery (LAD) is time do
inating vessel with regard to the amount of myocardiunmiedipplit. Thus, a
proximal LAD occlusion usually results in a larger Ml thascelasion in the
proximal right coronary artery (RCA), given the same duiatischemia and
equal amounts of preconditioning and collateral ow. Tgerd¢he Ml the lower
the cardiac functio?f.

Complete recoverylf the infarct is aborted or is very small, either because of
short duration of ischemia or signi cant collateral owrehmay be complete
normalization of cardiac function after the acute corooahysion.

Myocardial stunning. The normalization of function can be preceded by a pe-
riod of transient decrease in cardiac function (hypaKimesised by myocardial
stunning. Stunned myocardium has been de ned by BraunvebKi@ner as
"prolonged, postischemic dysfunction of viable tissagedlby reperfusio.”
Thus, myocardial stunning may occur even without MI. Thiedimnd degree

of recovery of cardiac function in stunned myocardium departhe duration
and severity of ischemia and on the adequacy of the r@stoiratood ow>8

Myocardial hibernation.A reduction in myocardial function can also be caused
by a persistent decrease in blood ow due to a tight cor¢eraogis. The blood
supply to the myocardium distal to the stenosis is too Idkefaryocardium to
contract properly, but enough for the myocardium to renmaitev This phe-
nomenon is called myocardial hibernation and has bedbeatkssr"a state of
persistently impaired myocardial and LV function at resbdeduced coronary
blood ow that can be partially or completely restored tmalaf the myocar-

dial oxygen supply/demand relationship is favorabidalééther by improving
blood ow and/or by reducing demard.Thus hibernating myocardium has the
potential to recover function in contrast to infarcted emgiiom50-52

Myocardial remodeling In the situation where the Ml is large enough to cause
permanent, partial loss of cardiac function there is ameeahpensate for this
functional loss. The changed loading conditions stimmiateardial remodel-
ing, which can alter the topography of both infarcted abteuiayocardium.

An early alteration of the infarcted myocardium, esgehmbransmural Ml, is
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infarct expansion. Infarct expansion is de ned as "atattgidn and thinning
of the area of infarction not explained by additional njiataecrosis®® De-
pending on the amount of MI, the remodeling process spans/&ib adapted
compensatory hypertrophy (positive remodeling) to pnoaduwall thinning
and aneurysm formation (negative remodeling). As theehgigases, the risk
of ventricular dilatation and heart failure incre§ses.

Heart failure. Heart failure is de ned as "the pathophysiologic stateighwh
the heart is unable to pump blood at a rate commensuratbevitguirements

of the metabolizing tissue or can do so only from an elellimtggressure

The development of heart failure after acute Ml is a poargstgsigi?®°’ In

fact, heart failure has been shown to have a 1-year moftadi$y and a 5-year
mortality of >70%68 which is worse than for most forms of cancer. Risk factors
for developing heart failure at admission and early afterMicincludes high
ageh> 66,69 female sef, %6 69 70diabete§> %6.6° "L hypertensiofd 66:6% "1 and

other comorbidities including preexisting coronaryyatigeas?; %° stroke5> 6°

and renal dysfunctidi§.

Malignant arrhythmias. Another possible outcome after acute coronary occlu-
sion is development of ventricular tachycardia (VT) oricgat brillation

(VF). Ventricular brillation can occur before the devalam of Ml and is a
common cause of sudden death in conjunction with acuteacpamtiusior
Approximately 60% of the VF episodes occur within 4 houl@&advithin 12
hours of the onset of symptoffis.

Ventricular tachycardia and VF may also occur as the Mihtiststd and
healed. The risk of developing VT and VF increases withsimgé/| sizé> 6
Re-entry circuits may develop within the infarcted myiaoarghich then can
function as a substrate for inducing of ventricular amiggh

Dyssynchrony. When a large portion of the LV is infarcted, often caused by
a LAD occlusion, there is a risk for development of a LV anelfryThe
aneurysm is characterized by akinetic or dyskinetic wialh.mbhis results in

a non-uniform pattern of ventricular contraction and aiax, which is called
mechanical dyssynchrony. The mechanical dyssynchnargsréte ef ciency

of ventricular lling and ejection and contributes bothitstblic and systolic
dysfunction’®7® Non-transmural Ml can also cause dyssynchrony by electro-
physiological alterations. The viable epicardial rinmn ciapéo the MI is no
longer activated from the underlying endocardium. Thdadation has to
propagate around the Ml to reach the spared epicardialrdiyocaSince the
depolarization is delayed, the contraction of the myoaidithis region is
also delayed compared to the contraction of remote, roctéaf myocardium.
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Thus, dyssynchrony can originate from non-uniform dégatlan of the my-
ocardium after Ml.

Therapy

The main goal of the therapy in acute coronary occlusioreistdoe the blood
ow to the ischemic myocardium in order to minimize the ¢xteMI. The
restoration of blood ow can be achieved either by phaogaadlor mechanical
intervention.

The aim of the pharmacologic intervention in the acute [phasepro-
mote the brinolytic system to dissolve the occluding tbusnithrombolysis)
and to prevent further thrombotization (anticoagulatiohpdatelet inhibition).
Thrombolysis has several drawbacks: First, it is notgtsdibectly assess if the
epicardial blood ow is restored. Second, blood ow is\athigy this therapy
only in about three fourths of the infarct-related arf&iésrthermore, epicar-
dial blood ow is completely restored in the infarct-rélateery (Thrombolysis
In Myocardial Infarction [TIMI] grade &) only in about half of the patients
receiving thromboly<iS.

Mechanical restoration of blood ow to the ischemic myrardan be
achieved either by percutaneous coronary interventiQmo(RGronary artery
bypass grafting (CABG). By PCI, practically all infalatiece arteries can be
opened, with resulting TIMI 3 ow in approximately 90% of pagients?
Furthermore, the use of stents, anticouagulants aneétpiatdbitors in con-
junction with the PCI can increase the proportion of pensigtopened arteries
and decrease the risk of complications to the acifeus, PCI is superior
to thrombolysis with regard to restoring the arterial btm@dn the setting of
acute MI. In a meta-analysis of 23 prospective, randortiided trials, Kee-
ley et aP* showed that PCI resulted in lower mortality, fewer reficiascand
strokes both in the short- and long-term perspective cmiripathrombolysis.
The use of CABG in the situation of ongoing acute Ml is limdteke patients
with angiographic evidence of complicated coronaryedisetsuitable for PCI.

To prevent negative remodeling in the post Ml period, tduega are avail-
able: angiotensin converting enzyme inhifitoasigiotensin receptor block-
ers® and R-blocker.

Acetylsalicylic a&®i®%nd platelet aggregation inhibit8r& are used to pre-
vent the affected vessel from re-occluding with consenqpeaved patient prog-
nosis. Glycoprotein receptor llb/llla inhibitors can leel tis reduce thrombotic
complications associated with BEI.

The need for mechanical therapy in the post Ml period depetkis com-
plications. If the MI results in aneurysmal deformatioheotY, aneurysmec-
tomy can improve LV function by decreasing the mecharssghdiiron$?
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Electrophysiological dyssynchrony can be treated byliapjzacing of the
viable rim of myocardium super cial to the MI. By transveapplication of an
epicardial pacing catheter, the depolarization of tHe viiabcan be optimized
by synchronization with the depolarization of the reseahgiocardium.

To prevent sudden death in patients with documented pealdngand/or
VF in the post-infarction period, implantation of an imtzlate cardioverter de-
brillator (ICD) can be performetf9¢

1.2 Cardiac imaging

There are several imaging modalities capable of depietmeptt in vivo. Dif-
ferent modalities utilize different properties of phiysarsler to depict different
characteristics of the cardiac anatomy and physiologyittegtiagnostic infor-
mation regarding the heart. There are different advaatadsawbacks with
different images modalities that need to be consideredchdmsing imaging
modality. The following section on cardiac imaging givesfawerview of the
most widely used cardiac imaging techniques, with speticdn cardiac mag-
netic resonance imaging (MRI).

X-ray

Plain X-ray. X-rays have been used in medical imaging for over a cemtuByno
transmitting X-rays through a part of the body and detetitemg on the other
side, contrast between different tissues is obtainetebitissues have different
density and will absorb or scatter (attenuate) the X-fleysmily. High-density
tissue such as bone will attenuate more than low-dessigysisch as the lungs.
Thus, the contours of the heart can be traced from a plajnimage. Plain
X-ray, however, provides little information about caagiatomy and function.

X-ray uoroscopy. X-ray uoroscopy is the use of X-rays to image the body in
real time. This technique can be used to evaluate venftiogtzon (ventricu-
lographyf/ but the most common application for x-ray uoroscopy iniaard
imaging today is coronary angiography. With this techthiqusronary arteries
can be visualized after injection of an iodine-basedjaitencontrast agent.
This way coronary stenoses and occlusions can be deiacgitiduettes of the
coronary lumen. X-ray uoroscopy has an excellent spatéition of about
0.25 0.25mm and a high temporal resolution of about 6 ms. The athjan-
tage with coronary angiography is that it enables intervanthe same session
if needed. This is, however, an invasive imaging techaspegated with 0.1%
mortality?®
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Computed tomography. Another technique where X-rays are used to acquire
image contrast is computed tomography (CT). By slidingatenpthrough
a bore surrounded by a rotating X-ray transmitter and dodetealtiple to-
mographic images can be acquired. With a 64-channel GEisaazomplete
ECG-gated cardiac exam can be performed in a few minutdmgran image
resolution of 0.60.6 0.6 mm?® The excellent spatial resolution in combina-
tion with administration of an attenuating intravenougrashagent makes this
a promising technique for non-invasive coronary im&gtfgy.Since calcium
attenuates X-rays, cardiac CT can be used to detect taitirtdghe coronary
arteries. The burden of calci ed plagues can be quanti ed bglled calcium
scoring. Calcium scoring has been shown to have progahstinvpatients
at risk for coronary artery dise¥3eBy ECG-gating global LV function can be
assessét?1%* However, the temporal resolution is still somewhat low-(170
200 ms). Recent studies have shown that contrast enhancery ©€ used to
identify areas of MI?®

Since X-rays are a form of ionizing electromagneticoadidtth the poten-
tial to damage human DNA, imaging modalities utilizing #ution are asso-
ciated with risk of initiating malignant proce$%e3hus, X-ray modalities are
not well suited for serial follow-up studies especialily yotinger populations.

Echocardiography

In echocardiography, images of the heart are generatatshyidsion, re ection
and detection of ultrasound emitted and detected by aucangdaced on the
chest wall. Echoes are generated when sound travel bhissmesnaitith differ-
ent acoustic impedances. The acoustic impedance is thet pfdabe velocity

of sound in the tissue and the density of the tissue. Thusytwardium and
other cardiac structures such as valve lea ets can hizeddyathis technigue.
Echocardiography can be performed in both in one, two, ee®l gpatial di-
mensions. The three dimensional technique has showrbditgdbaaccurately
determine LV volumes and functith Echocardiographic images have a spatial
resolution of about 12 2 mm and temporal resolution of approximately 20 ms,
depending on the technique used.

In addition to depicting the cardiac anatomy, echocaagiogican be used
to measure velocities. This can be achieved by utilizatienoppler princi-
ple, stating that the frequency of re ected sound wavegeshaecording to the
velocity and direction of the moving object that they aezted against. The
Doppler technique is frequently used to visualize bloadgdiwrough the heart,
enabling detection of cardiac malformations, e.g. ofvalyecardial walls, or
great vessels.

The assessment of velocities of different parts of thediymoean be used
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to assess regional myocardial funétfo@lobal and regional LV function can be
assessed both at rest and during stress.

Echocardiography is a technique free of ionizing radiatids widely avail-
able. Portable echocardiography machines can easilyalgedriarthe emer-
gency room, which makes this technique feasible for diagingsaired func-
tion in the setting of acute MI. A major drawback with thisrtigeie, however, is
that diagnostic images can be dif cult to acquire in up tod5be patients due
to body habitus that limits the acoustic window. Furthexntioe image quality
and diagnostic accuracy is operator dependent.

Single photon emission computed tomography

Myocardial perfusion can be visualized by the use of diogbe gmission
computed tomography (SPECT). This is a nuclear mediciggngnaodal-
ity which uses an intravenously administered radioaetbez to depict my-
ocardial perfusion. The biological properties of theawtdie tracer determine
which physiological processes will be visualized. Taertbse common trac-
ers aré®thallium thallous chloridé®Tl), **™echnetium 2-methoxy-isobutyl-
isonitrile £ Tc-sestamibi) and technetium 1,2-bis[bis(2-ethoxyptiodphino]
ethane P"Tc-tetrofosmin). Thé°™Tc tracers are readily extracted from the
blood within minutes and remain in myocytes containindevimibochondria.
Thus, myocardial perfusion SPECT can by performed up ® hbres after
injection of the tracer. TH'TI tracer is also readily extracted by viable my-
ocytes. However, this tracer stays in the blood streamnarediistribute into
the myocardium. This property can be utilized for viabggssmelf

After injecting the radioactive tracer the patient isthla@egamma camera.
The gamma camera contains detectors for emitted photomagadiation)
from decaying radioactive tracers in the perfused, viaidanium::° Regions
with reduced or absent perfusion can be identi ed botht @ sluring stress.
The SPECT images have an approximate spatial resolutibnl®f 1.0 mm
and a temporal resolution of approximately 70 ms. Simda@y, this image
acquisition can be ECG gated, enabling assessment oftlonftiict!3

Positron emission tomography

Positron emission tomography is, like SPECT, a nucleaimaeddiaging tech-
nigue involving detection of a radioactive tracer adergdsinto the blood
stream. The detectors surround the patient and detechplemhitted from col-
lisions between positrons and electrons. The positrortésiean the radioactive
tracer decays. When the positron hits an electron a saoalhddtion process
occurs in which two photons are emitted in opposite dimectiBy detecting
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these photons at the same time in opposite detectors indt®ideng (coin-
cident detection) it is possible to derive the locatioreddttiitting source along
a straight line between the detectors. Images can beruetendty deriving
information about coincident detection along multipkeslinetween detectors.

The radioactive tracers used in PETC (13N, 0, 8F, and®Rb) can
be incorporated into a biologically active compound,hieeglticose analogue
18F. uorodeoxyglucosé®EDG). *BFDG can then be used to assess myocardial
metabolism. Myocardial blood ow can be quanti ed in mlig/using i.e*3N-
ammonia.

As earlier mentioned, PET is considered the referencel fioettpeantifying
myocardial perfusidi? However, it can also be used to assess myocardial func-
tion by ECG-gated image acquisittéh1® In addition, PET with'®FDG can
be used to assess myocardial vidbility.

The image acquisition is undertaken during free breathiob i a limi-
tation. The effective spatial resolution achieved withisEpically 55 5
mm. The temporal resolution is in the same order of magmituide SPECT,
approximately 70 ms.

Cardiac magnetic resonance imaging

Magnetic resonance imaging (MRI) is an imaging modalég basquantum
mechanics. It can be used to obtain images of the human baxly given
imaging plane. Images can be acquired in different waiisgedapiction of
different physiological and pathophysiological prec@sseimaging technique
is free of ionizing radiation which makes it suitable feateg examinations
when necessary.

Background

The MRI technique has generated four Nobel Prizes.

In 1952, Felix Bloch and Edward Purcell, were awarded tleeirpphysics
for independently discovering the phenomenon of magesitance in 1946.

In 1991, Richard Ernst was awarded the prize in chemistrig foork on
pulsed Fourier Transform in nuclear magnetic resonande)(aid MRI. The
Fourier transform is necessary for decoding the acquirgidh4lis into diagnos-
tic images.

In 2002, Kurt Withrich was awarded the prize in chemistriigodevel-
opment of NMR spectroscopy for determining three dimexisstnuctures of
biological macromolecules in solution.

Finally, in 2003, Paul C. Lauterbur and Sir Peter Mans eltedhithe prize
in medicine or physiology for their discoveries concehginge of gradients in
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MRI which have made the method feasible for clinical imaging

In 2003, approximately 10,000 MRI units were in use world asdl ap-
proximately 75 million MRI scans were performed. The MRhigge is still
young and continues to grow, particularly in the eld ofi@aithaging.

Basic principles

The basic quantum physics behind MRI relies on particke §gim is a funda-
mental property of nature and applies to protons, eleamdnseutrons. Spins
can be positive or negative depending on the state of 8ierglrection of a
spin can be manipulated by the supply of energy. Nucleimg#ired protons
such as$H, 3P and'°F are of interest for MRI since spins can pair up and cancel
out when protons come in pairs.

To understand how particles with spin behave in a magnetit i€ easi-
est to considéiH as an example. In faétl consists of a single proton and is
the nuclei used to acquire the signal in almost all clinkblTWe proton spins
(precess) around its own axis and can be thought of as destnathlecurrent
that gives rise to a small magnetic moment vector. Thusotbe pehaves like
a tiny magnet with a north and a south pole. When this tiny enégplaced in
an external magnetic eld, the spin vector of the protamsakigh the external
magnetic eld. If the external magnetic eld is de ned akdspinning proton
can absorb a photon of frequencfthe Larmor frequency). The Larmor fre-
quency depends on the gyromagnetic ratiof *H.

= B

The gyromagnetic ratiofor *H is 42.58 MHz / Tesla (T). The ability to absorb
energy only from photons with a speci ¢ frequency of resoisthe source of
the wordresonancie magnetic resonance imaging.

When the proton is placed in the external magnetic eld &ifis/ector can
align with or against B. The alignment with B has a somewlsatdoergy state
than alignment against B. Thus, the probability for a psgonvector to align
with B is somewhat higher than for alignment against B.

These are the basic principles governing the use of pooaoasire images
of the human body.

The magnet

The magnet consists of 1) a main magnet, responsible f@ithmagnetic eld
2) radio frequency coils, used to transmit and receiveegqdency pulses, and
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3) a gradient system, used to spatially locate the MR signal.

The main magnet. The main magnet consists of a metal wire, most often
wrapped around a circular gantry. The metal wire is cooléguioyHelium
resulting in supraconduction. Thus, the resistance xapptely zero and the
electrical current that is supplied to the magnet as itéxistamains in the mag-
net. The electrical current through the metal wire geseratieong magnetic
eld. The typical eld strength used for cardiac imagingig.1By comparison,
the earth's magnetic eld strength is 0.00005 T. As thenpatiglaced in supine
position in the magnet, the main magnetic eld forcesHheotons within the
body to align according to B. As discussed above there avdllipletly greater
number of spin vectors aligning with B compared to spinryatigming against
B. Thus, there is a net magnetization vector (M) in the yosiitiection of B.
The small M generated by the protons cannot be detected vghiartlie same
direction as B. Thus, there is a need for manipulation of Matye its direction
and make it detectable. Here is where the radio frequda@poué into play.

Radio frequency coils.There are two different types of radio frequency (RF)
coils: a transmitting coil and a receiving coil. The RB#tr#éter coil transmit
energy in RF pulses with a desired frequency into the pétlEntthe scanner,
whereas the RF-receiver coil detects the signal thatesl éradk from the pa-
tients. As recalled from above, when the frequency ofribmittad RF pulse
reassembles the Larmor frequency, this energy can bedabgdhe spinning
protons within the body. This energy absorption causes hange direction,
deviating from B at a given angle. As the protons continuedesp they give
rise to a varying magnetic eld with a component perpeadicuB. This vary-
ing magnetic eld generates signal currents (echoesyaiioh detected by the
RF-receiver coil. This echo is proportional to the numbk pfotons that
were excited by the RF-pulse. The amoutiigfrotons and the ability for the
H protons to interact with their surroundings are diffel@ndifferent tissues.
These properties give rise to the contrast between diffeseas in MRI. In
summary, it is possible to make M deviate from B and to dgtedtfsom the
excited tissue by the use of RF coils. The next step is ® exdtaltion only of
the tissue of interest and not the entire patient, and t@oathe spatial origin
of the signal. To accomplish this, a way to spatially erfneodegin of the signal
detected by the RF-receiver coil is needed. This is thieriupfcthe gradient
system.

The gradient systemThe gradient system consists of gradient coils with poten-
tial to affect the main magnetic eld. By doing so, the gradals introduce
a linear magnetic eld gradient which is a variation of tlygnetia eld with
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regard to position. As discussed above, the Larmor figquisndirectly pro-
portional to the magnetic eld strength. Thus, by applylimgar magnetic eld
gradient it is possible to excite only the speci c slides lobtly in which the is

in resonance with the RF-pulse. The linear magnetic elggtaan be applied
in any given direction. Hence, the image plane can be paditod angled ar-
bitrarily in all three spatial dimensions. Once the desiigkislice is excited,
the signal from the different tissues within the slice rewdistriminated. This
is also accomplished by the gradient system. Encodingpbfrsihpe x and y
direction within the slice is accomplished by applyingleegtén the y direc-
tion prior to signal detection and by applying a gradiehein tirection during
signal sampling. The y direction gradient causes a pftashishiremains dur-
ing the sampling of the signal. This is called phase enobtliregsignal. The
gradient in the x direction causes a shift in spin frequiengythe x direction.
This is called frequency encoding of the signal. In suntpaplying a linear
magnetic eld gradient, a speci ¢ image slice can be choaéich signal from
different tissues can be localized by phase and frequmtiggenin order for
the encoded signal to be transformed into interpretaldberaced images it has
to be further manipulated. Thus, it is necessary to entestiae.

K-space.The raw signal detected by the RF receiver coil is acquihedsio
called spatial frequency domain, or k-space. Signallig sempled in lines of
raw data (lines in k-space). The number of lines and thiepadithe lines in
k-space determine the spatial or, if dynamic imaging isyenphlso the tem-
poral resolution of the nal image(s). The information toaid be retrieved
by studying the raw data in k-space without any post pngcésshinimal. In
k-space, the signal is still encoded according to phaseqareti€y and not ac-
cording anatomical landmarks. Once the k-space contaigh eém@rmation,
enough lines, to derive the desired anatomical informatinathematical op-
eration called Fourier transformation is applied. Thedfdatansform uses the
encoded signal to derive excellent anatomical imageseNeuited for diag-
nostic purposes. The spatial resolution is typicallyl 122 8 mm and temporal
resolution for dynamic images approximately 30 ms.

T1 and T2 relaxation

As mentioned earlier, the signal that is detected by thecBikFer coil is de-
pendent on the number &H protons and the tissue surrounding them. This
difference in signal is used to achieve contrast betvieemtifssues in the im-
age. There are two variables used to describe the magpetitgs of a given
tissue: T1 and T2 relaxation.

When the protons in a given image plane have been exciteRbyalse,
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the net magnetization vector (M) starts to realign to themegnetic eld (B).
This is called relaxation. The time it takes for M to realignBnis dependent
on the angle by which the M was ipped from B (the ip angle)aritie ability
for the excited protons to emit energy to its surrounding.rdte with which
M regains its component in the direction of B is called THatéda. The rate
with which the component perpendicular to B is lost is CElleelaxation. T1
is de ned as the time when M has regained 63% of its origingboent in
the direction of B. T2 is de ned as the time when 37% of the Mpooent
perpendicular to B remains. T1 in human tissue typicailys vetween 300 and
1500 ms, whereas T2 varies between 50 and 500 ms. Knowtrddbeahl
and T2 relaxation properties for different tissues hdse@tiadesign of speci ¢
pulse sequences in which the timing and duration of RF jgudgesnized for
visualization of a speci ¢ tissue or a speci ¢ pathopbyisiall process.

Cardiac function

In addition to static anatomical imaging of different eéisharacteristics, it is
possible to perform dynamic MR imaging, so called cinengmddjiere are sev-
eral challenges in performing dynamic cardiac imagistgttérheart is moving
inside the chest during the respiratory cycle. Seconddtiehhs an intrinsic
movement during the cardiac cycle.

The respiratory motion can be compensated by imaging Hreath hold-
ing. Most cardiac sequences on today's MR scanners cauniteel agthin a
single breath hold. For three dimensional coverage ofathedpeated breath
holds may be required, although development of new, faatgr acquisition
techniques might solve this problem in the futtirestill, some patients have
dif culties in holding their breath long enough for adegjimage acquisition.

To compensate for the intrinsic cardiac movement duringatt@ac cycle,
imaging can be triggered by ECG. The most common triggesteny is retro-
spective ECG gating. With retrospective gating, MR sayeadampled during
the entire duration of the image acquisition (typicallpsdepiction the cardiac
cycle with a temporal resolution of 30-40 ms in one image) pfanonjunc-
tion with a simultaneous registration of the ECG. Afternttagé acquisition,
the sampled signal is matched to the time point in the caydladn relation to
the R wave. This way a full coverage of the cardiac cycleotaaited. ECG
triggering can sometimes be problematic due to distusledribe ECG caused
by the magnetic eld. Also, if the patient has arrhythmah, as atrial brilla-
tion, the ECG gating can be dif cult. To overcome these @bl self-gating
approaches have been propb¥et®

Cardiac function is usually determined from short-axgesnaf the heart.
The short-axis image plane is determined in a standaadizh?’ to ensure
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accurate functional assessments in follow-up exangn&tigrently, in clinical
routine as well as for research purposes, a so callediatedobesprecession
(SSFP) sequence is usually used for functional assesSEmeeB®FP sequence
provides images with great contrast between the cardpddd and the my-
ocardium without the use of any contrast agents. This stoisti@chieved by
utilizing the ratio between T2 and T1.

Regional function can be assessed by the use of a so datbejigg se-
guence. With grid tagging, the signal in the tissue alotyeatern is cancelled
in end-diastole. The grids are then deformed as the musekednong systole.
Thus, the grid-pattern will be less deformed or not defaatradtlin regions of
dysfunctional myocardium.

Myocardial perfusion can be assessed by so called mrhagen assess-
ment. The in- ow of the contrast agent can be depicted byriaggmages at
the same time as a gadolinium (Gd)-based contrast ageng isjeeted in-
travenously. The in- ow of contrast agent is seen as hypecement of the
perfused myocardium, typically acquired in 3-5 shortliaes Simultaneously.
Regions with decreased or absence of perfusion appeandryped:

Flow can also be assessed by cardiac MRI with high accdna@casion.
Flow quanti cation by MRI is based on velocity encoding.sBygwelocity sen-
sitive pulse sequences, it is possible to acquire imapehithesgray scale in
each volume element (voxel) is directly proportional teetheity of the voxel.
The velocity encoding can be performed both in-plane angjtiiplane. When
applying through-plane velocity encoding in imagingpf@ereendicular to the
great vessels, the blood ow through them can be deternitineeny high accu-
racy'?? Velocity encoding can also be applied to assessment oflialyocscle
velocity?® This technique enables detailed assessment of regiareidialyo
strain.

Infarct assessment

During the last few years, MRI has evolved as the refer¢hod foein-vivo
visualization of MI. As discussed previously, both peesed@xtent of Ml in
patients with IHD are important with regard to choice ofapgrand patient
prognosis. For patients with IHD, the presence of Ml is arogd@stic sigh?*
Thus, there is a growing interest and progressive inoreksieal referrals for
MRI viability assessments.

The two most important aspects of Ml visualization with M&Lathe use
of a paramagnetic contrast agent and 2) an appropriategouieace to visualize
the effects of the contrast agent.

Paramagnetic contrast agent¥he paramagnetic contrast agents used in car-
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diac MRI are Gd-based. Gadolinium has paramagnetic Erspeat affect its
surroundings by shortening of the T1 relaxdfi®hus, it is not the gadolin-
ium itself that is visible in the MR image, bur rather itsnpagaetic effect on
its surroundings. Gadolinium ions in their free form aiie t;d need to be
chelated to a ligand in order to reduce toXigituch ligands include 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid j2@d diethylenetriamine-
pentaacetic acid (DTPA), which are explicit extracelgdats. After intravenous
injection of the Gd-based contrast agent, it distributethia extracellular space
of perfused tissue and reaches a steady state after apgiyoRmin2’

Delayed contrast-enhanced MRThe T1 relaxation will be shorter in tissue
containing more Gd compared to tissue with less Gd. In ardeilize the
fact that different tissues have different T1-relaxaties, ran inversion recover
(IR) sequence can be applied. In short, this sequencis af@sisnversion pulse
(ipping M 180 ) followed by an inversion time (TI). The Tl is the delay twe
excitation by the RF transmitter coil and the sampling sighal by the RF re-
ceiver coil. The Tl can be adjusted to null the signal frasaugetivith a given T1.
For example, as the Gd-based contrast agent has distiimitedched steady
state, Tl can be adjusted to null the signal from viable rditoug(Figure 1.2).
This way, myocardium that contains more Gd than viable rdiwowawill hy-
perenhance and the viable myocardium will appear blaskis T source for
the term delayed-contrast enhanced MRI (DE-MRI) usedializis MI.

Distribution volume. As the Gd-based contrast agent is injected it will digtribut
freely into the extracellular space. Thus, the amounttodigtomgent is directly
proportional to the relative amount of extracellular Sjp@odistribution volume

of the contrast aget®®13! This is the fundamental pathophysiological basis for
visualization of Ml by MRI. In the situation of acute M, tle#l membrane

of myocytes in the infarcted area has ruptured. When thegtes/bave lost
their cellular integrity the former intracellular spaeebreromes one with the
extracellular space. Thus, the loss of cellular intagritsnbination with edema
and hemorrhage contributes to an increased distributiomevon the area of
MI. This area will appear hyperenhanced when examined MRDEAs the

MI heals, the necrotic tissue is replaced by scart&3ine scar tissue also has
a larger distribution volume than the viable myocardiumcej@n increase in
distribution volume can also explain why myocardial sniae is hyperenhanced
when examined by DE-MRI.

It is still controversial whether or not non-infarcted @mgtdiem in the peri-
infarction zone can appear hyperenhanced early afteviacbtene have sug-
gested that only irreversibly injured myocardium hypereas even early after
MI. 134 Others maintain that reversibly injured myocardium in thimfagction
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Infarcted myocardium

Blood pool

Viable myocardium

Too short ~ Optimal Too long

FIGURE 1.2 T1-relaxation curves for infarcted and viable my-
ocardium as well as for the blood pool after administration o
a gadolinium-based contrast agent, adapted from Hedstrom
al*®3 There is a larger distribution volume for the contrast agent
in the infarcted myocardium as compared with the viable my-
ocardium and the blood pool. Thus, the infarcted myocardium
has a shorter T1 and a faster recovery of the longitudinal mag
netization M (the component of M in the direction of the main
magnetic eld, B). By choosing the optimal TI, the signai fro
the viable myocardium is nulled and this part of the myaoardi
appears black. If the Tl is too short or too long, the relative
contrast between viable and infarction myocardium issceduc
lost. The signal intensity ranges from O fig where 0 equals
black and+ or 1 equals white.

zone can appear hyperenhanced early after MI, contrittuéirglight overesti-
mation of the acute MI siz&>13%This issue is further discussed in the appended
Paper Il1.

1.3 Electrocardiography in ischemic heart disease

The 12-lead ECG is probably still the most frequently uagdalitic method
in patients with suspected IHD. All patients presentinigea¢iinergency room
with chest pain have an ECG recorded to exclude or con rrmgrggocardial

ischemia. There are several reasons for the frequent @& a¥ & diagnostic
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method. First, it is an inexpensive examination which gaertoemed within
a few minutes. Second, the technique is widely availabl&) &w developing
parts of the world. Finally, the medical society has a Ipegemce with the
method since it has been around for more than 100 years.

The following section highlights some of the importanstaites in the de-
velopment of the ECG technique and our current understpofithe cardiac
electrical properties.

The history of ECG: Important milestones

The development of electrocardiography has been driladoylmological dis-
coveries and pioneering engineering in the eld of elexthamics. One of the
earliest observations of cardiac electricity was madéitylPeter Christian
Abildgaaréf® who showed that the pulse could be restored in lifelesyegns b
plying electrical shocks across the chest: "With a shbekhead, the animal
was rendered lifeless, and arose with a second shock &sthbahever, af-
ter the experiment was repeated rather often, the hen wastelynstunned,
walked with some dif culty, and did not eat for a day and nigln later it was
very well and even laid an egg."

In 1791, the Italian anatomist Luigi Galvani was the rsesxdbe the elec-
trical activity in living tissue by experiments on frdg&alvani's name is the
origin of the "galvanometer" which is an instrument by wdiégttricity can be
measured and recorded. The current ECG recorders areviaerjasensitive
galvanometers.

In 1878, the British physiologist John Burdon Sandersotheasst to
record cardiac electrical currents with a capillaryetettrt? He showed that
the cardiac electrical impulse consisted of two phasesaflad QRS and T).

In 1889, the British physiologist Augustus D. Waller phadishe rst hu-
man ECG*3

In 1895, the Dutch physiologist Willem Einthoven, inspirgdValler, dis-
tinguished ve de ections in the ECG which he named P,Q,R¢ST.4* The
choice of P is a mathematical convention by using lettarth&second half of
the alphabet. N has other meanings in mathematics and @ ferube origin
of the Cartesian coordinates. P is simply the next leittexed by QRS and T.

In 1902, Einthoven recorded the rst ECG with a string galveter, which
was a development of the galvanometer, capable of detstiwgak electrical
currents. In 1906, Einthoven published the rst structtepdrt on normal and
abnormal ECG ndings, including among others ventricatha#ial hypertro-
phy, notching of the QRS complex, ventricular premature, la¢rédl utter, and
AV block!4®

In 1920, the American Harold Pardee published the rst EC&patient
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suffering from acute myocardial ischemia: "T waves aredtathrt from a point
well up on the descent of the R wav&.".

In 1924, Willem Einthoven received the Nobel Prize in nmedigi physiol-
ogy for inventing the electrocardiograph. In 1934, Fratdowand coworkers
describes "Wilson Central Terminal" for the rst tifeBy connecting the limb
leads I, II, and Ill, they de ned an indifferent electrode Wilson Central Ter-
minal) which acts as the negative pole for "unipolar ldetstan be placed
anywhere on the body surface. The "unipolar lead" washgveretx "V" for
the voltage measured at the site of the electrode. Thigrigithéor the names of
the precordial leads V1-V6 used today in recording of tiuasdal 2-lead ECG.
The term "unipolar lead" is actually misleading since téetjzd difference must
be measured between two points.

In 1938, a standardization of the precordial leads wastedgg®d the leads
V1-V6 were described as we know them t8afhe standardization of place-
ment of the precordial leads was a committee decision, ittatieevspeci c
intent of standardizing research.

In 1942, Emanuel Goldberger introduced the augmented diaas VR,
aVvL, and avVE?® The augmented leads have 50% higher amplitude than the
original Wilson leads VR, VL, and VF, which had the Wilsorr@leferminal
as negative pole.

In 1949, Jeff Holter published the rst results from expegieith a portable
ECG recording device capable of monitoring and tranggmB@G signals°
The rst Holter Monitor weighed 75 pounds and was carriedhaskgpack.

In 1958, Professor Ake Senning implanted the rst cardizempéer de-
signed by Rune Elmqgvist. The recipient was a 43-year eldt gafifering from
atrioventricular block and syncope.

In 1970, Dirk Durrer and co-workers published a descripfitire complete
cardiac electrical activation sequence in huttlafsobtain the time course and
instantaneous distribution of the activation of the hureanthisolated hearts
from seven patients who died from various cerebral cosditid had no his-
tory of cardiac disease were examined. The electridgl\wasvwecorded at the
epicardial surface and throughout the transmurality afidkele wall by use of
multipoint intramural plunge electrode mapping. In taietivation information
was collected from 870 electrode terminals in each heart.

There has been a lot of technical advances that have lestle&CG
recorders used today, which will not be covered by thimsecti

ECG and ischemia

As mentioned above, in conjunction with the ischemic easigds of acute
ischemia can be seen in the ECG due to alterations of thieadlpobperties
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in ischemic myocardium. The ischemia causes repolargatimrmalities in
the ischemic myocardium which alters the ST segment. Theg®érg in a
lead overlaying the ischemic myocardium can be eithéectlevaepressed.
There are different pathophysiological explanationsd@T-elevation and ST-
depression. Let us take a closer look at the repolaribatiomalities associated
with myocardial ischemia.

Diastolic and systolic injury currents

Under normal conditions the ST segment is an approxingdelgdtrical base-
line. As previously mentioned ischemia can reduce thg nasthbrane poten-
tial, shorten the duration of the action potential, andceedlie amplitude of
the action potential plateau phase. These alteratioesebéthrical properties in
ischemic myocardium result in a voltage gradient betweeal @md ischemic
myocardium. The voltage gradient induces an injury cusesT as deviation
of the ST segment on the body surface ECG. It has been shotlvaghanjury
currents arise in the border zones between normal andéstlyerardiunt®

There are two types of injury currents, a diastolic injurgrduand a sys-
tolic injury current. The diastolic injury current causseagative displacement
(depression) of the diastolic baseline due to a reduasg mesihbrane poten-
tial. This can partly be explained by leakage of intracédfuih the ischemic
myocyte$®? As a result, a lead overlaying the ischemic myocardiuratad d
a negative de ection during electrical diastole. ThusT4sed@nent elevation
is detected by this lead. Still, the classical sign of schaeia is ST-segment
elevation in an overlying lead. The ST-segment elevdtierelsy a result of the
ECG recorder's inability to compensate for baseline stefise, when the di-
astolic baseline drops the ECG recorder shifts the basgtiraiginal position
and the resultis an elevation of the electrical systoliergethe ST segment.

There is, however, evidence suggesting that ST-segnaignetan also
originate from a true elevation of the ST segment causesidbg @yjury cur-
rents. The shortening and decrease in amplitude of thepatéatial causes the
injury currentto ow during the electrical systole andec&lissegment elevation
and sometimes hyperacute tall T wées.

If the ischemia is transmural the overall ST vector ieditegtard an overly-
ing lead which then shows ST-segment elevation. Whenigsthsubendocar-
dial, however, the ST vector is typically shifted towardnttocardial layers and
the ventricular cavity, resulting in an ST depression inealaging lead. More-
over, transmural ischemia does not necessary equategmg&iitelevation. The
direction of the ST deviation also depends on the leasdpasitelation to the
over all ST-segment vector. For example, if the postatdlstevall is subject to
transmural ischemia the main nding in the standard 12ZEHe&lis ST-segment
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depression in lead V1 and $2.This is because the ST vector is directed away
from the the positive poles of V1 and V2. Thus, this ST-s¢glapression
should be considered indicative of transmural ischemia.

ECG and infarction

As previously discussed, a possible consequence ofiahjsidaethic is myocyte
death, MI. Therefore, one of the reasons why injury curesalse is the devel-
opment of MI. Hence, the remaining ECG abnormalities ardueto injury
currents, but rather to the established MI. The MI will efffieclocal activation
sources of the myocardium, seen as deviation of the QRSmsaefay from
an electrode overlaying the infarcted area. The MI mightalse persistent
alteration of the myocardial repolarization, resultingnraining T wave alter-
ations'> The QRS complex is altered to a variable degree, in vaddbldde
pending on the size, location and morphology of the MI. A®psty discussed
the extent of Ml is dependent on which vessel is occludedthybleardial acti-
vation (depolarization) vector is a resultant of all gahts myocardium that are
depolarized at a given time point. The result of the timeedgmopagation of
the depolarization vector during one cardiac cycle isausasdhe de ections of
the QRS complex seen in different leads. Regions of Ml wilrine the normal
depolarization vector according to the size, location @pthahogy of the MI.

If the initial depolarization forces are directed awaydfinaswerlaying lead, then
the initial QRS de ection in that lead will be negative, tiaguh a Q wave.
Thus, presence of Q waves can be a sign of MI. Previoudyhibught that the
MI had to be transmural in order to cause pathological Q.Waviss associ-
ation has later been reject®d2 Given that the rst part of the QRS complex
re ects depolarization of subendocardial myocardiuracamiial extent of Ml
is likely to be a determinant of pathological Q waves. Tdiscisssed in the
appended Paper Il

Infarction can result in other changes in the QRS complepaitaoiogical
Q waves. If the Ml is isolated to the posterolateral LV tetl the alterations in
the QRS complex are not Q waves but rather prominent R waeadsvIiL and
V2. In fact, 8-10 % of all Mls are limited to the basal partseof¥ and thereby
cannot produce Q wavés.

By knowing which parts of the myocardium that normally depelat which
time, it is possible to derive information about which treatslo not depolarize
based on alterations of the QRS complex. Thus, alterattheS@RRS complex
have the potential to provide information about Ml sizatitotand morphol-
ogy. This has been utilized by Ronald H. Selvester, whengidribe Selvester
QRS scoring systéeft.
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FIGURE 1.3 The QRS complexes represent the simulated lead
V6 after adding a small Ml (15 x 7 mm) at various levels in the
junction of the inferior and the posteroapical LV segnretts i
propagation model of the heart. The dotted lines in each QRS
complex represents the normal activation seen in leadhg6twit

MI. To the left, the Ml is placed in the endocardium and in each
of the following complexes the center of the Ml is moved 2.5 mm
towards the epicardium. The vertical arrows represeimée t
when the activation front passes the center of the Ml inreach i
stance. In the rst case, abnormal Q waves were produced only
by a very strategically placed MI. Notched R, attenuate®Rpea

or changes in the R:S-amplitude ratio are equally validmhafk

Ml in the LV wall. In basal segments in general, and in midven-
tricular posterolateral segments, which are activateslnimd-

to late part of the QRS complex, only mid to late QRS changes
will result even from extensive MI. Reproduced from "t&elves
RH, Wagner GS, and Ideker RE. Myocardial infarction. In Mac-
farlane PW and Lawrie TDV, edito@ymprehensive electrocar-
diology: Theory and practice in health and disgakame 1,
page 574. Pergamon press, New York, 1st edition, 1989" with
permission from Elsevier.
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The Selvester QRS scoring system

Based on the description of the human myocardial actibgtDuarreret a/*>!
Selvester and co-workers designed a computer simuldtierhofman activa-
tion sequence. The computer simulation was based on a lenpnogagation
model and used the 12-segment subdivision of the LV deserfigure 1.4.
The computer model included a realistic simulation of amiageneous volume
conductor including cardiac blood, myocardium, and lungsrhic an adult
male torso. Thus, it was possible to obtain differentmat€QRS changes on
a ctive torso surface by simulating Ml of different sizdi¥fetent locations in
the LV. Figure 1.3 shows how the QRS complex is in uencedigsiom of Ml

at different places throughout the thickness of the LVTedIresults from the
computer simulations were used for developing the S&RStscoring system.

In order to assess the diagnostic ability of the QRS scatienmy,sgierived
from the computer simulations, the system had to be vaiid&tenans. Galen
S. Wagner and associates were responsible for thiouaghidatess. The rst
step was to make the QRS scoring procedure easy to perfoevedop d way
to display the results in an intuitively manner. The sjitgcand inter- as well
as intra-observer variability of the QRS scoring systewaluagesl in 1984
The QRS scoring system was then systematically evaluatedrrplostmortem
histopathology studies of single infarcts located in tinéoatt inferior?® and
posterolater parts of the LV wall.

The correlation between QRS score and Ml size by histoggthale strong
for all locations of MI (R values ranging from 0.72-0.80). #®8ng of the
ECG recorded at hospital discharge in patients with acutasvideen shown
to have prognostic value for patient outctiheFurthermore, a higher QRS
score is associated with a higher mortality in patientdaeitimented coronary
artery diseas® The scoring system has also been proven useful for mredictin
recovery of LV function after acute .18 Furthermore, the Selvester QRS
scoring system has been used for screening of non-acutilkty atsubset of
the QRS criteria (830 msinaVF, R10msor R0.1mVin V2, and R 40ms
in V2). Using these QRS criteria, it was possible to ideiniifie snon-acute
anterior and inferior Ml in 80% of the patients, and falgeligating presence of
Ml in only 5% of normal subject§?

The 50-criteria, 31-point Selvester QRS scoring systertodagd® 1"t is
based on a quantitative evaluation of 10 of the 12 stand&dea@s. It en-
ables estimation of global Ml size as well as Ml distribiotma?2 LV segments
(Figure 1.4).

QRS score has been shown to decrease over time after d&ufeUniil
recently, however, it has been dif cult to establish thieraitecorrelate of these
changes due to lack of an accurate in vivo method for Mlizasoal This
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FIGURE 1.4 Subdivision of the left ventricle into 12 segments.
The 12-segment model is used for describing the local kH exte
sion by the Selvester QRS scoring system. In paper | and IV the
regional Ml extent assessed by DE-MRI was performediagcordi
this 12-segment model. Reproduced from "Selvester RH, Wag-
ner GS, and Ideker RE. Myocardial infarction. In Macfarlane
PW and Lawrie TDV, editor§omprehensive electrocardiology:
Theory and practice in health and diseageme 1, page 567.
Pergamon press, New York, 1st edition, 1989" with pemrmissio
from Elsevier.
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correlation can now be studied using DE-MRI. As discussag] BiE-MRI can
be used to depict Ml in vivo with great accuracy. Hence pssslghe to evaluate
the performance of the Selvester QRS scoring system usiagiag technique
rather than histopathology. The rst studies comparing Q&8 and Ml size
assessed by DE-MRI are the appended Papers I-1V.

The Selvester QRS scoring system is limited to patientowithl rcardiac
conduction except for the MI-related QRS changes. Bundightskock, fas-
cicular block, preexcitation and conduction abnornsatitie to ventricular hy-
pertrophy are all confounding factors for QRS scoring. Huveoavorkerg?
showed that right ventricular hypertrophy reduced theatiig accuracy of the
QRS scoring system signi cantly. Freye and cowdrkenswed that LV hy-
pertrophy was a signi cant confounding factor for QRS gcanid suggested a
modi ed scoring system in the presence of this confounaoireffnore, multi-
ple Mis might cause problems for the QRS scoring. Due toexsbazaikcellation
effects, ECG changes due to anterior and inferior Ml catecdiatance each
other and result in no or only minor changes in the QRS cohiplER.Also,
age and sex are potential confounding factors for the QRg same ampli-
tudes and durations of the QRS wave forms change with agBerzbtiveen
sexed’® In fact, age and sex have been shown to affect the diagmosticya
of the Selvester QRS scoring sy$témge- and sex-speci ¢ criteria have been
proposet’® but need to be further evaluated.
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Chapter 2

Aims of the Work

The general aim of this thesis was to further elucidatddtienship between
MI characteristics and infarct-related changes in the Qfpffego

The standard 12-lead ECG is used clinically to charadé&riQevaves are
still equated with transmural MI by many physicians, debpitQ waves might
develop in conjunction with non-transmural MI.

Furthermore, the relationship between ndings on the bodgee ECG and
MI characteristics during Ml healing has not yet beendtudie

Therefore, we sought to explore this relationship shitetiaaute Ml, dur-
ing Ml healing, and in healed Ml to reveal the pathophygidiagis for Q waves
and to determine how changes in Ml characteristics overémeected in the
12-lead ECG.

The speci ¢ aim for each paper was:

I. To test the hypotheses that QRS score is related to MIgizarssmural-
ity and that presence of Q waves should not be equated houtralnell
in patients with reperfused rst-time MI.

Il. To test the hypothesis that the endocardial extent of Blktronger pre-
dictor of presence of Q waves than is M| transmurality, angbtore the
relationship between QRS score and different MI chatéxgeénipatients
with reperfused rst-time MI.

Ill. To explore the changes in hyperenhanced myocarditovweng of global
and regional LV function, and sequential ECG changes gilenptiints
in time during the rst year after Ml in patients with repsefil rst-time
MI.

IV. To evaluate the Selvester QRS scoring system for dgunéifiional and
global Ml size in patients with chronic ischemic hearsdiserl old an-
terior MI.
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Chapter 3

Materials and Methods

3.1 Study populations

All protocols and procedures were approved by the ethicstteenfor hu-
man research at Lund University, Sweden. Patients inciueager I-11l were
prospectively recruited at the Lund University Hospitiald LSweden. Patients
included in Paper IV were retrospectively enrolled at¢hel@hd Clinic Foun-
dation, Cleveland, Ohio, USA, or at the Lund University kaspund, Swe-
den. All patients gave their written informed consent tizipate in the respec-
tive study.

Paper | &1l

All patients included in Paper | and Il had clinical, bioatemand electro-
cardiographic signs of acute MI. All patients underwergssfal percutaneous
coronary intervention (PCI) with stenting. Exclusioeriaitcomprised history
of prior MI, contraindications for MRI, and ECG confoundfagtors such as
bundle branch block or fascicular block.

Paper lll

For paper lll, patients arriving at the Coronary Care Unlituofd University
Hospital with rst-time MI between May, 2000 and March 20@seaprospec-
tively enrolled. All patients had clinical, biochemical,edectrocardiographic
signs of acute MI. All patients included underwent sudqessiutaneous coro-
nary intervention (PCI) with stenting. In conjunction witle PTCA the pa-
tients received a platelet glycoprotein lIb/llla inhibifatients with a known
prior MI or angiographic signs of collateral ow supphfiegdccluded vessel
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and those who had reinfarction or coronary interventiangdtire follow-up
were excluded. Patients with contraindications for MRlalsw excluded.

Paper IV

Patients in Paper IV were retrospectively included bwireyithe reports for
patients with chronic ischemic heart disease clini¢athgdefor viability assess-
ment using DE-MRI at the Section of Cardiovascular Imagiageland Clinic
or at Lund University Hospital between 1998 and 2001. Batieiuded had
single anterior Ml established by DE-MRI and a standaebtEICG recorded
within two months of the MR examination. Exclusion crisiaprised ECG
confounding factors and re-infarction or coronary inmtgoves during the time
between the MR examination and the recording of the ECG.

3.2 Assessment of cardiac function using cine MRI

MR imaging

All imaging was performed in relation to the spatial otiemtaf the LV long
axist?! Long- and short-axis images were acquired using a 1.5T teliR sys
(Siemens Magnetom Vision, or Philips Intera CV). The ciagemwere ob-
tained by using either a cine gradient recalled-echo (&Rigpse (Siemens) or
a steady state free precession (SSFP) sequence (Figlipise GRE sequence
was prospectively ECG-triggered and generated imagbs fatltowing typical
image parameters: spatial resolutionIL® 8mm, slice gap 2mm and tempo-
ral resolution 50 ms. The cine SSFP sequence was retrelyfeCts-gated and
generated images with the following typical image parsinsgiztial resolution
1.25 1.25 8mm, no slice gap, temporal resolution 33 ms and SENSEXactor

Image analysis
Global left ventricular function

All functional analyses were obtained from the shortrexisiages covering the
LV. Left ventricular mass (LVM), LV end-diastolic voluni®/jEand LV end-
systolic volume (ESV) were determined by manually trheiegdocardial and
epicardial borders of the LV myocardium both in end-déaatal end-systole
according to established methtd@sThe LV stroke volume (SV) was calculated
as EDV-ESV and the LV ejection fraction was calculated d&sD8X Papillary
muscles were included as a part of the LV muscle wall.
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Regional wall thickening

In paper lll, the regional wall thickening was determined42-segment LV
model previously describédifter manually tracing of the endocardial and epi-
cardial borders, the regional wall thickening was cattakathe percent change
in radial wall thickness between end-diastole and eola-slyst the wall thick-
ening analysis the papillary muscles were excluded fromdtie wall. The
end-diastolic and end-systolic wall thickness was detgnmsing a centerline
approach, assessing the radial wall thickness at eagiees a@®und the short-
axis of the LV.

3.3 Infarct quanti cation by DE-MRI

MR imaging

For MI visualization, imaging was performed in the corrdspplong- and
short-axis planes as for the cine images, using an inkexsi@ry turbo fast
low-angle shot sequer®&lmages were acquired in late diastole during breath-
hold either with a two dimensional (Siemens) or a three glonah (Philips)
approach. Image parameters for the two dimensional irga#ian were: sig-
nal sampling ever other heart beat, spatial resolutidnék&nm and slice gap
2mm. Image parameters for the three dimensional approadasvalows: sig-
nal sampling every heart beat, spatial resolutieh.&8mm and no slice gap.
With both approaches, the Tl was manually adjusted to awdighal from non-
infarcted myocardium. Twenty to 40 minutes prior to imageisition, a Gd-
based contrast agent (Gd-DOTA or Gd-DTPA) was administeradenously
(0.2 mmol/kg body weight). Since both acute infarcted mujpocaand the
healed myocardial scar have a greater tissue distriblitioe ¢ompared to vi-
able myocardium, these regions will appear hyperenhanekdion to viable
myocardium.

Image analysis
Global infarct characteristics

The quanti cation of the hyperenhanced tissue was pedformtae DE-MRI
short-axis images. The region of hyperenhancement imedeixs slice was
manually (Paper | and IV) or semi-automatically (Papet [l traced (Fig-
ure 3.1A). The absolute Ml size in ml was calculated by lyinfjithe total area
of MI by the slice thickness. The relative Ml size in perantdened as Ml
volume / LVM volume.
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The mean MI transmurality was determined by measuringathenural
extent of hyperenhancement at each 4.5 degrees arounortfaxisiimages
using a centerline approach (Figure 3.1B).

The endocardial extent of Ml was determined by measuricgdhenfer-
ential extent of hyperenhancement in each short-axi€-gioe 3.1C). The
circumferential extent was then multiplied by the slickentbss to obtain the to-
tal endocardial surface area containing Ml (Figure 3.hB)fdocardial extent
of Ml was expressed as a percentage of the total endagdadial s

Regional infarct characteristics

In paper IV, the amount of hyperenhanced myocardium wasihete for each
of the 12 LV segments used in the Selvester QRS scoring Bigatesi(4). To
obtain a similar 12-segment model for the DE-MRI desgripfithe MI, each
short-axis slice was divided into the four quadrants asddtteaxis slices were
divided into basal, middle apical slices correspondiigute E.4.

In Paper I, the transmural extent of hyperenhancement tsawided for
the 12 LV segments described above. In Paper lll, the tdgamisanurality
was determined in the corresponding 72 LV segments as flegitral wall
thickening analysis.

O

FIGURE 3.1 De nition of the different Ml characteristics illus-
trated in one DE-MRI short-axis imag®) Infarct size deter-
mined by delineation of the Ml borders in each short-axigima
B) Mean MI transmurality de ned as the average transmurality
measured at each 4ffom the center of the LV blood po&)
Endocardial circumferential extent of Ml for one shostiexi
age.D) The total endocardial extent of Ml de ned as the endo-
cardial surface being infarcted. The infarcted endécarfiae
was calculated as the product of slice thickness and efsgumf
tial extent of Ml for each short-axis slice.

34



Quantitive Assessment of Myocardial Infarction: MRI and ECG

3.4 Infarct quanti cation by ECG

The ECGs that were subject to analysis were recorded wijhenfry response
set at the range of 0.05 to 150Hz, and the sampling rate wés S0 paper
speed was set set at 50mm/s (Paper I-1ll) or 25mm/s (Paper V)

The Selvester QRS scoring system

Figure 3.2 shows the 50-criteria, 31-point Selvester QR®) system. This
system (used in Paper I-1V) is used to estimate global ahiiaize as well
as regional transmurality based on infarct-related QR¥eshiamhead aVL, |, Il,
aVF, and V1-V6. In addition, V1 and V2 are also considerettfecting and
guantifying posterolateral Mis. Q-, R-, and S-wave amgdit@ and R-wave
durations, and R:Q- and R:S-amplitude ratios are consamreding to the
criteria in Figure 3.2, Panel A. Each QRS point awarded ihAPizmnsidered
to represent infarction in approximately three percehedf\t Each criterion
is weighted according to the estimated amount of MI theehes criteria to
be met. The summed QRS points multiplied by 3 constitutedabal @RS
score which represents the estimated relative Ml sizeafples in lead aVF
QRS points can be awarded for Q-wave duration or R:Q-amphtimeli the
duration of the Q wave is 50ms or longer, three QRS pointsaedywhereas
if the Q wave duration is 30ms, only one point is awardea: R:1Q-amplitude
ratio in the same lead isl, an additional two QRS points are awarded. Thus,
lead aVF can generate a maximum of ve QRS points, reprgsendgistimated
relative Ml size of 15%.

The Selvester QRS scoring system was previously basedenieb4apable
of generating 32 QRS points. However, Sevill&¥@sabwed that four of the 54
criteria (notched R wave in V4-V6, and S wave in ¥BmV) did not provide
additional information about infarcted myocardium; fbezethese four criteria
were later excluded from the scoring sy$tefi® 172

As shown in Figure 3.2, Panel B, the Selvester QRS scoengaigetpro-
vides an estimate of the distribution of the Ml into 12 LV setgr(Figure 1.4)
based on the QRS changes. For each QRS point awarded in Paeaelgbints
are distributed into the 12 segments of the LV. Thus, bibdistg the points
awarded in Panel A into Panel B, an estimate of the MI digtriboto the 12
LV segments is obtained. This estimate of the regional tamhddinis referred
to as the local QRS score.

For accurate QRS scoring, it is fundamental to have rigeroit®ods of
the different waveforms in the QRS complex. If the initiaa®n in the QRS
complex is negative, a Q wave is present. The Q wave carebsnedbth
or "notched". The Q wave is smooth if the initial negativeatien has no
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FIGURE 3.2 The 50-criteria, 31-point Selvester QRS-scoring
system.Panel A:The 50 QRS criteria and their corresponding
points. If two or more criteria within the same box are mist, on
the criterion generating the highest number of points sideon
ered. Under each lead the maximum lead score is seen within
parenthesisPanel B:Distribution of QRS points awarded in
Panel A into local QRS points of the 12 LV segments. A to-
tal score of 8 in a segment was considered 100% MI, since each
segment represents approximately 8% (1/12) of the LV.-Ant in
dicates anterior; Ant-sep, anteroseptal; Ant-sup, ugerior;

Inf, inferior; LV, left ventricle; ms, milliseconds; m\]ivaits;

post, posterior; Post-lat, posterolateral; Pts., points)
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reversal in direction of0.05mV preceding the next positive de ection in the
QRS complex (Figure 3.3, upper panel). A "notched" Q wavessnprwvhen
there is any reversal in direction &.05mV before returning to the baseline
(Figure 3.3, lower panel). This has implications for theureraents of the Q-
wave duration and amplitude. If the Q wave is smooth, the ©-duasation
and amplitude is measured as the width and height of treieiti@ negative
de ection. When the Q wave is "notched", however, the Q-waediah is
measured along the PQ baseline as the width from the bggihttire initial
negative de ection to the point just above the peak of tloh ribigure 3.3,
lower panel). The amplitude of the "notched" Q wave is das#te amplitude
measured from the PQ baseline to the nadir of the negatctiole preceding
the notch.

An R wave is present when the initial de ection of the QRS erisgbosi-
tive or if a positive de ection is found after an initial Qavadivextends until it
completes the QRS complex or until it becomes an S wave.

If no persistent ST-segment deviation is present, the Blipbasd the ST
baseline are isoelectric and the amplitudes of the wavetorrbe measured
from either baseline. However, sometimes injury cureemasr for a prolonged
period of time, resulting in incomplete resolution of theegjment deviation.
The Q- and R-wave amplitudes should then be measured fro@ tesé&line
and the S-wave amplitude should be measured from the J tha#r © segment.

In spite of rigorous waveform de nitions and accurate evavefeasure-
ments, manual QRS scoring is associated with inter-ohseiakeility. Also,
the manual scoring is laborious and time consuming, #gectae untrained
scorer. It has previously been shown the automated corgouseoring algo-
rithms are superior to manual scoring, both for duratioampiitude measure-
mentst’’182.183These automated approaches have, however, had a limited cli
ical use because of the incompatibility with commeraiallgitale ECG analysis
software. More recently, a novel automated QRS scorinthalgeas proposed
and validated against consensus measurements of etpecaelmlogists?!
This novel approach has potential for clinical impleni@mtsince it can easily
be incorporated into commercially available ECG analysiars.

To re ne QRS criteria of MI, a non-ECG method for M| charaztgion
is needed. Since DE-MRI can be used to depict Ml non-irlyatine tech-
nigue can play an important role in future re nement of QRS8rizriand for
optimization of automated QRS scoring algorithms.

Minnesota coding

In Paper Il, the presence of infarct-related Q waves wasigeteusing Min-
nesota codintf* Minnesota coding is a coding scheme used for standandizatio
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FIGURE 3.3 Q wave de nition for QRS scorind.he upper
panelshows examples of smooth Q waves. For the smooth Q
waves there is no reversal in directionCo®5mV preceding the
return to the baseline. The Q-wave duration and amplitude is
measured as the width and height of the entire initial vegati
de ection. The lower panelshows how the Q-wave duration
and amplitude is measured when a "notched" Q wave is present.
The Q wave is "notched" when there is a reversal in diretction o
0.05mV before returning to the baseline. The dashed lines in
dicate how Q-wave duration and amplitude are de ned. Q-wave
duration is measured along the PQ baseline as the width from
the beginning of the initial negative de ection to the pjoisit
above the peak of the notch. The Q-wave amplitude is measured
as the amplitude from the PQ baseline to the nadir of theuwgegat
de ection preceding the notch.

of ECG wave form classi cation. Q and QS patterns can besdassbeing
more or less indicative of MI. By classifying the pati€b@ dtcording to the
Minnesota coding, patients were classi ed as having Q-wévaksota code
1-1to 1-3) or non-Q-wave MI. The Minnesota coding also me@duggestion
of Ml location based on in which leads the Q waves are found.

3.5 Statistical analyses

Data are presented as meastandard deviation unless otherwise is speci ed. A
P-value ok 0.05 was considered indicative of statistical signi tanecgyhout
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the statistical analyses.

To assess the correlation between different varialel@srdigression analy-
sis was performed using the Pearson correlation cogbcientmally distrib-
uted data and Spearman's rho when the data was not norstelyteid. For
normally distributed data, paired and non-paired t-teseswged to assess vari-
ance between data. To assess variance between data tigtdistnibated, the
Mann-Whitney test and the Wilcoxon signed-rank test wenle Ts show differ-
ences in measurements between two methods, Bland-Atiteamithl the data
by the reference method on the horizontal axis, were used.

In Paper I, the Jonckheere-Terpstra test for trend waouseskss the rela-
tionship between local QRS score and MI transmurality by RExMhe 12
LV segments.

In Paper I, univariate and multivariate logistic regreasialysis were per-
formed to identify independent predictors of the presér@emaves. In this
paper, Kappa statistics was used to assess the agreeremtiieECG indices
and DE-MRI with regard to Ml location.

In Paper lll, a linear mixed-effects model was used botess &ise trend of
regional wall thickening with increasing transmuralteotégperenhancement
and to assess differences in wall thickening over time thihdifferent LV
segment groups. Mixed-effect modeling was used for tleasd@malysis, given
the dependence of multiple segments per patient.

In Paper 1V, the diagnostic performance of the QRS scoriem syas as-
sessed using receiver operating characteristic (ROE€) curve
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Chapter 4

Results and Comments

4.1 QRS score and Q waves versus infarct
transmurality (Paper 1)

The ability of the 12-lead ECG to quantify size and tran$extemt of MI has
not been fully explored. Q waves are still thought of aatindiof transmural
MI, despite previous studies which have rejected thimtms&® 150 We hy-
pothesized that size and transmural extent of acute Ml ratebe estimated by
QRS scoring on the 12-lead ECG using delayed contrast-eshhagnetic res-
onance imaging (DE-MRI) as gold standard and that Q waves gredictive
of transmural MI.

Figure 4.1A shows that there is a signi cant relationstpd® global QRS
score and Ml size. Figure 4.1B demonstrates that local QR #eeEases pro-
gressively as the regional Ml transmurality4P0.001).

In Figure 4.2 the patients were categorized according t@ahdhturality.
There was no signi cant difference in the number of Q-wated€)RS points
awarded between patients with transmural and non-tradslurThus, Q
waves cannot be considered indicative of transmural MI.

The concept that Q-wave MI should be equated to transmuraidiiades
from a study by Prinzmetaial®®in 1954. They concluded from their pathology
studies that only transmural Ml could give rise to patleo@givaves in the
12-lead ECG. However, more recent litterature has refbetedtion that Q
waves can be used to differentiate transmural from nemtnax M|156-158
Furthermore, studies in patients with rst-time M| havebe@n able to show
any differences in clinical outcome between Q-wave and waweM|[*85-187
Pathological Q waves only appear when the Ml causes gheleptlarization
forces to be directed away from the leads in which the Q weasesra whether
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FIGURE 4.1 The relationship between infarct size by QRS scor-
ing and DE-MRI @A) and the relationship between local QRS
score and mean Ml transmurality by DE-MRI in the 12 LV seg-
ments B). The local QRS score increased progressively as infarct
transmurality increased. Bars indicate mean local QRS score
standard error of the mean for different ranges of Ml traabmu

ity.

the Ml is transmural or not. Eight to ten percent of the Miseimegal involve
only the base of the LV and do not produce initial QRS ch#figdus, changes
in the later part of the QRS complex must also be taken inideati®n when
performing quantitative assessment of Ml from the ECGisTaiempli ed in
Figure 4.3 which shows an example of a patient with a patsteridransmural
Ml in the absence of pathological Q waves.

4.2 Q waves and QRS score versus endocardial extent
of infarction (Paper I1)

The pathologic basis of Q waves on the ECG after Ml is stilbeersial. Infarct
transmurality has recently been shown not to be as cltzgety e Q-wave Ml
as previously reported. Given that the rst part of the QR$leame ects depo-
larization of subendocardial myocardium, endocardiat extMI is a potential
determinant of pathological Q waves. The aim of this stigither@fore to test
the hypothesis that endocardial extent of Ml is more pvedaftpathological
Q waves than is MI transmurality. We also sought to integtigarelationship
between QRS scoring of the ECG and MI characteristics.

There was a signi cant difference between patients wittitandt Q waves
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FIGURE 4.2 Comparison between non-transmural and trans-
mural Ml with regards to the number of Q-wave points awarded
with QRS scoring. There was no signi cant difference in rumbe
of Q-wave related QRS points between the non-transmural and
transmural MI groups. Solid dots indicate meatandard error

of the mean.
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Bas| Mid

FIGURE 4.3 An example of a patient with a transmural Ml in

the posterolateral LV wall not associated with any patiadiQg
waves. The patient had prominent R-waves and small S-waves
in V1 and V2 suggestive of posterolateral MI. Thus, this case
illustrates the importance of considering not only Q-wawres f
detecting and quantifying Ml by ECG. Arrows indicate either

MI by DE-MRI or QRS changes generating QRS points.
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with regard to Ml size and endocardial extent of Ml, but rthtregard to mean
and maximum MI transmurality (Figure 4.4).

Furthermore, endocardial extent was shown to be the oepeimdent pre-
dictor of pathological Q waves as assessed by multivgistiteregression analy-
sis.

Figure 4.5 demonstrates that the endocardial extent ofdvthast strongly
correlated to QRS score among the MI variables examined.

Finally, QRS scoring was shown to be superior to Minnesatg mdcor-
rectly localizing the M.

As discussed above, Q-wave appearance is dependent entidie dfirthe
mean depolarization vector during the early parts of the QR3ex when
the subendocardial portion of the myocardium is beingadizeot® Thus,
a subendocardial MI with a large endocardial extent hestex {kelihood of
generating a Q wave in an exploring lead than has a smaiutaridl with
a limited endocardial extent. A small transmural M| doesetessarily in u-
ence the mean depolarization vector of the early acteatiogh to generate
Q waves, since surrounding viable endocardial myocaetiuteep the vector
more or less in its original direction. These concepteary demonstrated in
Figure 4.6.

The superiority of the Selvester QRS scoring system fiirigckll can
be explained by several features of the QRS scoring systemsitgred in
Minnesota coding. First, R:S amplitude ratio, small Q anavBsyas well as
prominent R-wave amplitude and duration in lead V1 and V2oasdered
indicative of posterolateral Ml. These "negative" agfdetsd V1 and V2 are
not considered for Minnesota coding. Hence, lateral Misftare missed or
underestimated using Minnesota coding compared to &eQRS scorin§®
This is consistent with the ndings of Aguieteal®” showing that occlusion of
the left circum ex artery is more common in patients withQemave M| than
in patients with Q-wave MI. Second, the Selvester QRS sgstim sloes not
only consider Q waves as sign of anterior Ml in the predeatial Small R waves
in V2—-V6 as well as small R:S amplitude ratios in V4-V6 areoalsidered to
re ect loss of myocardium due to anterior MI. This is alscoasidered for
Minnesota coding.

4.3 Time course of infarct involution, functional
recovery and ECG changes after acute infarction
(Paper 111)

The time course and magnitude of infarct involution, fonatirecovery, and
normalization of infarct-related ECG changes after aduteeMot completely
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FIGURE 4.4 The relationship between the Q-wave and non-Q
wave groups with regard to the different Ml characteriGiies
cles denote patients with infarction present on DE-MRor Err
bars indicate meanstandard error of the mean. For Ml s&e (
and endocardial extent of MD) there was a signi cant differ-
ence between the two groups. Infarct transmuJ@y, (how-
ever, did not differ signi cantly between the two groups.
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FIGURE 4.5 The relationship between global QRS score and
the different MI characteristics. The global QRS scoregwvas si

ni cantly correlated to all MI characteristics examinetie T
strongest correlation was found between global QRS score and
endocardial extent of MI.
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FIGURE 4.6 Two cases illustrating that endocardial extent of
MI is more important than MI transmurality for the preseffice o
pathological Q wave8) A transmural inferior MI with a small
endocardial extent showing no signs of pathological Q Baves
A non-transmural inferior Ml with a large endocardial eaten
sociated with pathological Q waves in leads Il, aVF, andV6. A
rows indicate either MI by DE-MRI or QRS changes generating
QRS points.
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understood in humans. Therefore, we sought to explorptbessses early after
MI and during one year of the infarct-healing process.

Both time course and magnitude of reduction in hypererthaayoeardium
corresponded well with normalization of the infarctel@RS changes (Fig-
ure 4.7). The reduction was most pronounced during the ersk after MI.

Figure 4.8A shows how the LV ejection fraction graduakased over the
year. Figure 4.8B demonstrates the early decrease indWibsimén Figure 4.7
was associated with a signi cant increase in hon-hypgeredhayocardium dur-
ing the rst week after MI.

Regional wall thickening was found to decrease prodyessivancreasing
initial transmural extent of hyperenhancemepP0.0001) (Figure 4.9). The
time course of recovery in regional wall thickening differedifferent trans-
mural extents of hyperenhancement. Note that the rematamiyon improved
in wall thickening during the rst week. As regional Ml traunsility increased
the later the recovery in regional wall thickening wavebtser

The pathophysiologic basis for the rapid reduction of dnjpenced my-
ocardium observed during the rst week is somewhat coatabvReimer and
Jenning$? have described the changing anatomic reference baséraf ol
early after acute MI. They showed that swelling of the iechgrmacardium
caused by acute in ammation, edema, and hemorrhagedresalteoveresti-
mation of Ml size as assessed by histopathology.

The rapid reduction of hyperenhanced myocardium foundeirpréasent
study during the rst week may be explained in 2 differerd. wesst, a rapid
reduction due to resorption of the infarcted myocardiwt, itghich has been
proposed by Kinet al*** Second, a rapid reduction due to initial hyperenhance-
ment of a viable periinfarction zone surrounding the risibiyeinjured core of
myocytes early after Ml. Saeg@/3 showed that MRI with the extracellular
contrast agent gadopentetate dimeglumine (Gd-DTPAktwverted the true
MI size measured by triphenyltetrazolium chloride (TT@pRalays after Ml.
Others have shown similar restiftst®’: 139 18Thys, the early reduction could
partly be explained by resorption of edema and consegseaftiigperenhance-
ment in the viable periinfarcted zone during the rst weekNf.

Enhancement of a viable periinfarction zone is likely yoaptale in the
reduction of hyperenhanced myocardium observed duringttheek in the
present study, for several reasons. First, there wasangigntirease in nonhy-
perenhanced myocardium, which is unlikely to be explajimesidni cant com-
pensatory hypertrophy during this short period. Secondstahalf of the seg-
ments with> 50% transmural extent of hyperenhancement at Day 4 5%
transmural extent of hyperenhancement at Day 7. Furtheedbction of QRS
score found during the rst week may be explained by reemtithviable but
electrocardiographically dysfunctional myocytes ietiefarction zone. Ursell
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FIGURE 4.7 The relationship between normalization of infarct-
related QRS changes and reduction of hyperenhanced my-
ocardium by DE-MRI. The time course and magnitude of de-
crease in relative infarct size assessed by QRS scoridgand re
tion of hyperenhanced myocardium were similar. The isfzect
by QRS scoring was, however, persistently larger thandine hyp
enhanced myocardium. Vertical bars indicate standaraferro
the mean; grs, the number of patients that had ECG recorded
at each time point; g¢.vri, the number of patients with DE-
MRI at each time point;P < 0.05 between QRS scoring and
DE-MRI.
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FIGURE 4.8 Changes in global left ventricular function and di-
mensions over time. There was a gradual increase in left ven-
tricular ejection fractionA§, whereas left ventricular maB¥ (
remained relatively constant. The nonhyperenhanceddigbca
mass, however, increased signi cantly during the rst Week

tical bars indicate standard error of the mdar; 0.05 versus

Day 1;YP < 0.05 versus Day 7P < 0.05 versus Day 42.

et al®® have shown a reversible electrophysiologic dysfunctimviving cells
from the periinfarction zone during the rst 2 weeks aftedivAddition, peri-
infarction edema can cause conduction abnormfitiesich might disappear
as the edema is being resorbed.

Potential mechanisms for the initial decrease in waktimckobserved in
the remote and adjacent LV segments are coronary vasabiatoalities in
the nonoccluded arteri®&and increased systolic longitudinal wall stress due to
acute alterations in LV morpholdgs.

4.4 QRS score versus infarct size and location in old
anterior Ml (Paper 1V)

In patients with LV dysfunction associated with a clinistri of Ml it is im-
portant to be able to distinguish infarcted from non-itgddmmyocardium. This
is important for choice of therapy since the probabilitjufartional recovery
after elective revascularization therapy depends on pHotugyy2*

Therefore, the aim of this study was to evaluate the adnilityef Selves-
ter QRS scoring system to quantify global and regional Nih giaéents with
chronic ischemic heart disease and old anterior Ml éstdldisDE-MRI.

There was only a moderate correlation found between QRS scarDE-
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FIGURE 4.9 Changes in regional wall thickening over time rel-
ative to regional transmural extent of hyperenhanceni2ay at

1. At each time point, regional wall thickening decreased pr
gressively with increased initial regional transmueat exhy-
perenhancement. The time course for recovery of regitinal wa
thickening also varied with regional transmural exterypef-h
enhancement. Note that even the nonhyperenhanced segments
showed increased wall thickening during the rst weektéemo
and between Day 7 and Day 42 (adjacent). Vertical bargendica
standard error of the mean; n, the number of segments in each
group; P<0.05 versus Day 1P< 0.05 versus Day 7.

MRI with regard to relative Ml size (Figure 4.10) comparad éarlier histopathol-
ogy study of anterior Mt

For estimation of regional Ml size, the QRS scoring systéomped best
in the middle LV segments (Figure 4.11). The results shothéh&elvester
QRS scoring system signi cantly underestimated the ektdhirothe apical
LV segments. Segments with less than 10% MI were often loyishedQRS
scoring system. Thus, the area under the ROC curve increasabnsidering
only LV segments containing more than 10% MI as positivel f(.80 [95%
Cl, 0.75-0.85] versus 0.73 [95% CI, 0.67—-0.7810% MI versus 0% MI).

This study differs from the previous histopathology sfualyterior infarc-
tion*! in several respects. First, none of the patients studiadnes received
reperfusion therapy, whereas most patients in this stuaydyperfusion attempt
at the time of the acute MI. Second, the population in thenpom studies
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FIGURE 4.10 The relationship between Ml size assessed by QRS
scoring and DE-MRI in patient with severe IHD and healed Mi
in the anterior LV wall.

was a mixture of patients with acute and chronic MI, whartkas study there
were only patients with chronic MI. Third, the distributddMI size in the post-
mortem studies differed from the current study, with ahigimaber of small
Mis (< 10% of LV) in the former (29% vs 8%). Forth, the MI quanti oatpro-
cedure differed between histopathology and DE-MRI uskis isteidy. Where
the MI had caused thinning of the LV wall in the histopatlyadtudy, a recon-
struction of the endocardial border was made in order nwatsthe amount
of myocardium that was initially subject to infarction.s Type of reconstruc-
tion was not attempted in the present study. Finally, LVdelng was most
likely more severe in the present study compared to thegestratudy. In the
present study, 56% (14/25) had signs of LV aneurysm causeidfayct-related
thinning of the anterior LV wall.

The most signi cant difference between mean Ml size peersegssessed
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FIGURE 4.11 The mean % MI per segment in different parts
of the LV. The bars indicate the average amount of Ml by QRS
scoring and DE-MRI analysis, respectiedft: The 300 seg-
ments (25 patients with 12 segments each) divided intp basal
mid and apical LV thirdsRight: The 300 segments divided
into the four LV quadrants. P values indicate the difference
based on paired t-test. Ant-sep indicates anterosepisilipAn
anterosuperior; DE-MRI, delayed-enhancement magrstic re
nance imaging; Inf, inferior; LV, left ventricle; MI, mydizd
infarction; Post-lat, posterolateral

by QRS scoring and that assessed by DE-MRI was found in tiehapoof

the LV (30% vs 56%). However, the correlation between thaétimds for the
apical segments was fairly stron@61; < 0.0001). This indicates a systematic
difference in the two modalities. This could partly beiagglay the minimum
percentage Ml of a segment given by the Selvester QRS gsbeimgbeing
13% (1/8, because 8 points in Figure 3.2, Panel B, wereeredsi®0% MI of

a segment). Thus,13% MI per segment by DE-MRI cannot be expected to be
detected with the QRS-scoring system. This can explairptioe @t diagnostic
performance for detecting Ml in segments witld% MI compared with those
with > 0% M.
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Chapter 5

Conclusions

The major conclusions of the four papers are as follows:

I. QRS score is signi cantly related to Ml size and transtgimaDE-MRI
in patients with rst-time reperfused MI. Presence of Qayheevever, is
not indicative of transmural Ml in these patients.

Il. The endocardial extent of reperfused rst-time MI isenpredictive of
pathological Q waves than is MI transmurality. Furthefrf@iR& scor-
ing is superior to Minnesota coding for correctly idemgifgnd localizing
these Mis.

Ill. The reduction of hyperenhanced myocardium as adsgBded/RI after
reperfused rst-time MI occurs predominantly during tis¢ week after
MI. This might re ect recovery of initially hyperenhanaedddwversibly in-
jured myocardium. There is a gradual increase in globaldt\éfuduring
the rstyear after MI. Furthermore, the time course fovezg®f regional
wall thickening correlates with the initial regional tnanal extent of hy-
perenhancement, and even nonhyperenhanced myocardismasiearly
increase in regional wall thickening. Finally, the tintseamd magnitude
of reduction of hyperenhanced myocardium as assesse¥VR} Bitre-
spond well with normalization of infarct-related ECG awmag assessed
by QRS scoring.

IV. For quantifying size of old anterior M| associated Witteimodeling, the
current Selvester QRS scoring system performs worsedicatefdfl and
for old MI not associated with LV remodeling. The diagnestformance
could potentially be improved, especially at the apex b¥,thg using
DE-MRI as reference method for measuring the size andiafdd| as
guidance for creating new QRS criteria.
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